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A B S T R A C T   

Exposures to stress at all stages of development can lead to long-term behavioural effects, in part through 
changes in the epigenome. This review describes rodent research suggesting that stress in prenatal, postnatal, 
adolescent and adult stages leads to long-term changes in epigenetic regulation in the brain which have causal 
impacts on rodent behaviour. We focus on stress-induced epigenetic changes that have been linked to behav-
ioural deficits including poor learning and memory, and increased anxiety-like and depressive-like behaviours. 
Interestingly, aspects of these stress-induced behavioural changes can be transmitted to offspring across several 
generations, a phenomenon that has been proposed to result via epigenetic mechanisms in the germline. Here, we 
also discuss evidence for the differential impact of stress on the epigenome in males and females, conscious of the 
fact that the majority of published studies have only investigated males. This has led to a limited picture of the 
epigenetic impact of stress, highlighting the need for future studies to investigate females as well as males.   

1. Introduction 

Harmful or stressful environments during all stages of development 
can have a long-lasting and persistent impact, in part through changes to 
the epigenome, which has functional consequences for a wide range of 
regulatory mechanisms including chromatin organization, and RNA 
transcription and splicing. Epigenetic regulation is a broad term which 
refers to mechanisms underlying the dynamic changes in epigenetic 
marks, as well as differential expression of non-coding RNAs, the partial 
replacement of histones with histone variants H3.3 and H2A.Z., and 
altered higher order chromatin organization, like looping (Bannister and 
Kouzarides, 2011; Bowman and Poirier, 2015; Rothbart and Strahl, 
2014; Watson and Tsai, 2017; Wozniak and Strahl, 2014). Epigenetic 
marks are reversible chemical modifications to DNA or histones (Dupont 
et al., 2009) which include DNA methylation and hydroxymethylation, 
and post-translational modifications of histones like acetylation, phos-
phorylation, methylation, ubiquitylation, ADP-ribosylation, beta-hy-
droxybutyrylation and crotonylation, which can occur in over 50 
distinct sites (Hamilton and Nestler, 2019). 

Changes to the epigenome all ultimately impact gene expression by 
affecting the level of compaction of chromatin and the ease at which 
transcriptional machinery can access the DNA strand (Bowman and 
Poirier, 2015; Bruggeman and Yao, 2019). Certain epigenetic marks are 

associated mainly with facilitating or repressing expression of the 
associated gene. For instance, DNA methylation in promoter regions 
tend to repress gene transcription, while DNA hydroxymethylation tends 
to activate gene transcription, again by impacting chromatin compac-
tion (Bruggeman and Yao, 2019). Histone acetylation occurs at lysine 
residues and generally acts to loosen chromatin allowing access to the 
DNA strand, thereby increasing transcription rates (Bowman and Poi-
rier, 2015). In contrast, histone methylation occurs at lysine and argi-
nine residues and can facilitate or repress gene transcription depending 
on the specific residue and whether it is mono-, di-, or trimethylation. 
The rate of gene transcription can additionally be regulated by 
non-coding RNAs, a class of RNAs which includes microRNAs (miRNAs), 
small interfering RNAs (siRNAs), Piwi-interacting RNAs (piRNAs), and 
long non-coding RNAs (lncRNAs). These non-coding RNAs can affect 
both transcriptional and post-transcriptional processes by regulating 
heterochromatin formation, and targeting histone modifications and 
DNA methylation to specific loci, or by regulating mRNA degradation 
thereby mediating post-transcriptional gene silencing (Holoch and 
Moazed, 2015). Non-coding RNAs, in particular, have been the recent 
focus of research into mechanisms for the transgenerational effects of 
stress (Gapp and Bohacek, 2018). 

The stress response engages and affects a wide range of brain 
structures involved in stress coping, emotional regulation, cognitive 
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function, and learning and memory, including the prefrontal cortex 
(PFC), amygdala, hippocampus, hypothalamus, thalamus, and nucleus 
accumbens (Andersen and Teicher, 2008; Godoy et al., 2018). The 
impact of stress at each developmental stage depends partly on the 
maturational state of these different brain areas at the time of stress 
exposure, which determines factors like the rate of neurogenesis, 
pruning, and glucocorticoid and mineralocorticoid receptor expression. 
Thus, each brain area has a distinct developmental timeline, and so any 
insult experienced by an individual can affect different brain regions at 
different stages of their maturation (Andersen and Teicher, 2008; Tot-
tenham and Galván, 2016). During stages of increased and accelerated 
development, referred to as sensitive periods (Andersen and Teicher, 
2008), brain regions are more sensitive to environmental influences 
including stress exposure, and are more likely to show long-lasting ef-
fects of negative events (Romeo, 2017). These sensitive periods could 
result from high levels of neurogenesis or pruning occurring at these 
maturational stages. For example, extensive neurogenesis occurs during 
gestation, but different regions experience peak neurogenesis at 
different stages of gestation. In mice, the amygdala, several thalamic 
nuclei, and cortical layers V and VI undergo peak neurogenesis during 
mid-gestation (Bayer et al., 1993; Finlay and Darlington, 1995). In 
contrast, the hippocampus, nucleus accumbens, and cortical layers II, III, 
and IV undergo peak neurogenesis during late gestation, a period when 
the hippocampal commissure is also formed (Ashwell et al., 1996; Bayer 
et al., 1993; Finlay and Darlington, 1995). This could suggest that for 
stress manipulations that impact neurogenesis, mid-gestation is more 
likely to be a period of increased vulnerability for the amygdala and 
thalamus, and late gestation is a period of increased vulnerability for the 
hippocampus and nucleus accumbens. 

While it is evident that stress can impact epigenetic mechanisms, it is 
still unclear if there is a critical period during development when 
particular brain areas are more susceptible to the epigenetic impact of 
stress, and whether this is similar in both males and females. This review 
aims to organize the current literature describing the long-term neural 
epigenetic effects of chronic stress during prenatal and postnatal 
development, adolescence and adulthood in order to highlight possible 
patterns in differential epigenetic regulation occurring as a result of 
stress exposure across the lifetime. We will also discuss the involvement 
of epigenetic mechanisms in animal models of neuropsychiatric illnesses 
that are often precipitated by stress. Due to the broad scope of this re-
view, we are unable to discuss all the publications in this field but have 
instead chosen to highlight common and differential neural epigenetic 
mechanisms across the lifespan with a focus on causal, rather than 
correlative findings. A particular emphasis will be placed on sex dif-
ferences related to the epigenetic impact of stress. 

2. The impact of prenatal stress on epigenetic regulation 

Prenatal development is a pivotal period in brain development, and 
insults during this period can have significant effects on the individual 
throughout their lifetime. Stress during prenatal development results in 
reorganization and alterations in dendritic morphology in the PFC and 
altered hippocampal and amygdala plasticity in rodents (Cheng et al., 
2019; Holmes and Wellman, 2009; Huizink et al., 2004; Liston et al., 
2006). Stress during later stages of gestational development, in partic-
ular, show pronounced adverse effects, likely because during early 
gestation the placenta acts to reduce the negative impact of stress by 
limiting the amount of maternal glucocorticoids that reach the devel-
oping fetus (Brown et al., 1996; Yang, 1997). At a behavioural level, 
rodent models have shown that long-term cognitive deficits related to 
learning and memory have emerged as a consistent behavioural conse-
quence of acute or chronic prenatal stress (Benoit et al., 2015; Markham 
et al., 2010; Mueller and Bale, 2007; Yang et al., 2006). These deficits in 
spatial memory are consistently observed across different stressors, 
including prenatal exposure to chronic unpredictable stress (CUS), 
chronic variable stress, and foot shock stress (Benoit et al., 2015; 

Markham et al., 2010; Yang et al., 2006), strongly suggesting that 
different stressors are acting upon converging pathways leading to this 
behavioural phenotype in adulthood. 

Several lines of evidence have suggested that histone acetylation 
plays an important role in the negative impact of prenatal stress on 
memory. In male and female mice, chronic unpredictable stress 4 weeks 
prior to, and then throughout pregnancy, results in offspring with def-
icits in spatial memory, and decreased histone 3 lysine 14 (H3K14) 
acetylation in the hippocampus (Benoit et al., 2015). Sex differences in 
the effects of prenatal chronic unpredictable stress have been observed, 
with female mice exposed to prenatal stress showing a greater decrease 
in H3K14 acetylation, in addition to a female-specific elevation of DNA 
methyltransferase 1 (Dnmt1) levels in the hippocampus (Benoit et al., 
2015). This sex difference was observed at a molecular level, but both 
males and females exposed to prenatal stress showed similar behav-
ioural deficits in the Morris Water Maze making it difficult to draw a 
clear correlation between these epigenetic marks and behaviour in this 
test. However, prenatal stress results in a host of differential behaviours 
in males and females related to learning and memory; prenatally 
stressed males, but not females, show impaired object recognition 
memory and impaired cued fear extinction (Markham et al., 2010). 
Thus, it is possible that females have compensatory epigenetic mecha-
nisms that limit the impact of prenatal stress on non-spatial forms of 
memory. 

In addition to its impact on memory, prenatal stress, in the form of 
chronic mild stress during early gestation (embryonic day 1–7), but not 
mid- or late-gestation, results in increased depression-like behaviours 
specifically in males and not females, on the tail suspension test and the 
forced swim test (Mueller and Bale, 2008). Males subjected to early 
prenatal stress also demonstrate altered reward-seeking behaviour, with 
reduced basal sucrose intake but increased bingeing on sucrose 
following a stressor, as well as increased hypothalamic-pituitary-adrenal 
(HPA) axis responsivity. This is associated with increased expression of 
the gene that encodes corticotropin releasing factor (Crf) in the central 
nucleus of the amygdala, decreased expression of the gene that encodes 
the glucocorticoid receptor, Nr3c1, in the CA3 and DG subregion of the 
hippocampus, reduced DNA methylation of the Crf promoter and 
increased DNA methylation of Nr3c1 promoter in the hypothalamus and 
the amygdala (Mueller and Bale, 2008). This early gestational stress has 
also been shown to have transgenerational effects on offspring. Inves-
tigation of offspring of prenatally stressed sires showed dysmasculini-
zation of mRNA and miRNA expression in brain taken on postnatal day 
1, as well as increased HPA response to a stressor and shorter anogenital 
distance in male adults (Morgan and Bale, 2011). 

Repeated restraint stress during mid- and late-gestation has been 
suggested to result in a broader schizophrenia-like phenotype in rodents, 
both at a behavioural and epigenetic level (Matrisciano et al., 2013, 
2018; Palacios-García et al., 2015). This includes hyperactivity, reduced 
social interaction, and deficits in prepulse inhibition and fear condi-
tioning, behavioural abnormalities that could be reversed by adminis-
tration of a histone deacetylase inhibitor, valproic acid, or an atypical 
antipsychotic with demethylation activity, clozapine (Matrisciano et al., 
2013). Behavioural changes were associated with increased Dnmt1 and 
Dnmt3a mRNA expression in the frontal cortex and hippocampus, 
particularly in GABAergic neurons, increased Dnmt1 and decreased 
reelin and glutamic acid decarboxylase 1 (Gad1) protein expression, and 
increased Dnmt1 and Mecp2 binding to Reln and Gad1 promoters in the 
frontal cortex (Matrisciano et al., 2013). Increased methylation and 
hydroxymethylation of Reln and Gad1 promoter were also observed 
(Matrisciano et al., 2013, 2018; Palacios-García et al., 2015), and many 
of these changes in epigenetic regulation and gene expression have been 
proposed mechanisms for schizophrenia. 

In addition to its effects on schizophrenia-like behaviours, repeated 
restraint stress during mid- and late-gestation also increases anxiety-like 
behaviours and alcohol intake in Swiss albino ND4 adult male mice 
(Dong et al., 2018). These behavioural findings were associated with a 

A. Dion et al.                                                                                                                                                                                                                                    



Neurobiology of Stress 17 (2022) 100434

3

30% reduction in spine density in the pyramidal neurons of the medial 
PFC, as well as decreased expression of genes and proteins associated 
with synaptic formation including activity regulated cytoskeleton 
associated protein (Arc), spinophilin (Spn), and TrkB (TrkB) (Dong et al., 
2018). Increased methylation of the promoter regions of Arc and Spn, as 
well as decreased H3K14 acetylation on TrkB, the gene which encodes a 
Bdnf receptor, was also observed and could be mediating this decreased 
expression although causal evidence was not provided in this study 
(Dong et al., 2018). The association between a stress-induced increase in 
alcohol consumption and differential epigenetic regulation is not 
exclusive to stress during the prenatal period (see section 5.0-The impact 
of adult stress on epigenetic regulation). However, combined with 
research by Benoit et al. (2015), this suggests that H3K14 acetylation 
may be a histone modification that is particularly sensitive to prenatal 
stress, as it appears to be affected by at least two types of stressors during 
this developmental period. The long-term impact of prenatal stress can 
be due to the direct effects of the stress itself or could be the result of the 
impact of prenatal stress on subsequent maternal care provided to the 
pups. It is also possible that sex differences are present in the epigenetic 
effects of prenatal stress related to schizophrenia-like behaviours, 
increased alcohol intake and anxiety-like behaviours but this is currently 
difficult to assess as the studies described above were only performed in 
males. It is crucial that future investigation of these effects include the 
behavioural and epigenetic assessment of both males and females. 

3. The impact of early-life stress (ELS) on epigenetic regulation 

Early life stress (ELS) paradigms result in persistent neuroanatomical 
and behavioural effects, which include depressive-like and anxiety-like 
behaviours that present themselves in a sex-dependent manner 
(Franklin et al., 2010; Goodwill et al., 2019; Johnson et al., 2018; 
Kalinichev et al., 2002; Nishi et al., 2014; White et al., 2020). Natural 
fluctuations in maternal care provided by rat dams have been used to 
demonstrate that low levels of maternal licking and grooming results in 
lower levels of Nr3c1, and that this is associated with increased 
methylation and reduced levels of H3K9 acetylation of the associated 
promoter region of the gene in the hippocampus, and reduced glu-
corticoid feedback sensitivity, when compared to adult rats that 
received high levels of licking and grooming (Weaver et al., 2004). 
Causal evidence for the role of epigenetic modifications in HPA axis 
responsivity was provided by treating rat offspring of low licking and 
grooming dams with an Hdac inhibitor (trichostatin A; TSA). This 
modified the epigenetic profile of the glucocorticoid receptor promoter 
region and HPA axis response such that low licking-grooming offspring 
became more similar to high licking-grooming offspring (Weaver, 2005; 
Weaver et al., 2004). Conversely, treatment with a methyl group donor 
(methionine infusion) could affect the high licking-grooming offspring 
to more closely resemble low licking-grooming offspring (Weaver, 
2005). 

While the above-described studies are based on natural fluctuations 
in maternal care, most ELS manipulations are based on treatments that 
ultimately alter the maternal care received by experimental pups during 
a period of postnatal development when the pups are reliant on their 
dams for food and other care (Franklin et al., 2010; Weiss et al., 2011). 
Many ELS paradigms are maternal separation paradigms that involve 
separation of the pups from their dams, generally for a period of 3 h per 
day. This results in inconsistent maternal care provided to the pups 
(Weiss et al., 2011), which ultimately leads to long-term anxiety-like 
and depressive-like behaviours that have been associated with epige-
netic changes in brain and germ cell (Franklin et al., 2010; Ignácio et al., 
2017; Weiss et al., 2011). While many of these studies are purely 
correlational, the use of pharmaceuticals has strengthened the link be-
tween aberrant behaviour induced by ELS and differential epigenetic 
regulation. For example, 3 h of maternal separation per day from PND1 
to PND10 leads to increased depressive-like behaviours including 
increased time spent immobile in the forced swim test, and reduced 

locomotor activity in the open field, in addition to increased Hdac and 
Dnmt activity in the hippocampus and nucleus accumbens. However, 
both the depressive-like behaviours and the increased Dnmt activity in 
the hippocampus can be rescued by administering the antipsychotic 
quetiapine (Ignácio et al., 2017). Perhaps downstream of its broader 
impact on epigenetic regulators in the hippocampus, periods of maternal 
separation effects the epigenetic state of Bdnf, a gene whose expression 
has been linked to depressive-like behaviours. ELS results in an upre-
gulation of Mecp2 at the Bdnf IV promoter, decreased H3 and H4 
acetylation at the Bdnf IV promoter, and a decrease in overall Bdnf 
expression and Bdnf IV expression, all likely contributing to the reduced 
Bdnf expression also observed (Seo et al., 2016). The aberrant epigenetic 
marks and reduced Bdnf could be rescued by chronic treatment with an 
anti-depressant, escitalopram, suggesting a potential mechanism for its 
anti-depressant actions (Seo et al., 2016). In addition to its effects in 
hippocampus, ELS also leads to widespread changes in epigenetic 
regulation in the adult amygdala including increased Dnmt3a and 
Mecp2, decreased Rest, and increased H3K9ac, H3K9me2, H3K9me3, 
H3K14ac, H3K4me2, and H3K4me3 (Karen and Rajan, 2019). 

Exposure to certain ELS paradigms can modulate susceptibility and 
resilience to future stress exposure in adulthood (Kronman et al., 2021; 
Marrocco et al., 2019; Peña et al., 2017; Reshetnikov et al., 2021; Zhang 
et al., 2015). Three hours of maternal separation between PND2 and 
PND14 leads to increased susceptibility to CSDS in adulthood, with these 
mice presenting increased anxiety-like behaviours in the elevated plus 
maze compared to mice exposed to CSDS without a history of ELS 
(Reshetnikov et al., 2021). The increased susceptibility to CSDS 
following ELS was associated with increased adrenal corticosterone 
levels and altered levels of a marker of active gene transcription, 
H3K4me3, throughout the genome, although this only corresponded to 
expected changes in gene transcription in two genes related to circadian 
rhythm and glutamate signalling (Dbp and Sorcs3). Epigenetic changes 
related to susceptibility and resilience have also been found outside the 
PFC in the nucleus accumbens. A recent study by Kronman et al. (2021) 
discovered that H3K79me2 dynamics within the D2 medium spiny 
neurons (MSNs) of the nucleus accumbens plays an important role in the 
modulation of future susceptibility to stress after ELS-exposure. In this 
study, mice were exposed to a variation of the maternal separation 
paradigm involving maternal separation for 4 h a day from P10 to P17 
combined with limited nesting material. This manipulation increases 
susceptibility to future chronic social defeat stress (CSDS) without 
causing long-term depressive-like behaviours on its own (Kronman 
et al., 2021; Peña et al., 2017). They found that ELS resulted in down-
regulation of H3K79me2 in D2 MSNs of the nucleus accumbens, as well 
as altered expression of the enzymes responsible for writing (Dot1L) and 
erasing (Kdm2B) this methylation in males, with some aspects of this 
phenotype also present in females. Importantly, knockdown of Dot1L, or 
overexpression of Kdm2b in D2 MSNs could reverse the behavioural 
susceptibility resulting from ELS, and overexpression of Dot1L and 
knockdown of Kdm2b in these neurons could induce behavioural sus-
ceptibility in normally reared mice suggesting a causal link between the 
aberrant epigenetic regulation described and the behavioural output 
related to stress susceptibility (Kronman et al., 2021). This same ELS 
treatment also induced increased expression of a stimulus-dependent H3 
gene, H3f3b, in the nucleus accumbens, suggesting increased histone 
variant turnover/dynamics in this brain area (Lepack et al., 2016). 

Long-term effects of ELS have been induced in the absence of 
maternal separation by using a scarcity-adversity model that involves 
raising pups in an environment with a wire grid bottom, and limited 
nesting material, between the ages of PND2-12. This results in a blunted 
corticosterone response when subjected to an acute forced swim stress in 
adulthood (Marrocco et al., 2019), a phenotype which mirrors that 
which is observed in some depressed patients (Huber et al., 2006; Stetler 
and Miller, 2005). This treatment also resulted in increased baseline 
expression of H3K9me3, a repressive histone marker (Kouzarides, 
2007), in CA1 and CA3 subregions of the hippocampus compared to 
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controls (Marrocco et al., 2019). Interestingly, exposure to an acute 
stressor in male mice resulted in a downregulation of H3K9me3 in mice 
exposed to ELS, but an upregulation in controls (Marrocco et al., 2019), 
a finding that further highlights that ELS may affect the epigenetic 
response to subsequent stressors, a mechanism that could underlie 
resilience or susceptibility to disease (Kronman et al., 2021; Marrocco 
et al., 2019). 

While the studies presented above focused on males, it is clear that at 
the level of the epigenome, genome and behaviour, ELS affects males 
and females differently (Alyamani and Murgatroyd, 2018; Coley et al., 
2019; Goodwill et al., 2019; Kalinichev et al., 2002; Viola et al., 2019; 
White et al., 2020). To further investigate potential causes for the 
observed sex differences, Keller et al. (2019) investigated whether ELS 
paradigms could cause dams to treat males and females differently 
(Keller et al., 2019). Using a scarcity-adversity model of low nesting 
material, they found that, specifically in this adverse early environment, 
females received more maltreatment from the dams than males. This is 
an important consideration, since differences in maternal care are 
known to have a long-term impact on epigenetic regulation (Champagne 
and Curley, 2009; Riyahi et al., 2019; Weaver et al., 2004) but it is often 
difficult to tease apart whether epigenetic and behavioural sex differ-
ences observed after postnatal stress are a direct result of the exposure to 
the stressor or if they, in part, can stem from environmental factors 
related to differential treatment from the dams. 

Maternal or paternal ELS can additionally lead to the inheritance of 
behavioural phenotypes related to susceptibility and resilience to stress 
in the offspring (Coley et al., 2019; Franklin et al., 2010; Gapp et al., 
2014, 2016; Rodgers et al., 2013; Roth et al., 2009; Weiss et al., 2011). 
Since the stress experience does not alter the DNA sequence of the 
parents, this inheritance must occur through epigenetic mechanisms, 
alterations in maternal care, or a combination of these factors. Mounting 
evidence proposes that sperm RNAs, both small RNAs and long 
non-coding RNAs, are involved in the transgenerational transmission of 
stress (Gapp et al., 2014, 2020; Rodgers et al., 2013, 2015). Causal ev-
idence for the role of small RNAs and long non-coding RNAs in the 
transgenerational transmission of stress is provided from experiments 
involving the injection of these RNAs into control female oocytes. These 
RNAs can either be collected from treated male mice, be specific miRNAs 
identified to be dysregulated in treated male mice, or be antisense 
strands that neutralize identified dysregulated miRNAs (Gapp et al., 
2014, 2020; Rodgers et al., 2013, 2015; Wang et al., 2021). 

However, research to this point has highlighted that transgenera-
tional transmission of stress is complex, and there are differences be-
tween generations as well as between sexes (Coley et al., 2019; Franklin 
et al., 2010; Zaidan and Gaisler-Salomon, 2015). A study by Franklin 
et al. (2010) used a maternal separation model of early life stress 
(maternal separation with unpredictable stress; MSUS) in C57B1/6J 
mice to investigate the inter- and transgenerational transmission of 
behavioural alterations, while also investigating epigenetic changes 
caused by this variable stressor in the male germline. They found 
increased methylation in the promoter-associated CpG islands of Mecp2 
and Cnr1 and decreased methylation of Crfr2 in F1 MSUS sperm 
(Franklin et al., 2010) and in female F2 MSUS cortex. Similar results 
were found in F2 MSUS sperm except that no significant change in Cnr1 
methylation was found (Franklin et al., 2010). While the mechanism for 
the observed parallel between germ cell and subsequent offspring was 
not found, examples of incomplete erasure of DNA methylation across 
generations have been shown (Hackett et al., 2013; Tang et al., 2015). 
Maternal separation in rats results in increased methylation of the Bdnf 
exon IV promoter region in the dorsal hippocampus in both males and 
females, but only decreased Bdnf expression in females, showing that 
differences in methylation do not always translate to differences in 
expression; differences at the protein level were not investigated in this 
study (Coley et al., 2019). Increased Bdnf methylation and decreased 
Bdnf expression was also observed in both male and female offspring of 
ELS breeding pairs (Coley et al., 2019). Increased Bdnf methylation, 

associated with decreased Bdnf (exon IX), as a result of ELS is also 
observed in the mouse PFC in both the animals exposed to the stress and 
in the offspring of females exposed to the stress (Roth et al., 2009). This 
is true even when ELS offspring are cross-fostered to untreated female 
dams, suggesting that this transmission is not due to changes in maternal 
care received by the pups. However, altered responses from the offspring 
to the dam resulting in different maternal care provided cannot be ruled 
out with this type of cross-fostering design (Roth et al., 2009). 

The intergenerational transmission of DNA methylation resulting 
from ELS is paralleled in the transmission of stress-induced behavioural 
phenotypes (Coley et al., 2019; Franklin et al., 2010). F1 MSUS males, 
but not females, spend more time floating during the forced swim test 
(Franklin et al., 2010). Interestingly, this depressive-like behaviour was 
transmitted to F2 female and F3 male offspring. Anhedonia, another 
depressive-like behaviour, was present only in F1 MSUS males, and did 
not get transmitted to future generations (Franklin et al., 2010). F1 
MSUS males and F2 MSUS females exhibited a deficiency in behavioural 
control with a shorter latency to enter aversive areas of behavioural 
arenas (Franklin et al., 2010). It is also important to note that ELS can 
also lead to inheritance of both positive and negative traits in the 
offspring (e.g., inheritance of resilience after chronic stress exposure in 
the parental generation; (Franklin et al., 2011), and that transmission of 
altered methylation induced by ELS is, at least in part, reversible by 
paternal enrichment (Gapp et al., 2016). 

4. The impact of adolescent stress on epigenetic regulation 

Adolescence is a significant period of brain development and, 
perhaps as a result, adolescents are thought to be more sensitive to 
epigenetic and behavioural changes following stress exposure compared 
to adults (Rowson et al., 2019). For example, Lander et al. (2017) 
compared the effects of stress induced by social isolation during 
mid-adolescence and adulthood, and found that mice stressed in 
adolescence were particularly affected (Lander et al., 2017). Mice 
stressed at adolescence showed physiological effects including 
decreased weight gain, and behavioural effects such as increased social 
and object exploration, and impaired reversal learning and extra-
dimensional set-shifting (EDSS) in the water T-maze compared to con-
trols, but mice stressed in adulthood were not affected in these 
measures. Similar susceptibility to adolescent stress was observed using 
CSDS (Mouri et al., 2018). One day of social defeat in adolescence was 
sufficient to induce social avoidance but 10 days of social defeat during 
adulthood was required to develop the same impairment, and the effects 
were more persistent when the stress was performed in adolescent mice. 
The long-term behavioural deficits resulting from adolescent stress have 
been associated with changes in histone acetylation. CSDS in adoles-
cence results in a significant downregulation of total Bdnf and isoform IV 
transcripts, and increased levels of H3K9me2, but not H3K9ac or 
H3K4ac, proximal to the Bdnf IV promoter in the medial PFC (Xu et al., 
2018). Similarly, inescapable foot shock stress (IFS) experienced during 
adolescence also results in increased H3K9me2 and Bdnf down-
regulation in the hippocampus and PFC (Zhao et al., 2020), and daily 
predator odour exposure during adolescence increases acetylation of 
H3, but not H4, at the promoter of the monoamine oxidase A gene in the 
PFC (Márquez et al., 2013). This points to an important role for H3 
post-translational modifications in the long-term impact of adolescent 
stress, a finding which is further supported by the fact that antidepres-
sant treatment with tranylcypromine rescued aberrant Bdnf expression, 
histone H3 methylation, and the chronic inflexibility observed in 
stressed mice (Xu et al., 2018). 

Within the adolescent period, there may be specific developmental 
windows that are critical for the effects of stress on epigenetic regulation 
of brain function. In support of this suggestion, adolescent isolation 
stress in both male and female mice that were additionally genetically 
at-risk for neuropsychiatric-like disorders leads to schizophrenia-like 
and depressive-like behaviours including impaired prepulse inhibition 
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and forced swim test performance (Niwa et al., 2013). Underlying these 
behavioural deficits was a significant decrease in dopamine levels and 
this was associated with increased HPA axis responsivity, increased DNA 
methylation of the tyrosine hydroxylase (Th) promoter, increased DNA 
methylation in an intronic glucocorticoid response element (GRE) of the 
Bdnf gene and decreased methylation of an intronic GRE of the Fkbp5 
(Niwa et al., 2016) in VTA neurons that project to the frontal cortex. 
Administration of RU486, a glucocorticoid receptor antagonist, during 
weeks 5–6 successfully normalized the effects of stress on behaviour, 
dopamine levels, and the epigenetic state of the Th, Bdnf, and Fkbp5 
genes. These findings suggest that the period from 5 to 6 weeks of age 
represents a developmental stage when epigenetic regulation related to 
the development of the dopaminergic system may be particularly sen-
sitive to glucocorticoids. In addition to sensitive periods within adoles-
cence, there is also evidence that sex influences how adolescent stress 
affects the brain. A study by Rowson et al. (2019) specifically looked at 
the sex differences seen after chronic stress exposure during adoles-
cence. They found that females exposed to chronic adolescent stress 
showed a significant global reduction in DNA methylation levels in the 
hippocampus, but males did not. Together, these findings suggest that 
while adolescence is a developmental period that is particularly sensi-
tive to stress insults, several factors, including the timing of stress 
exposure, sex, and the combination of stressors experienced, interact to 
produce unique effects on behaviour and cognition through a combi-
nation of changes in corticosteroid function, neurotransmission, and 
epigenetics. 

Similar to findings resulting from postnatal stress, there is evidence 
for sex-specific inter- and trans-generational inheritance of adolescent 
stress (Zaidan and Gaisler-Salomon, 2015). Corticotropin releasing fac-
tor type 1 (Crf1) expression was increased in stressed females, as well as 
the neonate F1 offspring, but was decreased in the brain of male and 
female neonate F2 offspring (Zaidan and Gaisler-Salomon, 2015). This 
was also true for corticosterone levels and the authors proposed that 
these differences between two generations of offspring may be due to a 
combination of altered maternal care and a potential adaptive response 
or mechanism to stress across generations (Zaidan and Gaisler-Salomon, 
2015). Chronic social instability during adolescence and a brief period of 
early adulthood (PND27-76) results in both social avoidance and 
anxiety-like behaviours in the open field and elevated plus maze and 
similar anxiety-like behaviours and social avoidance were observed in 
female offspring of sires who themselves did not display any behavioural 
deficits (Saavedra-Rodríguez and Feig, 2013). This intergenerational 
effect is similar to social anxiety observed in mice exposed to MSUS early 
stress, where the males act as ‘silent’ carriers of a behavioural deficit 
(Franklin et al., 2011). Although the mechanism for this is not known, it 
has been suggested to be the result of an epigenetic mechanism (Franklin 
et al., 2011; Saavedra-Rodríguez and Feig, 2013). 

5. The impact of adult stress on epigenetic regulation 

Findings from studies looking at the impact of chronic stress during 
adulthood highlight differential histone acetylation as a possible 
mechanism. Li et al. (2017) used a CUS model of depression in male 
Sprague-Dawley rats and measured the expression levels of two histone 
acetylation regulators, Hdac5 and Cbp, as well as the acetylation levels 
of H3K14, H3K23, and H4K16, a sub-set of lysine residues known to be 
important for transcription (Li et al., 2017). The CUS-group had reduced 
levels of H3K14ac, H3K23ac, and H4K16ac, potentially as a result of 
higher Hdac5 mRNA and protein, and lower Cbp mRNA and protein 
present in forebrain areas (Li et al., 2017). Viana Borges et al. (2019) 
further corroborated these findings, in part, when they reported that 
adult male Wistar rats exposed to CUS had reduced H3K9ac in hippo-
campus, and that CUS in combination with isolation housing also 
showed an upregulation of Hdac5, although this effect was buffered in 
pair-housed animals (Viana Borges et al., 2019). Causal evidence for an 
important role of Hdac5 in the long-term behavioural impact of chronic 

stress has also come from experiments using CSDS models in mice 
(Covington et al., 2009; Renthal et al., 2007). CSDS results in 
depressive-like behaviour, social avoidance and downregulates Bdnf 
transcripts III and IV, but chronic imipramine administration (a tricyclic 
antidepressant) can reverse this downregulation, potentially as a result 
of increased histone acetylation in male mice (Tsankova et al., 2006). 
The increased acetylation observed after chronic imipramine treatment 
was associated with a downregulation of Hdac5, and viral-mediated 
Hdac5 overexpression prevented the therapeutic effects of imipramine, 
further suggesting an important role for Hdac5 in depressive-like 
behaviour, resilience to disease and/or susceptibility to neuropsychi-
atric disease, at least in male rodents (Tsankova et al., 2006). Evidence 
that overexpression of Hdac5 and downregulation of certain Bdnf 
transcripts may be involved in depressive-like behaviour is not limited to 
adult stress, as shown by the study by Seo et al., 2016; See section 
3.0-The impact of early-life stress (ELS) on epigenetic regulation). 

To strengthen the correlation between the epigenome and behaviour, 
studies have incorporated concepts of naturally-occurring individual 
differences related to susceptibility and resilience to their analyses. Male 
mice that are susceptible or resilient to CSDS are differentially impacted 
at the level of the epigenome suggesting a behavioural correlation to the 
mechanism. Susceptibility has been associated with decreased expres-
sion of a protein that likely regulates synaptic structure, RAS-related C3 
botulinum toxin substrate 1 (Rac1) in the nucleus accumbens, as this 
was observed in male mice susceptible to the depressive-like effects of 
CSDS, and in mice exposed to social isolation stress (Golden et al., 2013; 
Wilkinson et al., 2009). This change is potentially mediated by a 
stress-induced repressive chromatin state (i.e., reduced H3 acetylation, 
increased H3K9me3, increased H3K27me3) of the promoter region 
proximal to its transcriptional start site (Golden et al., 2013; Wilkinson 
et al., 2009). Importantly, chronic treatment with MS-275, an Hdac 
inhibitor, can reverse both the depressive-like behaviours and the 
change in Rac1 expression in male mice exposed to CSDS further linking 
depressive-like behaviours and changes in epigenetic regulation (Golden 
et al., 2013). 

However, mice that show limited or no behavioural response to CSDS 
also show differential epigenetic regulation compared to control mice 
suggesting that resiliency is not just the absence of an effect. Mice 
resilient to CSDS have increased delta-Fosb expression in D1-MSNs 
while susceptible animals have increased delta-Fosb expression in D2 
MSNs (Lobo et al., 2013). Causal evidence was provided by fusing Fosb 
to G9a to induce gene-targeted histone methylation in D1-MSNs, or by 
fusing Fosb to p65 to induce gene-targeted histone acetylation in D2 
MSNs (Hamilton et al., 2018). This gene-specific artificial epigenetic 
manipulation promotes stress susceptibility, while resilience can also be 
induced if these epigenetic manipulations are performed in the opposite 
sub-group of MSNs (Hamilton et al., 2018). These findings suggest that 
epigenetic control of Fosb in nucleus accumbens is sufficient to bias a 
behavioural phenotype towards either stress susceptibility or resilience. 
Additionally, mice resilient to CSDS have decreased expression of a gene 
encoding a DNA methyltransferase, Dnmt3a, in the PFC, and of a gene 
encoding the histone methyltransferase G9a in the hippocampus (Mallei 
et al., 2019). The effect of CSDS on Dnmt3a in the cortex appears to be 
subregion specific, as a similar CSDS protocol induced an increase in 
Dnmt3a in whole cortex which was not dependent on the stress sus-
ceptibility or resilience of the animal (Bilen et al., 2020). 

Similar to findings following CSDS, adult male mice exposed to 
repeated restraint stress exhibit depressive-like behaviors and this was 
associated with a downregulation of G9a, and reduced H3K9me2 at the 
oxytocin and vasopressin promoters in the basolateral amygdala, effects 
that could be reversed by exercise (Kim et al., 2016). CSDS also 
decreased Setdb1/Setdb1, which is primarily responsible for 
tri-methylating lysine 9, specifically in adult male cortex of susceptible 
mice, and this was associated with a decrease in H3K9me3 (Bilen et al., 
2020). It was possible to promote resilience to the behavioural effects of 
CSDS and limit epigenetic changes by treating mice with a precursor to a 
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methyl donor, methionine, during the defeat stress to restore methyl-
ation levels (Bilen et al., 2020). At this time, a number of studies dis-
cussing the involvement of histone methylation in the stress response, 
stress resilience and depression suggest that regulation of H3K9 
methylation, and its associated gene repression, likely plays an impor-
tant role in stress susceptibility and resilience albeit in a region-specific 
and cell-specific manner (Bilen et al., 2020; Hamilton et al., 2018; Kim 
et al., 2016; Mallei et al., 2019; Wilkinson et al., 2009). 

H3K9 modifications have also been implicated in depressive-like 
behaviors by research focusing on a relatively new type of histone 
mark dependent on beta-hydroxybutyrate (Bhb) called beta- 
hydroxybutyrylation (H3K9bhb; Chen et al., 2017). 
Beta-hydroxybutyrate and H3K9bhb were reduced in hippocampus 
following chronic restraint stress and this could be ameliorated by 
chronic treatment with the antidepressant imipramine. Both ketogenic 
diets and exercise can increase Bhb in vivo (Freeman and Kossoff, 2010; 
Sumithran et al., 2013) suggesting that these environmental factors may 
be reducing depressive-like behaviours by reversing the impact of stress 
on H3K9bhb, although this link has yet to be proven. Social defeat stress 
also alters the regulation of a recently discovered histone modification 
called crotonylation (Kcr). Kcr is negatively regulated by chromodomain 
Y-like protein, a histone methyllysine reader that largely acts as a 
transcriptional repressor (Liu et al., 2019). CSDS reduced histone Kcr 
levels and increased chromodomain Y-like protein (Cdyl), in the medial 
PFC, but only for susceptible mice (Liu et al., 2018). Interestingly, a 
strong correlation was found between social avoidance behaviour of 
susceptible mice and Cdyl levels (Liu et al., 2018). It was further sug-
gested that depressive-like behaviours resulting from CSDS caused a 
dysregulation in a pathway initiated by the increase in Cdyl, associated 
with a reduction in Kcr and H3K27me3 and the ultimate downregulation 
of Vgf and other genes. This study underlines the importance of the 
continued discovery of epigenetic marks and reminds us that we have 
likely only scratched the surface in terms of the complexity of epigenetic 
regulation and its response to stress. 

As was shown in response to ELS, histone variant turnover/dy-
namics, specifically H3.3 dynamics in the nucleus accumbens, appears 
to have a critical role in susceptibility to depressive-like behaviors after 
exposure to CSDS (Lepack et al., 2016). Lepack et al. (2016) found that 
mice susceptible to the behavioural effects of CSDS had increased H3.3 
turnover rates in the nucleus accumbens, and that viral-mediated inhi-
bition of H3.3 turnover led to resilience to CSDS in young adult male 
mice. However, as pointed out by the authors, a limitation of this study 
was that it did not investigate differences in these histone dynamics 
between D1-and D2-MSNs in the nucleus accumbens (Lepack et al., 
2016). It would be pertinent to differentially explore epigenetic mech-
anisms between D1-and D2-MSNs in the nucleus accumbens, seeing as 
they appear to play different roles in the stress response, with D1-MSN 
activation being associated with resilience and D2-MSN activation 
being associated with susceptibility (Chandra et al., 2017; Francis et al., 
2015; Lobo et al., 2013; Hamilton et al., 2018; Kronman et al., 2021; 
Zhang et al., 2015). 

Mecp2, a protein that reads DNA methylation to regulate gene 
expression, also appears to play an important role in the mechanisms 
determining stress resilience or susceptibility in adults. Mecp2 normally 
functions as a transcriptional repressor but has also been found to 
activate transcription in some cases (Chahrour et al., 2008). Male mice 
carrying a functional alteration in the Mecp2 protein that made it less 
active, were more susceptible to stress (Cosentino et al., 2019). These 
mice developed hypersensitivity, elevated corticosterone levels, altered 
gene expression, and other PTSD-like symptoms after exposure to 
high-intensity footshocks (Cosentino et al., 2019). More evidence for the 
involvement of Mecp2 in stress susceptibility comes from male BALB/c 
mice, a mouse strain that is more susceptible to chronic ultra-mild stress 
(CUMS) than male C57BL/6 mice (Uchida et al., 2011). BALB/c mice 
have differential histone modifications and DNA methylation in a pro-
moter region of the glial-derived neurotrophic factor gene, Gdnf, and 

this is associated with differential Mecp2 and Hdac2 binding, ultimately 
leading to decreased H3 acetylation and Gdnf translation (Uchida et al., 
2011). While both of these studies show a role for Mecp2 in suscepti-
bility to stress, it should be noted that both studies only looked at males, 
highlighting the need for more research in females. 

While much of the past research has focused on traditional epigenetic 
mechanisms like histone acetylation and DNA methylation, there have 
been increased numbers of studies focusing on the role of miRNAs in the 
long-term effects of stress and their association with depression. miRNAs 
provide a mechanism to quickly regulate gene transcription and protein 
translation, and they have been implicated in stress susceptibility (Allen 
and Dwivedi, 2020; Lopizzo et al., 2019; Torres-Berrío et al., 2017, 
2021), the intergenerational transmission of stress (Gapp and Bohacek, 
2018), as well as depression or depressive-like behaviors (Lou et al., 
2019; Roy et al., 2017; Torres-Berrío et al., 2017, 2021; Wang et al., 
2017; Xu et al., 2017). Here, we focus on two miRNAs that have been 
causally linked to the impact of stress and the development of 
depressive-like behaviours (miR-124, and miR-218), but there is evi-
dence suggesting that many other miRNAs, including miR-16, miR-135, 
miR-182, miR-206, miR-223, and miR-451, are also differentially 
regulated in depression models (Bahi et al., 2014; Bai et al., 2012; Chang 
et al., 2020; Gu et al., 2019; Gururajan et al., 2016; Higuchi et al., 2016; 
Issler et al., 2014; Issler and Chen, 2015; Lepack et al., 2016; Lotan et al., 
2018; Lou et al., 2019; Sillivan et al., 2020; Song et al., 2015; Tavako-
lizadeh et al., 2018; Torres-Berrío et al., 2017, 2020, 2021; Yang et al., 
2020). 

Multiple targets of miR-124 have been identified and implicated in 
depression via differential regulation in depression models, including 
Hdac4, Hdac5, glycogen synthase kinase 3 β (Gsk3β), glucocorticoid 
receptor (GR), Creb1 genes, and Bdnf genes (Liu et al., 2020; Xu et al., 
2017; Yang et al., 2020). Hippocampal miR-124 has been shown to be 
critical for resilience or susceptibility to CUMS in adult male mice 
(Higuchi et al., 2016). The mice exposed to CUMS show an increase in 
depressive-like behaviours and a decrease in miR-124 expression in the 
hippocampus. However, overexpression or inhibition of miR-124 in 
non-stressed controls, through viral-mediated hippocampal over-
expression and intrahippocampal infusion of an inhibitor, 
bi-directionally affected the depressive-like behaviours (Higuchi et al., 
2016). The overexpression and inhibition of miR-124 led to behavioural 
resilience and susceptibility to the effects of a milder stress paradigm, 
respectively, suggesting a pivotal role for hippocampal miR-124 in stress 
resilience (Higuchi et al., 2016). The authors proposed a mechanism, 
where hippocampal miR-124 post-transcriptionally regulated Hdac4, 
Hdac5, and Gsk3β expression, thus affecting resilience since inhibition of 
these targets of miR-124 had antidepressant effects (Higuchi et al., 
2016). Moreover, the resilience conferred by miR-124 overexpression 
was associated with reduced dentate gyrus granule neuron spine loss 
after stress exposure, and miR-124 inhibition was associated with spine 
loss after exposure to a milder stressor (Higuchi et al., 2016). This 
suggests that stress-induced changes in dendritic plasticity in the dentate 
gyrus may be modulated with miR-124 (Higuchi et al., 2016). In 
contrast, 21-days of exposure to social defeat stress led to an upregula-
tion of miR-124 expression and a downregulation of Bdnf in the hip-
pocampus of male rats, which was associated with an increase in 
depressive-like behaviors (Bahi et al., 2014); lentiviral inhibition of 
miR-124, and resultant reversal of the decreased Bdnf, resulted in an 
antidepressant effect. These findings are opposite to the findings from 
Higuchi et al. (2016), which could be the result of the difference in the 
severity of the stress treatment (mild versus severe) or different species 
(mouse versus rat). Altered synaptic plasticity, specifically impaired 
synaptic plasticity in the hippocampus and PFC, and enhanced synaptic 
plasticity in the amygdala, is consistently observed in major depressive 
disorder (MDD) and miRNAs are argued to play an important role in its 
regulation (Liu et al., 2017, 2020; Marsden, 2013). 

Differential regulation of miR-218 has additionally emerged as a 
mediator of stress-induced depression in both adolescence and 
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adulthood (Torres-Berrío et al., 2017, 2020, 2021). In male mice, 
upregulation and downregulation of miR-218 in the medial PFC led to 
resilience and susceptibility to social defeat stress, respectively (Tor-
res-Berrío et al., 2020). The mechanism for this is not clear, but miR-218 
is known to downregulate Dcc, a netrin-1 guidance cue receptor gene 
that has been previously linked to MDD; miR-218 expression is typically 
decreased and Dcc expression increased in this disorder (Manitt et al., 
2013; Torres-Berrío et al., 2021). Interestingly, a study by Torres-Berrío 
et al. (2017), conducted on male mice, suggested that miR-218 regula-
tion of Dcc during adolescence may ultimately modulate resilience to 
stress in adulthood through the role of Dcc receptors in medial PFC 
maturation during adolescence. Furthermore, upregulation of miR-218 
or downregulation of Dcc in the medial PFC of adult male mice pre-
vented depressive-like behaviors after exposure to CSDS, whereas 
downregulation of miR-218 led to increased susceptibility to stress 
(Torres-Berrío et al., 2017). Similar to miR-124, the role of miR-218 in 
stress-induced depressive-like behaviors may be linked to its regulation 
of excitatory synaptic transmission (Torres-Berrío et al., 2020). 

The importance of miRNA to depressive-like phenotypes has been 
further highlighted in a study using five weeks of chronic mild stress to 
produce depressive-like behaviours and a specific profile of sperm 
miRNAs and piRNAs that differ from control mice (Wang et al., 2021). 
The offspring of these mice also show similar depressive-like behaviours, 
but this behavioural transmission can be reversed by administering 
synthetic antisense strands to normalize miRNA expression in the 
zygote. These findings further suggest that abnormal miRNA expression 
are a causal element in the intergenerational transmission of adult 

stress-induced transmission of depressive-like behaviours (Wang et al., 
2021). 

6. Conclusion 

Differential epigenetic regulation associated with behavioural 
changes that occur as a result of stress are evident at all periods of 
development (see Fig. 1 for a summary of findings discussed in this 
current review) and are subject to further environmental impact. For 
example, phenotypes can be rescued using exercise, and the intergen-
erational transmission of stress can be prevented in some cases through 
extinction of fear conditioning. Each period of stress has been shown to 
induce long-term and sometimes multigenerational behavioural changes 
that include depressive-, and anxiety-like behaviours, with prenatal 
stress also sometimes inducing a schizophrenia-like phenotype; the 
exact behavioural phenotype produced depends greatly on the type and 
duration of the stressor in addition to the developmental time period 
during which it is applied. It is also important to note that in addition to 
the negative impact of stress during development, certain stress treat-
ments during development induce resilience to future stressors. There 
also does appear to be overlap with regards to the epigenetic impact of 
stress across different periods of development, including increases in 
Hdac5 and Dnmt3a expression (Fig. 1). Upregulation of Hdac5 mRNA 
expression in forebrain areas is observed after CUS exposure in adult rats 
(Li et al., 2017), and social housing can rescue the increased Hdac5 
expression in adult rats (Viana Borges et al., 2019). Additionally, a 
downregulation of Hdac5 is observed in the PFC of adult resilient mice 

Fig. 1. Summary of epigenetic changes in 
male rodents occurring after chronic stress 
exposure during prenatal developmental, 
postnatal development, adolescence and 
adulthood, with similarities across develop-
mental periods highlighted. Genes are 
included in brackets if the modification was 
linked to a specific gene. Arc, activity regu-
lated cytoskeleton associated protein; 
DNAme, DNA methylation; DNAhme, DNA 
hydroxymethylation; Dnmt, DNA methyl-
transferase; Hdac, histone deacetylase; 
Mecp2, methyl CpG-binding protein 2; Spn, 
spinophilin.   
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(Mallei et al., 2019) and chronic tricyclic antidepressant treatment in 
young adult mice is associated with Hdac5 downregulation in rodents 
exposed to CSDS. An upregulation of Hdac5 mRNA is also found in the 
hippocampus of male rats exposed to ELS through maternal separation 
and adult stress through restraint stress (Seo et al., 2016). This suggests 
that Hdac5 could play an important role in both the stress response and 
depression. This is further supported by the fact that Hdac5 is found to 
be a target of miR-124, which is intrinsically implicated in 
stress-induced depression and synaptic plasticity, thereby providing a 
possible mechanism through which Hdac5 is regulated after stress 
exposure (Higuchi et al., 2016). Similarly, stress experienced during 
prenatal or postnatal development, as well as in adulthood, has been 
found to increase Dnmt3a expression albeit in different brain areas. The 
extent to which these mechanisms also play a similar role in human 
brains is still unclear, but peripheral blood taken from individuals living 
with depression does have altered expression of histone deacetylases, 
including increased Hdac5 (Hobara et al., 2010; Iga et al., 2007).These 
findings, in concert with those from animal models, may provide an 
epigenetic link between stress and increased risk of depression. Addi-
tional evidence that epigenetic mechanisms can be dysregulated in the 
human brain following stress is provided by post mortem hippocampus 
tissue taken from individuals that died by suicide, specifically with a 
history of childhood abuse, in which methylation of NR3C1 is increased, 
similar to rats with low licking/grooming mothers (McGowan et al., 
2009). 

We have only begun to understand the significance of epigenetic 
regulation to the behavioural impacts of stress and stress-related psy-
chiatric disease, especially with the identification of new epigenetic 
marks with transcriptional implications. In particular, epigenetic 
research using rodents has suffered from a lack of tools available to 
specifically manipulate epigenetic marks and this has resulted in a 
paucity of causal data linking specific mechanisms and behavioural 
outcomes of stress across varying developmental periods. While some 
assumptions can be made based on correlative data, it has been difficult 
to draw firm conclusions about a direct impact of specific changes in 
epigenetic regulation and subsequent behaviour. It also seems that the 
effects of stress at every point of development can be transmitted to 
offspring across generations, with some evidence suggesting that 
epigenetic changes in the germline underlying transmission. Interest-
ingly, there is some evidence for the effects of ELS on sperm miRNAs in 
humans, suggesting that epigenetic transmission of stress may occur via 
similar mechanisms in rodents and in humans (Dickson et al., 2018). 
However, animal studies of epigenetic inheritance have shown that 
traits are inherited differently depending on the generation and on sex, 
and it is difficult to differentiate between changes resulting from 
epigenetic inheritance and changes stemming from differences in 
maternal care due to stress treatments. 

Lastly, a critical and significant gap in the rodent literature concerns 
sex differences and in particular the impact of stress on females. Despite 
evidence for the differential effects of stress in males and females, most 
of the literature includes only male subjects (Shansky and Murphy, 
2021; Woitowich et al., 2020), and our knowledge of the impact of stress 
on females is limited. This has been further exacerbated by the wide-
spread use of social defeat paradigms which are largely performed in 
males, highlighting the need for the development of new 
ethologically-valid models of chronic stress and depression. 
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Iñiguez, S.D., O’Donnell, P., Kravitz, A., Lobo, M.K., 2015. Nucleus accumbens 
medium spiny neuron subtypes mediate depression-related outcomes to social defeat 
stress. Biol. Psychiatr. 77, 212–222. https://doi.org/10.1016/j. 
biopsych.2014.07.021. 
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Ignácio, Z.M., Réus, G.Z., Abelaira, H.M., Maciel, A.L., de Moura, A.B., Matos, D., 
Demo, J.P., da Silva, J.B.I., Gava, F.F., Valvassori, S.S., Carvalho, A.F., Quevedo, J., 
2017. Quetiapine treatment reverses depressive-like behavior and reduces DNA 
methyltransferase activity induced by maternal deprivation. Behav. Brain Res. 320, 
225–232. https://doi.org/10.1016/j.bbr.2016.11.044. 

Issler, O., Chen, A., 2015. Determining the role of microRNAs in psychiatric disorders. 
Nat. Rev. Neurosci. 16, 201–212. //dx.doi.org.ezproxy.library.dal.ca/10.1038/ 
nrn3879.  

Issler, O., Haramati, S., Paul, E.D., Maeno, H., Navon, I., Zwang, R., Gil, S., Mayberg, H. 
S., Dunlop, B.W., Menke, A., Awatramani, R., Binder, E.B., Deneris, E.S., Lowry, C.A., 
Chen, A., 2014. MicroRNA 135 is essential for chronic stress resiliency, 
antidepressant efficacy, and intact serotonergic activity. Neuron 83, 344–360. //dx. 
doi.org.ezproxy.library.dal.ca/10.1016/j.neuron.2014.05.042.  

Johnson, F.K., Delpech, J.-C., Thompson, G.J., Wei, L., Hao, J., Herman, P., Hyder, F., 
Kaffman, A., 2018. Amygdala hyper-connectivity in a mouse model of unpredictable 
early life stress. Transl. Psychiatry 8, 1–14. https://doi.org/10.1038/s41398-018- 
0092-z. 

Kalinichev, M., Easterling, K.W., Plotsky, P.M., Holtzman, S.G., 2002. Long-lasting 
changes in stress-induced corticosterone response and anxiety-like behaviors as a 
consequence of neonatal maternal separation in Long-Evans rats. Pharmacol. 
Biochem. Behav. 73, 131–140. https://doi.org/10.1016/s0091-3057(02)00781-5. 

Karen, C., Rajan, K.E., 2019. Social behaviour and epigenetic status in adolescent and 
adult rats: the contribution of early-life stressful social experience. Cell. Mol. 
Neurobiol. 39, 371–385. https://doi.org/10.1007/s10571-019-00655-x. 

Keller, S.M., Nowak, A., Roth, T.L., 2019. Female pups receive more maltreatment from 
stressed dams. Dev. Psychobiol. 61, 824–831. https://doi.org/10.1002/dev.21834. 

Kim, T., Lee, J., Kim, J., Park, J., Choi, J., Kim, H., Lee, E., Han, P., 2016. G9a-Mediated 
regulation of OXT and AVP expression in the basolateral amygdala mediates stress- 
induced lasting behavioral depression and its reversal by exercise. Mol. Neurobiol. 
53, 2843–2856. //dx.doi.org.ezproxy.library.dal.ca/10.1007/s12035-015-9160-z.  

Kouzarides, T., 2007. Chromatin modifications and their function. Cell 128, 693–705. 
https://doi.org/10.1016/j.cell.2007.02.005. 

Kronman, H., Torres-Berrío, A., Sidoli, S., Issler, O., Godino, A., Ramakrishnan, A., 
Mews, P., Lardner, C.K., Parise, E.M., Walker, D.M., van der Zee, Y.Y., Browne, C.J., 
Boyce, B.F., Neve, R., Garcia, B.A., Shen, L., Peña, C.J., Nestler, E.J., 2021. Long- 
term behavioral and cell-type-specific molecular effects of early life stress are 
mediated by H3K79me2 dynamics in medium spiny neurons. Nat. Neurosci. 24, 
667–676. https://doi.org/10.1038/s41593-021-00814-8. 

Lander, S.S., Linder-Shacham, D., Gaisler-Salomon, I., 2017. Differential effects of social 
isolation in adolescent and adult mice on behavior and cortical gene expression. 
Behav. Brain Res. 316, 245–254. https://doi.org/10.1016/j.bbr.2016.09.005. 

Lepack, A.E., Bagot, R.C., Peña, C.J., Loh, Y.-H.E., Farrelly, L.A., Lu, Y., Powell, S.K., 
Lorsch, Z.S., Issler, O., Cates, H.M., Tamminga, C.A., Molina, H., Shen, L., Nestler, E. 
J., Allis, C.D., Maze, I., 2016. Aberrant H3.3 dynamics in NAc promote vulnerability 
to depressive-like behavior. Proc. Natl. Acad. Sci. Unit. States Am. 113, 
12562–12567. https://doi.org/10.1073/pnas.1608270113. 

Li, H.-Y., Jiang, Q.-S., Fu, X.-Y., Jiang, X.-H., Zhou, Q.-X., Qiu, H.-M., 2017. Abnormal 
modification of histone acetylation involved in depression-like behaviors of rats 
induced by chronically unpredicted stress. Neuroreport 28, 1054–1060. https://doi. 
org/10.1097/WNR.0000000000000879. 

Liston, C., Miller, M.M., Goldwater, D.S., Radley, J.J., Rocher, A.B., Hof, P.R., 
Morrison, J.H., McEwen, B.S., 2006. Stress-induced alterations in prefrontal cortical 
dendritic morphology predict selective impairments in perceptual attentional set- 
shifting. J. Neurosci. 26, 7870–7874. https://doi.org/10.1523/JNEUROSCI.1184- 
06.2006. 

A. Dion et al.                                                                                                                                                                                                                                    

https://doi.org/10.3389/fnbeh.2019.00101
https://doi.org/10.3389/fnbeh.2019.00101
https://doi.org/10.1016/j.neuropharm.2019.06.003
https://doi.org/10.1016/j.neuropharm.2019.06.003
https://doi.org/10.1523/JNEUROSCI.1758-09.2009
https://doi.org/10.1523/JNEUROSCI.1758-09.2009
https://doi.org/10.1038/s41398-018-0146-2
https://doi.org/10.1038/s41398-018-0146-2
https://doi.org/10.1016/j.neuropharm.2018.07.010
https://doi.org/10.1016/j.neuropharm.2018.07.010
https://doi.org/10.1055/s-0029-1237423
https://doi.org/10.1055/s-0029-1237423
https://doi.org/10.1126/science.7777856
https://doi.org/10.1126/science.7777856
https://doi.org/10.1016/j.biopsych.2014.07.021
https://doi.org/10.1016/j.biopsych.2014.07.021
http://refhub.elsevier.com/S2352-2895(22)00009-1/sref28
http://refhub.elsevier.com/S2352-2895(22)00009-1/sref28
http://refhub.elsevier.com/S2352-2895(22)00009-1/sref28
https://doi.org/10.1016/j.biopsych.2010.05.036
https://doi.org/10.1016/j.biopsych.2010.05.036
https://doi.org/10.1016/j.yapd.2010.08.003
https://doi.org/10.1111/gbb.12407
https://doi.org/10.1111/gbb.12407
https://doi.org/10.1038/npp.2016.87
https://doi.org/10.1038/npp.2016.87
https://doi.org/10.1038/ncomms6466
https://doi.org/10.1038/ncomms6466
https://doi.org/10.1038/s41380-018-0271-6
https://doi.org/10.3389/fnbeh.2018.00127
https://doi.org/10.3389/fnbeh.2018.00127
https://doi.org/10.1038/nm.3090
https://doi.org/10.1038/s41386-018-0195-5
https://doi.org/10.1038/s41386-018-0195-5
https://doi.org/10.1042/BSR20190186
https://doi.org/10.1042/BSR20190186
https://doi.org/10.1038/tp.2016.131
https://doi.org/10.1126/science.1229277
https://doi.org/10.1126/science.1229277
https://doi.org/10.1038/npp.2017.88
https://doi.org/10.1016/j.conb.2019.05.005
https://doi.org/10.1523/JNEUROSCI.0319-16.2016
https://doi.org/10.1016/j.jpsychires.2009.08.015
https://doi.org/10.1016/j.jpsychires.2009.08.015
https://doi.org/10.1016/j.neubiorev.2008.11.005
https://doi.org/10.1016/j.neubiorev.2008.11.005
https://doi.org/10.1038/nrg3863
https://doi.org/10.1016/j.psyneuen.2006.03.005
https://doi.org/10.1016/j.psyneuen.2006.03.005
https://doi.org/10.1037/0033-2909.130.1.115
https://doi.org/10.1016/j.pnpbp.2006.12.014
https://doi.org/10.1016/j.bbr.2016.11.044
http://refhub.elsevier.com/S2352-2895(22)00009-1/sref51
http://refhub.elsevier.com/S2352-2895(22)00009-1/sref51
http://refhub.elsevier.com/S2352-2895(22)00009-1/sref51
http://refhub.elsevier.com/S2352-2895(22)00009-1/sref52
http://refhub.elsevier.com/S2352-2895(22)00009-1/sref52
http://refhub.elsevier.com/S2352-2895(22)00009-1/sref52
http://refhub.elsevier.com/S2352-2895(22)00009-1/sref52
http://refhub.elsevier.com/S2352-2895(22)00009-1/sref52
https://doi.org/10.1038/s41398-018-0092-z
https://doi.org/10.1038/s41398-018-0092-z
https://doi.org/10.1016/s0091-3057(02)00781-5
https://doi.org/10.1007/s10571-019-00655-x
https://doi.org/10.1002/dev.21834
http://refhub.elsevier.com/S2352-2895(22)00009-1/sref57
http://refhub.elsevier.com/S2352-2895(22)00009-1/sref57
http://refhub.elsevier.com/S2352-2895(22)00009-1/sref57
http://refhub.elsevier.com/S2352-2895(22)00009-1/sref57
https://doi.org/10.1016/j.cell.2007.02.005
https://doi.org/10.1038/s41593-021-00814-8
https://doi.org/10.1016/j.bbr.2016.09.005
https://doi.org/10.1073/pnas.1608270113
https://doi.org/10.1097/WNR.0000000000000879
https://doi.org/10.1097/WNR.0000000000000879
https://doi.org/10.1523/JNEUROSCI.1184-06.2006
https://doi.org/10.1523/JNEUROSCI.1184-06.2006


Neurobiology of Stress 17 (2022) 100434

10

Liu, L., Zhou, X., Zhang, Y., Pu, J., Yang, L., Yuan, S., Zhao, L., Zhou, C., Zhang, H., 
Xie, P., 2018. Hippocampal metabolic differences implicate distinctions between 
physical and psychological stress in four rat models of depression. Transl. Psychiatry 
8, 4. https://doi.org/10.1038/s41398-017-0018-1. 

Liu, N., Wang, Z.-Z., Zhao, M., Zhang, Y., Chen, N.-H., 2020. Role of non-coding RNA in 
the pathogenesis of depression. Gene 735, 144276. https://doi.org/10.1016/j. 
gene.2019.144276. 

Liu, W., Ge, T., Leng, Y., Pan, Z., Fan, J., Yang, W., Cui, R., 2017. The role of neural 
plasticity in depression: from Hippocampus to prefrontal cortex. Neural Plast. 2017, 
e6871089 https://doi.org/10.1155/2017/6871089. 

Liu, Y., Li, M., Fan, M., Song, Y., Yu, H., Zhi, X., Xiao, K., Lai, S., Zhang, J., Jin, X., 
Shang, Y., Liang, J., Huang, Z., 2019. Chromodomain Y-like protein–mediated 
histone crotonylation regulates stress-induced depressive behaviors. Biol. Psychiatr. 
85, 635–649. https://doi.org/10.1016/j.biopsych.2018.11.025. 

Lobo, M.K., Zaman, S., Damez-Werno, D.M., Koo, J.W., Bagot, R.C., DiNieri, J.A., 
Nuget, A., Finkel, A., Chaudhury, D., Chandra, R., Riberio, E., Rabkin, J., 
Mouzon, E., Cachope, R., Cheer, J.F., Han, M.-H., Dietz, D.M., Self, D.W., Hurd, Y.L., 
Vialou, V., Nestler, E.J., 2013. DeltaFosB induction in striatal medium spiny neuron 
subtypes in response to chronic pharmacological, emotional, and optogenetic 
stimuli. J. Neurosci. 33, 18381–18395. https://doi.org/10.1523/JNEUROSCI.1875- 
13.2013. 

Lopizzo, N., Zonca, V., Cattane, N., Pariante, C.M., Cattaneo, A., 2019. miRNAs in 
depression vulnerability and resilience: novel targets for preventive strategies. 
J. Neural. Transm. 126, 1241–1258. https://doi.org/10.1007/s00702-019-02048-2. 

Lotan, A., Lifschytz, T., Wolf, G., Keller, S., Ben-Ari, H., Tatarsky, P., Pillar, N., Oved, K., 
Sharabany, J., Merzel, T.K., Matsumoto, T., Yamawaki, Y., Mernick, B., Avidan, E., 
Yamawaki, S., Weller, A., Shomron, N., Lerer, B., 2018. Differential effects of chronic 
stress in young-adult and old female mice: cognitive-behavioral manifestations and 
neurobiological correlates. Mol. Psychiatr. 23, 1432–1445. https://doi.org/ 
10.1038/mp.2017.237. 

Lou, D., Wang, J., Wang, X., 2019. miR-124 ameliorates depressive-like behavior by 
targeting STAT3 to regulate microglial activation. Mol. Cell. Probes 48, 101470. 
https://doi.org/10.1016/j.mcp.2019.101470. 

Mallei, A., Ieraci, A., Popoli, M., 2019. Chronic social defeat stress differentially regulates 
the expression of BDNF transcripts and epigenetic modifying enzymes in susceptible 
and resilient mice. World J. Biol. Psychiatr. 20, 555–566. https://doi.org/10.1080/ 
15622975.2018.1500029. 

Manitt, C., Eng, C., Pokinko, M., Ryan, R.T., Torres-Berrío, A., Lopez, J.P., Yogendran, S. 
V., Daubaras, M.J.J., Grant, A., Schmidt, E.R.E., Tronche, F., Krimpenfort, P., 
Cooper, H.M., Pasterkamp, R.J., Kolb, B., Turecki, G., Wong, T.P., Nestler, E.J., 
Giros, B., Flores, C., 2013. Dcc orchestrates the development of the prefrontal cortex 
during adolescence and is altered in psychiatric patients. Transl. Psychiatry 3. 
https://doi.org/10.1038/tp.2013.105 e338–e338.  

Markham, J.A., Taylor, A.R., Taylor, S.B., Bell, D.B., Koenig, J.I., 2010. Characterization 
of the cognitive impairments induced by prenatal exposure to stress in the rat. Front. 
Behav. Neurosci. 4 https://doi.org/10.3389/fnbeh.2010.00173. 

Márquez, C., Poirier, G.L., Cordero, M.I., Larsen, M.H., Groner, A., Marquis, J., 
Magistretti, P.J., Trono, D., Sandi, C., 2013. Peripuberty stress leads to abnormal 
aggression, altered amygdala and orbitofrontal reactivity and increased prefrontal 
MAOA gene expression. Transl. Psychiatry 3. https://doi.org/10.1038/tp.2012.144 
e216–e216.  

Marrocco, J., Gray, J.D., Kogan, J.F., Einhorn, N.R., O’Cinneide, E.M., Rubin, T.G., 
Carroll, T.S., Schmidt, E.F., McEwen, B.S., 2019. Early life stress restricts 
translational reactivity in CA3 neurons associated with altered stress responses in 
adulthood. Front. Behav. Neurosci. 13, 157. https://doi.org/10.3389/ 
fnbeh.2019.00157. 

Marsden, W.N., 2013. Synaptic plasticity in depression: molecular, cellular and 
functional correlates. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 43, 168–184. 
https://doi.org/10.1016/j.pnpbp.2012.12.012. 

Matrisciano, F., Dong, E., Nicoletti, F., Guidotti, A., 2018. Epigenetic alterations in 
prenatal stress mice as an endophenotype model for schizophrenia: role of 
metabotropic glutamate 2/3 receptors. Front. Mol. Neurosci. 11, 423. https://doi. 
org/10.3389/fnmol.2018.00423. 

Matrisciano, F., Tueting, P., Dalal, I., Kadriu, B., Grayson, D.R., Davis, J.M., Nicoletti, F., 
Guidotti, A., 2013. Epigenetic modifications of GABAergic interneurons are 
associated with the schizophrenia-like phenotype induced by prenatal stress in mice. 
Neuropharmacology 68, 184–194. https://doi.org/10.1016/j. 
neuropharm.2012.04.013. 

McGowan, P.O., Sasaki, A., D’Alessio, A.C., Dymov, S., Labonté, B., Szyf, M., Turecki, G., 
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