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Preface

This volume is a collection of papers in the series Current Topics in Behavioral
Neuroscience dedicated to post-traumatic stress disorder (PTSD). The volume
reflects the state of the art in the behavioral neurosciences of PTSD. It is not
intended as a comprehensive survey of behavioral neuroscience of PTSD, but is
aimed at bringing together preclinical and clinical scientific studies that address
current topics of relevance to trauma and PTSD. With this series of review
articles, we provide an issue that summarizes the latest studies in the long-term
consequences of trauma. Also, we provide an issue that maximizes the reader’s
insight into the mechanisms of risk and resilience to stress and that addresses both
theoretical and applied aspects of developing intervention tools for trauma-related
disorders.

The planning of the volume started early in 2015 and has 3 years later resulted in
a comprehensive selection of topics that reflect research on novel approaches in the
domain of behavioral neuroscience of PTSD. We have selected a compendium of
papers to reflect excellence in both research and recognition of novel domains in
PTSD research. The papers range across a wide array of topics that include
development, epigenetics, animal models and neurocognition, a Research Domain
Criteria (RDoC) approach to PTSD, emotion regulation, anhedonia, PTSD comor-
bidity with TBI, as well as novel approaches to therapy such as exposure-based
treatment with ketamine.

The first chapter by Stevens et al. on developmental contributors to trauma
response provides an in-depth overview of early factors that interact with develop-
ment to contribute to later trauma responses. The authors describe development of
neural substrates that have been associated with PTSD and identify developmental
shifts around critical ages that may contribute to vulnerability. They underscore the
need in this field for longitudinal research from middle childhood through early
adulthood. They also emphasize that we need to move away from lumping early
trauma as one factor altogether.

The second chapter comprehensively reviews the first wave of epigenetic studies
that has been performed in an attempt to identify the molecular underpinnings of the
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chronic effects of trauma exposure. The attention is on the role of microRNAs in
moderating or mediating the impact of severe stress and trauma. Adding to the
epigenetics of methylation, the mRNA domain is a novel field of study in PTSD
research. The authors stress the need for new research comprising translational and
cross-species approaches that use longitudinal designs for studying trajectories of
change contrasting susceptible and resilient subjects.

Because PTSD is precipitated by a definite traumatic experience, animal models
can simulate the induction of PTSD and test causal factors with longitudinal
designs. The third paper reviews the widely used animal models of PTSD in rodents
and gives a comprehensive overview of their strengths and weaknesses in terms of
face, construct, and predictive validity. This is important since many symptoms can
be modeled using behavioral tests as long as strengths and weaknesses of the model
are identified.

In the chapter by Schmidt and Vermetten, the core findings in neurobiological
PTSD research are matched to the RDoC research domains and units of analysis.
Several of the core findings in PTSD such as amygdalar overactivity have
been linked to all RDoC domains without further specification of their distinct
role in the pathophysiological pathways associated with these domains. Still
incomplete are the cellular and molecular processes that are decisive for
regulation of psychic processes and for the expression of psychopathological
symptoms. While RDoC can be valuable, there are critical domains for PTSD
missing, and the authors have suggested stress regulation and maintenance of
consciousness to be added.

Jak et al. highlight the key role that cognitive functioning plays in both
the development and maintenance (or exacerbation) of PTSD symptoms, and
their paper focuses on neurocognitive changes following treatment for PTSD
as well. They show that neurocognition in PTSD is predictive of school
achievement, obtaining and maintaining employment, job advancement, and
maintaining relationships and that improved cognition predicted better health and
quality of life.

The sixth chapter discusses the role of emotion regulation circuitry implicated in
stress-related psychopathology from a developmental and transdiagnostic perspec-
tive. VanTieghem and Tottenham highlight converging evidence suggesting that
multiple forms of early adverse experiences impact the functional development of
amygdala-prefrontal circuitry and make important suggestions for future longitu-
dinal and translational research to better elucidate the mechanisms and facilitate
development of interventions that can attenuate risk for psychopathology in youth
exposed to early life stress.

The chapter by Veen et al. explores the use of ketamine as an interesting
candidate for targeting emotional memories. In a novel approach to PTSD, it
is hypothesized that a single intravenous infusion of a subanesthetic dose of
ketamine can be considered as a viable augmentation strategy for trauma-focused
psychotherapy in patients with PTSD. The chapter also uses a “question-based
drug development plan” and reviews topics that need to be addressed concerning
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the psychotherapeutic approach and phase orientation of this novel ketamine/
pharmacological assisted psychotherapy.

The chapter by Spadoni et al. provides a summary of some of the most
common and the most innovative neuroimaging approaches used to characterize
the neural circuits associated with PTSD, as well as TBI, and their comorbidity.
They summarize the state of the science for each disorder and describe
the few studies that have explicitly attempted to characterize the neural substrates
of their shared and dissociable influence. They argue that future studies should
exploit innovative neuroimaging approaches and longitudinal designs.

It is well known that fear learning is critical in the development and
maintenance of PTSD and that safety signal learning and extinction are necessary
for recovery. Strauss et al. review studies that suggest that sleep disruption plays
a role in safety signal learning and extinction, and thus the development and
maintenance of PTSD symptoms, thereby presenting an important modifiable
target in PTSD treatment.

Glenn et al. discuss the methodology associated with broad categories of how
contextual fear learning is manipulated in imaging studies and highlight findings for
the primary neural circuitry involved in each paradigm. They also offer methodo-
logical recommendations for human studies of contextual fear acquisition, includ-
ing using stimuli that distinguish configural learning from discrete cue associations
and clarifying how context is experimentally operationalized.

In a comprehensive research update, van Huijstee and Vermetten list and
discuss the promises and pitfalls in current research studies on the dissociative
subtype of PTSD. The authors argue that inclusion of the novel dissociative
subtype of PTSD in the DSM-5 stimulates research on the prevalence,
symptomatology, and neurobiology of the dissociative subtype of PTSD
and poses a challenge to improve treatment outcome in PTSD patients with
dissociative symptoms.

The last chapter by Risbrough et al. asks the question whether anhedonia
predicts PTSD. Whereas childhood trauma has long been associated with
increased anhedonia and increased subsequent risk for trauma-related disorders
in adulthood, in this chapter the focus is on a novel, emerging, direct contributor
to anhedonia in both rodents and humans: fragmented, chaotic environmental
signals during critical periods of development. Preliminary longitudinal data
are reviewed that aims to show that fragmented chaotic environmental signals
are associated with increased anhedonia in adolescence, with further evidence
that anhedonia in adolescence/young adulthood may be a risk factor for PTSD
and depression.

In this volume, all 12 chapters illustrate that there is a need for
neurodevelopmental and cohort approaches to PTSD. And, all papers illustrate
that there has been an enormous effort to capture risk and resilience factors, as
well as to identify neuroscientific biomarkers of expressed illness. The field is
advancing and maturing rapidly, yet research efforts will need to be sustained
over the next decades to consolidate knowledge in the field.
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We are grateful that these authors have provided us with these comprehensive
reviews of current topics. They have a value to the understanding of the complex
interface of trauma exposure and chronic psychopathology. Lastly, a special thanks
to all the reviewers for this special issue.

Leiden, The Netherlands Eric Vermetten
San Diego, CA, USA Dewleen G. Baker
La Jolla, CA, USA Victoria B. Risbrough

May 2018
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Developmental Contributors to Trauma )
Response: The Importance of Sensitive A
Periods, Early Environment, and Sex
Differences

Jennifer S. Stevens, Sanne J.H. van Rooij, and Tanja Jovanovic

Abstract This review considers early factors that interact with development to
contribute to later trauma responses, including developmental sensitive periods, the
effects of early environment, and the emergence of sex differences. We also
describe development of neural substrates that have been associated with
posttraumatic stress disorder and specifically focus on fear behavior and circuitry.
Emerging evidence suggests that there may be developmental shifts around age
10 in these underlying circuits that may contribute to vulnerability. We also discuss
age-related changes in the importance of caregiver availability as positive buffering
factors. Hormonal changes later in development with onset during puberty appear
to further shape development trajectories toward risk or resilience. We highlight
these recent findings as well as the great need for further longitudinal research from
middle childhood through early adulthood.

Keywords Amygdala + Child development < Early environment e Fear
conditioning * Sensitive periods ¢ Sex differences ¢ Social buffering ¢« Trauma
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Many of the most potent risk factors for posttraumatic stress symptoms and other
negative responses to trauma begin early in life, as the early environment interacts
with the developing brain. Childhood adversity is one of the most potent and well-
known risk factors for the development of posttraumatic stress disorder (PTSD). It is
well established that early deprivation, for example, institutional rearing, but also
childhood abuse, or exposure to other traumatic events, such as witnessing violence,
can have a long-lasting effect on the individual. However, other factors such as risk
genotype, brain development, and emergence of pubertal sex differences also influ-
ence the later risk for developing PTSD. A great deal of research has established
retrospective links between these early factors and psychiatric and medical outcomes
in adulthood. Further research is now needed to address why early life is such an
important period and to outline the specific windows of development that interact
with environmental factors that increase risk for negative outcomes.

Here, we highlight the importance of developmental timing as a key factor
influencing the impacts of early experiences on risk for trauma-related pathology.
We focus on the development of fear learning systems, as deficits in fear inhibition
and extinction have been demonstrated to be critical mediators of the trauma response
in adults (Jovanovic et al. 2010; Jovanovic and Ressler 2010). We begin by outlining
sensitive periods in development for trauma exposure and emergence of psychopa-
thology, and early development in the neurobiology of fear, as well as windows of
divergence in brain development: toward risk-related or healthy outcomes. We then
highlight protective aspects of the early rearing environment, which may buffer
against the negative effects of early-life stress. Finally, we end with the developmen-
tal timing of sex differences in risk for trauma-related pathology. While there is an
emerging literature on genes that may contribute to vulnerability for trauma-related
mental illness, here we focus primarily on environmental factors during development.

1 Sensitive Periods

1.1 Sensitive Periods for Trauma Exposure and Related
Pathology

The prevalence of anxiety disorders has been shown to increase during late childhood
and early adolescence, suggesting that this period may be developmentally critical in
identifying individuals at risk for adult psychopathology (Beesdo et al. 2009; Cohen
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et al. 1993). In a replication of the National Comorbidity Survey, anxiety diagnoses
were found to be highly prevalent at 28.8% with the earliest disorder emerging at a
median age of 11 (Kessler et al. 2005). Separation anxiety and specific phobias
emerge at the earliest age, followed by social phobia in adolescence and generalized
anxiety, which can emerge in adulthood (Beesdo et al. 2009; Cohen et al. 1993). Sev-
eral longitudinal studies of children and adolescents found no sex differences in
childhood (prior to age 12), but a highly significant increase in anxiety disorders in
girls relative to boys in adolescence (Velez et al. 1989). PTSD can be difficult to
diagnose in children using adult criteria; therefore several modifications have been
made to account for developmental stage, such as using trauma reenactment during
play and frightening dreams as symptom presentations (Makley and Falcone 2010).
The most common PTSD-eliciting event in children is injury or motor vehicle
accident, with prevalence rates of about 25%. Physical or sexual abuse can result in
rates as high as 58% (Makley and Falcone 2010). Because onset of PTSD is
dependent on the timing of the traumatic event, it is difficult to determine develop-
mentally sensitive periods for the emergence of symptoms in childhood; however
some studies have diagnosed children as early as preschool age (Cohen and
Scheeringa 2009). Longitudinal studies of PTSD in children have found it to be a
stable diagnosis over 2 years, indicating the need for treatment intervention with
children (Cohen and Scheeringa 2009).

Exposure to trauma during childhood has long been recognized as a significant
predictor of PTSD in adulthood in addition to other mental disorders, such as
depression (Nemeroff et al. 2006). Adversity includes several different negative
experiences, such as child maltreatment and poverty. Child maltreatment is a perva-
sive public health problem as more than three million children received intervention
from Child Protective Services in 2012 (Administration on Children, Youth and
Families and US Department of Health and Human Services 2012). Poverty is even
more prevalent; currently over half of all students in US public schools come from
low-income families according to the National Center for Education Statistics (Suitts
2015). The long-lasting impact of adversity during early life on the brain has been
well established over the last several decades in animal research (Sanchez et al. 2001)
and in human imaging studies (see (Bick and Nelson 2016) for recent review).

Although there is clear evidence of the impact of childhood trauma on brain
development, specific age-related sensitive periods have not been well defined. Yet,
the developmental timing of trauma exposure can have a significant impact on risk
for altered brain development and psychopathology (Tottenham and Sheridan
2009). While large cohort studies of child abuse using the Adverse Childhood
Experiences (ACEs) in over 80,000 individuals underscore the tremendous nega-
tive impact of childhood trauma on adult health (Schiissler-Fiorenza Rose et al.
2014), most do not examine timing of trauma exposure very specifically, but rather
report ACEs prior to age 18. While there are a limited number of prospective
studies that have examined the effects of trauma exposure in childhood, a recent
study using retrospective recall identified age 10 as the period when trauma severity
recall was greatest (Pechtel et al. 2014). In addition, a survey of US families
recently reported that cumulative stressors prior to age 13 significantly increase
the odds of psychological distress in adulthood (Bjorkenstam et al. 2015). Early
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adolescence is marked with increased independence resulting in higher likelihood
of exposure to trauma. It has been recognized for decades that middle school
children from low-income urban neighborhoods experience high levels of commu-
nity violence (Hill et al. 1996). Further, PTSD symptoms in children aged 8—13 are
highly correlated with trauma exposure within the last year (Bevans et al.
2009). However, longitudinal developmental studies defining age-related sensitive
windows of trauma exposure and PTSD symptoms are still lacking in the literature.

1.2 Sensitive Periods for Development of Fear Neurobiology

Adult neurobiological models of risk for negative outcomes following trauma focus
primarily on hyper-reactivity of the amygdala (Shin and Liberzon 2010), a part of
the limbic system located in the medial temporal lobe of the brain and an integral
component of mammalian fear circuitry (Davis et al. 1993; Fanselow 1994;
LeDoux 1992). Studies of humans with brain damage have also found that the
amygdala modulates the fear response: temporal lobectomy in patients results in
loss of fear-conditioned startle (Funayama et al. 2001). Amygdala hyper-reactivity
is observed in patients with chronic PTSD (Fonzo et al. 2010; Rauch et al. 2000;
Shin et al. 2005; Stevens et al. 2013), and, more importantly, amygdala reactivity
prior to trauma exposure may predict later PTSD severity (Admon et al. 2009,
2013). Amygdala reactivity is moderated by inhibitory connections from the ven-
tromedial prefrontal cortex (vmPFC), which appear to be abnormal in PTSD (Shin
et al. 2005; Stevens et al. 2013). Pediatric PTSD is marked by the same underlying
neurobiology, i.e., children and youth with PTSD show heightened amygdala
reactivity and impaired amygdala-prefrontal connectivity (Keding and Herringa
2015; Wolf and Herringa 2016). The development of fear circuitry may thus
contribute to risk for later PTSD and other trauma-related pathology.

Animal models using fear conditioning have suggested very robust age effects on
fear-related learning. For example, early postnatal development is associated with
different neural circuitry underlying fear regulation compared to the juvenile period
of development, such that the prelimbic cortex is involved in expression of learned
fear in juvenile but not infant rats (Li et al. 2012). In humans, early studies using
structural magnetic resonance imaging (MRI) outline a pattern of similarly prolonged
development in the brain regions supporting fear learning, from early childhood
through early adulthood. For example, amygdala volume increased in males from
ages 4 to 18, while hippocampal volume increased in females in the same age range
(Giedd et al. 1996). On the other hand, cerebral gray matter development follows an
inverted U-shape, showing early increases in volume and thickness that peak in late
childhood, followed by decreased volume and density after adolescence (Giedd et al.
1999, 2015; Gogtay et al. 2004; Shaw et al. 2006) with the medial prefrontal cortex
(mPFC) showing the longest developmental trajectories (Kolb et al. 2012). White
matter integrity in the uncinate and cingulum, the primary tracts connecting the
amygdala and hippocampus with the PFC, show steep linear increases from child-
hood through early adulthood, not peaking until after age 35 (Lebel et al. 2012). Such
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prolonged patterns of development for the amygdala and prefrontal cortex, and
connections between these regions, indicate that there is a large window spanning
childhood and adolescence during which experience, particularly traumatic experi-
ence, can shape trajectories of brain development.

In addition to the aforementioned studies suggesting that gray matter volumes
for the prefrontal and temporal lobes peak from ages 12 to 16 (Giedd et al. 1999,
2015); a recent study found a developmental shift in functional connectivity
between the amygdala and the mPFC during the viewing of fearful faces (Gee et
al. 2013a). The cross-sectional study included children from 4 years of age to adults
and found that these areas were positively connected prior to age 10 years and
negatively connected after age 10 years (Gee et al. 2013a). The observed negative
functional connectivity continued to increase from adolescence to adulthood.
Earlier studies using similar methods found that adolescents showed greater amyg-
dala reactivity to fearful faces than adults (Guyer et al. 2008). Fear conditioning
studies comparing adolescents to adults have found that adolescents show greater
fear-conditioned responses compared to adults (Shechner et al. 2015), suggesting
blunting of fear responses with adulthood. Together, these structural and functional
data point to developmental decreases in activation in limbic subcortical structures
in response to fear-related cues from childhood to adulthood.

Similar developmental effects on inhibition have been observed using acoustic
startle responses in children and adolescents. One study examined habituation of
startle responses in 7-9-year-olds compared to 10-12-year-olds in children with
anxiety disorders and controls (Waters et al. 2008). This study found that startle
increased with age only in the at-risk group and was already higher in the younger
children with anxiety disorders. While this study suggested that risk phenotypes
emerge between 9 and 10 years of age, it was based on a relatively small sample
size. A more recent study of 40 healthy children between 8 and 13 years old used
fear conditioning methods and found that adult-like patterns in fear-potentiated
startle emerged around 10 years of age (Glenn et al. 2011). One of the key findings
of this study was the inability of younger children to inhibit fear to safety signals,
suggesting that this ability develops in healthy children around 10 years of age.
Data from our studies at the Grady Trauma Project (GTP) support a developmental
shift in safety signal processing around age 10, in that participants who were older
than 10 years of age showed higher fear-potentiated startle and significant discrim-
ination between the CS+ (danger signal) and the CS- (safety signal) (Jovanovic et
al. 2014). In contrast, children up to 9 years of age showed deficits in fear inhibition
— this trait has been associated with PTSD in adults (Jovanovic and Norrholm
2011). Of note, developmental studies that have used skin conductance response
(SCR) as a physiological measure have had mixed results. A recent study that
compared age groups between 5- and 10-year-old healthy children did not find
age-related differences in fear conditioning or extinction (Michalska et al. 2016). In
our studies in children from the Grady Trauma Project, we have found that SCR to
the CS+ was greatest in children under 10 with high anxiety (Jovanovic et al.
2014). We also found that SCR to the CS+ was associated with fear-related
symptoms of PTSD in children (Gamwell et al. 2015).
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The abovementioned sensitive periods in brain development and physiology also
point to the importance of middle childhood as a sensitive period in which envi-
ronmental insults such as early adverse experiences can have long-lasting neurobi-
ological impacts. Studies by Tottenham and colleagues investigated fear circuitry in
children adopted from institutional care with high rates of neglect. These studies
found larger amygdala volumes in children with prolonged maternal deprivation
early in life (Tottenham et al. 2010). In an MRI study of orphaned children, those
that were adopted prior to 15 months of age had similar amygdala volumes to
controls, whereas children adopted after 15 months of age showed increased
amygdala volumes later in childhood (tested around 10 years of age). Although
this early trauma may increase risk for anxiety disorders in children, the MRI results
in the study were not directly related to anxiety, since the relationship remained
significant even after exclusion of children with anxiety (Tottenham et al.
2010). However, the study did find that amygdala volume was positively correlated
with internalizing and anxiety symptoms in the children. In addition to increased
amygdala volume, amygdala reactivity to fearful faces and functional connectivity
between the prefrontal cortex and the amygdala are altered in children and adoles-
cents with early-life stress. Moreover, normal developmental changes appear to be
disrupted (Tottenham and Sheridan 2009; Gee et al. 2013a). A recent study using
retrospective data from adults recalling childhood trauma exposure found a dose
response between trauma severity and amygdala volume, with a significant increase
in volume with trauma recalled between ages 10 and 11 (Pechtel et al.
2014). Finally, studies of pediatric PTSD found that PTSD was associated with a
smaller PFC and hippocampus and that symptom severity correlated with the
decrease in these areas (Keding and Herringa 2015; De Bellis et al. 2002). On the
other hand, pediatric PTSD was also associated with increased dorsal cingulate
reactivity to threatening cues in children ages 8—18, with age 10 and 11 reflecting
highest activity (Wolf and Herringa 2016). Taken together, these studies indicate
that timing of trauma exposure during development has significant consequences on
PTSD symptoms as well as its neural underpinnings and that middle childhood
around age 10 may be a sensitive period for these effects.

2 Early Environmental Factors Influencing Risk for PTSD

2.1 Rearing Environment

Growing up in an adverse environment is a known risk factor for the emergence of
mental disorders; however, a positive rearing environment may exert protective or
beneficial effects on the development of psychiatric disorders. The effect of rearing
condition is often investigated in nonhuman primates by comparing monkeys reared
by their mother with monkeys reared by age-matched peers or nursery-reared mon-
keys. Peer- or nursery-reared monkeys show more behavioral fear (Clarke and Snipes
1998), lower baseline cortisol levels (Shannon et al. 1998), and larger stress-sensitive
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brain regions (Spinelli et al. 2009) compared to mother-reared monkeys, indicating
that rearing condition may have long-term effects on stress responses and related
neurobiology. The availability of the mother may have some specific effects by
means of maternal buffering, which are discussed in a separate section below.

Environmental enrichment (EE) methods have been used in order to investigate
the effect of a positive rearing environment. EE is thought to improve cognitive,
motor, and sensory functions compared to standard housing (Nithianantharajah and
Hannan 2006). In a typical EE study, laboratory rodents are placed in single-sex
housing in groups with unlimited access to food and water. EE cages, however, also
consist of toys, nesting materials, tunnels, running wheels, and ladders, which are
regularly changed to bring novelty and complexity to the rodents’ environment
(Takuma et al. 2011). In the first study, the protective effects of EE against stress
were investigated. Rats were tested in an EE 2 weeks prior to an inescapable foot
shock procedure, which was used to induce PTSD-like anxious behavior. However,
the study found that EE did not protect against the effect of this foot shock
procedure (Hendriksen et al. 2010). Second, in a follow-up study, the rats that
underwent the foot shock procedure were placed in an EE after the shock, which
reversed the PTSD-like anxiety behavior and increased cell proliferation in the
hippocampus (Hendriksen et al. 2010). Third, the effects of EE as treatment for
prenatal chronic stress and early-life stress were tested. Prenatal chronic stress was
induced by means of unpredictable foot shocks (Nowakowska et al. 2014; Yang et
al. 2006, 2007), and early-life stress was induced by housing newborn rats (post-
natal day (PND) 2-21) in cages with limited nesting/bedding materials (Cui et al.
2006). Both resulted in depressive-like behavior, impaired spatial learning and
memory, and impaired hippocampal long-term potentiation in young adulthood
(PND 53-57). EE treatment during childhood and adolescence (PND 22-52)
nullified the negative effects of prenatal and early-life stress (Nowakowska et al.
2014; Yang et al. 2006, 2007; Cui et al. 2006). Furthermore, EE during the peri-
pubertal period reversed the negative effects of postnatal maternal separation on
endocrine and behavioral stress responses (Francis et al. 2002). It can be concluded
that EE does not protect against the immediate effects of stress, but EE treatment
can reverse the negative effects of prenatal and early-life stress.

Investigating the effects of rearing environment in a human sample is far more
challenging than in a laboratory setting. However, studies investigating children
who were raised in institutional care and were adopted early in life have provided
some insights in effects of rearing conditions. In a groundbreaking randomized trial
of foster care, the Bucharest Early Intervention Project (BEIP) assigned children
who were raised in Romanian orphanages to either a care-as-usual or foster care
intervention (Humphreys et al. 2015). A recent follow-up of the study found that
foster care attenuated many of the symptoms of mental illness that developed in the
institutionalized children. Several other studies from the same project showed
improved cognitive development (Nelson et al. 2007), emotional responses, attach-
ment, a better psychiatric outcome (Bos et al. 2011), and improved neural activity
(McLaughlin et al. 2011; Moulson et al. 2009) in children who were adopted
compared to children who remained in orphanages.



8 J.S. Stevens et al.

Another line of research on internationally adopted children from orphanages
outside the USA has also yielded data on the effects of early environment. In most
cases, institutionalized children were adopted by high-functioning and high-
socioeconomic-status (SES) parents, who could provide an enriched environment
for their children. Although the effects of parental care cannot be separated from the
effect of EE, this situation is the best opportunity to study EE as an intervention in
humans. When children were compared to never-institutionalized children, early
deprivation was found to have long-lasting effects on brain and behavior. Previ-
ously institutionalized children showed difficulties in emotion regulation, increased
amygdala volumes (Tottenham et al. 2010), and reactivity (Tottenham et al. 2011),
as well as early maturation of amygdala-prefrontal connectivity (Gee et al.
2013b). In sum, even though adoption improves many aspects of cognitive and
emotional development, EE does not completely counteract the negative effects of
the early environment and therefore does not seem to have the same effects as
observed in rats.

2.2 Maternal Buffering

Parental availability has a particularly large stress-reducing effect on offspring
(Callaghan and Tottenham 2016). In species where the primary caregiver is the
mother, this phenomenon is called maternal buffering (Kikusui et al
2006). Nonhuman primate studies have shown that maternal separation induces
significant stress in the infants, indicated by increased behavioral stress and cortisol
responses. Reunion with the mother, or having access to visual or auditory stimuli
associated with the mother, significantly decreases cortisol levels of the offspring
(Bayart et al. 1990; Coe et al. 1978; Levine et al. 1985). In rat pups, pairing a shock
with a neutral odor typically results in avoidance of the odor in the future; however,
fear learning does not occur when the mother is present during odor conditioning
(Barr et al. 2009; Moriceau and Sullivan 2006). It is thought that this mechanism
prevents the pups from learning to fear their mother, even when she (accidently)
induces pain by, for example, stepping on the pups. This promotes attachment to the
mother and thus survival in these pups that are dependent on her for care (Sullivan
et al. 2000). With increasing age, the effects of maternal buffering on cortical
activity in the rat decrease (Sarro et al. 2014).

A dampened fear response in the presence of the mother has also been observed
in human studies. The cortisol response to a social stressor in children, but not in
adolescents, is eliminated by maternal support (Hostinar et al. 2015). In an fMRI
study, children showed dampened amygdala activation to pictures of their mother
compared to pictures of a stranger, whereas there was no difference in adolescents
(Gee et al. 2014). In another study that used fear conditioning of startle responses,
children showed an attenuated fear response to a safety signal when the mother was
available during conditioning (van Rooij et al. 2016). However, when the mother
was not in the same room, children were not able to discriminate danger and safety
signals. Importantly, the effect of maternal buffering was only observed in children
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and not in young adolescents (van Rooij et al. 2016). This is most likely explained
by the functional emergence of the prefrontal cortex, which is important for
learning to discriminate fear and danger and inhibiting the fear response when
appropriate (Lissek et al. 2014). This postulation is supported by an fMRI study in
which more adult-like connectivity between the prefrontal cortex and the amygdala
was observed when viewing maternal versus stranger pictures (Gee et al.
2014). Again, the effects of maternal buffering were only observed in children
and not in adolescents (Gee et al. 2014).

In contrast to childhood where the individual is dependent on the parent,
adolescence is a time of increasing independence. The reduced effects of maternal
buffering in this phase might reflect this transition. Although adolescents or adults
do not directly benefit from maternal presence, a study with mother- versus nursery-
reared rhesus macaques showed that maternal presence during childhood may have
long-term effects on the ability of adult monkeys to benefit from social support later
in life (Winslow et al. 2003).

2.3 Social Support

Social support is thought to influence responses to stress and trauma during
development or later in life. The importance of social support as a protective factor
against psychiatric disorders has been demonstrated in several preclinical and
human studies. In one rodent study, mice that were isolated from conspecifics
showed higher anxiety-like responses and lower basal plasma corticosterone, but
a larger corticosterone increase to novel or stressful situations compared to mice
exposed to social or enriched conditions (Ros-Sim6 and Valverde 2012). Similarly,
socially isolated rats show increased freezing behavior after fear conditioning,
whereas socially partnered rats enhance their grooming behavior (DaSilva et al.
2011). These findings underscore the importance of social interaction for a healthy
behavioral and neuronal development in response to stress and trauma.

In a human study, social support was found to protect against depression in a
genetically at-risk group of maltreated children (Kaufman et al. 2006). In an adult
sample, baseline social support was found to protect patients with chronic illness
from the development of PTSD (Dinenberg et al. 2014). Likewise, low levels of
post-deployment social support were associated with increased PTSD and depres-
sion symptoms in a military cohort (Pietrzak et al. 2009, 2010). The positive effects
of social support on trauma survivors may explain the therapeutic effects of some
innovative drugs that promote social affiliation, such as oxytocin (Koch et al. 2016)
and methylenedioxymethamphetamine (Mithoefer et al. 2016).

The studies reviewed here suggest that the environmental factors of rearing
environment, maternal availability, and social support influence the response to
stress and trauma and may protect against the development of mental disorders.
Being able to successfully control mild-to-moderate stressors can result in the
development of an adaptive stress response, which may protect the individual
from negative effects of future uncontrollable stressors. Enriched environments
and maternal or other social support during development promote adaptive stress
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responses. A recent finding that maternally reported warmth did not impact the
effects of maternal availability on fear conditioning in children with trauma expo-
sure (van Rooij et al. 2016) suggests that the quality of the mother-child relationship
may not be as important as maternal availability. It is clear that childhood is a
particularly sensitive period for environmental influences. As was observed in most
of the maternal buffering studies, maternal presence did not impact adolescents
older than 10 years of age, only children. Considering the steep increase in
psychiatric disorders during adolescence, it is important to advance our understand-
ing of environmental influences on the more plastic period before age 10.

3 Developmental Emergence of Sex Differences in Risk
for PTSD

From a public health perspective, sex differences in the response to trauma are a
critical factor for further investigation, given that women are at greater risk than
men for developing trauma-related mental health disorders Women are nearly twice
as likely as men to be diagnosed with PTSD and mood disorders (Dell’Osso et al.
2013; Kessler et al. 1995, 2005; Kline et al. 2013; Steven et al. 2013). Interestingly,
women do not experience a greater number of traumas than men; in fact, it has been
estimated that a woman is only 77% as likely as a man to experience trauma (Tolin
and Foa 2006). However, women and men show differences in specific types of
traumas they are most likely to experience. For example, women are more likely
than men to have experienced forms of trauma that are particularly severe, such as
sexual assault or abuse, starting in childhood (Tolin and Foa 2006). More impor-
tantly for informing prevention and early intervention strategies, there may also be
sex-dependent vulnerabilities that predate trauma. Studies of child development
have the potential to reveal mechanisms that produce the striking sex differences in
trauma-related psychopathology in adults.

3.1 Sex-Dependent Risk Factors for Trauma-Related
Pathology

Although it is clear that women are at greater risk for PTSD than men, research on
preexisting vulnerability in women is only in very early phases, with promising
recent findings pointing to risk factors in brain circuits, peripheral autonomic
physiology, and genetics. Exaggerated reactivity of the amygdala (Fonzo et al.
2010; Admon et al. 2009) and an impairment in its connections with the rostral and
subgenual anterior cingulate cortex (ACC) (Stevens et al. 2013; Sripada et al. 2012)
appear to be key risk factors for trauma-related psychopathology, particularly
hyperarousal and other anxiety symptoms (Stevens et al. 2013). Notably, both the
amygdala and prefrontal cortex are sensitive to the effects of gonadal steroid
hormones (Clark et al. 1988; MacLusky et al. 1986; Roselli et al. 2001). Meta-
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analysis of the neuroimaging literature indicates that women show greater amyg-
dala reactivity to negative emotional stimuli than men (Stevens and Hamann 2012),
which may increase their risk for trauma-related pathology.

Evidence suggests that estrogen levels in women may influence physiological and
neural reactivity to threat, possibly providing one mechanism for women’s increased
PTSD risk. In an fMRI study of fear conditioning and extinction, naturally cycling
women during a high-estrogen phase showed greater activation of fear-processing
regions than men or women with low estrogen levels (Hwang et al. 2015). Similarly,
pregnancy may be a particularly vulnerable time for women, as circulating estrogens
and the stress hormone cortisol increase over the course of pregnancy. A recent study
showed that pregnant women reported greater levels of hyperarousal symptoms than
nonpregnant women and showed greater fear-potentiated startle to a safety signal,
reflecting impaired fear inhibition (Michopoulos et al. 2014). Interestingly, low
estrogen levels may also increase risk: trauma-exposed women with low estrogen
levels (both naturally cycling and postmenopausal) showed impaired fear inhibition
(Glover et al. 2013) and impaired fear extinction (Glover et al. 2012) in a fear-
potentiated startle paradigm. Women with low (versus high) estrogen also showed
greater connectivity between the amygdala and dorsal ACC (Engman et al. 2016), a
region associated with increased fear expression and arousal. Further studies are
needed in order to investigate the possibility of an inverted U-shaped dose-response
relationship between estrogen and risk for PTSD and to outline whether there are
specific circumstances (e.g., pregnancy, menopause) in which high versus low levels
of estrogens may promote risk.

Rodent work has demonstrated a possible mechanism by which estrogen levels
may interact with stressors to increase fear reactivity in females. Ovariectomized
female rats who received exogenous estrogen replacement during stress exposure
showed an increase in dendrite length and density in an inhibitory pathway between
the prefrontal cortex and amygdala, whereas those without estrogen replacement
showed no such increase (Shansky et al. 2010). In contrast, male rats exposed to stress
showed no dendritic remodeling in the same pathway (Shansky et al. 2009). A human
analog of this pathway has been shown to be impaired in women with PTSD; relative
to trauma-exposed women without PTSD, traumatized women with PTSD showed
less connectivity between the amygdala and a prefrontal region that regulates amyg-
dala activity, the subgenual anterior cingulate cortex (Stevens et al. 2013).

Genetic variation may also contribute to PTSD risk in women. For example, a
data-driven analysis of genetics associated with fear in both humans and mice
identified a sex-specific risk factor for PTSD (Ressler et al. 2011). Genetic poly-
morphisms associated with PTSD in humans were examined for overlap with genes
whose expression in the mouse amygdala showed large changes before and after a
fear-conditioning experiment. In this study, 17 overlapping genes were identified,
with the strongest effects for genes coding for pituitary adenylate cyclase-activating
polypeptide (PACAP) and its receptor PACIR. High peripheral levels of PACAP
and a genetic polymorphism in PACIR gene were associated with PTSD in women
but not men (Ressler et al. 2011). In women, the PACIR polymorphism was also
associated with greater dark-enhanced startle, a psychophysiological correlate of
anxiety, and less discrimination between danger and safety signals with fear-
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potentiated startle (Ressler et al. 2011). Further, the same risk allele was associated
with greater amygdala reactivity to threat and less functional coupling of the
amygdala with regulatory regions including the hippocampus and rostral ACC
(Pohlack et al. 2015; Stevens et al. 2014).

3.2 Emergence of Sex-Dependent Risk Factors over
Development

In order to understand how sex differences influence fear neurocircuitry and
interact with trauma response, it is critical to study the emergence of sex differences
over development. Although most sexually dimorphic brain changes occur with the
increase in gonadal hormone activity during puberty, it is possible that even before
puberty environmental influences and maturational factors differentially impact
girls and boys. An emerging literature in humans points to sex differences in
emotional neurophysiology before puberty. Psychophysiological measures of emo-
tional arousal such as heart rate and skin conductance response indicate that
reactivity to negative stimuli is greater in prepubertal girls than boys (McManis
et al. 2001). In a recent study of prepubertal sex differences in fear conditioning,
girls showed less discrimination between danger and safety signals compared to
boys, a phenotype that has been associated with PTSD (Gamwell et al. 2015). Fur-
ther, the skin conductance response to the conditioned danger signal was correlated
with different PTSD symptoms in girls and boys, suggesting sex-specific patterns in
physiological underpinnings of trauma-related pathology (Gamwell et al.
2015). Finally, in girls, but not boys, early-life stress was associated with increased
basal cortisol, and this predicted later impaired resting state connectivity between
the amygdala and mPFC (Burghy et al. 2012).

In order to examine whether the PACI genotype has sex-specific effects on
anxiety prior to puberty, we examined dark-enhanced startle in 28 boys and 22 girls
aged 10 £+ 0.2. Dark-enhanced startle was greater in children with the risk
(CC) genotype when girls and boys were considered together, with no effect of
sex (Jovanovic et al. 2013). This indicated that the sex-dependent effects of this
genotype on anxiety are not observed prior to the activational effects of estrogens
postpuberty. However, it is notable that PAC1 genotype was associated with
heightened startle in boys (Jovanovic et al. 2013), but not in adult men (Ressler
et al. 2011), pointing to an intriguing possibility that postpubertal hormonal
changes may confer a protective effect upon men with the risk genotype. This
idea is supported by preclinical research showing protective effects of testosterone
in males. For example, in a study of fear conditioning in which female mice showed
greater freezing behavior than males after conditioning to a tone, estrogen levels
and even ovariectomy in females had no effect on their freezing behaviors. Instead,
males showed an increase in freezing after orchidectomy, which returned again to a
lower level after testosterone administration (Chen et al. 2014). Additional exper-
iments that manipulate hormone levels in males are needed to replicate these
findings and to examine links with PACI genotype.
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Important sex differences appear to occur with the increase in gonadal hormones
during puberty. For example, it appears that sex differences in amygdala reactivity
may not emerge until after puberty. A small study comparing adolescents aged 9-17
and adults aged 25-36 showed greater amygdala reactivity in female versus male
adults, but not adolescents (McClure et al. 2004). These findings were replicated in
larger studies showing no sex differences in the amygdala response to emotional
stimuli in children aged 7—13 (Guyer et al. 2008; Pagliaccio et al. 2013). In addition, a
study of regional volumes in the amygdala and hippocampal complex in a large
sample of children aged 4-18 showed no sex differences before puberty, but with
increasing pubertal maturity, the volume of hippocampal complex structures
decreased in boys and increased in girls (Hu et al. 2013). Girls and boys did not differ
in patterns of amygdala volume development in this study. Further research specifi-
cally targeting late adolescence and early adulthood is needed to determine the specific
developmental period during which sex differences in amygdala function emerge.

By adolescence, children exposed to stress already show similar patterns of brain
activation as trauma-exposed women and men: in adolescent girls, but not boys,
childhood maltreatment was associated with reduced functional connectivity
between the amygdala and subgenual ACC (Herringa et al. 2013). Recently, a
large study was conducted to examine how early stress exposure might interact
with genetic polymorphisms in genes regulating HPA axis function, in girls and
boys aged 7-12 (Pagliaccio et al. 2015). Pagliaccio and colleagues found that the
experience of stressful life events was associated with greater amygdala reactivity
to negative emotional stimuli, consistent with previous studies. However, genetic
factors showed an interaction with sex and pubertal status: polymorphisms in HPA
axis-related genes predicted greater amygdala reactivity to fearful stimuli in puber-
tal girls and greater amygdala reactivity to neutral stimuli in pubertal boys.
Interestingly, amygdala reactivity may be a more stable trait across development
in boys than in girls: a study following 4-month-old infants into adulthood showed
that infant boys with a “high-reactive” pattern of behavior (vigorous motor activity,
crying to unfamiliar stimuli) also showed greater amygdala reactivity to novel face
stimuli as adults, relative to men who were “low-reactive” as infants (Schwartz et
al. 2012), and this was not the case in women. It is possible that amygdala function
in women is more responsive to environmental and hormonal effects than in men.

4 Summary and Conclusions

Several important developmental factors contribute to risk for PTSD, including
childhood adversity and hormonal activation. The neuroplasticity of the developing
neural circuitry of fear responses leads to putative sensitive periods when trauma
exposure may be particularly detrimental. It is important to fully understand the
timing of such sensitive periods in order to apply optimal intervention and preven-
tion strategies for PTSD. Figure 1 shows the putative timing for the primary factors
that increase risk for PTSD during development such as early deprivation, child
abuse and trauma exposure, and activation of gonadal hormones. In contrast, factors
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Timing of effects on developing fear systems

Early Deprivation Abuse &
4 Trauma Puberty &

Gonadal Hormones

Maternal Buffering

Fig. 1 The figure depicts the factors that increase and decrease risk for PTSD and the putative
timing during development when these factors exert their greatest influence on underlying brain
circuitry

that decrease risk for PTSD include maternal buffering and social support. In the
aftermath of early deprivation, enriched environments have been shown to poten-
tially attenuate negative risk.

Fear learning behavior continues to change and develop over a long window of
development, with the ability to differentiate threatening and safe cues strengthen-
ing in middle childhood around age 10 (e.g., (Jovanovic et al. 2014)). Similarly, the
amygdala and its connections with the vmPFC continue to develop into young
adulthood. During this long window of developmental change, trauma can shift the
trajectory of development toward outcomes associated with risk, such as the greater
amygdala reactivity and volume observed in previously institutionalized children
(Tottenham et al. 2010, 2011). Interestingly, retrospective studies of adults
reporting their childhood experiences suggest that the impacts of trauma on amyg-
dala structure are greatest in middle to late childhood (Pechtel et al. 2014). How-
ever, the specific boundaries of sensitive periods during which trauma has its
greatest impacts have not yet been defined. Longitudinal studies following partic-
ipants through childhood and adolescence are needed to address this question.

During this same window of early childhood through middle childhood, the
brain also appears to be sensitive to positive effects of the early environment.
Aspects of the rearing environment can buffer against the negative effects of
early-life stress, including trauma (Bos et al. 2011). In addition, social buffering
provides a powerful protective influence against stress and changes with develop-
ment such that maternal presence provides greatest buffering influence through
middle childhood and less so during adolescence (van Rooij et al. 2016). Impor-
tantly, the potential to benefit from social support in adulthood is thought to depend
on maternal availability during childhood (Winslow et al. 2003).
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Finally, the increase in gonadal steroid hormones during the pubertal period in
adolescence appears to be a later window that shapes the brain toward risk or
resilience. Developmental studies of amygdala reactivity suggest that sex differences
in amygdala reactivity emerge only after puberty, with the increase in levels of steroid
hormones (Chen et al. 2014; McClure et al. 2004), and additional studies targeting late
adolescence are needed in order to define a specific developmental window. However,
it is notable that there are also intriguing findings pointing to prepubertal sex differ-
ences in physiological measures of arousal and HPA axis responses to stressors
(Gamwell et al. 2015; McManis et al. 2001; Burghy et al. 2012).

In summary, development is a highly plastic period that is influenced by
environmental factors. Neural development points to several sensitive periods
during development, including an early childhood period prior to age 3, a late
childhood period around age 10, and an adolescent period associated with puberty.
Figure 1 depicts the putative periods when environmental factors can exert their
influences. Future studies should carefully define these and other sensitive periods
in order to provide critical windows of opportunity for intervention and even
prevention of trauma-related pathology such as PTSD.
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Abstract Post-traumatic stress disorder (PTSD) is a psychiatric disorder that can
develop following exposure to or witnessing of a (potentially) threatening event.
A critical issue is to pinpoint the (neuro)biological mechanisms underlying the
susceptibility to stress-related disorder such as PTSD, which develops in the
minority of ~15% of individuals exposed to trauma. Over the last few years, a
first wave of epigenetic studies has been performed in an attempt to identify the
molecular underpinnings of the long-lasting behavioral and mental effects of trauma
exposure. The potential roles of non-coding RNAs (ncRNAs) such as microRNAs
(miRNAs) in moderating or mediating the impact of severe stress and trauma are
increasingly gaining attention. To date, most studies focusing on the roles of
miRNAs in PTSD have, however, been completed in animals, using cross-sectional
study designs and focusing almost exclusively on subjects with susceptible pheno-
types. Therefore, there is a strong need for new research comprising translational
and cross-species approaches that use longitudinal designs for studying trajectories
of change contrasting susceptible and resilient subjects. The present review offers a
comprehensive overview of available studies of miRNAs in PTSD and discusses the
current challenges, pitfalls, and future perspectives of this field.

Keywords Brain ¢ Epigenetics * microRNA ¢ Post-traumatic stress disorder ¢
Review
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1 Introduction

Over the last few decades, epigenetic mechanisms have been proposed to be key
mediators of the lasting behavioral and molecular effects of traumatic stress
exposure (Schmidt et al. 2011). While a first wave of epigenetic studies in this
area focused mostly on DNA methylation, epigenetic studies in more recent years
have expanded this approach by analyzing the expression of non-coding RNA
(ncRNA) species and their impact on gene expression. These RNA molecules of
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different sizes and forms include non-coding stretches of 20-25 nucleotides named
microRNAs (miRNAs). These are increasingly being investigated for their patho-
physiological connection to psychiatric disorders including post-traumatic stress
disorder (PTSD). More recently, studies have started to focus on the potential use of
miRNAs as biomarkers of PTSD.

The present review provides an overview of the current status of the literature on
miRNAs in relation to exposure to traumatic stress and its impact on mental health
in humans and other mammals. To do so, we briefly describe PTSD-related
neurobiological alterations along with the basic concepts of epigenetic mecha-
nisms. Next, an overview of the current scientific evidence on miRNAs in relation
to PTSD in humans and PTSD-related symptoms in animals is provided. Finally,
current challenges, pitfalls, and future perspectives in studying the potential role of
miRNAs in PTSD are discussed.

2 Post-traumatic Stress Disorder

As we know, PTSD is a psychiatric disorder that is triggered by a (potentially) life-
threatening traumatic event, i.e., an event capable of producing intense feelings of
fear, helplessness, and horror (American Psychiatric Association 2013). Character-
istic symptoms include re-experiencing of the traumatic event through intrusive
imagery or recurrent nightmares, constant avoidance of reminders of the event,
negative mood, and hyperarousal reflected by insomnia and/or hypervigilance.
Although these symptoms are often of limited intensity and duration, in a small,
susceptible minority of the population they persist longer than 1 month following
trauma exposure and create significant distress. Long-term persistence of symptoms
is characteristic of PTSD, while the ability to withstand trauma without developing
any stress symptoms or rapid recovery from an acute stress reaction without
progression to PTSD is referred to as resiliency.

Over the past few decades, PTSD has repeatedly been associated with several
neurobiological alterations including decreased hippocampal volume (Smith 2005;
Karl et al. 2006; Shin et al. 2006), hyperactivity of the amygdala and hypoactivity of
the dorsal and rostral anterior cingulate (AC) cortices and ventromedial prefrontal
cortex (vmPFC) (Shin et al. 2006; Etkin and Wager 2007; El Khoury-Malhame et al.
2011). In an attempt to further elucidate the (neuro)biological processes underlying
the observed differential susceptibility to traumatic stress, a large number of studies
have focused on alterations in the hypothalamus-pituitary-adrenal (HPA) axis. Since
the HPA axis is a core component of the mammalian stress response, its (dys)
function has been extensively studied in the context of PTSD. In healthy individuals,
stressful events trigger neurons of the hypothalamic paraventricular nucleus (PVN)
to secrete corticotropin-releasing hormone (CRH) and vasopressin, which causes the
release of adrenocorticotropin (ACTH) from the anterior pituitary and finally glu-
cocorticoids from the adrenal cortex (Chrousos and Gold 1992). The activity of the
HPA axis is modulated via several brain regions; for example, CRH neurons in the
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PVN are inhibited by the hippocampus and PFC and stimulated by areas such as the
amygdala (Sherin and Nemeroff 2011). Finally, in order to regulate their own
synthesis, glucocorticoids inhibit excessive synthesis and release of CRH and
ACTH by controlling hippocampal and PVN neurons, and downregulating CRH;
receptors and corticotrope function in the anterior pituitary, thereby creating a
negative feedback mechanism (Sherin and Charles 2011).

Several studies have found that subjects with PTSD show increased levels of
CRH in cerebrospinal fluid (CSF) (Baker et al. 1999), as well as a blunted ACTH
response to CRH (Yehuda 2006), a disturbed negative feedback loop (Geracioti
et al. 2008), and increased sensitivity of glucocorticoid receptors (GRs) and chron-
ically lowered cortisol levels (Yehuda 2001; Yehuda et al. 2000). Although
dysregulation of the HPA axis is well-documented in the context of stress-related
disorders and PTSD has repeatedly been associated with reduced cortisol levels,
variability in response between individuals remains. The current hypothesis is that
cortisol levels depend upon gender and the type of trauma exposure among other
factors (Meewisse et al. 2007; Young and Breslau 2004; Lemieux and Coe 1995).
To further unravel the molecular regulation of biological mechanisms underlying
the onset and course of PTSD, more recent research has also focused on the
involvement of epigenetic mechanisms.

3 Epigenetics: The Role of miRNAs

The term epigenetics refers to a variety of heritable but reversible processes
involved in the regulation of gene expression under influence of environmental
factors without the original genetic code being altered (Peschansky and Wahlestedt
2014). These epigenetic modifications are numerous and include (hydroxy)meth-
ylation of DNA cytosine residues, post-translational modifications (PTMs) of
histone proteins and ncRNAs (Kouzarides 2007; Venkatesh and Workman 2015).
ncRNAs refer to a class of small RNA molecules that are transcribed from genomic
DNA without being translated into proteins (Peschansky and Wahlestedt 2014).
Instead, these RNAs are directly involved in cellular function and gene regulation.
Next to ribosomal and transfer RNAs, ncRNAs include the most commonly studied
small interfering RNAs (Zamore 2002), circular RNAs (Memczak et al. 2013),
piwi-interacting RNAs (Aravin et al. 2007), and miRNAs.

3.1 Biogenesis and Mode of Action of miRNAs

miRNAs are small (~22 nt in length) ncRNA molecules found in most eukaryotes
(Fabian and Sonenberg 2012). Hundreds of different miRNAs are expressed within
an organism and are involved in post-transcriptional regulation of gene expression
(Pritchard et al. 2012). miRNAs are commonly classified as ‘“intergenic” or
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“intronic.” Intergenic miRNA are transcribed from genomic DNA by RNA poly-
merase II and/or III (Borchert et al. 2006) and intronic miRNA are processed from
intronic regions of heterogeneous nuclear RNA (hnRNA) (Ramalingam et al.
2014). In both cases, a primary miRNA (pri-miRNA) is formed and further cleaved
and stabilized by the protein complex microprocessor that includes the ribonuclease
III Drosha and its co-factor, DiGeorge syndrome critical region 8 (DGCRS8)
(Borchert et al. 2006). This process takes place within the nucleus and results in a
precursor miRNA (pre-miRNA) of 70—100 nt in length forming a hairpin structure
(Issler and Chen 2015; Lee et al. 2003). Following transport to the cytoplasm by the
nuclear transport factor Exportin-5, a complex including the RNase III Dicer further
processes the pre-miRNA to yield a miRNA duplex containing the final mature
miRNA strand and a so-called passenger strand (Fig. 1) (Davis-Dusenbery and Hata
2010).

Binding of the 5’ end of the mature miRNA (i.e., the “seed” sequence) to an
almost complementary 6-8 nt seed match sequence in the 3’ UTR of mRNA
induces mRNA degradation or translational inhibition (Pritchard et al. 2012;
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Fig. 1 miRNA biogenesis and cellular locations. miRNAs are transcribed into pri-miRNA by
RNA polymerase II and/or III before being further processed by Drosha and DGCRS8 to form a
cleaved pre-miRNA. After transportation to the cytoplasm by Exportin-5, this pre-miRNA is
further digested by a complex including the RNase III Dicer. The mature miRNA is then involved
in translational repression and/or mRNA degradation through interaction with the RISC. In the
extracellular space, miRNAs are protected from degradation by RNases through binding to
RNA-binding proteins (e.g., Ago 1 or 2) or (high-density) lipoproteins, or packaging into
exosomes or microvesicles
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Davis-Dusenbery and Hata 2010). Thus, miRNAs hold the potential to post-
transcriptionally regulate gene expression. Specifically, the mature miRNA triggers
the activation of the RNA-induced silencing complex (RISC), a large protein
complex containing an Argonaute protein (Ago2) needed for gene silencing, and
the mature single-stranded miRNA that leads the complex towards the appropriate
mRNA target (Fig. 1) (Fabian and Sonenberg 2012). It was commonly believed
that, at this point, only the functional guide strand of the double-stranded miRNA
product was incorporated into the RISC and the passenger strand was being
degraded (Issler and Chen 2015). However, increasing evidence shows that the
passenger strand also has biological functions and target mRNAs (Yang et al.
2013). In either case, depending on the type of Ago protein, the target will be
cleaved directly or additional proteins may be needed to achieve silencing. How-
ever, exactly how this complex interacts with mRNA strands and which additional
proteins are recruited remains unclear.

Currently, it is believed that miRNAs regulate 30-60% of human protein-coding
genes (Friedman et al. 2009; Lewis et al. 2005). Several studies have investigated
genetic variations such as single nucleotide polymorphisms (SNPs) in the 3’ UTRs
of mRNAs (Hanin et al. 2014; Jin and Lee 2013). Since base-pair matching between
miRNAs and mRNAs relies on imprecise complementarity, one single miRNA can
target many different mRNAs. Therefore, genetic variations in one miRNA target
can cause a wide variety of molecular and behavioral effects due to the potential of
one miRNA to bind multiple targets.

3.2 miRNAs in the Nervous System

miRNAs are widely expressed within the central nervous system (CNS) and are
suggested to be crucially involved in its development (Smith et al. 2010). Studies
have demonstrated that several miRNAs are implicated in the proliferation and
differentiation of neural stem cells (NSCs) (Bian et al. 2013), dendritic develop-
ment (Magill et al. 2010), axon outgrowth and branching (Dajas-Bailador et al.
2012), and synaptic plasticity (Aksoy-Aksel et al. 2014; Hu and Li 2017). Given
their central involvement in neural development and function, CNS miRNA
dysregulations have been identified in several neuropsychiatric and neurodegener-
ative disorders such as major depressive disorder (MDD) (Smalheiser et al. 2012;
Bai et al. 2012), Alzheimer’s disease (AD) (Absalon et al. 2013; Hu et al. 2013),
and Parkinson’s disease (PD) (Wang et al. 2008; Doxakis 2010). Identifying exactly
which and how miRNAs within the CNS interact to exert their regulatory effects
will be crucial for our understanding of their precise involvement in these and other
neurological disorders.
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3.3 Circulating miRNAs

While most miRNAs are found inside the cells, a significant number of miRNAs
have been observed in extracellular compartments such as biofluids, including
blood plasma, serum, saliva, urine, tears, and CSF (Park et al. 2009; Taylor and
Gercel-Taylor 2013; Hanke et al. 2010; Weber et al. 2010). These extracellular
miRNAs are relatively stable since they are commonly bound to proteins such as
Agol or 2 and (mostly high density) lipoproteins or packed into vesicles and thus
protected from degradation by RNases (Fig. 1) (Taylor and Gercel-Taylor 2013;
Turchinovich et al. 2013; Camussi et al. 2011; Valadi et al. 2007; Mitchell et al.
2008; Vickers et al. 2011; Wagner et al. 2013).

Packaging of miRNAs is the most common mechanism used to protect circulat-
ing miRNAs. miRNAs can be packaged into apoptotic bodies, shedding vesicles
called microvesicles, or exosomes resulting from multivesicular bodies (MVBs)
fusing with the plasma membrane (Taylor and Gercel-Taylor 2013; Turchinovich
et al. 2013). miRNAs encapsulated within MVBs are believed to arise from the
disassembled RISC and are packed along with several RISC-associated compo-
nents (Gibbings et al. 2009). Once secreted, exosomes translocate easily across cell
membranes, thus allowing miRNAs to be taken up by other cells where they hold
the potential to actively alter gene expression, among other functions (Wang et al.
2010). Although packaged miRNAs are thought to be specifically involved in
RNA-mediated cell-to-cell communication, Ago-bound miRNAs appear to be
non-specific residues of cellular activity or cell death (Turchinovich et al. 2013).
Indeed, Ago-miRNA complexes have not been found to be actively released or
taken up by recipient cells, unlike exosomal miRNAs (Turchinovich et al. 2013).
Although several theories have been postulated with regard to extracellular miRNA
origin, stability and precise function in recipient cells, many questions remain to be
answered. However, circulating miRNAs have several properties that make them
interesting relevant candidates to be investigated as biomarkers; they are stable in
various biofluids, their sequences are conserved among different species, the
expression of some miRNAs is specific to tissues or biological stages, and the
level of miRNAs can be easily assessed by various methods, such as small-RNA
sequencing, microarrays and quantitative polymerase chain reaction (PCR)
(Etheridge et al. 2011). As such, circulating miRNAs in biofluids may reflect
miRNA expression and/or dysfunction in the brain.

3.4 Mechanism of miRNA Regulation

In the past few years it has become clear that miRNA expression is regulated by DNA
methylation and histone modifications and vice versa (Satrom et al. 2007). Several
proteins of the methyl-CpG-binding domain (MBDs) family, i.e. proteins binding to
methylated DNA cytosine residues, directly influence miRNA expression (Liu et al.
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2010; Chen et al. 2012). Moreover, disturbed methylation patterns arising in pro-
moter regions of miRNA genes have been linked to several human diseases, includ-
ing neurodegenerative disorders (reviewed in (Van den Hove et al. 2014) for AD).
Similarly, histone modifiers have not only been shown to interact with DNA
methyltransferases (Dnmts), enzymes involved in maintaining or establishing de
novo DNA methylation patterns (Rose and Klose 2014; Raabe and Spengler 2013),
but are also suggested to affect miRNA expression levels (Scott et al. 2006).
Interestingly, miRNAs themselves have been shown to target histone modifier
molecules involved in histone PTM and Dnmtl, 3a, and 3b (Fabbri et al. 2007)
through a process termed RNA-directed DNA methylation (Sato et al. 2011). For
instance, Dicer-null mouse embryonic stem cells have been shown to express
significantly lower levels of Dnmtl, Dnmt3a, and Dnmt3b, further resulting in
altered DNA methylation patterns (Sinkkonen et al. 2008). The presence of such
epigenetic feedback loops highlights the complex interaction between miRNAs and
other epigenetic mechanisms (Schouten et al. 2013).

4 miRNAs, Stress and PTSD

The results of studies examining miRNAs in the context of stress and PTSD in
humans or PTSD-related symptoms in animals are described below and summa-
rized in Tables 1 and 2, respectively.

4.1 Evidence from Animal Studies
4.1.1 miRNAs and Fear Conditioning

Patients with PTSD are known to show enhanced fear conditioning and to benefit
from exposure-based therapy (Blechert et al. 2007). This therapy is very similar to
the fear extinction training used in animals (Norberg et al. 2008). Therefore, the first
study to indirectly examine the role of miRNAs in PTSD focused on their involve-
ment in fear extinction (Lin et al. 2011). In this study, the level of miR-128b was
increased in the infra-limbic PFC (ILPFC) of mice following fear extinction
training, implicating its involvement in fear conditioning (Lin et al. 2011). Previ-
ously, proteins involved in miRNA biogenesis had already been shown to play a
role in memory formation. Indeed, the deletion of Dicerl in the forebrain of mice
caused a decrease in 