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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

vi Preface



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

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 • 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, herewe 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 (Sch€ussler-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 (Bj€orkenstam et al. 2015). Early

Developmental Contributors to Trauma Response: The Importance of Sensitive. . . 3



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).

Developmental Contributors to Trauma Response: The Importance of Sensitive. . . 5



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 showmore 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.
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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-Simó 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 PAC1R. High peripheral levels of PACAP

and a genetic polymorphism in PAC1R gene were associated with PTSD in women

but not men (Ressler et al. 2011). In women, the PAC1R 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 PAC1 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 PAC1 genotype.

12 J.S. Stevens et al.



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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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).

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
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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 andWager 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 CRH1

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

26 C. Snijders et al.



“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 (DGCR8)

(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 50 end of the mature miRNA (i.e., the “seed” sequence) to an

almost complementary 6–8 nt seed match sequence in the 30 UTR of mRNA

induces mRNA degradation or translational inhibition (Pritchard et al. 2012;

DNA

RNA pol II/III

pri-miRNA

Drosha

DGCR8

pre-miRNA

Exportin-5

Dicer

RISC

miRNA duplex

Translational repression

mRNA degradation

Nucleus

Cytoplasm

AGO

AGO-bound

Lipoprotein-bound

Extracellular space

Apoptotic bodies

Exosomes

Microvesicles

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 DGCR8 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 30 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

Ago1 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 thatmiRNA expression is regulated byDNA

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 Dnmt1, 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 Dnmt1, 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 Dicer1 in the forebrain of mice

caused a decrease in several miRNAs and enhanced learning and memory strength

(Konopka et al. 2010). Several recent animal studies have confirmed that specific

miRNAs in several brain regions are involved in fear memory consolidation (Dias

et al. 2014; Griggs et al. 2013), contextual fear memory (Vetere et al. 2014), state-

dependent fear (Jovasevic et al. 2015), and memory acquisition of trace fear

conditioning (Wang et al. 2013).
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4.1.2 Circulating miRNAs as Biomarkers of PTSD

Over the past few years, fluctuations of miRNA levels in body fluids have been

shown to correlate with psychiatric disorders, including MDD (Bocchio-Chiavetto

et al. 2013), schizophrenia (Lai et al. 2011), and bipolar disorder (Rong et al., n.d.).

These studies suggest potential for the use of circulating miRNAs as diagnostic

biomarkers of mental disorders. The first study investigating circulating miRNAs as

biomarkers of PTSD-related symptoms found that the expression of nine miRNAs

was increased both in the amygdala and serum of rats exposed to 3 days of immo-

bilization and tail shock sessions (Balakathiresan et al. 2014). One of the increased

stress-responsive miRNAs, miR-19b, was also found to be involved in the regulation

of fear-associated genes. A third lead for miR-19b involvement comes from a study

using mice undergoing chronic social defeat stress (CSDS) that reported significant

increases in the basolateral amygdala (BLA) following CSDS as compared to

non-stressed controls (Volk et al. 2014). Finally, miR-19b was also found associated

with Ago2 and to target the amygdalar Adrenergic Receptor Beta 1 (Adrb1).

More recently, the potential of miRNAs to be used as biomarkers of both

vulnerability and resilience to stress was examined. In one study, circulating

miRNA profiles were examined 3 days before and 24 h following CSDS in rats

(Chen et al. 2015). Prior to the stressful event, four miRNAs (miR-4-2-5p,

miR-27a-3p, miR-30e-5p, miR-362-3p) were significantly decreased only in those

rats that later became vulnerable to stress. Following stress exposure, four different

miRNAs (miR-139-5p, miR-28-3p, miR-326-3p, miR-99b-5p) were decreased in

resilient animals. These results show that different miRNAs potentially confer

vulnerability to future stress or promote sustained resilience. Taken together,

these studies show promise for using miRNAs as biomarkers of vulnerability and

resiliency to stress.

4.1.3 miRNAs in Transgenerational Inheritance of Early Stress

Several animal studies have shown that ncRNAs are abundantly present in sperm

and may be involved in non-Mendelian inheritance of behavioral phenotypes

(Rassoulzadegan et al. 2006; Liu et al. 2012). Therefore, to assess the potential

role of miRNAs in the transgenerational inheritance of parental stress, Gapp et al.

(2014) examined sperm samples of a mouse model of unpredictable maternal

separation with unpredictable maternal stress (MSUS). Several miRNAs (among

other ncRNAs) were upregulated in F1 MSUS sperm (but not F2 sperm) as

compared to the sperm of non-stressed control mice. Several miRNA levels were

further altered in serum, hippocampus and hypothalamus of F1 MSUS mice, and in

serum and hippocampus of F2 MSUS mice. Interestingly, following injection of

RNAs purified from MSUS male sperm into wild-type fertilized mouse oocytes,
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similar behavioral, metabolic, and molecular effects were obtained as compared to

direct exposure to MSUS. Additionally, the offspring of these mice showed

depressive-like behaviors. These and other results (Rodgers et al. 2013) provide

support for the involvement of RNAs, including miRNAs, in the transgenerational

transmission of behavioral phenotypes.

4.1.4 miRNAs Targets the FK506 Binding Protein 5 (FKBP5) Gene

The only stress-related gene that has been suggested to be regulated by miRNAs is

FKBP5. Genetic variations in FKBP5 have been extensively studied in the context

of gene x environment (GxE) interactions and the influence of early life adversity

with regard to PTSD (Binder et al. 2004, 2008; Mehta et al. 2011). The

immunophilin FKBP5 is a HSP90 co-chaperone that strongly controls glucocorti-

coid receptor (GR) sensitivity and signaling by binding to GRs in the cytosol

thereby decreasing GR ligand affinity and nuclear translocation (Zannas et al.

2015). Several studies have shown that homozygous genotypes for SNPs in

FKBP5 interact with early life (but not adult) adversity, increasing the risk for

later development of PTSD (Binder et al. 2008; Zimmermann et al. 2011). Epige-

netic mechanisms have repeatedly been found to contribute to the regulation of

FKBP5 expression (Klengel et al. 2013; Yehuda et al. 2016). Moreover, FKBP51,

one of the proteins encoded by FKBP5, presents an interesting target for the

treatment of stress-related disorders. Increased levels of FKBP51 have been

suggested to increase the risk of MDD and PTSD and the deletion of FKBP5 has

been shown to prevent age-related depression-like phenotypes (Sabbagh et al.

2014). However, pharmacologically targeting FKBP51 has proven to be challeng-

ing due to the strong sequence similarity between this and other FKBP proteins

(Schmidt et al. 2012). Recently, two independent studies have shown that miR-15a

and miR-511 affect FKBP51 levels by targeting FKBP5 mRNAs (Zheng et al.

2016; Volk et al. 2016). In the first study, FKBP51 levels were found to be

decreased and miR-15a levels significantly increased in the amygdala of mice

subjected to CSDS as compared to non-stressed controls (Volk et al. 2016). This

same pattern was found in peripheral blood of healthy humans following dexa-

methasone treatment and in individuals exposed to early life trauma (Volk et al.

2016). In the second study, FKBP5 mRNA and protein levels were found to be

decreased by miR-511, which was further shown to be involved in neuronal

differentiation (Zheng et al. 2016). These findings indicate that both miRNAs are

interesting potential candidates for the treatment of stress-related disorders and set

the foundations for further studies to examine the exact roles of both miRNAs in

FKBP5 regulation.
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4.2 Evidence from Clinical Studies

Apart from Volk et al. (2016) examining miR-15a profiles in blood samples from

patients exposed to childhood trauma and healthy individuals administered with

dexamethasone, most human studies researching the link between miRNAs and

PTSD so far have focused on miRNAs in relation to immunological dysregulations.

Immune dysfunctions are well documented in PTSD and have been reviewed

recently (Neigh and Ali 2016; Michopoulos et al. 2017). PTSD has repeatedly been

linked to an excessive inflammatory state, possibly resulting from insufficient

counter regulation of PTSD-induced immune activation due to cortisol

hyposecretion (Gill et al. 2009; Daskalakis et al. 2016). The first study examining

peripheral blood mononuclear cells (PBMCs) of combat veterans diagnosed with

PTSD found that alterations in specific miRNAs correlated with immunological

changes (Zhou et al. 2014). Specifically, miR-125a and miR-181c were

significantly decreased in PTSD patients as compared to healthy controls. Further

Table 2 Human studies examining the role of miRNAs in childhood trauma and PTSD

Population Sample size (if mentioned) Tissue

miRNA

analyses Primary finding

Male and

female combat

veterans with

PTSD

52 (30 PTSD, 22 ctrl) PBMCs miRNA

microarray,

RT-PCR

# miR-125a,

miR-181c (Zhou et al.

2014)

Male and

female patients

with PTSD and

comorbid

depression

78 (51 PTSD&dep, 27 ctrl) Whole

blood

qPCR,

RNA-seq

# miR-3130-5p,

# DICER1 mRNA

levels (Wingo et al.

2015)

Male

individuals

Whole

blood

miRNA

microarray

" miR-15a following

DEX administration

or childhood trauma

exposure (Volk et al.

2016)

Male combat

veterans with

PTSD

33 (16 PTSD, 17 ctrl) PBMCs qRT-PCR # miR-193a-5p (Bam

et al. 2016a)

Male combat

veterans with

PTSD

48 (24 PTSD, 24 ctrl) PBMCs RNA-seq,

miRNA

microarray,

qRT-PCR

190 differentially

expressed miRNAs

among which

183 downregulated

(Bam et al. 2016b)

Male combat

veterans with

PTSD

24 (15 PTSD, 9 ctrl) Whole

blood

miRNA-seq 8 differentially

expressed miRNAs;

4 upregulated,

4 downregulated

(Martin et al. 2017)

Studies are listed in chronological order. DEX dexamethasone, PBMCs peripheral blood mono-

nuclear cells, PTSD&dep PTSD with comorbid depression, (mi)RNA-seq (mi)RNA-sequencing

MicroRNAs in Post-traumatic Stress Disorder 35



analyses revealed that miR-125a targeted IFN-γ and downregulated the production

of the pro-inflammatory cytokine IFN-γ. Therefore, the observed increase in IFN-γ
in PBMCs of PTSD patients appears to be, at least in part, epigenetically regulated.

Intriguingly, miR-27a-3p, which was downregulated in the circulation of rats

vulnerable to future stress (Chen et al. 2015), and miR-19b (Balakathiresan et al.

2014; Volk et al. 2014) and miR-223 (Balakathiresan et al. 2014), which were

increased in the serum and the amygdala of stressed rodents, were also dysregulated

in the present cohort of combat veterans with PTSD (Zhou et al. 2014). However, it

is worth mentioning that, while two independent animal studies found miR-19b

levels to be increased in several tissues following stress exposure (Balakathiresan

et al. 2014; Volk et al. 2014), one study reported increased levels of miR-223

(Balakathiresan et al. 2014), the same miRNAs were significantly decreased in

PBMCs of the human cohort (Zhou et al. 2014).

Following this initial study linking miRNAs and immune dysfunctions in PTSD,

two recent studies by the same research group provide further evidence for the

epigenetic regulation of inflammation in PTSD (Bam et al. 2016a, b). In addition to

IFN-γ, the pro-inflammatory cytokine IL-12 was increased in the same cohort of

combat veterans, and miR-193a-5p, which was suggested to target IL-12B, was

downregulated (Bam et al. 2016a). These results further suggest that

pro-inflammatory gene expression is regulated by miRNAs.

Recently, one study found 8miRNAs to be differentially expressed (4 upregulated

and 4 downregulated) in peripheral blood samples of returning combat veterans as

compared to controls (Martin et al. 2017). Pathway analyses revealed that these

miRNAs target genes involved inWnt signaling and axon guidance. However, being

limited by a small sample size, this study encourages larger studies to further unravel

the involvement of miRNAs in PTSD vulnerability.

5 Current Challenges, Pitfalls, and Future Perspectives

As reflected by the present overview, most studies to date that examine the role of

miRNAs in PTSD have used (almost exclusively male) animals. Human studies of

this subject are now beginning to emerge and have so far only examined peripheral

blood samples. Moreover, most studies have included animals or humans, rarely

both, and have focused on susceptible phenotypes only, i.e., those animals and

individuals suffering the consequences of trauma exposure. To the best of our

knowledge, only one study has examined the potential of miRNAs as biomarkers

of both vulnerability and resiliency (Chen et al. 2015). Furthermore, a major

limitation of current epigenetic research is the lack of longitudinal studies that

would enable identification of dynamic epigenetic changes over time (Fig. 2). For

these reasons, future research is critically needed to overcome a few pressing issues.

First, given the tissue specificity of epigenetic alterations and the evident inability

to study the brains of living human beings, there is a strong need for researchers to

incorporate human postmortem brain analyses in their study design. This approach
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could not only yield additional information with regard to location and quantity of

miRNAs but also shed light on the extent to which blood-based miRNA results are

informative for the CNS. In this context, it is becoming clear that focusing on

exosome-associated biomarkers provides interesting insights into the brain.

Exosomes are secreted membrane vesicles, derived from intracellular endosomes

that are generated by the endocytic pathway. The exosomal process traffics damaged

or excess proteins and miRNAs as cargo from the cytosol of neurons to the extra-

cellular space where the exosomes can be transported from the CNS to the peripheral

circulation. Since exosomes are capable of crossing the blood-brain barrier, when

secreted from neural cells, they can be accessed through the bloodstream and further

isolated and enriched for neural origin using neural-specific membrane markers

(Kapogiannis et al. 2015; Goetzl et al. 2015). Recent studies have shown that Aβ42
levels in blood exosomes, presumably derived from neurons, were abnormally

higher in subjects with mild cognitive impairment (MCI), MCI that progressed to

dementia, and AD (Winston et al. 2016). In another study, blood exosomal levels of

Aβ42 and tau phosphorylated at Thr181 and Ser396 predicted development of AD

10 years before clinical onset (Fiandaca et al. 2015). Exosomal plasma Aβ42 also
correlated with CSF levels of phosphorylated tau (Winston et al. 2016). Therefore

Humans and rodents

Or

Current research
Cross-sectional
Humans or animals
Human studies examine blood only
Focus on susceptible phenotypes only

Future perspectives
Longitudinal
Humans and animals
Various biological tissues
Focus on susceptible and resilient phenotypes

Baseline Follow-up

And

Resilient Susceptible 

Change over time

Humans Rodents

/

/

CSF

Fig. 2 Current research and future perspectives with regard to miRNA analyses in relation to

PTSD. Green and red silhouettes represent mental health or illness, respectively. The lightning bolt

represents a stressful event (e.g., CSDS for rodents, combat trauma in humans) and the blood drop

represents PBMCs as well as serum and plasma analyses. The Eppendorf tube represents a CSF

sample
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CNS-derived blood-based exosomes are extremely interesting biomarker candi-

dates. Following on from this suggestion, one could imagine the use of CSF to reflect

the neural environment more directly. Although more invasive, the collection and

analyses of CSF-associated exosomes, which are currently understudied, could

provide additional and valuable insights into the brain’s pathological processes.

Similarly, examining several body fluids jointly, including plasma, serum,

PBMCs, sperm and CSF, could further deepen our understanding of miRNA distri-

bution and overlap. Finally, the use of longitudinal designs could yield valuable

information regarding dynamic changes over time and how these changes potentially

relate to differential susceptibility to traumatic stress.

It is worth noting that guidelines such as the prospective-specimen-collection,

retrospective-blinded-evaluation (PRoBE) design (Pepe et al. 2008) or the

Strengthening the Reporting of Observational studies in Epidemiology for Molec-

ular Epidemiology (STROBE-ME) (Gallo et al. 2011) offer valuable overviews to

help researchers in the design, execution, and reporting of biomarker studies. With

respect to analyzing miRNAs in particular, Nair et al. (2014) recently provided a

comprehensive overview of helpful study requirements for researchers involved in

studying miRNAs in human diseases. Importantly, both human and animal studies

have shown that differences in genetic backgrounds between subjects can have a

considerable effect on the resolution of biomarker studies (Ahanda et al. 2014;

Zhao et al. 2010). Therefore, it is critical for future research to take variations in

genetic backgrounds into account and correct for additional factors such as current

or previous smoking habits, alcohol abuse or medication use of patients. Finally,

when comparing the obtained results, one should keep in mind the heterogeneity of

miRNA expression in different tissues. Indeed, PBMC or whole blood-derived

miRNA profiles will most likely differ from those obtained through serum or

plasma.

Taken together, current preclinical and preliminary clinical evidence show great

potential for the use of miRNAs as biomarkers of PTSD, which would enable us to

detect at-risk individuals and provide specific preventive strategies and early

interventions on an individual basis. This approach is especially relevant because

currently no true treatment exists for PTSD. Therefore, the presented findings build

an emerging foundation for future research to further examine the exact roles of

miRNAs in PTSD using appropriate study designs.
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Animal Models of PTSD: A Critical

Review

Elizabeth I. Flandreau and Mate Toth

Abstract The goals of animal research in post-traumatic stress disorder (PTSD)

include better understanding the neurophysiological etiology of PTSD, identifying

potential targets for novel pharmacotherapies, and screening drugs for their poten-

tial use as PTSD treatment in humans. Diagnosis of PTSD relies on a patient

interview and, as evidenced by changes to the diagnostic criteria in the DSM-5,

an adequate description of this disorder in humans is a moving target. Therefore, it

may seem insurmountable to model the construct of PTSD in animals such as

rodents. Fortunately, the neural circuitry involved in fear and anxiety, thought to

be essential to the etiology of PTSD in humans, is highly conserved throughout

evolution. Furthermore, many symptoms can be modeled using behavioral tests that

have face, construct, and predictive validity. Because PTSD is precipitated by a

definite traumatic experience, animal models can simulate the induction of PTSD,

and test causal factors with longitudinal designs. Accordingly, several animal

models of physical and psychological trauma have been established. This review

discusses the widely used animal models of PTSD in rodents, and overviews their

strengths and weaknesses in terms of face, construct, and predictive validity.

Keywords Animal model • Anxiety • Fear learning • Predator stress • PTSD •

Social defeat

E.I. Flandreau (*) and M. Toth

Grand Valley State University, 1 Campus Drive, Allendale, MI 49401, USA

Department of Behavioral Neurobiology, Hungarian Academy of Sciences, Institute of

Experimental Medicine, 43 Szigony Street, Budapest 1083, Hungary

e-mail: flandree@gvsu.edu; toth.mate@koki.mta.hu

© Springer International Publishing AG 2017

Curr Topics Behav Neurosci (2018) 38: 47–68

DOI 10.1007/7854_2016_65

Published Online: 9 April 2016

47

http://crossmark.crossref.org/dialog/?doi=10.1007/7854_2016_65&domain=pdf
mailto:flandree@gvsu.edu
mailto:toth.mate@koki.mta.hu


Contents

1 Animal Models of Traumatic Stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

1.1 Physical Stressors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

1.2 Social and Psychological Stressors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

2 Operationalizing PTSD-Like Symptoms in Animal Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3 The “Cutoff Behavioral Criteria” Model of PTSD: Focus on Vulnerability and Resiliency

Factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4 Special Challenges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5 Conclusions and Future Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

1 Animal Models of Traumatic Stress

Diagnostic criteria for PTSD according to DSM-5 include expression – for over

1 month – of debilitating symptoms from four clusters following exposure to trau-

matic events such as threat of death, or actual or threatened serious injury or violence:

• Cluster B: Intrusion (e.g., nightmares, flashbacks, intrusive thoughts, and phys-

iological reactions to trauma reminders).

• Cluster C: Avoidance (intentionally avoiding trauma-related people, places, or

activities).

• Cluster D: Negative alterations in cognitions and mood (e.g., dissociative amne-

sia, negative perception of self and world, anhedonia, social withdrawal).

• Cluster E: Alterations in arousal and reactivity (e.g., irritability, aggression,

problems concentrating, sleep disturbances, and hypervigilance).

The goal of this chapter is to critically review current animal models of trauma

exposure and how the behavioral and physiological outcomes of these models trans-

late to these symptom clusters.

For models of PTSD to reach high translational value, essential requirements have

been defined (Siegmund and Wotjak 2006): (1) the trauma must be severe, (2) a

relatively short duration should be sufficient to provoke PTSD-like symptoms, (3) the

intensity of the trauma should predict the severity of outcome, and (4) the stressor

should induce persistent or progressive PTSD-like alterations with (5) significant

interindividual variability in outcomes. Existing models apply stressors of a physical,

psychological, social, or combined nature.

1.1 Physical Stressors

Restraint stress, underwater holding, and electric shock are all stressors of a physical

nature. However, it is generally accepted that these lead to a combined physical and

psychological stress from the rodents’ perspective. Application of these stressors varies
greatly between laboratories in terms of duration and severity. Although most of these

can also be applied as chronic stressors, this discussion focuses on acute stressors in

keeping with the above second criteria for an animal model of PTSD.
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1.1.1 Restraint/Immobilization Stress

Both restraint and immobilization stress involve placing rodents in an enclosed cham-

ber allowing for minimal or no movement. Total immobilization can be considered the

most severe of the restraint methods. Two hours of complete immobilization has been

shown to increase anxiety-like behavior in the elevated plus maze and open-field tests

(Andero et al. 2013; Mitra et al. 2005), increase compulsive-like behavior in the

marble-burying test (Kedia and Chattarji 2014), reduce declarative memory perfor-

mance in the water maze task, increase fear learning (Andero et al. 2013), and increase

REM sleep (Meerlo et al. 2001). Importantly, avoidance and morphological changes

mostly manifested after a significant delay (i.e., 10 days) (Andero et al. 2013; Mitra

et al. 2005; Kedia and Chattarji 2014). In line with endocrine data from PTSD patients

(Yehuda et al. 2006), when immobilization stress was followed 1, 7, or 13 days later by

a 20-min reminder restraint, significant hypoactivity of the hypothalamic pituitary

adrenal (HPA) axis was induced, as measured by decreased concentrations of ACTH

and corticosterone (Harvey et al. 2006).

1.1.2 Underwater Holding

In rats, underwater trauma typically involves 40 s of forced swimming followed by a

20-s forced submersion (Richter-Levin 1998). Rats exposed to this stress exhibit

increased startle reactivity and anxiety-like behavior in the elevated plus maze both

immediately, 7, and 30 days later with reduced corticosterone levels 7 days after

stress (Richter-Levin 1998; Cohen et al. 2004; Moore et al. 2012). Additionally,

contextual fear with altered limbic activity persists for over a month in this

model (Ritov et al. 2016).

1.1.3 Single Prolonged Stress

Single prolonged stress (SPS) paradigms typically involve three stressors: 2-h res-

traint followed by forced swim, followed by ether anesthesia. These stressors induce

psychological, physiological, and endocrine stress, respectively. Rats exposed to this

SPS procedure exhibit increased anxiety-like behavior in the elevated plus maze,

enhanced fear acquisition, and reduced fear extinction learning (Imanaka et al. 2006;

Knox et al. 2012; Takahashi et al. 2006; Wang et al. 2008; Yamamoto et al. 2009).

Halothane-combined SPS exposure also increased anxiety-like behavior; corticoste-

rone concentrationwas elevated 1 day following SPS but normalized by day 7 (Harvey

et al. 2006). Interestingly, when rats were exposed to a reminder restraint, increased

anxiety-like behavior was associated with a decreased corticosterone response,

suggesting that the initial trauma is insufficient to produce PTSD-like symptoms in

the absence of a reminder (Harvey et al. 2006). Increased anxiety-like behavior in the

open field and increased immobility in the forced swim test 1 and 7 (but not 4) days
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were also apparent following SPS (Wu et al. 2016). The authors suggest that relevant

compensatory changes occur in the first week following SPS exposure explain the

timing of these effects (Wu et al. 2016).

Similar effects have been observed in mice: restraint, group swim, rat bedding

(as a predator exposure) followed by ether exposure until unconsciousness led to

enhanced cue-induced freezing, reduced extinction, and increased HPA axis neg-

ative feedback in the dexamethasone-suppression test, presumably due to elevated

hippocampal expression of the glucocorticoid receptor (Perrine et al. 2016).

PTSD-like disruptions in sleep have also been observed in rats exposed to SPS.

EEG recordings revealed that on the day of SPS exposure, rats exhibited increased

REM sleep and decreased wakefulness (Vanderheyden et al. 2015). While these

changes were not sustained over time, a decrease in non-REM sleep was observed

during the active phase up to 7 days following trauma (Vanderheyden et al. 2015).

Morphological changes were also observed in SPS models including apoptotic

volume loss in the hippocampus and the dorsal raphe nucleus (Han et al. 2013;

Liu et al. 2012a) that may correspond with human findings reporting volumetric

decreases in these brain regions in PTSD (Carrion et al. 2009; Gilbertson et al.

2002).

Selective serotonin reuptake inhibitors (SSRIs), a common treatment in PTSD

patients (Steckler and Risbrough 2012), have been shown to reduce or prevent PTSD-

like behavioral and endocrine symptoms in some SPS paradigms (Wang et al. 2008;

Perrine et al. 2016) but not others (Takahashi et al. 2006). This difference could be

due to laboratory differences in SPS design, SSRI administration, or behavioral

testing. Of note, SSRIs are also ineffective in a portion of human PTSD patients

(Stein et al. 2002); therefore successful symptom alleviation with SSRIs may not

represent a meaningful concern from a validity perspective. Another possibility is

that while SSRIs successfully treat comorbid anxiety and depression in PTSD

patients, they may not truly address the core symptoms. As evidence for this

hypothesis, a recent study demonstrated that the SSRI escitalopram reduced

depressive-like and avoidance symptoms, but not fear extinction deficits in mice

exposed to SPS (Lin et al. 2016).

1.1.4 Electric Shock

Uncontrollable and unpredictable foot shock is the most common method of stress

exposure and even a single exposure can lead to long-lasting behavioral

changes (reviewed in Bali and Jaggi 2015). Significant advantages of electric shock

are (1) reliable delivery and precise control of the number and amperage of the shocks,

length of the session, and inter-shock intervals; (2) well-defined and reproducible

context and environmental cues by using standard boxes with lights and speakers;

and (3) adjustable changes in contextual modalities, cues, and reminders. Another

potential advantage of using electric shock is that, compared to restraint stress, there is

less habituation (Siegmund andWotjak 2007a). A potential limitation of electric shock

as a model of PTSD-like trauma is that compared to human subjects and other animal
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trauma models, there is relatively little individual variability in terms of sensitivity and

resiliency; the vast majority of subjects exposed to electric shock will go on to display

behavioral consequences to stress (reviewed in Bali and Jaggi 2015).

The underlying vulnerability, progressive development, and persistence of PTSD

symptoms can only be modeled using long-term testing covering multiple symptom

domains. Consistent with clinical criteria, several rodent studies reveal progressive

development and persistence (3–5 weeks following single or multiple shocks, with or

without subsequent reminders) of PTSD-like symptoms, including social withdrawal

or avoidance, defensive behavior, hypervigilance, sleep disturbances, and generali-

zation of fear (Siegmund and Wotjak 2007a; Cullen et al. 2015; Louvart et al. 2005;

Mikics et al. 2008a, b; Philbert et al. 2011; Pynoos et al. 1996). Importantly, these

studies applied somewhat higher amperage (0.8–3.0 mA) compared to most condi-

tioned fear paradigms focusing on fear learning characteristics on a short term

(~0.5–1.5 mA). Increased fear response over time in vulnerable individuals has

been conceptualized as “incubation of fear” (Siegmund and Wotjak 2007a; Elharrar

et al. 2013; Eysenck 1968; Milad et al. 2009) that refers to recurrent recalls leading to

sensitization of fear and stress responses, and reconsolidation of traumatic memories,

in contrast with the progressive habituation and extinction of traumatic memories in

well-adjusting (aka resistant) individuals. Because exposure therapies in clinical

settings correspond well with reexposures of animals to shock context or cues, animal

models will likely provide important mechanistic information about how cue-based,

out-of-context (i.e., reminders in therapy office), and “in-the-context” (virtual reality)

exposure therapies are mediated and may be enhanced effectively.

It is important to note some confusion between paradigms that use electric shock as

a single excessive traumatic stressor to induce lasting symptoms of PTSD and those

that induce conditioned fear to understand the elements of fear learning. Electric

shock as a trauma exposure, as described above, focuses on long-term outcomes on

multiple PTSD domains (e.g., freezing, startle, avoidance, endocrine, and neuromor-

phological outcomes), and as such, it is more specific to PTSD. In contrast, fear

conditioning, described below, investigates neurobiological mechanisms underlying

learning processes relevant to fear and anxiety disorders, uses short-term protocols,

and measures conditioned fear response (i.e., freezing) or enhanced unconditioned

fear response (i.e., fear-potentiated startle).

Shock-Induced Conditioned Fear

Conditioned fear models are based on the classical findings of Pavlov, who origi-

nally described that an association is formed between a neutral “conditioned”

stimulus and an unconditioned stimulus following repeated co-presentations. Fear

conditioning investigates elements of fear learning: fear acquisition, recall, extinc-

tion, and reinstatement and renewal of fear memories (Quirk et al. 2010;

VanElzakker et al. 2014).

Most conditioned fear studies deliver scrambled electric shocks via metal grid

floor in acoustically isolated plastic boxes with no escape. Major parameters (e.g.,
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conditioned stimulus intensity, number of acquisition trials, intensity of shock) can

be modified to optimize phenotypic outcome to avoid ceiling/floor effects. These

modifications are essential given the significant differences across species (mice

vs. rats) and strains in fear learning, presumably due to differences in nociception,

exploratory activity, or other background characteristics (Bolivar et al. 2001;

Keeley et al. 2015; Keum et al. 2016; Schaap et al. 2013; Stiedl et al.

1999). Shock exposure typically ranges from one to ten 0.3–3 mA shocks lasting

between 1 and 2 s each, administered during a 5- to 30-min session (Mikics et al.

2008b; Aliczki and Haller 2015; Davis and Gould 2007; Lehner et al. 2010;

Roozendaal et al. 2006; Sanford et al. 2010; Shoji et al. 2014; Siegmund and Wotjak

2007b). For cued associations, shocks are commonly co-presented with novel and

salient cues such as sound, light, or odor. These specific cues can be used to dissect

context- and cue-dependent fear recall, which are mediated in part by unique neural

circuits (Marschner et al. 2008; Phillips and LeDoux 1992). Importantly, these neural

circuits are highly conserved across species such that morphological and functional

changes in animal models are analogous to those in PTSD patients (Acheson et al.

2012). An overview of conditioned fear literature is beyond the limits of this review;

for more detailed reviews see Herry and Johansen (2014); Milad and Quirk (2012);

and VanElzakker et al. (2014).

There are two major arguments in support of simple conditioned fear models in

PTSD research. First, its face validity is high given that a single shock session as

traumatic experience induces fear response with strong associative memory. Sec-

ond, several reports show alterations of fear conditioning characteristics in PTSD

including enhanced fear acquisition, blunted extinction, and relapse (Acheson et al.

2015; Jovanovic et al. 2012; Norrholm et al. 2011). Indeed, conditioned fear para-

digms are translatable between animal and human laboratories by using similar

procedural protocols (Parsons and Ressler 2013; Risbrough et al. 2016; Singewald

et al. 2015). Accordingly, fruitful interactions between animal and human condition-

ing models have been reported, particularly in endeavors to develop effective phar-

macological enhancers of extinction learning (Bowers and Ressler 2015; Johnson

et al. 2012). Animal studies also advanced our understanding of how associative

components of fear memories are acquired, consolidated, and extinguished sponta-

neously or following repeated exposures to trauma-related stimuli. There exists a

growing body of evidence mapping the specific prefrontal cortex, hippocampal, and

amygdala neurocircuits that modulate fear learning and inhibition via distinct neuro-

transmitter systems (Haubensak et al. 2010; Liu et al. 2012b; Rozeske et al. 2015). In

support of translational efforts, these studies suggest that fear circuitry is comparable

between rodents and humans (Mahan and Ressler 2012).

Despite the advantages listed above, there exist major concerns about short-term

conditioned fear paradigms as models of PTSD. Namely, most models ignore the

temporal and differential diagnostic characteristics of PTSD. According to the

5th edition of Diagnostic and Statistical Manual of Mental Disorders (DSM-5;

American Psychiatric Association 2013), acute symptoms must be separated from

long-term, chronic symptomatology. The former is defined as “acute stress disorder”

and may be an adaptive stress-coping response in well-adjusting individuals, whereas
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in vulnerable individuals, PTSD symptoms are progressive and persistent and develop

after a delay (DSM-5). Moreover, PTSD is no longer categorized as an “anxiety

disorder” in DSM-5; rather, it is defined as “trauma- and stressor-related disorder.”

Accordingly, differential diagnostic criteria of PTSD require multiple-domain testing,

especially given the heterogeneity of PTSD.

Fear-based reexperiencing (or intrusive memories) is a core symptom and is thought

to be best modeled by fear conditioning in animals and humans. Acute and chronic

phases of fear learning may have differential mechanisms and potential treatment

targets; there is differential neuronal activation in the prefrontal cortex, amygdala, hip-

pocampus, and monoaminergic systems during acute (24 h post-trauma) vs. remote

(3–5 weeks) cued fear recall (Cullen et al. 2015; Mikics et al. 2008b; Frankland et al.

2004; Goshen et al. 2011; Tulogdi et al. 2012). Models focusing exclusively on acute

phenotypic changes, short-term fear learning characteristics, and associative memory

components of PTSD may have questionable construct validity and specificity. Con-

sidering the long-lasting behavioral consequences following a single shock session in

several studies (Siegmund and Wotjak 2007a), conditioned fear models could poten-

tially detect long-term PTSD-like outcomes if testing were extended.

1.2 Social and Psychological Stressors

1.2.1 Social Defeat Stress (SDS)

Social defeat stress (SDS) has been used as a robust stressor in both rat (Koolhaas

et al. 2013) and mouse models (Golden et al. 2011) to induce depression (reviewed

in Krishnan and Nestler 2011) and PTSD-like symptoms (reviewed in Daskalakis

and Yehuda 2014). Evidence for SDS as a valid model for PTSD includes the

following: a single defeat can lead to anxiety-like behavior, and behavioral abnor-

malities continue long after initial defeat (Pulliam et al. 2010).

As with other stress models, the intensity and duration of SDS can be modified.

Most mouse SDS models follow a protocol in which experimental subjects as “in-

truders” are exposed to aggressive resident mice for 5–10 min, followed by 24 h of

sensory (but not physical) exposure (Golden et al. 2011). This procedure is repeated for

5–10 days during which the intruder is exposed to different aggressor (Golden et al.

2011). PTSD-like symptoms following this social defeat exposure include decreased

social exploration, anhedonia, and increased anxiety-like behavior, which can be

reduced with chronic but not acute treatment with antidepressant drugs (Berton et al.

2006; Der-Avakian et al. 2014). Importantly, the PTSD-like symptoms are expressed

by only 60–70% of exposed subjects, providing an inherent model of sensitivity and

resiliency (Golden et al. 2011). Similar rates of sensitivity and resiliency have been

achieved by 10 days of “witnessed social defeat stress.” In this modification, the test

mouse witnesses a peer exposed to an aggressive resident and then spends 24 h in

sensory contact with that aggressor (Warren et al. 2013).
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Another modified SDS model employs 6 h of indirect exposure of a partially

restrained intruder mouse to an aggressive resident; within those 6 h, researchers

randomly allow 1–3 direct exposures of 1 min each (Hammamieh et al. 2012). The

authors argue that this model increases the unpredictability and uncontrollability of

the stress exposure; this hypothesis is supported by data showing increased freezing

behavior 28 days following a 10-day exposure, and increased grooming behavior

42 days following a 10-day exposure (Hammamieh et al. 2012; Muhie et al. 2015).

Although most SDS models violate the criteria of a single traumatic exposure

(Yehuda and Antelman 1993), SDS may be relevant for socially induced or combat-

related PTSD, which typically do involve multiple exposures. SDS may also be

particularly relevant for comorbidity with depression. An important limitation of

the SDS model is the lack of protocol for social stress in females. It has been

suggested that ovariectomized female mice from an aggressive strain could be

primed with male steroids and used as an appropriate resident for an SDS model

in females (Daskalakis and Yehuda 2014), indicating that future studies are needed

to establish models in females.

1.2.2 Predator Stress

In predator stress models, rodents are exposed to their natural predators or to their

odor. In live predator exposure, the predator is well fed and habituated to rodents;

therefore no physical injuries occur. In contrast to the physical stressors, which

apply well-defined and precise traumatic experience, predator stress models focus

on ecological validity to increase translatability.

Predator exposure immediately elicits unconditioned fear and marked stress

responses in rodents (Adamec et al. 2006; Adamec and Shallow 1993; Blanchard

and Blanchard 1989; Blanchard et al. 1998; Cohen et al. 2003; Dielenberg and

McGregor 2001; Zoladz et al. 2008). A single predator exposure (1) increases

avoidance behavior of both novel and predator-related stimuli (cluster C in DSM-5;

Cohen et al. 2004; Toth et al. 2016), (2) induces cognitive impairments and negative

mood-like states as measured by spatial learning in the Morris water maze (cluster D;

Diamond et al. 2006), and (3) increases hyperarousal and hypervigilance as measured

by startle reactivity (cluster E; Adamec et al. 2010). Depending on the specific

predator stress model employed, enduring behavioral changes can last up to a month

or more after exposure, replicating the chronic nature of PTSD (Adamec and Shallow

1993; Zoladz et al. 2012). These behavioral changes coincide with long-term structural

changes of the hippocampus and the amygdala that are in line with circuit changes

observed in PTSD patients (Diamond et al. 2006; Adamec et al. 2012;Mitra et al. 2009).

In a modified predator exposure, rodents are in a porous container to allow sensory

but not physical exposure to live cats (Diamond et al. 1999; Mesches et al. 1999). The

authors argue that besides offering physical protection, the container can enhance fear

by increasing uncontrollability and helplessness. The exposure in this model is

30–75 min long. To maximize the predator interest across the session, food is placed

on top of the container in which the rodent is held. This single exposure can induce
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long-term memory and cognitive deficits in rats (Diamond et al. 1999; Mesches et al.

1999; Woodson et al. 2003). In a version of this model, rodents are also reexposed to

the same procedure 10 days later. Because the reexposure is identical to the traumatic

event itself, it is not clear if this modification simulates “flashback-like memory

retrieval” as the authors indicate or simply increases the “dose” of trauma. According

to a recent study, a single reexposure instigated PTSD-like symptoms while a second

reexposure was not able to further increase predator-induced effects and actually caused

a slight decrease in PTSD-like symptoms (Zoladz et al. 2015), potentially due to

habituation.

Social instability after the initial trauma has been used as a chronic stressor to

exacerbate PTSD-like behaviors (Zoladz et al. 2008). Three weeks after this

procedure, increased anxiety-like behavior, startle hyperreactivity, and spatial

memory deficits are observed (Zoladz et al. 2008, 2012). This combined paradigm

also results in reduced thymus and adrenal weights, reduced basal glucocorticoid

levels, and increased dexamethasone suppression of the HPA axis (Zoladz et al.

2008, 2012), physiological and endocrine changes corresponding with HPA abnor-

malities in PTSD (Yehuda et al. 1993). This paradigm was also shown to impair

spatial memory, presumably secondary to structural and functional plasticity

changes in the hippocampus (Diamond et al. 2006; Mesches et al. 1999; Sandi et

al. 2005). These symptoms and structural changes are similar to observations in

PTSD patients (O’Doherty et al. 2015).

Exposure only to olfactory cues from a predator can also induce behavioral signs

of fear in rats and mice, and activate brain regions mediating defensive, fear, and

anxiety-like responses, such as the lateral septum, extended amygdala, paraventricular

nucleus of the hypothalamus, hypothalamic circuits mediating defensive reaction, and

periaqueductal gray (Dielenberg and McGregor 2001; Canteras et al. 2015; Takahashi

2014). Predator odor methods use litter or bedding from a predator, fur and/or urine, a

cat-worn collar, or trimethylthiazoline, a synthetic component of fox feces. Based on

data from field and laboratory studies, the fear-eliciting efficacy of predator odor

exposure is highly variable; fur and used litter appear to be the most effective odor

stimuli (Takahashi 2014; Apfelbach et al. 2005).

In support of the predictive validity of predator stress paradigms, benzodiazepines,

SSRIs, and the tricyclic antidepressant tianeptine have all been shown to efficiently

reduce some PTSD-like symptoms of predator exposure (Dielenberg and McGregor

2001; Vouimba et al. 2006; Zoladz et al. 2013).

2 Operationalizing PTSD-Like Symptoms in Animal

Models

The DSM-5 divides PTSD symptoms into four major symptom clusters: intrusion,

avoidance, negative alterations in cognitions and mood, and alterations in arousal and

reactivity. There exist numerous validated behavioral tests in rodents designed to
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operationalize these constructs. These behavioral tests can be used to assess sensi-

tivity or resiliency to trauma exposure and to screen novel pharmaceutical treatments.

Assessing intrusive (i.e., reexperiencing) symptoms (Cluster B) is not possible in

animal models; however measuring physiological reactions to trauma-related cues

can operationalize fear memory processes thought to underlie reexperiencing symp-

toms. Approach-avoidance conflict tests such as the elevated plus maze, elevated zero

maze, open-field arena, and light-dark box are designed to measure avoidance be-

havior (Cluster C) and generalized-like anxiety in different contexts, and they are

widely used in preclinical research with reasonable predictive validity, although there

are limitations in their use (Adamec 1997; Bailey and Crawley 2009; Belzung and

Griebel 2001; File and Seth 2003; McCormick and Green 2013; Olson et al. 2011).

Trauma-specific avoidance can also be measured via introduction of trauma-related

cues, e.g., predator scent in the case of predator stress, novel conspecific in the case of

social defeat stress, and training context in the case of active and passive avoidance.

Negative alterations in mood (depression-like symptoms; Cluster D) are commonly

measured by tests of “behavioral despair,” i.e., reduced activity in forced swim and tail

suspension tests or decreased preference of sucrose as a sign of anhedonia, or reduced

intracranial self-stimulation. Predominantly, these tests are based on their predictive

validity for antidepressant medications which are also somewhat effective in PTSD

(Cryan et al. 2005). Developing additional measures of negative mood in rodents

should be an active area of continued research to expand reliability and validity and

minimize locomotion and memory confounds.

Modeling negative alterations in cognition (Cluster D) is highly limited in animals

as these symptoms are manifested in distorted, negatively tuned self- and environment

interpretations. However, more general cognitive deficits are commonly measured, i.e.,

attention, spatial learning, and social recognition. For spatial learning and memory,

Morris water maze became a golden standard test (Vorhees and Williams 2006),

although less stressful versions, i.e., Barnes maze, T-maze, or radial maze (Sharma

et al. 2010), are also widely used and may be advantageous in certain paradigms where

testing with minimal stress is crucial. Attention and more complex learning character-

istics can be reliably assessed in rodents using the five-choice paradigm (Chudasama

and Robbins 2004); there is no data available on this specific symptom domain in the

most common models of PTSD (see Table 1). As specific neurocircuits are involved in

these tasks with documented changes in PTSD (Gilbertson et al. 2002; Moser and

Moser 1998), identification of neurobiological changes including structural and func-

tional alterations of the prefrontal and hippocampal networks can increase the construct

validity of these models.

Trauma-induced hyperarousal and hyperreactivity can be assessed by startle ampli-

tude, its habituation, and prepulse inhibition (Adamec et al. 2010). Hypervigilance can

be measured using object-burying paradigms or locomotor changes (Mikics et al.

2008a; Philbert et al. 2011). Irritability-impulsivity can be approximated using the

resident-intruder test, and delayed discounting paradigm (Fodor et al. 2014; Mar and

Robbins 2007); however, none of the described models have been shown to result in

such externalizing-like symptoms. Sleep disturbances (altered structure or quantitative

changes in stages) can be measured using EEG signals (Pawlyk et al. 2008).

56 E.I. Flandreau and M. Toth



T
a
b
le

1
S
u
m
m
ar
y
o
f
sy
m
p
to
m
s
in
d
u
ce
d
in

an
im

al
m
o
d
el
s
o
f
P
T
S
D

C
lu
st
er

B
:
in
tr
u
si
v
e

sy
m
p
to
m
s

C
lu
st
er

C
:
av
o
id
an
ce

sy
m
p
to
m
s

C
lu
st
er

D
:
n
eg
at
iv
e
al
te
ra
ti
o
n
s
in

m
o
o
d
an
d
co
g
n
it
io
n

C
lu
st
er

E
:
h
y
p
er
ar
o
u
sa
l
sy
m
p
to
m
s

C
ri
te
ri
o
n

F
:
la
st
in
g

sy
m
p
to
m
s

“S
ig
n
s
o
f”

in
tr
u
si
v
e

m
em

o
ri
es

In
cr
ea
se
d
av
o
id
an
ce

A
n
h
ed
o
n
ia
/

d
ec
re
as
ed

ac
ti
v
it
y

C
o
g
n
it
iv
e

d
y
sf
u
n
ct
io
n
s

Ir
ri
ta
b
il
it
y
/

ag
g
re
ss
io
n

H
y
p
er
-

v
ig
il
an
ce

E
x
ag
g
er
at
ed

st
ar
tl
e

C
o
n
ce
n
tr
at
io
n

p
ro
b
le
m
s

S
le
ep

d
is
tu
rb
an
ce

S
y
m
p
to
m
s

p
re
se
n
t

R
es
tr
ai
n
t/

im
m
o
b
il
iz
at
io
n

st
re
ss

F
re
ez
in
g
(A

n
d
er
o

et
al
.
2
0
1
3
)

P
lu
s-
m
az
e
(A

n
d
er
o
et

al
.

2
0
1
3
;
M
it
ra

et
al
.
2
0
0
5
)

S
p
at
ia
l
m
em

-

o
ry

(A
n
d
er
o

et
al
.
2
0
1
3
)

M
ar
b
le

b
u
ry
-

in
g

(K
ed
ia

an
d
C
h
at
ta
rj
i

2
0
1
4
)

In
cr
ea
se
d
R
E
M

(M
ee
rl
o
et

al
.

2
0
0
1
)

>
1
0
D
ay
s

U
n
d
er
w
at
er

tr
au
m
a

F
re
ez
in
g
(R
ic
h
te
r-

L
ev
in

1
9
9
8
)

P
lu
s-
m
az
e
(M

o
o
re

et
al
.
2
0
1
2
)

S
p
at
ia
l
m
em

-

o
ry

(R
ic
h
te
r-

L
ev
in

1
9
9
8
)

E
n
h
an
ce
d
re
ac
ti
v
-

it
y

(C
o
h
en

et
al
.

2
0
0
4
)

>
M
o
n
th

S
in
g
le

p
ro
lo
n
g
ed

st
re
ss

F
re
ez
in
g
(T
ak
ah
as
h
i

et
al
.
2
0
0
6
;
Y
am

am
o
to

et
al
.
2
0
0
9
)

P
lu
s-
m
az
e
(H

ar
v
ey

et
al
.

2
0
0
6
;
Im

an
ak
a
et

al
.

2
0
0
6
)

F
o
rc
ed

sw
im

(W
u
et

al
.

2
0
1
6
)

D
is
ru
p
te
d

ex
ti
n
ct
io
n

le
ar
n
in
g
(K

n
o
x

et
al
.
2
0
1
2
)

E
n
h
an
ce
d
re
ac
ti
v
-

it
y
(K

h
an

an
d

L
ib
er
zo
n
2
0
0
4
)

In
cr
ea
se
d
R
E
M

(V
an
d
er
h
ey
d
en

et
al
.
2
0
1
5
)

>
2
W
ee
k
s

E
le
ct
ri
c
sh
o
ck

F
re
ez
in
g
,
fe
ar

g
en
er
al
-

iz
at
io
n
(S
ie
g
m
u
n
d
an
d

W
o
tj
ak

2
0
0
7
a;

C
u
ll
en

et
al
.
2
0
1
5
;
L
o
u
v
ar
t
et

al
.
2
0
0
5
;
M
ik
ic
s
et

al
.

2
0
0
8
b
)

P
lu
s
m
az
e,
so
ci
al

in
te
r-

ac
ti
o
n
,
n
o
v
el
ty
-
an
d

so
ci
al

av
o
id
an
ce

(S
ie
g
m
u
n
d
an
d
W
o
tj
ak

2
0
0
7
a;

L
o
u
v
ar
t
et

al
.

2
0
0
5
;
M
ik
ic
s
et

al
.

2
0
0
8
a;

P
h
il
b
er
t
et

al
.

2
0
1
1
)

F
o
rc
ed

sw
im

(S
ie
g
m
u
n
d

an
d
W
o
tj
ak

2
0
0
7
a)

O
b
je
ct

b
u
ry
-

in
g
,
h
y
p
er
-

lo
co
m
o
ti
o
n

(M
ik
ic
s
et

al
.

2
0
0
8
a;

P
h
il
b
er
t
et

al
.

2
0
1
1
)

E
n
h
an
ce
d
re
ac
ti
v
-

it
y
,
fe
ar
-p
o
te
n
ti
at
ed

st
ar
tl
e
(P
y
n
o
o
s
et

al
.
1
9
9
6
;
C
as
se
ll
a

an
d
D
av
is
1
9
8
5
;

D
av
is
1
9
8
9
)

S
le
ep

fr
ag
m
en
-

ta
ti
o
n
(P
h
il
b
er
t

et
al
.
2
0
1
1
)

>
M
o
n
th

S
o
ci
al

d
ef
ea
t

F
ea
r
g
en
er
al
iz
at
io
n

(R
y
g
u
la

et
al
.
2
0
0
6
)

P
lu
s
m
az
e,
so
ci
al

av
o
id
-

an
ce

(B
er
to
n
et

al
.
2
0
0
6
;

G
o
ld
en

et
al
.
2
0
1
1
)

S
el
f-
st
im

u
la
-

ti
o
n
an
d

su
cr
o
se

p
re
f-

er
en
ce

(D
er
-

A
v
ak
ia
n
et
al
.

2
0
1
4
;
R
y
g
u
la

et
al
.
2
0
0
6
)

E
n
h
an
ce
d
re
ac
ti
v
-

it
y
(P
u
ll
ia
m

et
al
.

2
0
1
0
)

S
le
ep

fr
ag
m
en
ta
ti
o
n

>
M
o
n
th

P
re
d
at
o
r
st
re
ss

F
re
ez
in
g
(Z
o
la
d
z
et

al
.

2
0
1
5
)

P
lu
s
m
az
e
(Z
o
la
d
z

et
al
.
2
0
1
5
)

S
p
at
ia
l
an
d

w
o
rk
in
g
m
em

-

o
ry

(D
ia
m
o
n
d

et
al
.
1
9
9
9
;

W
o
o
d
so
n
et

al
.

2
0
0
3
;
Z
o
la
d
z

et
al
.
2
0
1
5
)

E
n
h
an
ce
d
re
ac
ti
v
-

it
y
(Z
o
la
d
z
et

al
.

2
0
0
8
;
A
d
am

ec

et
al
.
2
0
1
0
)

>
M
o
n
th

E
x
am

p
le
s/
re
fe
re
n
ce
s
ar
e
fr
o
m

re
p
re
se
n
ta
ti
v
e
st
u
d
ie
s
sh
o
w
in
g
re
p
li
ca
te
d
fi
n
d
in
g
s
in

v
al
id
at
ed

te
st
s

Animal Models of PTSD: A Critical Review 57



For instance, sleep disturbances in trauma-exposed rats correlated with other behav-

ioral symptoms; rats with the greatest increase in REM sleep following SPS exposure

also had the largest percent of freezing behavior in a fear conditioning

paradigm (Vanderheyden et al. 2015).

To outline a current status of preclinical models of PTSD, Table 1 summarizes

which clusters and symptoms have been induced in particular models, also indicating

symptoms, which need to be addressed as data are not available. Noteworthy, we did

not include models and symptoms, where repeated stress exposure is required to in-

duce phenotypic changes, e.g., anhedonia or exaggerated startle following repeated

exposures, to be more specific to PTSD, and eliminate mixed (e.g., depression-like)

models.

3 The “Cutoff Behavioral Criteria” Model of PTSD: Focus

on Vulnerability and Resiliency Factors

Large epidemiological studies estimated the incidence of PTSD following traumatic

events around 10–20% with significant sex differences (i.e., 8–13% for men and

20–30% for women), although these rates are highly dependent on the type of the

trauma (Breslau et al. 1991, 1997; Kessler et al. 1995). Accordingly, animal models

have sought to use individual variability as a means to identify the neurobiological risk

factors and underpinnings of PTSD.

The “cutoff behavioral criteria” established by Cohen and colleagues (2006a,

2012) used predator stress as the trauma; according to predefined behavioral

“cutoff” criteria, traumatized animals are assigned to “extreme behavioral

response” (EBR; aka vulnerable) and “minimal behavioral response” (MBR; aka

resilient) groups based on their post-stress startle reactivity and performance on the

elevated plus maze. Although potentially other behavioral, endocrine, or physio-

logical measurements could be used as cutoff criteria, startle reactivity and avoidance

on the elevated plus maze detect changes in measures of hyper-alertness and overall

behavioral avoidance/anxiety, modeling two main symptom clusters of PTSD. To

maximize effect size and interpretability of the data, the group of rodents between

EBR and MBR is considered to have a “partial behavioral response,” and not

investigated (Cohen et al. 2006a).

The cutoff criteria described by Cohen and colleagues are fairly conservative,

yet the rate of EBR varies substantially between strains. For rodents to meet EBR

criteria they must spend the entire 5-min elevated plus session in the closed arms,

and exhibit>800 units startle amplitude without habituation. MBR criteria required

rodents to spend less than 1 of 5 min in closed arms of the elevated plus, and to exhibit

<700 units startle amplitude with significant habituation over time (Matar et al.

2013). Using these criteria with Sprague-Dawley rats, EBR rates 24 h following

predator stress may be as high as 90%. However, similar to humans, acute-anxiety

symptoms fade in well-adapted animals; the EBR rate drops sharply in the days
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immediately following predator stress (Cohen et al. 2004). For Sprague-Dawley rats,

EBR incidence settles at around 25% (Cohen et al. 2003), which is comparable with

human epidemiological data (Breslau et al. 1991; Kessler et al. 1995). The EBR

phenotype can persist for more than 3 weeks in the 25% of experimental subjects

classified as EBR (Cohen et al. 2004), which is again compatible with the temporal

characteristic of human PTSD (Cohen et al. 2004). However, EBR rates vary signifi-

cantly between strains in rats (10% and 50% in Lewis and in Fisher rats, respectively)

(Cohen et al. 2006a, b), and mice (from 6% to 55% in the most widely used strains,

DBA/2J and C57Bl/6J, as two extremes of the spectrum, respectively) (Cohen et al.

2008). Importantly, extreme behavioral response at baseline (without stress exposure) is

hardly detectable in experimental populations, i.e., 1.3% (Cohen et al. 2012), confirming

that EBR is clearly induced by trauma exposure, and lasts for weeks only in a vulnerable

subpopulation (i.e., 25%).

Studies using these behavioral cutoff criteria reported enhanced stress reactivity in

EBR subjects as measured by increased heart rate and sympathetic activity, and higher

plasma corticosterone and adrenocorticotropic hormone concentrations (Cohen et al.

2003, 2005). EBR subjects also exhibited additional plasticity-related changes in the

hippocampus, such as reduced expression of BDNF, synaptophysin, and ERK1/2

pathway elements, and elevated expression of glucocorticoid receptor and postsynaptic

density protein-95 mRNA (Matar et al. 2013; Cohen et al. 2014; Kozlovsky et al.

2007). Importantly, acute and 7-day-long treatment with the SSRI sertraline was able

to decrease anxiety, reduce startle reactivity, and significantly decrease the number of

rodents meeting EBR criteria (Matar et al. 2006).

Importantly, this cutoff criteria approach can be applied to other PTSD models to

compare vulnerable and resilient subjects. An underwater trauma model found that

EBR rats exhibited lasting anxiety and hyperarousal (Cohen et al. 2004). In another

study, mice were exposed to electric shock (14� 1-s-long shocks of 1 mA with

variable intervals over 85-min period) followed 24 h later by a shock “trigger” (5�
1-s-long shocks of 0.7 mA with fixed intervals over 5 min) and tested behavioral and

endocrine outcomes 7–16 days later. Based on a cumulative 5-test criteria system

(upper quintiles in the marble-burying test, acoustic startle, pre-pulse inhibition, light-

dark box, and home cage locomotor activity), researchers categorized subjects as

“resilient” or “PTSD-like” (20–20% of the population). Compared to resilient sub-

jects, mice with PTSD-like phenotype exhibited blunted corticosterone response to

acute restraint stress with significant upregulation of hippocampal glucocorticoid

receptors (Lebow et al. 2012). Moreover, PTSD-like phenotype was associated with

altered expression of a number of “PTSD candidate” genes (i.e., previously reported

as risk polymorphisms in human studies) in the bed nucleus of stria terminalis (Lebow

et al. 2012).

In summary, despite low genetic variability, animal models of PTSD using inbred

strains provide substantial individual variability for application of cutoff criteria.

Models that can reliably and robustly identify resistant and vulnerable populations

may be highly valuable to test the causal contribution of developmental risk factors

and candidate mechanisms identified by human studies (e.g., single polymorphisms).
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4 Special Challenges

While the animal models described above have strong face and predictive validity,

reaching full diagnosis (based on human DSM-5 criteria) in a single animal model

may not be feasible. Most of the symptoms operationalized in rodent PTSD models

such as associative fear, avoidance, anhedonia, or hypervigilance are also described

in other anxiety or mood disorders; thus specificity of a given model for PTSD is a

challenge. Additionally, some symptoms are difficult (if not impossible) to model

in animals, e.g., intrusive memories and flashbacks, feeling emotional numb, or de-

tachment. These challenges might mean that we cannot create a rat or mouse model

that is comprehensive and specific to PTSD. However, it is relevant to note that the

symptoms of PTSD have significant overlap with mood and anxiety disorders and,

furthermore, PTSD is frequently found comorbid with mood, anxiety, and substance-

use disorders (Sareen 2014). PTSD patients also show extensive heterogeneity in

symptom presentation, with over 20 possible symptoms described in DSM-5. To

account for this heterogeneity, preclinical and clinical characterizations have shifted

focus from diagnosis to domain-based conception of disorders based on biological

mechanisms and their domain-like organization (i.e., Research Domain Criteria-

RDoC proposed by NIMH), e.g., distinct and definite mechanisms underlying

reexperiencing and hyperarousal in PTSD (Cuthbert 2014; Cuthbert and Insel

2013). This approach may increase translatability of animal findings in the clinics in

the future, and benefit for our understanding of the pathogenesis of PTSD.

Although the above-described models have been found to successfully model some

aspects of PTSD, lack of data on particular symptoms in particular models (e.g.,

externalizing or attention symptoms), negative findings (likely significant amount

unpublished), and inconsistencies between laboratories still exist, which is difficult to

interpret as experimental procedures show high variability between laboratories. Each

laboratory has a unique method of trauma exposure and optimized behavioral test

battery and specific optimized protocols to assess symptoms. For example “incubation

time” periods between trauma and testing (~1–5 weeks), testing time (light or dark

cycle), or the order of tests in a battery, and the specific tests included in a battery, all

vary between laboratories.

5 Conclusions and Future Perspectives

Development of valid animal models with high translational values is a constant chal-

lenge for preclinical research and needs recurrent updates to maximize efficacy. On the

one hand, diagnostic criteria are constantly shifting targets as clinical and epidemio-

logical data are accumulating. Additionally, identification and interpretation of mea-

sured behaviors in animal models is a complex task as variables or behavioral symptoms

must be ecologically valid in the behavioral repertoire of the experimental species and

still translatable to humans.
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To better understand the complex etiology and mechanisms of PTSD and specific

contributions of different symptom domains will require wider screening of phenotypic

changes in different models. From a translational standpoint, it would be particularly

important to identify pathways linked to vulnerability and resilience against traumatic

stress either causally or as robust and measurable predictive markers (e.g., blood-based

markers). In this respect, the “cutoff behavioral criteria” strategy and comparative

studies contrasting biological characteristics of resilient and vulnerable populations

provide an essential approach either to clarify the causal role of candidate mechanisms

identified by humans studies (e.g., polymorphisms) or to implicate new targets to test

them in human studies.

Although large animal numbers and extensive screening are necessary to produce

behavioral extremes with the necessary statistical power for reliable and reproducible

results, the highly variable outcomes observed after trauma exposure in humans clearly

warrant the application of such responder/nonresponder classification approaches based

on the fact that only a portion of trauma-exposed individuals develop PTSD symptoms.

As a final comment, the past decade has seen a substantial increase in PTSD

research in both humans and animal models. Building upon this literature is essential

to developing tools that can actually improve the human experience. Although sex

differences were beyond the scope of this review, to effectively study this topic will

require expanding the subject pool more consistently to include females. The NIMH

mandate to include female cells, tissue, and subjects in preclinical research will cer-

tainly push the field towards addressing this gap.
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Integrating NIMH Research Domain

Criteria (RDoC) into PTSD Research

Ulrike Schmidt and Eric Vermetten

Abstract Three and a half decades of research on posttraumatic stress disorder

(PTSD) has produced substantial knowledge on the pathobiology of this frequent

and debilitating disease. However, despite all research efforts, so far no drug that

has specifically targeted PTSD core symptoms progressed to clinical use. Instead,

although not overly efficient, serotonin re-uptake inhibitors continue to be consid-

ered the gold standard of PTSD pharmacotherapy. The psychotherapeutic treatment

and symptom-oriented drug therapy options available for PTSD treatment today

show some efficacy, although not in all PTSD patients, in particular not in a

substantial percent of those suffering from the detrimental sequelae of repeated

childhood trauma or in veterans with combat related PTSD. PTSD has this in

common with other psychiatric disorders – in particular effective treatment for

incapacitating conditions such as resistant major depression, chronic schizophrenia,

and frequently relapsing obsessive-compulsive disorder as well as dementia has not

yet been developed through modern neuropsychiatric research.

In response to this conundrum, the National Institute of Mental Health launched

the Research Domain Criteria (RDoC) framework which aims to leave diagnosis-

oriented psychiatric research behind and to move on to the use of research domains

overarching the traditional diagnosis systems. To the best of our knowledge, the

paper at hand is the first that has systematically assessed the utility of the RDoC

system for PTSD research. Here, we review core findings in neurobiological PTSD
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research and match them to the RDoC research domains and units of analysis. Our

synthesis reveals that several core findings in PTSD such as amygdala overactivity

have been linked to all RDoC domains without further specification of their distinct

role in the pathophysiological pathways associated with these domains. This cir-

cumstance indicates that the elucidation of the cellular and molecular processes

ultimately decisive for regulation of psychic processes and for the expression of

psychopathological symptoms is still grossly incomplete. All in all, we find the

RDoC research domains to be useful but not sufficient for PTSD research. Hence,

we suggest adding two novel domains, namely stress and emotional regulation and

maintenance of consciousness. As both of these domains play a role in various if not

in all psychiatric diseases, we judge them to be useful not only for PTSD research

but also for psychiatric research in general.

Keywords Emotion regulation • Neurobiology • PTSD • RDOC • Research •

Stress
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1 Introduction

Even if only a minority of trauma-exposed individuals develop posttraumatic stress

disorder (PTSD) [1], it is one of the most prevalent psychiatric diseases worldwide

[2]. The prevalence of PTSD increases with increasing numbers of lifetime trau-

matic events [3, 4]. In the US general population, lifetime PTSD prevalence is 6.8%

[5], in Germany 2.8% [6] and in The Netherlands 7.4% [7]. Core symptoms of

PTSD include aversive re-experiencing of traumatic events, avoidance anxiety,

nervous hyperarousal, and emotional numbing [8]. PTSD significantly reduces

the patients’ quality of life and increases their unemployment, mortality, morbidity,

and suicidality rates [9, 10]. The fact that PTSD was not officially recognized as a

diagnosis earlier than 1980 [11] probably contributes to the persistent deficit in

drugs targeting PTSD-specific symptoms. Undoubtedly, there is an urgent need for
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new treatments, since only 60% of PTSD patients respond to the first line drug

treatment of PTSD [12], i.e. to serotonin reuptake inhibitors (SSRI). Furthermore, a

substantial number of patients suffering from PTSD do not benefit from exposure-

based interventions [13], the current gold standard for PTSD psychotherapy [14].

Aiming to overcome this unsatisfactory situation in PTSD treatment, large

numbers of preclinical and clinical studies have been performed. To date, it is

widely accepted that genetic polymorphisms predispose some individuals to

trauma-mediated changes in the dynamic epigenome [15, 16] and probably also

in the miRNome [17–19]. These trauma-elicited miRNomic and epigenetic changes

can in turn alter the expression of distinct proteins and consequently lead to

disturbances in organ function, e.g. endocrine dysfunction and amygdala overac-

tivity. Thus, an individual’s trauma and stress tolerance level depends on the

interplay of environmental and predefined biological factors, in other words on

gene–environment interaction (G � E). Of course, there is no single gene or

polymorphism that conveys strong risk for PTSD; instead, psychiatric diseases

are, in general, considered to be multigenic [20–22].

Besides the function and regulation of various brain regions such as the amyg-

dala, the hippocampus, and the prefrontal cortex (PFC), the two major stress

hormone systems, namely the hypothalamic–pituitary–adrenal (HPA) axis and the

sympathetic nervous system (SNS) have repeatedly been shown to be altered in

PTSD [23–25, 26]. A meta-analysis indicates that the ventromedial PFC (vmPFC)

is the most consistently reported hypoactive, and the amygdala the most consis-

tently reported hyperactive brain region in PTSD [27]. The vmPFC putatively fails

to constrain the amygdala thereby leading to, among other symptoms, increased

fear responses and impaired extinction of trauma reminders in PTSD patients

[23]. Dysfunction of the hippocampus, which, like the vmPFC [23], was repeatedly

reported to be smaller in various populations of PTSD patients [28, 29], may

contribute to the PTSD-associated impairment in the recognition of safe contexts

and memory deficits for neutral stimuli [23, 30]. Animal studies suggest that this

PTSD-associated hippocampal volume loss might be mediated by a trauma-elicited

transient increase in glucocorticoids [31].

Glucocorticoid homeostasis is regulated by the HPA axis which is widely, but

not unequivocally [32], accepted to be hypofunctional in PTSD [33]. The incon-

sistent findings on HPA axis function in PTSD patients may be explained by

different HPA axis responder types which were recently identified in a population

of female PTSD patients [34]: HPA axis responder and non-responder PTSD

patients differed in the prevalence of combined adult and early life trauma (ELT),

the intensity of trauma-related dissociative symptoms, as well as in post-stress

expression levels of peripheral FK506 binding protein 51 (FKBP51) [34], an

inhibitor of glucocorticoid receptor (GR) signaling [35]. FKBP51 and its gene

FKBP5 are well-characterized candidate molecules for affective disorders such as

major depression, anxiety disorders and PTSD [24, 36, 37]. Genetic polymorphisms

in FKBP5 [37, 38] but, interestingly, not in the gene of its target GR [39], are

associated with PTSD. In mice, null mutation of Fkbp5 significantly improved

endocrine and behavioral stress coping [40] and, in parallel, alleviated the stress-
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induced loss of hippocampal synapsin [41], thereby probably counteracting stress-

induced hippocampal shrinkage [42].

In contrast to HPA axis function, SNS function was found to be elevated in

PTSD [43]. Peripheral and cerebrospinal fluid (CSF) levels of norepinephrine, a

major effector hormone of the SNS, are increased in PTSD patients [44–46] and

correlate positively with PTSD symptom severity [43]. Consistent with these

findings, several studies showed that both alpha- and beta-adrenoceptor blockers

are effective in the treatment of PTSD-associated psychopathology [47, 48]. Besides

the SNS, the HPA axis and various brain regions, a variety of other systems and

networks such as neurotransmitters and neuropeptides have been extensively stud-

ied for their role in PTSD [49], among them the serotonin and the dopamine

systems [49] as well as anxiolytic neuropeptides [50, 51]. In addition to molecular

and fMRI studies, a plethora of (neuro)psychological studies has been performed

with PTSD patients. These studies revealed that PTSD patients suffer, inter alia,

from deficits in attention [52], regulation of the stress response [53], emotional

processing [54, 55], and cognition [56, 57].

2 The RDoC System

It is disappointing that, although urgently needed, no novel drug treatment has yet

sprung from this increased knowledge of the biological and psychological mecha-

nisms of PTSD. Since this problem is the same with any other psychiatric disorder,

it is compellingly logical that there is either a lack of implementation of psychiatric

research findings into clinical practice and/or that the design of the studies hitherto

performed is not suitable for drug development. The latter was suggested by many

authors and resulted in the proposition of novel research concepts for psychiatry, for

instance in symptom-based approaches [58–60] as well as in the Research Domain

Criteria (RDoC) concept framed by the US National Institute of Mental Health

(NIMH) [61].

Symptom-based approaches suggest assembling patient study cohorts according

to major complaints rather than according to diagnoses classified in the two leading

psychiatric classification manuals, i.e. the fifth edition of the Diagnostic and

Statistical Manual of Mental Disorders (DSM-5) [8] and the 10th edition of the

International Classification of Diseases (ICD10).[62]. The RDoC project instead

proposes to integrate neuroscientific findings with research in psychopathology in

order to identify neurobiological and behavioral dimensions across the current

disease categories [63]. These dimensions were created to promote the establish-

ment of a novel biologically informed psychiatric nosology [63, 64], thereby

addressing the “comorbidity problem” (p.9) of DSM-5 and ICD10 [65].

RDoC defines psychiatric disorders as pathobiological conditions that involve

brain circuits implicated in specific domains of behavior, cognition, and emotion.

RDoC does not concentrate on pathological conditions, instead its dimensions
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cover the range from pathological to non-pathological. The two-dimensional matrix

of the RDoC framework comprises five research domains which are proposed to be
analyzed with seven units of analysis [66] that are all weighted equally. The

following five research domains were defined so far: (1) negative valence systems

(fear, anxiety, loss, frustrative nonreward), (2) positive valence systems (reward

learning, reward valuation, habits), (3) cognitive systems (attention, perception,

declarative memory, working memory, cognitive control), (4) systems for social

processes (attachment formation, social communication, perception of self, percep-

tion of others), and (5) arousal/modulatory systems (arousal, circadian rhythm,

sleep and wakefulness) [66]. The RDoC framework proposes to analyze these

research domains by taking the following units of analysis into account: genes,

molecules, cells, neural circuits, physiology, behaviors, and self-reports [66].

There are several manuscripts proposing a reconceptualization of a variety of

categorical psychiatric diagnoses and of psychiatric symptoms according to the

RDoC system, for example of the diagnoses major depression [67], panic disorder

[68], and schizophrenia [69] and of the symptoms inhibitory control [70], auditory

hallucinations [70], and pediatric disinhibited eating [71]. Other research teams aim

to optimize the RDoC framework by suggesting novel research domains such as the

domain of social cognition [72].

3 Integration of the RDoC System into PTSD Research

3.1 State of the Literature

We have found three manuscripts on RDoC and PTSD [73–75]. In their narrative

review, Montalvo-Ortiz and colleagues welcomed the RDoC approach for psychiatric

genetics and epigenetics since genes are linked to distinct phenotypes and behaviors

rather than tomultifaceted syndromes such asDSM-5 or ICD10diagnoses [74].Another

excellent narrative review on PTSD pathobiology was provided by Gerald Young. He

suggested to enrich the RDoC framework by adding further candidate endophenotypes

[75]. Bauer and colleagues proposed the psychophysiological posterior probability score

(PPPS), a composite measure of psychophysiological reactivity to script-driven imag-

ery, as a disease marker for PTSD and categorized it as the “sort of quantifiable

physiological or biological trait” (p. 1042) defined by the RDoC system [73].

To the best of our knowledge, there is so far no manuscript integrating PTSD

research into the RDoC framework. In the following, we provide a narrative review

of neurobiological findings and concomitantly analyze the relevance of the RDoC

concept to PTSD research. A summary of our synthesis is provided in Table 1. We

conclude this paper with suggestions for future directions in the application of the

RDoC framework to PTSD research.
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3.2 Negative Valence Systems

The relevance of negative valence systems to PTSD is supported by multiple lines of

research. PTSD patients report and show fear and anxiety symptoms, in particular

anxious avoidance of trauma-related cues [8]. This specific avoidance anxiety tends to

generalize as neutral trauma-unrelated environmental cues can turn into trigger cues

when the stimuli occur during a flashback or intrusion. The core physiological mech-

anisms related to avoidance anxiety are fear conditioning and fear extinction. Fear

conditioning in PTSD is biased toward stimuli with higher emotional intensity than the

original conditioned-fear stimulus [76]. The overgeneralized fear usually becomes

harmful even though the learning of fear is an evolutionarily beneficial response

mechanism [77]. Extinction deficits and cue generalization appears to be predominantly

associated with PTSD symptoms but not general anxiety or depression, suggesting this

is an important dimension for understanding PTSD pathology [78]. The neural circuits

underlying fear conditioning and extinction and their pathological alterations have been

extensively studied. The basolateral amygdala (BLA) is widely accepted as the main

neural structure in which information of unconditioned and conditioned stimuli are

integrated [79]. Impairment of the function of the BLA [80] and of the prelimbic

division of themedial PFC (mPFC) disrupts the learning of fear [79]. Upon presentation

of an extinguished cue during extinction training, the hippocampus activates the

infralimbic cortex that stimulates inhibitory interneurons in the BLA which, in turn,

prevent conditioned responding by inhibiting the output neurons in the central amygdala

[79, 81]. In PTSD, the vmPFC is hypoactive and presumably fails to constrain the

amygdala, thereby leading to increased fear responses and impaired extinction of trauma

reminders [23, 28]. Furthermore, presumably, upon remembering and reconsolidating

the trauma, the hippocampus fails to utilize environmental contextual cues to signal

safety [23, 82]. Impairments in fear expression and extinction have been widely

accepted to be central to PTSD pathobiology and thus have been analyzed in much

more detail than given here – for review see [83]. Although the two major stress

hormone systems, the HPA axis and the SNS, are of undisputed importance in psychi-

atric disorders, their roles in fear extinction, and in particular in PTSD-associated fear

extinction learning deficits, have not yet been fully investigated [83].

The amygdala, the PFC, and the hippocampus harbor high concentrations of

brain derived neurotrophic factor (BDNF), a protein implicated in synaptic plastic-

ity [84]. Carriers of a distinct BDNF polymorphism, the BDNF val66met-allele,

were shown to exhibit impaired extinction learning together with an elevated

activity of the vmPFC and the amygdala during extinction trials [83, 84]. Accord-

ingly, in comparison to val66val carriers, PTSD patients carrying the val66met-

allele showed a poorer response to (fear extinction based) exposure therapy

[85]. Besides BDNF val66met, polymorphisms, genes encoding for the catechol-

O-methyltransferase (COMT) and for the serotonin transporter have also been

associated with impaired fear extinction learning in PTSD patients [83].

A number of animal and clinical studies aimed at establishing a pharmacother-

apy for PTSD-associated deficits in memory reconsolidation and fear extinction
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learning and suggested D-cycloserine as a potential therapeutic option

[86, 87]. However, reports of the efficacy of D-cycloserine augmentation of fear

extinction on PTSD psychotherapy revealed inconsistent results [88–90]. Other

drugs or potential drugs, such as neuropeptide S, which has been shown to enhance

the effects of D-cycloserine [87], L-DOPA and the indole alkaloid yohimbine [91],

and the neuropeptide oxytocin [92, 93] have been suggested as augmentative

treatment for PTSD psychotherapy. Since the extinction-optimizing drugs hitherto

tested are far from being recommendable therapeutic options, future research

should place particular emphasis on bridging this development gap. Although the

neural circuits and molecular pathways of memory reconsolidation, fear learning,

and extinction deficits associated with pathological anxiety are already quite well

understood, this level of understanding does not yet appear sufficient for systematic

drug development. One potential challenge to current study designs for

pharmacotherapeutic enhancement of exposure therapy is that cognitive enhancers

may strengthen contextual learning during extinction, limiting generalization of

recall, thus treatments may need to be administered in multiple settings or during

in vivo exposure to support general symptom reduction [94, 95].

3.3 Positive Valence Systems

In relation to negative valence systems, positive valence systems such as reward

learning and reward valuation are understudied topics in PTSD research. The first

systematic review on reward processing in PTSD was published in 2015 [96]. Reward

processing is thought to underlie anhedonia [96], a symptom which is not pathogno-

monic for PTSD since it can be observed in a variety of other psychiatric disorders as

well, predominantly in major depression [97]. Anhedonia is related to the symptom of

emotional numbing [97] which is more characteristic for PTSD patients and thus

belongs to the DSM-5 core symptoms of PTSD [8]. Both anhedonia and emotional

numbing appear to reflect emotional inexpressiveness and insensitivity to emotional

stimulation [97].However, in accordancewith the hypothesis of a bivariate regulation of

aversion and appetition [98], emotional numbing reflects a diminished goal-oriented

behavior “in response to incentives and positive stimuli at the cognitive-experiential

level” (p.464) while anhedonia reflects a loss of pleasure and interest in previously

pleasurable activities [97]. As, to the best of our knowledge and to our surprise, the

neurobiology of emotional numbing is still elusive, we concentrate here on integrating

anhedonia into the RDoC framework.

Reward processing comprises two steps, namely reward motivation (“wanting”)

and reward consumption (“liking”) [96]. The anticipation of a reward stimulates a

feeling of desire (“wanting”) which motivates a behavior directed at consumption

of the reward. In detail, reward cues stimulate the meso-corticolimbic reward

pathway leading finally, through dopaminergic activation of the motor cortices

and the dorsal striatum, to an approach behavior. This mesolimbic reward pathway

comprises a bundle of dopaminergic fibers originating from the ventral tegmental
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area (VTA). These fibers innervate limbic structures including the BLA, the mPFC,

and the nucleus accumbens [99]. This mesolimbic pathway is also, at least partly,

involved in the sense of pleasure in response to a reward (“liking”). However, this

reward consumption-associated feeling of joy is mainly mediated by GABA and

opioid receptors [96]. Both motivational and consummatory anhedonia have been

reported in PTSD patients [96]. PTSD-associated reward deficits were reported

more often in female PTSD patients and in studies analyzing social stimuli [96].

The molecular pathology of PTSD-associated impairments in reward processing is

still elusive. Studies on this topic are rare. However, one of the few reported an increase

in striatal dopamine transporter (DAT) availability in PTSD patients [100]. Elevation of

DAT availability leads to a reduction in dopaminergic transmission and was hence

suggested to underlie deficits in motivational reward processing [96]. Accordingly,

dopamine agonistswere proposed to overcomePTSD-associated impairments in reward

processing [101]. Selective serotonin reuptake inhibitors (SSRIs) are known to enhance

striatal function [96] and lead to full remission in about a third of PTSD patients

[12]. Thus, in SSRI-sensitive PTSD patients, SSRIs may exert their therapeutic effects,

at least in part, through enhancement of motivational reward processing

[96, 102]. Besides SSRIs, the anxiolytic neuropeptide oxytocin has been recently

shown to augment the sensitivity of the reward pathway during reward anticipation in

PTSD patients versus trauma-exposed controls [103]. This finding is in accordance with

the fact that oxytocin is proposed as a potential cognitive enhancer in PTSD treatment

[91, 104].

3.4 Cognitive Systems

Cognitive systems are undoubtedly affected in PTSD. PTSD patients were repeat-

edly reported to exhibit deficits in attention [52] and planning [105] as well as in

declarative (explicit) [106] and working memory [107]. Moreover, memory defi-

cits, in particular impairments in fear extinction memory, also play a role in the

above-discussed pathobiology of avoidance anxiety (see section “Negative Valence

Systems”). PTSD patients are overengaged in scanning for potential environmental

threats. They have an attentional bias [52] and a memory bias [108, 109] towards

threat and negative stimuli at the expense of other cognitive processes [105]. The

amygdala, the dorsal anterior cingulate cortex (ACC), the insula, and possibly also

the vmPFC (mixed findings) were reported to be active in PTSD patients during

tasks of negative attention [105].

PTSD-associated cognition deficits are promoted by negative emotionality

through interactions between the amygdala and the hippocampus [105]. Most

studies agree on the presence of amygdala overactivity in PTSD [27] whereas

reports on hippocampal activity are mixed, possibly due to the fact that some

studies employed general negative stimuli while others used trauma-specific cues

[105]. The latter can induce false memories and a reduction in the activity of the

hippocampus [105].
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In contrast to explicit memory, which mediates the encoding and recall of facts

[110], implicit or nondeclarative memory refers to the unconscious recall of

encoded items. One facet of implicit memory is repetition priming – it refers to a

bias or facilitation in retrieval of an encoded stimulus due to prior processing of a

related or the same stimulus. “Repetition priming is perceptual when it reflects prior

processing of stimulus form” and “conceptual when it reflects prior processing of

stimulus meaning” (p. 494, [110]). Many, but not all, studies on this topic have

reported that PTSD is associated with an increase in perceptional priming

[111]. Together with diminished fear extinction and enhanced conditioning (see

section “Negative Valence Systems”), the increase in perceptual priming of threat

cues might be a powerful etiological combination in maintenance and pathogenesis

of PTSD. Cognitive deficits in PTSD patients were reported to improve through

successful PTSD treatment [105].

In comparison to fMRI studies, studies on the molecular basis of memory

deficits in PTSD are scarce. One of the few studies on this topic found that increased

methylation of the promoter of the gene encoding for the GR was linked to PTSD

risk in genocide survivors as well as to reduced picture recognition in healthy men

[112]. In fear consolidation, the most intensely studied epigenetic mechanism is

histone acetylation. Animal models revealed that drugs that block histone acetyla-

tion (histone acetyltransferase (HAT) inhibitors) disrupt fear consolidation whereas

the prevention of histone deacetylation by histone deacetylase (HDAC) inhibitors

was found to increase it [113]. Epigenetic modifications in fear consolidation and

extinction have been excellently reviewed by [113] and seem to be promising drug

targets for PTSD, at least for PTSD-associated avoidance and possibly also for the

aversive recall of traumatic memories.

3.5 Arousal Systems

Nervous hyperarousal belongs to the PTSD core symptoms [8] and shows up inter alia in

enhancednervousness, sleeping problems including nightmares and enhanced jumpiness.

It is broadly accepted that SNS overdrive plays a core etiological role in PTSD, in

particular in PTSD-associated hyperarousal [23, 24] and may be a risk factor for

developing PTSD [114]. Both animal and clinical studies strongly suggest that the

major effector hormones of the SNS, adrenaline and noradrenaline, enhance memory

storage and that, consequently, excessive SNS activity at the time of trauma exposure

might foster the consolidation of traumatic memory thereby promoting it to become

intrusive [115]. A deletion variant of the gene encoding the α2B adrenergic receptor

(ADRA2B) was reported to be linked to enhanced emotionalmemory both in survivors of

the Rwandan genocide survivors and in healthy Swiss control cohort [116]. A polymor-

phism of another adrenoceptor, β2-adrenergic receptor (ADRB2), was found to be

associated with PTSD both in male European Americans and in female African Amer-

icans [117]. In the latter study, the polymorphism in ADRB2 interacted with childhood

adversity to predict adult PTSDsymptoms. In a recent review article, PTSDpatientswere
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reported to have elevated peripheral and cerebrospinal fluid (CSF) noradrenaline and

adrenaline levels [48]. Accordingly, adrenoreceptor blockers such as the α-1
adrenoreceptor blocker prazosin [118] and the beta-blocker propranolol [47] have been

found by several authors to be effective in PTSD treatment. However, promoting a

systemic attenuation of SNS activity can bring various side effects such as arterial

hypotonia and loss in motivational drive.

In the brain, adrenergic transmission is regulated by the locus coeruleus (LC)-

noradrenaline arousal system [119]. The LC is the principal site for brain synthesis

of norepinephrine [120]; it mediates arousal and primes neurons to stimulus acti-

vation in widespread central regions such as the cerebellum, the hypothalamus, the

thalamic relay nuclei, and the amygdala [120]. The LC was shown to mediate

cognition through arousal [120]. Enhanced noradrenergic postsynaptic responsive-

ness, in particular in the circuit spanning from the LC to the BLA, was suggested as

a major factor in the pathophysiology of PTSD and other stress-related

disorders [121].

3.6 Systems for Social Processes

Social processes such as attachment formation, social communication and perception of

self and others are clearly affected in PTSDpatients, especially in patients with complex

PTSD and in those having suffered an interpersonal trauma. However, as the body of

literature on this topic comprisesmainly psychological experiments and data, we did not

review or summarize it here in this paper, which is focusing on neurobiological findings.

However, we suggest putting particular emphasis on the study of the concepts of shame,

guilt, and paranoid distrust since all of them are particularly frequent in interpersonally

traumatized PTSD patients.

4 Proposed Novel Domains for PTSD Research

Table 1 demonstrates that many core findings on PTSD vulnerability and patho-

genesis can be easily integrated into the RDoC framework. Hence, the RDoC

system is unquestionably useful for PTSD research. However, there are some facets

of PTSD pathobiology that do not easily fit into the proposed RDoC research

domains, in particular PTSD-associated impairments in emotion processing and

dissociative symptoms. For this reason, we propose two novel RDoC domains for

PTSD research, the “emotional processes” and the “maintenance of consciousness”

domains that we describe in the following and outline in Table 2.
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4.1 Stress and Emotion Regulation

In our eyes, stress and emotion regulation neither fits properly in the RDoC domain

“negative valence systems” nor in any other of the RDoC research domains

Table 2 Suggested novel domains for PTSD research

Construct Stress and emotion regulation Maintenance of consciousness

Self-

reports

Emotional numbing, instable mood Spectrum from feeling briefly discon-

nected from reality to losing con-

sciousness, amnesic spells/gaps in

memory

Behaviors Loss of interest and emotionality, emo-

tional instability, sometimes with self-

injury

Spectrum reaching from brief periods

of absentmindedness to seizure-like

attacks (spectrum from intrusions to

PNES)

Physiology Central nervous emotion regulation,

key structure: PFC dorsal pathway:

dorsolateral prefrontal cortex

(dlPFC) + lateral parietal cortex ventral

pathway: AMY, ventrolateral PFC

(vlPFC) + medial prefrontal cortex

(mPFC)

Various brain networks, i.e. networks

mediating emotion regulation, aware-

ness, executive/cognitive control,

attention, self-referential processing,

and motor functions. Shift in default

and salience network

Corticolimbic pathway

Neural

circuits

Prefrontal/parietal connectivity with

subgenual cingulate " in PTSD, AMY

activity ", impaired top-down-atten-

tional control of emotions

Emotional overmodulation (PFC

hyperactivity with consecutive limbic

hypersuppression) in dissociative

PTSD

Further studies needed Corticolimbic model of dissociation

Various functional and structural alter-

ations in various brain networks medi-

ating: emotion regulation and

awareness (anterior cingulate,

orbitofrontal cortex, insula), executive/

cognitive control (inferior frontal

gyrus, ACC), attention (posterior pari-

etal cortex), self-referential processing

(precuneus), motor symptoms (suppl.

Motor area, precentral gyrus,

cerebellum)

Further studies needed

Cells Studies needed Studies needed

Molecules Sertraline, paroxetine were found to

ameliorate stress and emotion regula-

tion dysfunction

Limited evidence for partial opioid-

antagonists such as naltrexone, further

studies, in particular RCTs, clearly

needed!

Genes Studies needed First evidence for FKBP51 and MR

dlPFC dorsolateral prefrontal cortex, vlPFC ventrolateral prefrontal cortex, mPFC medial pre-

frontal cortex, AMY amygdala, PNES psychogenic non-epileptic seizures, FKBP5 FK506 binding

protein 51,MRmineralocorticoid receptor, ACC anterior cingulate cortex. Symbols:!, influence;

!+, activation; ⇥, inhibition, #, reduction; ", increase
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suggested so far. Accordingly, del Rio-Casanova and colleagues also stated that

“emotion regulation should be considered a core domain when constructing clinical

phenotypes in trauma spectrum disorders” [122].

Gross and colleagues defined stress and emotion regulation as “processes by

which individuals influence which emotions they have, when they have them, and

how they experience and express these emotions” [123]. However, definitions vary

due to inadequate distinctions of character traits versus cognitive distortions and

automatic versus voluntary processes [122].

A substantial body of literature documents the role of stress and emotion

regulation in PTSD, complex PTSD, and borderline personality disorder (BPS)

[124, 125]. BPS is seen as a trauma spectrum disorder by many researchers due to

its comorbidity with PTSD and the high prevalence of traumatic events in the early

life of BPS patients [126]. Moreover, BPS has a significant overlap with complex

PTSD, but is, nevertheless, considered a separate diagnostic entity [127]. Here we

will therefore concentrate on emotion regulation in PTSD which was repeatedly

found to be dysfunctional in various facets [125].

The PFC plays a key role in the central nervous emotion regulation network

[128]. This network was repeatedly described to comprise a dorsal and ventral

subpathway. The dorsal pathway includes brain regions such as the lateral parietal

cortex and the dorsolateral prefrontal cortex (dlPFC), and is involved in executive

control of emotions. The ventral pathway includes the mPFC, the amygdala, and the

ventrolateral PFC (vlPFC) and is mainly involved in in processing of emotions

[122]. Both subpathways are key for the cognitive control of emotions and “com-

pete for attentional resources” [122]. Upon evaluation of the emotional component

of a stimulus, the activity of the orbitofrontal cortex and the amygdala increases,

whereas the activity of the right vlPFC decreases. Conversely, upon linguistic

labeling of the same stimulus, limbic area activity decreases [122]. Hence, emotion

regulation processing can be understood as the result of an opposition between

limbic and prefrontal areas.

One study demonstrated that PTSD patients, in relation to trauma-exposed controls,

exhibit increased connectivity of the prefrontal/parietal region with the subgenual

cingulate [122]. Findings on mPFC activity in PTSD are mixed. However, studies

agree on the presence of amygdala hyperactivity in PTSD [23] and suggest PTSD to

be associated with an impaired top-down-attentional control of emotions [122]. In

general, in comparison to BPS, studies researching functional and molecular underpin-

nings of emotion regulation deficits in PTSD are scarce. To the best of our knowledge,

there are so far no studies on the genetic or epigenetic basis of emotional regulation

dysfunction in PTSD. However, according to the RDoC system, pathways should no

longer be studied solely in relation to traditional diagnoses such as BPS and PTSD – it

might well be that the molecular alterations associated with emotional dysregulation in

BPS also underlie emotional dysfunction in PTSD. Interestingly, in a cohort of patients

suffering from chronic PTSD, impairments in the regulation of emotions improved in

response to prolonged exposure-based psychotherapy as well as to treatment with the

SSRI sertraline [129].
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As stress and emotion regulation not only play a role in PTSD, complex PTSD and

BPS but also in a variety of other psychiatric diseases, for instance in major depression,

eating disorders [77], and bipolar disorder, in concurrence with Fernandez and col-

leagues [130], we suggest to add this novel domain to the RDoC framework not only for

PTSD research, but also for psychiatric research in general.

4.2 Maintenance of Consciousness

The aversive recall of traumaticmemories is pathognomonic for PTSD and always goes

along with dissociation and usually also with a change in the state of consciousness. An

intrusion is a brief recollection of traumatic memories while a flashback can last for

hours and flow into various forms of dissociation, for instance into psychogenic

non-epileptic seizures (PNES). However, PTSD is not the only psychiatric disorder

associated with dissociative symptoms. Derealization and depersonalization, which

belong also to the spectrum of dissociative symptoms [131], occur for instance during

panic attacks. Hence, the novel domain “maintenance of consciousness” might not be

relevant to PTSD research only, but for various psychiatric disorders. During the

experience of dissociation there is a change in consciousness [132] which is the result

of, but cannot be fully explained by, cognitive processes. Thus, in our eyes, the research

domain “cognitive processes” covers only parts of the phenomenon of psychological

dissociation.

There are various definitions for psychological dissociation. According to

DSM-IV, it is “a disruption in the usually integrated functions of consciousness,

memory, identity, or perception of the environment” [133]. Among other reasons,

the fact that both frequency and intensity of dissociative symptoms differ signifi-

cantly among PTSD patients has motivated the definition of the dissociative

subtype of PTSD [134]. The assessment of the functional and molecular underpin-

nings of dissociative phenomena such as PNES is still in its early stages [135] –

defining maintenance of consciousness as a novel research domain in the RDoC

system might hopefully remedy this gap of knowledge and promote substantial

neurobiological research on this important topic, in particular on dissociative

symptoms. Studies on the drug treatment of dissociative symptoms are also scarce.

Naltrexone, a partial opiate antagonist, is one of the few drugs tested regarding its

efficacy in the treatment of dissociative symptoms [136]. Currently, a clinical study

tests cognitive behavioral therapy versus standardized medical care in adults

suffering from PNES in a multicenter randomized controlled trial (RCT) protocol

[137]. To the best of our knowledge, there is so far no RCT that has assessed the

effect of any drug treatment on dissociative symptoms. With regard to the suffering

of patients experiencing pathological dissociation this is a significant omission.

Thirty percent of PTSD patients have a blunted heart rate response to trauma

narrative exposure [138]. Accordingly, in a Trier Social Stress Test (TSST) paradigm,

one group of PTSD patients exhibited a blunted HPA reactivity together with an

increased prevalence of trauma-related dissociative symptoms (HPA non-responder
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PTSD patients) [34]. These non-responder patients showed alterations in the peripheral

expression levels on the mineralocorticoid receptor (MR) and of FKBP5 [34]. These

studies suggest that a blunted reactivity of the HPA axis and of the SNS might be

associated with the propensity for dissociative symptoms in PTSD patients. Lanius and

colleagues state that only patients suffering from the dissociative subtype of PTSD show

a frequent and severe overactivity of the prefrontal area with consecutive

hypersuppression of limbic regions upon exposure to trauma-narrative scripts (emo-

tional overmodulation) [138]. Emotional under- and overmodulation is present in all

PTSD patients at different time-points [138]. A study by Felmingham and colleagues

[139] and studies on dissociative amnesia support this corticolimbic model of

dissociation [138].

In Table 2, the various brain networks and regions that have been implicated in

PNES pathobiology and hence probably play a role in other dissociative symptoms

also are summarized from the review by Perez and colleagues [135]. The fact that

the networks and regions mentioned in that review comprise the majority of brain

areas might hint at a lack of specificity of the results and again stresses the urgent

need for further studies on the neurobiology of the maintenance of consciousness, in

particular of psychological dissociation.

5 Summary and Conclusions

In summary, decades of PTSD research have considerably advanced our under-

standing of PTSD pathobiology (see, e.g., [140, 141]). However, none of the

potential biomarkers and none of the proposed drugs, except for prazosin, or drug

targets have yet progressed to clinical use [141]. Our synthesis reveals that several

core findings in PTSD such as amygdala/BLA overactivity can be linked to all

RDoC domains for PTSD research but lack further specification of their exact role

in the pathways associated with these domains (Tables 1 and 2). This circumstance

indicates that the cellular and molecular processes finally decisive for regulation of

psychic processes and hence for the expression of psychopathological symptoms

have not yet been identified.

The RDoC framework was conceptualized to overcome the translational gap in

psychiatric research by detaching it from the concept of traditional psychiatric

diagnoses. The currently described integration of important neurobiological find-

ings of PTSD research into the RDoC system put fear processing, reward function-

ing, explicit/implicit memory pathways and the SNS in the spotlight of PTSD

vulnerability and pathogenesis (Table 1) and, furthermore, revealed that PTSD-

associated emotional instability and dissociative symptoms are not adequately

represented in current RDoC domains. For this reason, we suggest two novel

domains, i.e. the domains “maintenance of consciousness” and “stress and emotion

regulation” (Table 2) – the latter has recently also been suggested by others to be

indispensable for general psychiatric research [130]. Integrating PTSD research

findings into these two novel domains revealed large gaps of knowledge in the
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associated units of analysis “cells,” “molecules,” and “genes” (Table 2), i.e. in the

molecular and cellular processes underlying the regulation of stress and emotion

and in the maintenance of consciousness. We hope that the gaps of knowledge in

PTSD pathobiology identified here stimulate studies aiming to close them – such

studies will certainly profit from the adoption of the RDoC principle.
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68. Hamm AO, Richter J, Pané-Farré C et al (2016) Panic disorder with agoraphobia from a

behavioral neuroscience perspective: applying the research principles formulated by the

research domain criteria (RDoC) initiative: panic disorder with agoraphobia. Psychophysi-

ology 53:312–322. doi:10.1111/psyp.12553

69. Morris SE, Vaidyanathan U, Cuthbert BN (2016) Changing the diagnostic concept of

schizophrenia: the NIMH research domain criteria initiative. In: Li M, Spaulding WD (eds)

The neuropsychopathology of schizophrenia. Springer International Publishing, Cham, pp

225–252

70. Badcock JC, Hugdahl K (2014) A synthesis of evidence on inhibitory control and auditory

hallucinations based on the research domain criteria (RDoC) framework. Front Hum Neurosci

8:180

71. Tanofsky-Kraff M, Engel S, Yanovski JA et al (2013) Pediatric disinhibited eating: toward a

research domain criteria framework. Int J Eat Disord 46:451–455. doi:10.1002/eat.22101

72. Gur RC, Gur RE (2016) Social cognition as an RDoC domain. Am J Med Genet B

Neuropsychiatr Genet 171:132–141. doi:10.1002/ajmg.b.32394

73. Bauer MR, Ruef AM, Pineles SL et al (2013) Psychophysiological assessment of PTSD: a

potential research domain criteria construct. Psychol Assess 25:1037–1043. doi:10.1037/

a0033432

Integrating NIMH Research Domain Criteria (RDoC) into PTSD Research 87

https://doi.org/10.1001/archpsyc.63.2.184
https://doi.org/10.1001/archpsyc.63.2.184
https://doi.org/10.1016/j.janxdis.2013.01.001
https://doi.org/10.1016/j.janxdis.2013.01.001
https://doi.org/10.1037//0894-4105.16.1.5
https://doi.org/10.1017/S0140525X10000750
https://doi.org/10.3402/ejpt.v6.27660
https://doi.org/10.1016/j.mppsy.2009.03.016
https://doi.org/10.1016/j.mppsy.2009.03.016
https://doi.org/10.1176/appi.ajp.2010.09091379
https://doi.org/10.1007/s11920-015-0572-2
https://doi.org/10.1007/s11920-015-0572-2
https://doi.org/10.1002/wps.20087
https://doi.org/10.1016/j.copsyc.2015.01.004
https://doi.org/10.1111/psyp.12553
https://doi.org/10.1002/eat.22101
https://doi.org/10.1002/ajmg.b.32394
https://doi.org/10.1037/a0033432
https://doi.org/10.1037/a0033432


74. Montalvo-Ortiz JL, Gelernter J, Hudziak J, Kaufman J (2016) RDoC and translational

perspectives on the genetics of trauma-related psychiatric disorders. Am J Med Genet B

Neuropsychiatr Genet 171:81–91. doi:10.1002/ajmg.b.32395

75. Young G (2014) PTSD, endophenotypes, the RDoC, and the DSM-5. Psychol Inj Law

7:75–91. doi:10.1007/s12207-014-9187-x

76. Morey RA, Dunsmoor JE, Haswell CC, Brown VM, Vora A, Weiner J, Stjepanovic D,

Wagner HR, Brancu M, Marx CE, Naylor JC (2015) Fear learning circuitry is biased toward

generalization of fear associations in posttraumatic stress disorder. Transl Psychiatry 5(12):

e700

77. Mahan AL, Ressler KJ (2012) Fear conditioning, synaptic plasticity and the amygdala:

implications for posttraumatic stress disorder. Trends Neurosci 35:24–35. doi:10.1016/j.

tins.2011.06.007

78. Acheson DT, Geyer MA, Baker DG, Nievergelt CM, Yurgil K, Risbrough VB, Team MI

(2015) Conditioned fear and extinction learning performance and its association with psy-

chiatric symptoms in active duty marines. Psychoneuroendocrinology 51:495–505

79. Graham BM, Milad MR (2011) The study of fear extinction: implications for anxiety

disorders. Am J Psychiatry 168:1255–1265. doi:10.1176/appi.ajp.2011.11040557

80. LeDoux J (2007) The amygdala. Curr Biol CB 17:R868–R874. doi:10.1016/j.cub.2007.08.

005

81. Quirk GJ, Mueller D (2008) Neural mechanisms of extinction learning and retrieval.

Neuropsychopharmacology 33:56–72. doi:10.1038/sj.npp.1301555

82. Liberzon I, Abelson JL (2016) Context processing and the neurobiology of post-traumatic

stress disorder. Neuron 92(1):14–30

83. Zuj DV, Palmer MA, Lommen MJJ, Felmingham KL (2016) The centrality of fear extinction

in linking risk factors to PTSD: a narrative review. Neurosci Biobehav Rev 69:15–35. doi:10.

1016/j.neubiorev.2016.07.014

84. Middlemas DS, Bylund DB (2015) Brain-derived neurotrophic factor. In: Stolerman IP, Price

LH (eds) Encyclopedia of psychopharmacology. Springer, Heidelberg, pp 310–313

85. Felmingham KL, Dobson-Stone C, Schofield PR et al (2013) The brain-derived neurotrophic

factor Val66Met polymorphism predicts response to exposure therapy in posttraumatic stress

disorder. Biol Psychiatry 73:1059–1063. doi:10.1016/j.biopsych.2012.10.033

86. Byrne SP, Rapee RM, Richardson R et al (2015) D-cycloserine enhances generalization of

fear extinction in children: research article: DCS enhances fear extinction in children.

Depress Anxiety 32:408–414. doi:10.1002/da.22356

87. Sartori SB, Maurer V, Murphy C et al (2016) Combined neuropeptide S and D-cycloserine

augmentation prevents the return of fear in extinction-impaired rodents: advantage of dual versus

single drug approaches. Int J Neuropsychopharmacol Off Sci J Coll Int Neuropsychopharmacol

CINP. doi: 10.1093/ijnp/pyv128

88. de Kleine RA, Smits JAJ, Hendriks G-J, et al (2015) Extinction learning as a moderator of

d-cycloserine efficacy for enhancing exposure therapy in posttraumatic stress disorder. J

Anxiety Disord 34:63–67. doi:10.1016/j.janxdis.2015.06.005

89. Difede J, Cukor J, Wyka K et al (2014) D-cycloserine augmentation of exposure therapy for

post-traumatic stress disorder: a pilot randomized clinical trial. Neuropsychopharmacol Off

Publ Am Coll Neuropsychopharmacol 39:1052–1058. doi:10.1038/npp.2013.317

90. ScheeringaMS,Weems CF (2014) Randomized placebo-controlled D-cycloserine with cognitive

behavior therapy for pediatric posttraumatic stress. J Child Adolesc Psychopharmacol 24:69–77.

doi:10.1089/cap.2013.0106

91. Singewald N, Schmuckermair C, Whittle N et al (2015) Pharmacology of cognitive enhancers

for exposure-based therapy of fear, anxiety and trauma-related disorders. Pharmacol Ther

149:150–190. doi:10.1016/j.pharmthera.2014.12.004

92. Acheson D, Feifel D, de Wilde S, Mckinney R, Lohr J, Risbrough V (2013) The effect of

intranasal oxytocin treatment on conditioned fear extinction and recall in a healthy human

sample. Psychopharmacology 229(1):199–208

88 U. Schmidt and E. Vermetten

https://doi.org/10.1002/ajmg.b.32395
https://doi.org/10.1007/s12207-014-9187-x
https://doi.org/10.1016/j.tins.2011.06.007
https://doi.org/10.1016/j.tins.2011.06.007
https://doi.org/10.1176/appi.ajp.2011.11040557
https://doi.org/10.1016/j.cub.2007.08.005
https://doi.org/10.1016/j.cub.2007.08.005
https://doi.org/10.1038/sj.npp.1301555
https://doi.org/10.1016/j.neubiorev.2016.07.014
https://doi.org/10.1016/j.neubiorev.2016.07.014
https://doi.org/10.1016/j.biopsych.2012.10.033
https://doi.org/10.1002/da.22356
https://doi.org/10.1093/ijnp/pyv128
https://doi.org/10.1016/j.janxdis.2015.06.005
https://doi.org/10.1038/npp.2013.317
https://doi.org/10.1089/cap.2013.0106
https://doi.org/10.1016/j.pharmthera.2014.12.004


93. Acheson DT, Risbrough VB (2015) Oxytocin enhancement of fear extinction: a new target

for facilitating exposure-based treatments? Biol Psychiatry 78(3):154

94. Risbrough VB, Glenn DE, Baker DG (2016) On the road to translation for PTSD treatment:

theoretical and practical considerations of the use of human models of conditioned fear for

drug development. Transl Neuropsychopharmacol 28:173–196

95. Vervliet B, Craske MG, Hermans D (2013) Fear extinction and relapse: state of the art. Annu

Rev Clin Psychol 9:215–248

96. Nawijn L, van Zuiden M, Frijling JL et al (2015) Reward functioning in PTSD: a systematic

review exploring the mechanisms underlying anhedonia. Neurosci Biobehav Rev

51:189–204. doi:10.1016/j.neubiorev.2015.01.019

97. Kashdan TB, Elhai JD, Frueh BC (2006) Anhedonia and emotional numbing in combat

veterans with PTSD. Behav Res Ther 44:457–467. doi:10.1016/j.brat.2005.03.001

98. Gable SL, Reis HT, Elliot AJ (2003) Evidence for bivariate systems: an empirical test of

appetition and aversion across domains. J Res Personal 37:349–372. doi:10.1016/S0092-

6566(02)00580-9

99. Sharf R, Sarhan M, DiLeone RJ (2010) Role of orexin/hypocretin in dependence and

addiction. Brain Res 1314:130–138. doi:10.1016/j.brainres.2009.08.028

100. Hoexter MQ, Fadel G, Felı́cio AC et al (2012) Higher striatal dopamine transporter density in

PTSD: an in vivo SPECT study with [99mTc]TRODAT-1. Psychopharmacology

224:337–345. doi:10.1007/s00213-012-2755-4

101. Blum K, Giordano J, Oscar-Berman M et al (2012) Diagnosis and healing in veterans

suspected of suffering from post-traumatic stress disorder (PTSD) using reward Gene testing

and reward circuitry natural dopaminergic activation. J Genet Syndr Gene Ther 3:1000116.

doi:10.4172/2157-7412.1000116

102. Heller AS, Johnstone T, Light SN et al (2013) Relationships between changes in sustained

Fronto-striatal connectivity and positive affect in major depression resulting from antide-

pressant treatment. Am J Psychiatry 170:197–206. doi:10.1176/appi.ajp.2012.12010014

103. Nawijn L, van Zuiden M, Koch SBJ et al (2016) Intranasal oxytocin enhances neural

processing of monetary reward and loss in post-traumatic stress disorder and traumatized

controls. Psychoneuroendocrinology 66:228–237. doi:10.1016/j.psyneuen.2016.01.020

104. Koch SBJ, van Zuiden M, Nawijn L et al (2014) Intranasal oxytocin as strategy for

medication-enhanced psychotherapy of PTSD: salience processing and fear inhibition pro-

cesses. Psychoneuroendocrinology 40:242–256. doi:10.1016/j.psyneuen.2013.11.018

105. Hayes JP, VanElzakker MB, Shin LM (2012) Emotion and cognition interactions in PTSD: a

review of neurocognitive and neuroimaging studies. Front Integr Neurosci. doi: 10.3389/

fnint.2012.00089

106. Campanella C, Bremner JD (2016) Neuroimaging of PTSD. In: Bremner JD (ed)

Posttraumatic stress disorder: from neurobiology to treatment. Wiley, Hoboken, p. 291

107. Schweizer S, Dalgleish T (2016) The impact of affective contexts on working memory

capacity in healthy populations and in individuals with PTSD. Emotion 16:16–23. doi:10.

1037/emo0000072

108. Golier JA, Yehuda R, Lupien SJ et al (2002) Memory performance in holocaust survivors

with posttraumatic stress disorder. Am J Psychiatry 159:1682–1688. doi:10.1176/appi.ajp.

159.10.1682

109. Paunovi N, Lundh LG, Ost LG (2002) Attentional and memory bias for emotional informa-

tion in crime victims with acute posttraumatic stress disorder (PTSD). J Anxiety Disord

16:675–692

110. Wagner AD, Stebbins GT, Masciari F et al (1998) Neuropsychological dissociation between

recognition familiarity and perceptual priming in visual long-term memory. Cortex 34:493–511

111. Ehlers A, Michael T, Chen YP, Payne E, Shan S (2006) Enhanced perceptual priming for

neutral stimuli in a traumatic context: a pathway to intrusive memories? Memory 14

(3):316–328

Integrating NIMH Research Domain Criteria (RDoC) into PTSD Research 89

https://doi.org/10.1016/j.neubiorev.2015.01.019
https://doi.org/10.1016/j.brat.2005.03.001
https://doi.org/10.1016/S0092-6566(02)00580-9
https://doi.org/10.1016/S0092-6566(02)00580-9
https://doi.org/10.1016/j.brainres.2009.08.028
https://doi.org/10.1007/s00213-012-2755-4
https://doi.org/10.4172/2157-7412.1000116
https://doi.org/10.1176/appi.ajp.2012.12010014
https://doi.org/10.1016/j.psyneuen.2016.01.020
https://doi.org/10.1016/j.psyneuen.2013.11.018
https://doi.org/10.3389/fnint.2012.00089
https://doi.org/10.3389/fnint.2012.00089
https://doi.org/10.1037/emo0000072
https://doi.org/10.1037/emo0000072
https://doi.org/10.1176/appi.ajp.159.10.1682
https://doi.org/10.1176/appi.ajp.159.10.1682


112. Vukojevic V, Kolassa I-T, Fastenrath M et al (2014) Epigenetic modification of the gluco-

corticoid receptor Gene is linked to traumatic memory and post-traumatic stress disorder risk

in genocide survivors. J Neurosci 34:10274–10284. doi:10.1523/JNEUROSCI.1526-14.2014

113. Kwapis JL, Wood MA (2014) Epigenetic mechanisms in fear conditioning: implications for

treating post-traumatic stress disorder. Trends Neurosci 37:706–720. doi:10.1016/j.tins.2014.

08.005

114. Minassian A, Maihofer AX, Baker DG, Nievergelt CM, Geyer MA, Risbrough VB (2015)

Association of predeployment heart rate variability with risk of postdeployment

posttraumatic stress disorder in active-duty marines. JAMA Psychiat 72(10):979–986

115. Zoladz PR, Diamond DM (2013) Current status on behavioral and biological markers of

PTSD: a search for clarity in a conflicting literature. Neurosci Biobehav Rev 37:860–895.

doi:10.1016/j.neubiorev.2013.03.024

116. de Quervain DJ-F, Kolassa I-T, Ertl V et al (2007) A deletion variant of the alpha2b-

adrenoceptor is related to emotional memory in Europeans and Africans. Nat Neurosci

10:1137–1139. doi:10.1038/nn1945

117. Liberzon I, King AP, Ressler KJ et al (2014) Interaction of the ADRB2 Gene polymorphism

with childhood trauma in predicting adult symptoms of posttraumatic stress disorder. JAMA

Psychiat 71:1174. doi:10.1001/jamapsychiatry.2014.999

118. De Berardis D, Marini S, Serroni N et al (2015) Targeting the noradrenergic system in

posttraumatic stress disorder: a systematic review and meta-analysis of prazosin trials. Curr

Drug Targets 16:1094–1106

119. Bangasser DA, Wiersielis KR, Khantsis S (2016) Sex differences in the locus coeruleus-

norepinephrine system and its regulation by stress. Brain Res 1641:177–188. doi:10.1016/j.

brainres.2015.11.021

120. Sara SJ, Bouret S (2012) Orienting and reorienting: the locus coeruleus mediates cognition

through arousal. Neuron 76:130–141. doi:10.1016/j.neuron.2012.09.011

121. Bangasser DA, Valentino RJ (2014) Sex differences in stress-related psychiatric disorders:

neurobiological perspectives. Front Neuroendocrinol 35:303–319. doi:10.1016/j.yfrne.2014.

03.008
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Neurocognition in PTSD: Treatment

Insights and Implications

Amy J. Jak, Laura D. Crocker, Robin L. Aupperle, Ashley Clausen,

and Jessica Bomyea

Abstract Post-traumatic stress disorder (PTSD) is classified as a traumatic stress-

related condition and is most often discussed in terms of emotional dysfunction.

However, given that cognitive and emotional processes are intricately intertwined,

implemented by overlapping brain networks, and effectively integrated in at least

some of the same regions (e.g., prefrontal cortex, for a review, see Crocker et al. 2013),

an abundance of literature now highlights the key role that cognitive functioning plays
in both the development and maintenance (or exacerbation) of PTSD symptoms

(Aupperle et al. 2012a; Verfaellie et al. 2012). Findings from this body of work detail

objective impairment in neuropsychological function in those with PTSD (Brandes

et al. 2002; Hayes et al. 2012a; Koenen et al. 2001). Yet despite the impact of

neurocognition on PTSD treatment engagement and success (e.g., Haaland et al.

2016; Nijdam et al. 2015) and conversely, the role of PTSD treatment in normalizing

cognitive dysfunction, a much smaller literature exists on neurocognitive changes

following treatment for PTSD. Even aside from its role in treatment, cognitive

functioning in PTSD has significant implications for daily functioning for individuals

with this disorder, as cognition is predictive of school achievement, obtaining and
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maintaining employment, job advancement, maintaining relationships, greater

wealth, and better health and quality of life (e.g., Diamond and Ling 2016).
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1 Introduction

Post-traumatic stress disorder (PTSD) is classified as a traumatic stress-related condi-

tion and is most often discussed in terms of emotional dysfunction. However, given

that cognitive and emotional processes are intricately intertwined, implemented by

overlapping brain networks, and effectively integrated in at least some of the same

regions (e.g., prefrontal cortex, for a review, see Crocker et al. 2013), an abundance of

literature now highlights the key role that cognitive functioning plays in both the

development and maintenance (or exacerbation) of PTSD symptoms (Aupperle et al.

2012a; Verfaellie et al. 2012). Findings from this body of work detail objective

impairment in neuropsychological function in those with PTSD (Brandes et al.

2002; Hayes et al. 2012a; Koenen et al. 2001). Yet despite the impact of

neurocognition on PTSD treatment engagement and success (e.g., Haaland et al.

2016; Nijdam et al. 2015) and conversely, the role of PTSD treatment in normalizing

cognitive dysfunction, a much smaller literature exists on neurocognitive changes

following treatment for PTSD. Even aside from its role in treatment, cognitive

functioning in PTSD has significant implications for daily functioning for individuals

with this disorder, as cognition is predictive of school achievement, obtaining and

maintaining employment, job advancement, maintaining relationships, greaterwealth,

and better health and quality of life (e.g., Diamond and Ling 2016).

Therefore, given the pervasiveness of cognitive symptoms in PTSD, understand-

ing the potential impact of treatment for PTSD on neuropsychological functioning is

also essential to understanding neurocognition in PTSD. This review will briefly
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summarize primary findings across cognitive domains as well as the proposed neural

mechanisms for performance differences observed in PTSD. We will also review

neuropsychological and neuroimaging outcomes following psychotherapy and psy-

chopharmacology interventions for PTSD. Better understanding of neurocognition in

PTSD has the potential to advance our understanding of treatment mechanisms,

inform efforts to improve treatments, and better match individuals to specific treat-

ments; these and other future directions for research on neurocognition in PTSD will

be discussed.

2 Neurocognition in PTSD

Several reviews and recent meta-analyses have summarized the literature regarding

how PTSD relates to neuropsychological function, providing evidence for decreased

performance within domains of learning and memory, executive functions, processing

Table 1 Summary of neuropsychological functioning in PTSD and implicated brain regions

Cognitive

domain

Summary of primary

neuropsychological findings Implicated brain regions

Exemplar reviews

or meta-analyses

Learning

and

memory

More robust dysfunction for

verbal rather than visual

information and for initial

encoding and retrieval rather

than delayed recall

Decreased hippocampal vol-

ume, dysfunction in hippo-

campal activation though

directionality of findings

mixed, dysfunction in pre-

frontal cortex (PFC) may

also play a role

Brewin et al.

(2007), Samuel-

son (2011) and

Scott et al. (2015)

Attention Decreased performance for

basic and sustained attention,

particularly for verbal rather

than visual information

PFC dysfunction, though the

specific PFC regions (ante-

rior cingulate cortex,

orbitofrontal cortex, dorso-

lateral PFC, inferior frontal

cortex, etc.) and directional-

ity of findings differ across

studies, particularly

depending on specific task

demands

Aupperle et al.

(2012a, b) and

Polak et al. (2012)

Working

memory

Decreased working memory

performance, particularly

for verbal rather than visual

information

Executive

function

Deficits in response inhibi-

tion, some evidence of

impairment in speeded

attentional switching; how-

ever, rule-learning and

untimed strategy switching

is mostly spared

Processing

speed

Impaired information

processing speed (PS), one

of the strongest effect sizes

in meta-analysis; deficits in

PS impact performance in

other domains of function

Inferior frontal gyrus Scott et al. (2015)
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speed, attention, and working memory (Aupperle et al. 2012a; Brewin 2011; Polak

et al. 2012; Samuelson 2011; Scott et al. 2015). Below we review some of the primary

findings for each of these domains, as well as the proposed neural mechanisms for

performance differences observed in PTSD (see Table 1 for a summary).

2.1 Memory

There is strong evidence of memory deficits in PTSD. The disorder involves

persistent re-experiencing of traumatic memories, and the animal literature shows

that prolonged or severe stress influences hippocampal structure and function

(Brewin 2011; McEwen and Sapolsky 1995). Individual studies and meta-analyses

support the existence of memory dysfunction in PTSD, which is most robust for

verbal (rather than visual) information and for initial encoding and retrieval infor-

mation (rather than delayed recall; see (Scott et al. 2015)).

There is also consistent evidence that PTSD is related to decreased hippocampal

volume. Bremmer and colleagues were among the first to show reduced hippocam-

pal volume in individuals with PTSD (Bremner et al. 1995), with evidence of

smaller hippocampi along the continuum from trauma exposed individuals (Woon

et al. 2010) to chronic PTSD (Kitayama et al. 2005). There is also suggestion that

smaller hippocampal volume is a risk factor for persistence of PTSD (Apfel et al.

2011; van Rooij et al. 2015a, b). There has been mixed evidence, however, as to

whether hippocampal volume is related to observed decreases in memory perfor-

mance for PTSD patients, with some research findings smaller hippocampi related to

poorer memory performances (Bremner et al. 1995; Tischler et al. 2006; Vythilingam

et al. 2005), while others found no association between hippocampal volume and

memory performance (Lindauer et al. 2006; Neylan et al. 2004; Stein et al. 1997;

Woodward et al. 2009). In addition, there is evidence that hippocampal or medial

temporal lobe activation may relate to PTSD, but the directionality of findings are

mixed (Geuze et al. 2008; Shin et al. 2004).

Given the profile of findings within the memory domain (i.e., more robust

deficits in initial learning), impairment may also be related to prefrontal cortex

(PFC; or connections between limbic regions and PFC) dysfunction (Scott et al.

2015), as well as volumetric differences in PFC regions, particularly within the

anterior cingulate cortex (ACC; for review, see (Samuelson 2011; Stillman and

Aupperle 2015)). Though the possibility that PFC volume or activation differences

relate to memory performance has not been thoroughly investigated, PTSD was

associated with decreased PFC activation (as well as greater medial temporal acti-

vation) during a paired-associates learning task (Geuze et al. 2008). In addition, a

recent study found that medial PFC and ACC activation during interference

processing, and connectivity of the medial and lateral PFC during resting state, was

related to overall neuropsychological performance for combat Veterans (including

verbal memory; Aupperle et al. 2014).
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2.2 Attention, Working Memory, and Executive Function

Similar to findings associated with memory, decreased performance on basic atten-

tion, sustained attention, and working memory tasks have also been reported in

PTSD (for review, see Polak et al. 2012; Aupperle et al. 2012b), particularly for

verbal (versus visual) stimuli (Jenkins et al. 2000; Samuelson et al. 2006). Many

studies assessing sustained attention in PTSD have reported increased errors of

commission (i.e., incorrectly responding to distractor stimuli), suggesting difficulty

with response inhibition (Vasterling et al. 1998;Wu et al. 2010). Response inhibition

deficits in PTSD are supported by studies utilizing tasks that directly assess for

inhibitory function, such as the Go/No-Go, Stop signal, and color-word Stroop (Wu

et al. 2010; Falconer et al. 2008; Leskin and White 2007; Shucard et al. 2008). In

addition, PTSD is associated with increased intrusions during verbal memory tests,

providing further evidence of inhibitory dysfunction (Lindauer et al. 2006;

Vasterling et al. 1998). Neuropsychological research provides some (albeit incon-

sistent) support for impairment in speed-reliant, attentional switching (Jenkins et al.

2000; Leskin and White 2007; Lagarde et al. 2010; Twamley et al. 2009); however,

planning, rule-learning, and untimed strategy switching are mostly spared in PTSD

(Aupperle et al. 2012a; Polak et al. 2012; Vasterling et al. 1998; Lagarde et al. 2010;

Twamley et al. 2009).

A few neuroimaging studies have been conducted using tasks related to attention

or executive functioning. These studies utilized tasks of sustained attention (e.g.,

auditory oddball task), response inhibition or interference (e.g., Go/No-Go, Stop

Signal, and multisource interference task), and working memory (e.g., N-back like

tasks), and consistently report that PTSD is related to dysfunction in PFC recruit-

ment (Shin et al. 2001; Falconer et al. 2008; Aupperle et al. 2016; Bryant et al.

2005; Moores et al. 2008). However, the specific PFC regions (ACC, orbitofrontal

cortex [OFC], dorsolateral PFC, inferior frontal cortex, etc.) and directionality of

findings reported differ across studies. These discrepancies may be because PTSD

is associated with difficulty appropriately up- and down-regulating PFC regions

given specific task demands (Aupperle et al. 2016), with some indication for

increased PFC recruitment during easier tasks, but decreased recruitment during

more difficult tasks (Aupperle et al. 2016; Moores et al. 2008). These findings may

reflect successful compensatory efforts that break down with more difficult tasks, or

perhaps difficulties down-regulating medial PFC regions involved in default mode,

self-referential, or emotional processing (Aupperle et al. 2016).

2.3 Processing Speed

Information processing speed is consistently impaired in other mental health con-

ditions, notably depression (den Hartog et al. 2003; Marazziti et al. 2010; Tsourtos

et al. 2002), and has one of the strongest effect sizes in a recent meta-analysis of
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neurocognitive functioning in PTSD (Scott et al. 2015); however, it has not consis-

tently been a focus of neuropsychological studies in PTSD. Processing speed is

related to prefrontal (i.e., inferior frontal gyrus) activation (Usui et al. 2009) though

specific mechanisms for potential processing speed deficits in PTSD remain

unclear. Reductions in cognitive resources more generally (e.g., due to concurrent

emotional processing, hypervigilance, or decreased sleep) could reduce attention to

relevant stimuli and the task at hand, thus influencing processing speed (Scott et al.

2015; Shucard et al. 2008; Morey et al. 2009). In support of this, one functional

magnetic resonance imaging (fMRI) study reported that greater medial PFC and

amygdala activation during emotional processing in PTSD related to reduced

performance on the symbol digit modalities task (SDMT; (Aupperle et al.

2012b)). Aberrations in reward processing could also contribute to decreased

motivation, thus influencing processing speed across tasks. While there is evidence

for deficits in reward learning and decreased striatal responses to reward in PTSD

(Sailer et al. 2008), it has yet to be investigated whether these effects relate to

neuropsychological performance. As processing speed deficits would impact per-

formance across all other domains of function, clarifying the cognitive and neural

mechanisms for these deficits could be an important foundation of knowledge for

understanding neuropsychological function in PTSD.

3 Neurocognition and Treatment for PTSD

3.1 Neuropsychological Function and PTSD Psychotherapy

Empirically supported treatments for PTSD such as Cognitive Processing Therapy

(CPT; Resick et al. 2008) and Prolonged Exposure (PE; Foa et al. 2008) have

reasonable efficacy for reducing the hallmark symptoms of PTSD such as avoidance

and re-experiencing (Cusack et al. 2016). Despite a large literature documenting the

neuropsychological impairments associated with PTSD and an equally large litera-

ture detailing good efficacy of trauma-focused therapy for treating PTSD overall,

very little data exists on the neurocognitive outcomes following treatment for PTSD.

Resilience-oriented treatment for PTSD focuses on re-engaging the approach

motivational system (as opposed to extinguishing fear conditioning) and enhancing

positive emotional engagement (Kent et al. 2011). A small randomized controlled

trial (RCT) comparing group resilience-oriented treatment to a wait-list control

condition revealed small-to-medium effect size improvements in memory and

executive functioning in the intervention group over the control group (Kent et al.

2011). Although not an RCT, a small study of 15 women assessed pre- and post-

individual trauma-focused therapy revealed improvements in executive functioning

with medium effect sizes in addition to psychological symptom improvement

(Walter et al. 2010). However, other cognitive domains were not measured in this

study. Preliminary data from an ongoing trial comparing CPT to a hybrid treatment
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that combines CPT with elements of cognitive rehabilitation (SMART-CPT) in Iraq

and Afghanistan war era Veterans with PTSD and a history of mild to moderate

traumatic brain injury (TBI; Jak et al. 2015) shows clinically significant decreases

in PTSD symptoms and improvements in processing speed, executive functioning,

and memory (Crocker et al. 2015). A recent single case study also documented

cognitive improvements following CPT with an Iraq/Afghanistan Veteran with

PTSD in the domains of processing speed and visual attention, but not memory

or executive functioning, in addition to a clinically significant decline in self-

reported PTSD symptoms (Boyd et al. 2016).

There is evidence that poorer cognitive functioning pre-trauma may serve as a risk

factor for the development of PTSD, but that neuropsychological function may also

be further exacerbated by the experience of trauma (Aupperle et al. 2012a). Because

most trauma-focused therapies rely on imaginal exposure, cognitive restructuring, and

ostensibly retrieval and storage of new information, it is reasonable to suspect that

cognitive weaknesses or impairments may also negatively impact one’s ability to

benefit from PTSD treatment. At least one target of trauma-focused psychotherapy is

reducing fear reactions by strengthening the ventromedial PFC inhibition of the

amygdala. When there are pre-treatment memory or inhibitory impairments, the

response to trauma-focused therapy may be attenuated, at least in part due to

compromised functioning of the brain regions involved in the fear network. Therefore,

recent work has also centered on understanding how mild impairments in memory,

attention, and/or executive functioning at baseline might impact treatment outcomes.

If verbal memory is dysfunctional at treatment outset, it is hypothesized that traumatic

memories cannot be as effectively reconsolidated and re-experiencing symptoms may

not decrease sufficiently (Nijdam et al. 2015). Similarly, if executive function deficits

exist, it may be difficult for patients to inhibit their responses or modify their thought

processes as part of therapy. Therefore, improving verbal memory or executive

functions could potentially improve treatment response to trauma-focused therapy.

In an RCT comparing eye movement desensitization and reprocessing (EMDR)

to brief eclectic psychotherapy (BEP), lower verbal memory scores at baseline were

significantly associated with poorer PTSD treatment outcomes for both treatment

modalities when controlling for initial PTSD symptom severity (Nijdam et al.

2015). Another small study of 23 individuals with PTSD who received cognitive

behavioral therapy (CBT) for PTSD underwent memory and attention assessment

both before and after treatment. Memory performances (particularly verbal

encoding), even when controlling for pre-treatment depression, PTSD severity,

and attention, predicted improvement in psychological symptoms and PTSD recov-

ery (Wild and Gur 2008). Pre-treatment/post-treatment comparisons of neuropsy-

chological performances were not made, however. Consistent with these findings, a

recent non-randomized study of female Veterans who completed group psycho-

therapy involving cognitive restructuring, exposure therapy, and skills training

found that better pre-treatment learning and memory predicted successful treatment

outcomes, whereas pre-treatment inhibition/switching did not (Haaland et al.

2016). However, treatment-related improvements in inhibition/switching, but not

learning/memory and working memory, were related to greater reductions in PTSD
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symptoms, even when controlling for changes in depression. A large epidemiolog-

ical study suggested that PTSD symptoms of re-experiencing and arousal nega-

tively impacted verbal recall. These core symptoms of PTSD were also inversely

related to pre-trauma attention, processing speed, and verbal intelligence. That is,

lower cognitive functioning prior to trauma seemed to place one at higher risk for

increased symptoms/poorer outcomes after trauma but also that the trauma itself

negatively impacted cognition (Parslow and Jorm 2007).

3.2 Neuroimaging and PTSD Psychotherapy

There has been an abundance of studies examining the neural correlates of PTSD

using a variety of paradigms. Several reviews and meta-analyses indicate that PSTD

is associated with dysfunction in lateral PFC, ACC, ventromedial PFC, insula,

amygdala, and hippocampus (e.g., Etkin and Wager 2007; Garfinkel and Liberzon

2009; Hayes et al. 2012b; Simmons and Matthews 2012). These regions are part of

networks that implement key processes relevant for PTSD, including fear condi-

tioning, threat processing, top-down control of emotional responses, and processing

of contextual information (Hayes et al. 2012a; Yehuda and LeDoux 2007). How-

ever, very few studies have examined structural or functional brain changes asso-

ciated with PTSD treatment.

Findings are mixed across the few published studies of structural brain changes

after psychotherapy. Levy-Gigi et al. (2013) found that prior to CBT, individuals

diagnosed with PTSD exhibited smaller hippocampi than control participants;

however, treatment appeared to normalize hippocampal volume in PTSD patients

such that there were no group differences after treatment. Further, changes in PTSD

symptoms were correlated with changes in hippocampal volume. These changes

were specific to the hippocampus, as there was no evidence that treatment was

associated with alterations in medial OFC, amygdala, or total brain volume.

Lindauer et al. (Lindauer et al. 2006) also found that PTSD patients had smaller

hippocampi at baseline relative to control individuals; however, BEP was not

associated with hippocampal volume changes, nor changes in parahippocampal

gyrus and amygdala. Similarly, van Rooij et al. (van Rooij et al. 2015a, b) found

that patients considered non-remitters after trauma-focused therapy exhibited

smaller left hippocampal volume relative to remitted patients and combat controls

both pre- and post-treatment, but there were no treatment-related changes observed

in the hippocampus.

Several fMRI studies have shown treatment-related alterations in activation in

the regions most commonly identified as exhibiting dysfunction in PTSD. For

example, CBT, one of the most effective psychological treatments for PTSD that

targets maladaptive thoughts and behaviors, has been associated with functional

changes in the ACC (Aupperle et al. 2013; Felmingham et al. 2007; Roy et al. 2010;

Thomaes et al. 2012), dorsolateral (Aupperle et al. 2013; Roy et al. 2010) and

ventrolateral (Felmingham et al. 2007) PFC, insula (Aupperle et al. 2013; Thomaes
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et al. 2012), amygdala (Aupperle et al. 2013; Felmingham et al. 2007; Roy et al.

2010; Peres et al. 2011), and hippocampus (Felmingham et al. 2007). Changes have

also been observed in other brain areas as a function of treatment, including specific

regions in temporal and parietal cortices (e.g., van Rooij et al. 2015a; Felmingham

et al. 2007; Farrow et al. 2005), though less consistently so. Similar regions have

shown treatment-related changes as a function of remission status after therapy

completion. For example, amygdala activation decreased from pre- to post-

treatment for non-remitters but remained consistent across time for remitters (van

Rooij et al. 2016). In addition, non-remitters exhibited greater activation in insula

and dorsal ACC at both baseline and post-treatment in response to negative pictures

relative to those who remitted. Consistent with these findings, Simmons et al.

(2013) found that remitters showed decreased activation in the insula from pre-

to post-treatment in anticipation of negative images, whereas insula activation

increased across time in non-remitters when anticipating positive images. Impor-

tantly, Simmons et al. (2013) found that functional connectivity between the left

ventral anterior insula and other regions, including the right cingulate and

mid-posterior insula, increased from pre- to post-treatment in remitters.

3.3 Neuropsychological Function and PTSD
Pharmacotherapy

The pathophysiology of PTSD is associated with dysfunction in biological systems

that regulate stress responses including norepinephrine, hypothalamic-pituitary

adrenal, noradrenergic, serotonergic, and glutamatergic systems (Bailey et al.

2013; Puetz et al. 2015; Ravindran and Stein 2009; Steckler and Risbrough

2012). Medications targeting these systems, specifically selective serotonin reup-

take inhibitors (SSRIs) including sertraline and paroxetine, which act on the

serotonergic system, are effective pharmacological treatments for PTSD (Puetz et

al. 2015; Bossini et al. 2007; Brady et al. 2000; Bremner and Vermetten 2004;

Tucker et al. 2001; Vermetten et al. 2003). There is also some evidence for the use

of anticonvulsants, which act on the glutamatergic system (Bremner et al. 2005),

tricylics (Puetz et al. 2015), and other agents both prophylactically and once PTSD

is established (Steckler and Risbrough 2012). Given the cognitive deficits present in

PTSD, neuropsychological function is a prime target for study in relation to

pharmacotherapy for PTSD.

Research with paroxetine and sertraline suggests that long-term use of SSRI’s
(�9 months) results in subjective increases in cognition and work performance

(Bremner and Vermetten 2004), and produces significant improvement in declara-

tive memory ability (Bremner and Vermetten 2004; Vermetten et al. 2003). How-

ever, increased hippocampal volume has not been related to changes in memory

performance, making it unclear whether changes in hippocampal volume are the

mechanism for these beneficial effects (Vermetten et al. 2003). One study assessed
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the impact of anticonvulsant medication (phenytoin) on PTSD symptoms and

neuropsychological ability (Bremner et al. 2005) and reported improvements in

neuropsychological function that were limited to executive functioning (though

were not statistically significant; (Bremner et al. 2005)). Interestingly, the level of

improvement in executive functions related to the amount of change in hippocampal

volume. While promising, further research is needed to confirm the reports from

these small studies (with sample sizes of 9–28) and investigate whether other

medications shown to be effective in the treatment of PTSD improve cognitive

functioning.

3.4 Neuroimaging and PTSD Pharmacotherapy

Given that pharmacotherapy for PTSD specifically targets biological systems that

regulate stress responses, it is reasonable to suspect that their beneficial effects may

in part relate to functional and potentially even volumetric brain changes (Bossini et

al. 2007; Bremner and Vermetten 2004; Vermetten et al. 2003; Bremner et al. 2005;

Thomaes et al. 2014), the latter of which may be secondary to reorganization of

cells (Lee et al. 2001), decreased neuronal death (perhaps due to changes in cortisol

release) (Gage et al. 1980; Watanabe et al. 1992), and even neurogenesis (Brady

et al. 2000; Tucker et al. 2001; Santarelli et al. 2003).

A subset of literature has investigated the impact of SSRI treatment for PTSD

on brain function (Fani et al. 2011; Seedat et al. 2004). One study assessed the

effects of 8 weeks of citalopram treatment using single-photon emission computed

tomography (SPECT) with 11 patients (Seedat et al. 2004). Citalopram treatment

resulted in reduced activation in the left medial temporal cortex, independent of

PTSD symptom response, as well less deactivation of the medial PFC, the level of

which related to amount of symptom change. A second study used positron

emission tomography (PET) during script-driven imagery pre- and post-paroxetine

treatment with 13 patients. The authors reported increased recruitment of the ACC

(for both placebo and paroxetine treated patients) and increased OFC activation

(specific to paroxetine) (Fani et al. 2011). The regions identified in these small

studies are potentially important for supporting cognitive functions that go awry in

PTSD, such as the involvement of the medial temporal cortex in memory (Squire

and Zola-Morgan 1991), the OFC in decision-making (Bechara et al. 2000), the

ACC in error monitoring and response inhibition (Ridderinkhof et al. 2004), and

the medial PFC in the default mode network (the down-regulation of which may be

important for supporting goal-directed cognitive tasks (Aupperle et al. 2016; Broyd

et al. 2009)). However, there have been no studies directly assessing the impact of

pharmacologic treatment on neural activation patterns during cognitive paradigms.

Similar to the psychotherapy literature, there have been repeated reports of

increased grey matter volume, specifically within the hippocampus, following

pharmacotherapy (Bossini et al. 2007; Bremner and Vermetten 2004; Vermetten

et al. 2003; Bremner et al. 2005; Thomaes et al. 2014). Trials investigating long-
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term (�9 months) use of SSRIs have reported increases in bilateral hippocampal

volume in adults with PTSD (Bossini et al. 2007; Bremner and Vermetten 2004;

Vermetten et al. 2003). Importantly, effects have been reported across two types of

SSRIs including sertraline (Bossini et al. 2007) and paroxetine (Bremner and

Vermetten 2004; Vermetten et al. 2003). Similar to SSRI findings, one study that

investigated the impact of anticonvulsant medication (phenytoin) on PTSD symp-

toms and brain volume found that phenytoin administration was associated with an

increase in right brain volume, including a non-significant increase within the

hippocampus (Bremner et al. 2005). These findings are particularly intriguing

given its role in memory function as well as the parallel reports from the animal

literature that hippocampal neurogenesis may be one essential mechanism through

which antidepressants exert their effects (Santarelli et al. 2003).

4 Neurocognitive-Informed Treatment Approaches

for PTSD

In addition to understanding how standard PTSD treatments might lead to improved

cognitive outcomes, growing interest has emerged in translating knowledge about

aberrant neurocognitive processes and the risk cognition poses for poor treatment

outcomes into novel intervention approaches. By focusing specifically on modify-

ing cognition via therapeutic training programs that guide individuals through a set

of exercises to facilitate practice and change within a specific cognitive process

of interest, these paradigms allow for the evaluation of the causal relationships

between cognitive processes and symptoms of PTSD. The information processing

biases and executive functioning deficits often present in PTSD may be particularly

appropriate targets for this type of intervention.

In addition to the cognitive deficits reviewed above, individuals with PTSD

demonstrate preferential processing of negative, threatening information at the

expense of more benign or positive cues, relative to healthy individuals, leading

to negative biases in attention, interpretation, and memory (Buckley et al. 2000;

Constans 2005; Pineles et al. 2009; Pineles et al. 2007). Theoretical accounts

propose that these abnormalities are related to deficits in executive functioning

(Aupperle et al. 2012a, b) and maintain psychopathology by leading to a heightened

sense of threat and increased distress (Pineles et al. 2009), and thus correcting these

automatic “mental habits” may lead to reduction in symptoms. Researchers have

developed cognitive bias modification (CBM) programs to alter information

processing biases by training cognitive processes away from negative information,

using brief computer-administered programs (Amir et al. 2009). In anxious

populations, these CBM procedures have altered cognitive processes and lead to a

reduction in symptoms (Hakamata et al. 2010; Mathews and MacLeod 2002;

Wilson et al. 2006), suggesting that experimental manipulation of these processes

may be a promising treatment target for disorders such as PTSD.
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To date, CBM procedures have been developed to retrain attentional biases in

PTSD, but the efficacy of such training programs is limited and equivocal. Kuckertz

and colleagues found that inpatient military personnel getting attention training

showed less attentional bias and lower symptoms post-treatment than those receiv-

ing the control program (Kuckertz et al. 2014). However, two randomized controlled

studies of stand-alone attention training did not find evidence for reductions in

attention bias or symptoms in individuals receiving attention training including

outpatients with chronic PTSD (Schoorl et al. 2013) and two samples of Veterans

in the USA and Israel (Badura-Brack et al. 2015). Thus, at this time there is not a

strong evidence base for attention training in PTSD using computer-based CBM as a

stand-alone treatment. Importantly, it may be the case that attention training is best

used as an adjunct intervention for PTSD, rather than an independent treatment, as

there has been some work in the treatment of depression supporting this combined

approach (Siegle et al. 2007). Future work is needed to delineate if and how this type

of cognitive training approach will be helpful for altering cognition and ameliorating

symptoms of this disorder.

CBM procedures aim to alter cognitive functions in the presence of threat.

However, as noted above, neuropsychological abnormalities in PTSD are observed

even in the absence of affectively valenced cues and stimuli. Recent theoretical

accounts suggest that executive functioning, and specifically the ability to control

interference, is critical for regulation of emotional information in working memory

(Anderson and Levy 2009; Joormann et al. 2010) and may contribute to regulation

of re-experiencing symptoms in PTSD (Bomyea and Lang 2015; Verwoerd et al.

2009). From a treatment perspective, utilizing training programs that improve the

executive function deficits in PTSD (and thus strengthen prefrontal cortical circuits)

may reduce PTSD symptoms (Etkin et al. 2013; McNally 2007).

Executive functioning training programs have demonstrated improvement in

cognitive performance on trained and untrained cognitive tasks, as well as reduc-

tions in affective symptoms, in diverse clinical (Buschkuehl et al. 2008; Dickinson

et al. 2010; Klingberg et al. 2005), and healthy populations (Klingberg et al. 2005;

Jaeggi et al. 2008; Melby-Lervag and Hulme 2013; Salminen et al. 2012; Takeuchi

et al. 2014). However, it must be noted that there have been some inconsistent

findings regarding the ability for training to generalize to improvements in daily

functioning. Functional neuroimaging studies support the potential for executive

function training by demonstrating that training programs result in changes in

neural activity (lateral prefrontal and parietal cortices, specifically) during task

performance (Kane and Engle 2002; Olesen et al. 2004; Schweizer et al.

2013). Experimental analogue data suggests that manipulating executive function-

ing leads to changes in thought regulation ability and distress about trauma mem-

ories (Bomyea and Amir 2011; Callinan et al. 2015; Nassif and Wells 2014);

however, only one study to date has adapted executive functioning training pro-

grams for use in PTSD populations. Bomyea and colleagues (Bomyea et al. 2015)

administered a computerized executive functioning training program or a control

program to women with PTSD, and found that those receiving training showed

104 A.J. Jak et al.



greater improvements in working memory capacity and a greater reduction in

re-experiencing symptoms than those in the control program.

5 Conclusions

Learning and verbal memory, executive functioning, processing speed, attention,

and working memory decrements are pervasive cognitive problems present in

PTSD. Cognitive functioning prior to trauma can increase the risk for development

of PTSD and can be further exacerbated by the experience of trauma. Preliminary

data indicates that cognitive deficits present in individuals with PTSD can improve

following psychotherapy and/or psychopharmacologic interventions, particularly in

the domains of memory and executive functioning. Cognitive symptoms are,

however, a risk factor for poorer response to standard interventions for PTSD. In

concert with genetic and environmental elements, development and maintenance of

PTSD is thought to be associated with changes in prefrontal (particularly OFC and

ACC) and limbic (i.e., amygdala) structures. Cognitive behavioral therapies for

PTSD have been reported to impact activity in the PFC and its regulation of

amygdala activation (for example, when processing trauma-relevant stimuli), and

in turn, the fear conditioning/extinction or cognitive reappraisal processes that are

mediated by these brain circuits (Zantwoord et al. 2013). Because the PFC also

guides working memory, attention, and executive functioning, it stands to reason

that psychotherapy that effectively impacts these brain circuits also impacts objec-

tive neuropsychological performance.

The literature assessing neuropsychological changes associated with PTSD has

primarily focused on declarative memory (Bremner and Vermetten 2004;

Vermetten et al. 2003; Thomaes et al. 2014), which is thought to be partially reliant

on hippocampal function (Tulving and Markowitsch 1998) and executive functions,

mediated by the PFC. The hippocampus and the prefrontal cortex, particularly the

ACC, are strongly implicated in cognitive dysfunction in PTSD. Though the

research literature examining cognitive and neuroimaging outcomes following

treatment is still nascent, psychotherapies and pharmacologic interventions for

PTSD appear to positively impact memory and executive functioning, in particular.

The current literature also suggests that treatment positively impacts hippocampal

volume, but this is not a robust finding and changes in hippocampal volume do not

always correspond to behavioral memory changes. Additional studies and replica-

tion are needed. Neuroimaging studies also strongly implicate PFC regions in

development and maintenance of PTSD with evidence of improved functional

connectivity between the insula and PFC regions from pre- to post-treatment in

those whose PTSD had remitted at the conclusion of treatment. Other brain region

involvement, such as the parietal cortex, has been less consistently found across

imaging studies of PTSD or in studies examining the effects of psychotherapy.

Taken together, the relationship between PTSD and hippocampal and PFC volume

or activation, as well as changes in medial temporal and PFC volume or activation
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with PTSD treatment, lend strong support for the role of these brain regions in

development and maintenance of the disorder. Future studies would benefit from

employing functional connectivity analyses, as theories of PTSD-related dysfunc-

tion often center around problematic communication between areas or networks

(for a review, see Garfinkel and Liberzon 2009) (e.g., top-down control of the PFC

to inhibit insula or amygdala regions involved in processing emotionally relevant

stimuli).

Directly intervening in cognitive processes holds promise as an alternative

treatment approach for PTSD. There is evidence to support use of cognitive training

approaches to improve not only cognitive functioning but also clinical symptoms,

quality of life, and adaptive functioning across a variety of other conditions (e.g.,

schizophrenia, ADHD, anxiety, depression, substance abuse, aging, traumatic brain

injury; Keshavan et al. 2014; Merzenich et al. 2014; Vinogradov et al. 2012).

Importantly, studies of PTSD that used computerized training to enhance atten-

tional/cognitive control found that it also reduced PTSD symptoms (Callinan et al.

2015; Bomyea et al. 2015). However, use of cognitive training programs as stand-

alone treatments for PTSD requires more prospective clinical trials to ascertain the

full depth and breadth of symptom and syndrome change.

Traditional psychotherapies for PTSD enhanced with cognitive training also

appear efficacious in reducing both the clinical and cognitive symptoms of PTSD.

Augmentation of CBT with CBM resulted in a greater reduction in PTSD and

anxiety symptoms after treatment compared to a control condition (Kuckertz et al.

2014; Riemann et al. 2013) and integration of cognitive rehabilitation principles into

CPT (Jak et al. 2015) improved both PTSD symptoms and cognitive functioning

(Crocker et al. 2015). To build on this burgeoning literature, additional prospective

trials that interweave cognitive training with traditional PTSD therapies are also

warranted, particularly those that measure PTSD symptoms and neuropsychological
functioning both pre- and post-intervention.

The relationship between PTSD and executive functioning is likely bidirec-

tional, however. Deficits in executive functions are a risk factor that contribute to

the development and maintenance of emotional and cognitive symptoms of PTSD

(e.g., difficulty disengaging from trauma-related stimuli, problems inhibiting intru-

sive memories, emotion dysregulation, and biased attention for negative informa-

tion), and in turn symptoms of PTSD exacerbate executive functioning impairments

(Aupperle et al. 2012a, b; Verfaellie et al. 2012; Bomyea et al. 2012). Memory and

executive functioning deficits in PTSD also can serve as a barrier to treatment

engagement and effectiveness (Verfaellie et al. 2012). Cognitive training has been

shown to increase mental health treatment completion rates in PTSD and other

psychiatric conditions (Crocker et al. 2015; Grohman et al. 2006). Therefore,

improving cognitive functioning prior to engaging in psychotherapy for PTSD

could enhance treatment engagement and outcomes. Priming traditional interven-

tions with cognitive training could address the negative impact of cognitive changes

on treatment adherence. Randomized controlled trials examining if cognitive inter-

ventions, administered prior to standard psychotherapy, result in greater treatment

gains than standard PTSD treatment are necessary.
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Research utilizing cognitive training in PTSD could both increase knowledge

about theoretical models proposing that cognitive functioningmay be a causal factor

in PTSD, and also add options for empirically supported treatments of PTSD that are

cost effective and easily transportable. Although some studies suggest that attention

and executive functioning training leads to changes in cognition and symptoms in

PTSD, these studies are preliminary, and in the case of attention bias training,

negative findings have also been reported. More work is required to better under-

stand the neurocognitive mechanisms of action of CBMs. Future studies are needed

to evaluate types and characteristics of training that may be effective (e.g., particular

doses, stimuli types or other program parameters, and clinical settings) and for

whom these programs might be best utilized (e.g., specific symptom severity

ranges). Combining of executive functioning training with affective information,

which has been shown to effectively improve emotion regulation ability (Schweizer

et al. 2013), is also a future direction for this work as applied to PTSD.

Neuropsychological outcome data following psychotherapy for PTSD is limited

and weaknesses of the extant literature include inclusion of both chronic and acute

PTSD stemming from a multitude of causes (e.g., military, civilian, assault, acci-

dent, etc.), and samples spanning a broad age range leaving some studies vulnerable

to age-related (as opposed to PTSD-specific) cognitive changes. The vast majority

of studies examining cognitive functioning in PTSD in general or cognitive func-

tioning following treatment for PTSD lack performance validity measures, which

reduces confidence that the cognitive data are an accurate depiction of one’s true
performance capabilities. Future studies should routinely include performance and

symptom validity measures.

Some of the mixed findings in the PTSD treatment and imaging literature,

particularly in regard to which subregions of PFC are altered and the direction of

activation (increased or decreased) subsequent to treatment, is likely due to hetero-

geneity across studies in terms of methodology used, specific types of treatments

employed, varying sample sizes (with many small, likely leaving studies under-

powered), differences in medication status, and the nature of the comparison group

(e.g., healthy or combat controls versus a wait-list or other active treatment group).

Many of the authors of the imaging studies suggested that psychotherapy normal-

izes structural and functional abnormalities in brain regions associated with PTSD,

at least in those who benefitted from treatment and showed symptom improvement.

However, a complicating issue in the functional imaging literature is the variation of

tasks used across studies, ranging from tasks that involve evoking traumatic mem-

ories to elicit PTSD symptoms to more cognitive tasks that recruit regions involved

in top-down control. Thus, some studies show that certain regions increase activa-

tion after psychotherapy, whereas others show decreased activation, depending on

the nature of the task used (e.g., increased dorsal ACC activation in (Aupperle et al.

2013), decreased dorsal ACC activation in (Thomaes et al. 2012)). Thus, it is

difficult to draw any firm conclusions, particularly regarding treatment mecha-

nisms, with so few studies varying on several important factors. As additional

studies are published to determine which findings replicate, an important
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consideration will be the nature of the psychological processes recruited by specific

tasks and how those may map on to processes targeted by the treatments employed.

Results from pharmacotherapy research also suggest that deficits in neuro-

psychological functioning, brain function, and volume may be modifiable conse-

quences of PTSD, and may serve as useful indicators of an individual’s treatment

response to particular classes of drugs. However, many questions remain regarding

the effects of pharmacotherapy on neuropsychological and brain function, as well

as brain volume. For example, it is unclear if effects of pharmacotherapy are

transient or produce longer lasting effects and whether any effects would persist

if medication use is discontinued. It is unknown if trauma type (e.g., natural disaster

versus combat) may influence effects of pharmacotherapy, or if there is a critical

time period for administration of pharmacotherapy for treatment effects to be

evident. Lastly, it is unclear if pharmacotherapy impacts brain activity during

cognitive tasks. Despite the limitations, there is promising evidence for the bene-

ficial impact of pharmacotherapy on PTSD symptoms, as well as neurological

changes that may result in improved neuropsychological function, as well as

increased brain volume and brain function.

In summary, memory and executive functioning changes and corresponding

dysfunction in medial temporal and prefrontal regions are strongly implicated in

PTSD. The small but growing literature on cognitive outcomes of PTSD treatment

provides evidence that memory and executive function, which are mediated by the

PFC and hippocampus, improve with treatment. Greater understanding of the

potential impact of PTSD treatment on neuropsychological functioning is essential

to understanding neurocognition in PTSD. Ultimately, continued work to elucidate

neuropsychological and neuroimaging outcomes following PTSD treatments has

the potential to advance our understanding of the underlying neural mechanisms of

cognitive dysfunction in PTSD, inform efforts to improve treatments, and better

match individuals to specific treatments.
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Neurobiological Programming of Early

Life Stress: Functional Development

of Amygdala-Prefrontal Circuitry

and Vulnerability for Stress-Related

Psychopathology

Michelle R. VanTieghem and Nim Tottenham

Abstract Early adverse experiences are associated with heighted vulnerability for

stress-related psychopathology across the lifespan. While extensive work has

investigated the effects of early adversity on neurobiology in adulthood, develop-

mental approaches can provide further insight on the neurobiological mechanisms

that link early experiences and long-term mental health outcomes. In the current

review, we discuss the role of emotion regulation circuitry implicated in stress-

related psychopathology from a developmental and transdiagnostic perspective.

We highlight converging evidence suggesting that multiple forms of early adverse

experiences impact the functional development of amygdala-prefrontal circuitry.

Next, we discuss how adversity-induced alterations in amygdala-prefrontal devel-

opment are associated with symptoms of emotion dysregulation and psychopathol-

ogy. Additionally, we discuss potential mechanisms through which protective

factors may buffer the effects of early adversity on amygdala-prefrontal develop-

ment to confer more adaptive long-term outcomes. Finally, we consider limitations

of the existing literature and make suggestions for future longitudinal and transla-

tional research that can better elucidate the mechanisms linking early adversity,

neurobiology, and emotional phenotypes. Together, these findings may provide

further insight into the neuro-developmental mechanisms underlying the emer-

gence of adversity-related emotional disorders and facilitate the development of

targeted interventions that can ameliorate risk for psychopathology in youth

exposed to early life stress.
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1 Introduction

Early life stress (ELS) is associated with higher incidence of mental health

problems across the lifespan, accounting for 29% of health disorders worldwide

[1–3]. Multiple forms of postnatal adversities confer vulnerability for stress-related

psychopathology, including maltreatment, neglect, parental stress or psychopathol-

ogy, trauma, family conflict, poverty-related stressors, and institutionalized care

[3–6]. Although these adverse exposures often occur during infancy and/or child-

hood, emotional difficulties often continue to persist throughout development, with

three quarters of stress-related mental health diagnoses made by the age of

24 [2, 7]. Given the robust epidemiological evidence linking ELS with long-lasting

emotional difficulties, it is important to identify the neurobiological mechanisms

through which early experiences “get under the skin” to increase risk for

psychopathology.

Developmental mechanisms of adaptation play an important role in understand-

ing the long-term links between ELS and mental health outcomes in adulthood.

According to the Dynamic Systems Theory, development is experience-driven,

emerging via interactions with the environment that unfold over time [8]. In the

context of ELS, several developmental theories (Barker’s hypothesis, Developmen-

tal Origins Theory, Adaptive Recalibration Model, Experiential Canalization)

emphasize the role of adaptation in response to adversity, such that the organism

develops in order to promote survival in the expected environment [9–12]. Simi-

larly, the Stress-Acceleration Hypothesis posits that neurobiological changes in

response to early adverse experiences are adaptive in the short-term, but may have

long-term trade-offs in the functional integrity of neuro-affective circuitry and

heighten vulnerability for maladaptive mental health outcomes later in life [13].
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In line with this developmental perspective, the current review will discuss how

early adverse experiences influence neuro-affective development to confer risk for

stress-related emotion dysregulation. We will delineate how the amygdala-

prefrontal circuit, implicated in threat-reactivity and emotion regulation, appears

to be particularly sensitive to the effects of stress during early life. The current

paper focuses on the functional development of amygdala-prefrontal circuitry, as

stress-induced changes in structural development have been reviewed elsewhere

[14]. Specifically, we will highlight converging evidence suggesting that multiple

forms of ELS are characterized by similar functional phenotypes of neuro-affective

circuitry across development: (1) heightened amygdala reactivity and (2) altered

amygdala-prefrontal connectivity. Next, we will discuss how developmental

changes in amygdala-prefrontal circuitry predict individual differences in symp-

toms of stress-related psychopathology. Finally, we will discuss potential protective

factors that may buffer the effects of stress on neuro-affective development to

confer more resilient long-term trajectories. Given that ELS increases risk across

several, often comorbid psychiatric disorders [3, 15], this paper will focus on the

neurobiology of emotion dysregulation from a transdiagnostic and dimensional

perspective.

2 Target Neural Circuitry: Amygdala and Prefrontal

Cortex

2.1 The Role of Amygdala-Prefrontal Circuitry in Emotion
Regulation

Robust translational and clinical research has linked amygdala-prefrontal circuitry

with symptoms of emotion dysregulation [16]. In adults, regulatory connections

between amygdala and prefrontal cortex are critically implicated in learning and

responding to emotional cues in the environment [17, 18]. The amygdala is

involved in detecting salient information in the environment to initiate physiolog-

ical responses to potential threat [17]. Top-down recruitment of medial prefrontal

regions regulates amygdala reactivity to facilitate extinction learning [19, 20]

whereas dorsolateral prefrontal regions implicated in more effortful processes,

like cognitive reappraisal, modulate amygdala reactivity during emotion regulation

[21]. Functional alterations of amygdala reactivity and amygdala-prefrontal con-

nectivity have been identified in patients with internalizing and stress-related

disorders, including anxiety, depression, and PTSD [22–24]. In the Research

Domain Criteria (RDoC) recently outlined by the National Institutes of Mental

Health [25], amygdala-prefrontal circuitry has been implicated in the psychological

constructs of fear and sustained threat, highlighting its role in the neurobiological

underpinnings of transdiagnostic dimensions of threat-reactivity and emotion

regulation [26].
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In humans, amygdala-prefrontal circuitry undergoes protracted development,

with age-related changes observed across childhood, adolescence, and young adult-

hood. Several studies have observed heightened amygdala reactivity in response to

emotionally salient cues in younger ages [27–31]. As amygdala reactivity declines

with increasing age [27–32], the functional integrity of amygdala-mPFC circuitry

continues to strengthen into young adulthood [33]. Importantly, age-related

changes in amygdala reactivity and/or connectivity with the prefrontal cortex

during cognitive reappraisal tasks correspond to the maturation of emotion regula-

tion abilities across development [34–36]. Pediatric disorders of anxiety, depres-

sion, and PTSD are characterized by heightened amygdala reactivity and atypical

amygdala-prefrontal connectivity during emotion processing tasks [37–42]. More-

over, altered patterns of age-related changes in amygdala-prefrontal connectivity

have been shown in a cross-sectional sample of anxious youth and young adults

[43] suggesting that deviations from the normative trajectory of amygdala-

prefrontal development are associated with symptoms of emotional dysregulation

in clinical samples.

2.2 Plasticity of Amygdala-PFC Circuitry in Early Life

Converging evidence across species suggests that amygdala-prefrontal circuitry is

highly sensitive to environmental inputs, particularly during early life [44]. The

amygdala is heavily innervated by glucocorticoid receptors [45], with the highest

peak in corticotrophin releasing hormone (CRH) receptor density during the first

few postnatal weeks [45]. Stress exposure during early life results in increased

mRNA expression of CRH in the amygdala in rodents [46]. Importantly, the

functional development of the amygdala is tightly linked to hypothalamic–

pituitary–adrenal (HPA) axis function, such that increases in cortisol are associated

with the developmental onset of amygdala reactivity and fear learning in

rodents [47].

Several animal models of ELS (e.g., abusive maternal care, maternal separation,

chronic restraint stress, and odor-shock conditioning) have shown that early adverse

environments have enduring effects on amygdala structure and function [48–

50]. Moreover, regulatory connections between amygdala and prefrontal cortex

are highly susceptible to environmental influences during early life in rodent

models. For example, chronic stress exposure during the juvenile stage causes

dendritic atrophy in the prefrontal cortex (PFC; [48]) and alters the emergence of

amygdala projections to the PFC, resulting in long-term imbalance of amygdala-

prefrontal circuit function in adult rats [51]. In light of these findings, amygdala-

prefrontal development may play an important role in the neurobiological etiology

of emotion dysregulation in humans following ELS.
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3 Effects of ELS on Amygdala-PFC Circuitry in Humans

When examining the effects of ELS on neurobiological development in humans,

there are two important considerations that delineate the state of current research.

First, aside from notable exceptions in which there is known timing and duration of

adverse exposures (i.e., adoption from institutionalized care), many forms of ELS

are chronic in nature, making it difficult to delineate the effects of stressors during

specific time points across development (reviewed in [14]). Given cross-species

evidence suggesting that amygdala development is most sensitive to environmental

input early in life [44], the current review focuses on adverse experiences that occur

during infancy and/or childhood. Second, recent theoretical frameworks have

suggested that certain dimensions of adverse experiences (e.g., threat

vs. deprivation) may have differential effects on neurobiological development

[52]. Although early adversities are often complex exposures comprised of multiple

dimensions of experience (e.g., abuse and neglect; [53]), many forms of ELS are

considered threatening to children’s physical or emotional well-being [52]. In the

current review, we focus on research examining threat-related alterations in neuro-

affective development following exposure to ELS. Specifically, we present con-

verging evidence suggesting that amygdala-prefrontal circuitry, implicated in

threat-reactivity and emotion regulation, is a common neurobiological target

impacted by multiple forms of early adverse experiences.

3.1 Effects of ELS on Amygdala Reactivity

In adults, heightened amygdala reactivity to emotional cues has been identified

across several domains of ELS reported retrospectively, including maltreatment

[54, 55] emotional neglect [56, 57], and lower perceived social status [58]. Recent

prospective longitudinal studies have corroborated these effects, showing that

cumulative childhood stressors associated with low socioeconomic status have

lasting effects on amygdala function in adulthood [59, 60]. For example, childhood

poverty has been associated with increased amygdala reactivity to negative relative

to positive emotional cues in adulthood [60]. In the same prospective cohort,

cumulative risk exposure associated with childhood poverty was directly related

to higher amygdala reactivity to neutral facial expressions, suggesting that stress-

related increases in amygdala reactivity may not be specific to threat-related

stimuli, also extends to neutral socio-emotional cues [59].

In accordance with studies in adult ELS samples, children and adolescents with a

history of early adversity also show enhanced amygdala reactivity to emotional

stimuli. Previously institutionalized (PI) youth with a history of institutional care

exhibit heightened amygdala reactivity to threat-related facial expressions across

childhood and adolescence [61–63]. Similarly, increased amygdala response to

negative emotional stimuli has been identified in children and adolescents with
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prior exposure to maltreatment [64, 65], traumatic events [66], and family violence

[67]. Moreover, greater levels of stressful life events have been associated with

longitudinal increases in threat-related amygdala reactivity during adolescence,

suggesting that heightened amygdala reactivity may represent a neural marker of

previous stress exposure [68]. Importantly, McCrory et al. [64] found that children

with earlier onset of maltreatment exposure showed higher levels of amygdala

reactivity to pre-attentively presented emotional stimuli, suggesting a relationship

between the timing of stress exposure onset and degree of amygdala reactivity.

However, further research is needed to delineate whether stress-induced increases

in amygdala reactivity are primarily driven by the developmental timing (i.e., age

of onset) or the duration (i.e., chronic versus acute) of adverse experiences.

3.2 Effects of ELS on Amygdala-PFC Connectivity

In addition to heightened amygdala-reactivity, ELS has also been characterized by

altered functional connectivity of the amygdala with prefrontal regions. Although

the valence (i.e., positive or negative) and regional specificity (i.e., dorsolateral or

medial regions of PFC) of amygdala-prefrontal connectivity findings are task-

dependent and often vary across studies, ELS has been consistently associated

with atypical connectivity patterns relative to non-stressed control groups. In a

prospective study, young adults with a history of childhood maltreatment showed

atypical connectivity between the amygdala and inferior frontal gyrus when

processing threat-related emotional stimuli [69]. Childhood poverty has also been

associated with alterations of amygdala-prefrontal connectivity in adulthood, such

that lower family income during childhood is associated with reduced amygdala-

ventrolateral PFC (vlPFC) connectivity during cognitive reappraisal [70]. Impor-

tantly, cumulative stress exposure mediated the effects of family income on vlPFC

recruitment during reappraisal, suggesting that associations between childhood

poverty and prefrontal dysregulation are driven by effects of chronic stress

[70]. Together, these findings suggest that heightened emotional reactivity follow-

ing ELS may emerge from impaired top-down prefrontal regulation of amygdala

reactivity in response to emotional cues.

Given that ELS is associated with atypical amygdala-prefrontal function in

adulthood, recent research has examined how these adversity-induced changes

emerge across development. In a cross-sectional study from early childhood to

late adolescence, PI youth showed an atypical trajectory of age-related changes in

threat-related amygdala-mPFC connectivity relative to comparison youth, such that

PI youth exhibited more mature (i.e., adult-like) connectivity at younger ages

[61]. Youth with trauma exposure also show atypical amygdala-prefrontal function

in response to emotional distractors, with weaker negative connectivity between the

amygdala and pregenual ACC (pgACC) relative to comparison youth [66]. More-

over, the strength of amygdala-pgACC connectivity predicted performance on the

emotional conflict task, suggesting that impaired regulation of emotional distractors
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in trauma-exposed youth may be related to altered circuit function [66]. Similarly,

PTSD youth exhibit weaker amygdala-dACC connectivity and atypical age-related

changes in amygdala-mPFC connectivity in response to threat-related stimuli

[42]. Importantly, the youth diagnosed with PTSD in this sample were exposed to

a wide range of early adverse experiences (e.g., trauma, abuse, neglect; [42]),

suggesting evidence of equifinality with regard to neuro-affective phenotypes

following exposure to different forms of ELS [71].

In addition to changes in task-elicited functional connectivity, ELS has also been

associated with weaker resting-state amygdala-prefrontal connectivity across

developmental stages, suggesting that early adversity has long-lasting impacts on

the functional integrity of emotion regulation circuitry. In adults, self-reported

history of childhood trauma is associated with weaker resting-state connectivity

between amygdala and pregenual ACC (pgACC; [72]). Similarly, adolescents who

experienced childhood maltreatment [73] and youth with history of trauma expo-

sure [74] show weaker amygdala-subgenual anterior cingulate cortex (sgACC)

connectivity at rest. In a younger cohort of children and young adolescents, higher

levels of cumulative stress during childhood predicted weaker amygdala-ACC

connectivity [75]. Importantly, ELS-induced changes in amygdala connectivity

may be identifiable as early as infancy. At 6 months of age, family stress, as defined

by high levels of interparental conflict, is associated with altered patterns of resting-

state amygdala connectivity with posterior cingulate cortex, a regional hub of the

default mode network [76]. Although further research is needed to delineate how

early alterations in amygdala connectivity influence longitudinal neuro-affective

development, these findings highlight the potential role of amygdala connectivity as

a neurobiological marker for stress vulnerability as early as the first year of life [77].

4 Amygdala-PFC Circuitry and Individual Differences

in Psychopathology Following ELS

In the previous section, we presented evidence suggesting that there is some degree

of equifinality in neurobiological development following ELS [71], such that

different types of early adverse experiences have converging effects on the devel-

opment of emotion regulation circuitry, resulting in atypical amygdala-prefrontal

circuit function. However, there is also evidence of multifinality, such that there is

wide heterogeneity in long-term mental health outcomes following ELS [71]. For

example, similar adverse experiences (e.g., institutional care) confer risk for mul-

tiple types of psychopathology across individuals [5, 15, 71]. In the context of

developmental theory (Adaptive Calibration Model, Experiential Canalization, and

Stress Acceleration Hypothesis), environmentally driven changes in neurobiology

represent an ontogenetic response to adversity, and may confer adaptive or mal-

adaptive behavioral outcomes in specific domains or contexts across development

[10–13]. Given the heterogeneity in mental health outcomes associated with ELS, it
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is important to consider how individual trajectories of neuro-affective development

predict risk or resilience following exposure to early adversity. The following

discussion will review recent evidence linking adversity-induced changes in

amygdala-prefrontal function with individual differences in psychopathology

(i.e., anxiety, depression, PTSD).

4.1 Amygdala Reactivity and Psychopathology

Individual differences in amygdala reactivity predict dimensional measures of

emotional functioning in both typically developing and stress-exposed youth. In

typical children and adolescents, increased amygdala reactivity to sad facial expres-

sions predicts level of concurrent internalizing symptoms [30] and depressive

symptoms [78]. Youth with trauma exposure and post-traumatic stress symptoms

have shown greater amygdala reactivity to emotional facial expressions relative to

non-exposed youth [38] although there are mixed findings [42, 79]. A recent study

examined the interaction of early trauma exposure and psychiatric status on amyg-

dala reactivity to emotional stimuli during childhood [80]. Amygdala response

varied as a function of both early trauma and concurrent levels of psychopathology,

such that children with trauma exposure and current diagnosis of major depressive

disorder exhibited the greatest levels of amygdala reactivity [80]. Moreover, recent

evidence suggests that heightened amygdala reactivity predicts long-term increases

in negative affect in both healthy and depressed preschool children [81]. Together,

these studies suggest that amygdala reactivity may represent a neural marker for

current and/or future levels of stress-related psychopathology during childhood and

adolescence. However, further longitudinal studies are needed to delineate the

specific effects of different types of stressors on amygdala reactivity phenotypes

and long-term mental health outcomes.

4.2 Longitudinal Studies of Amygdala-PFC Connectivity
and Psychopathology

Recent longitudinal findings also suggest that atypical amygdala-prefrontal con-

nectivity may represent a neurobiological risk factor for the emergence of

psychopathology following ELS. In adolescents with a history of childhood

maltreatment, the strength of resting-state amygdala-sgACC connectivity medi-

ated the relationship between maltreatment exposure and internalizing symptoms,

such that weaker amygdala-sgACC connectivity conferred higher levels of anxiety

and depressive symptoms [73]. In a recent study of cumulative childhood stress,

Pagliaccio et al. [75] examined the relationship between resting-state amygdala-

ACC connectivity and longitudinal assessments of internalizing psychopathology
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in children. Similar to Herringa et al. [73], weaker amygdala-ACC connectivity

mediated the effect of stressful and traumatic life events on current symptoms of

anxiety. Moreover, amygdala-prefrontal connectivity and concurrent symptom

levels were both significant predictors of anxiety symptoms one year later,

providing longitudinal evidence that stress-related changes in the functional integ-

rity of amygdala-prefrontal circuitry confer vulnerability for future stress-related

psychopathology [75].

Given that amygdala functional development is tightly linked to the HPA axis

[82], cortisol reactivity may play an important role in the developmental cascade

linking neuro-affective changes to long-term mental health outcomes following

ELS. In a long-term prospective study, Burghy et al. [83] examined the effects of

cumulative maternal stress on cortisol levels during childhood and resting-state

amygdala-prefrontal connectivity in late adolescence. Greater levels of maternal

stress during the first year of life were associated with heightened baseline cortisol

levels during childhood, suggesting a dose-dependent response in the HPA axis

response to ELS [83]. Although maternal stress did not directly predict amygdala-

ventromedial PFC (vmPFC) connectivity, higher childhood baseline cortisol levels

were associated with altered resting-state amygdala-vmPFC connectivity in ado-

lescent females. Moreover, the strength of amygdala-vmPFC connectivity mediated

the relationship between heightened cortisol and symptoms of depression and

anxiety in adolescent females, albeit in different directions. Specifically, weaker

amygdala-vmPFC connectivity predicted greater symptoms of anxiety, while stron-

ger connectivity predicted greater symptoms of depression, suggesting that diver-

gent trajectories of amygdala-prefrontal development following ELS confer risk for

different forms of internalizing psychopathology. Overall, this study provides

longitudinal evidence across multiple-levels of analysis that stress-related changes

in HPA-axis regulation are associated with atypical amygdala-prefrontal connec-

tivity and heightened vulnerability for internalizing psychopathology

following ELS.

4.3 Cross-Sectional Studies of Amygdala-PFC Connectivity
and Psychopathology

Cross-sectional studies have examined the effects of ELS on age-related changes in

the developmental trajectory of amygdala-prefrontal circuit function. PI youth with

a history of orphanage care showed atypical age-related changes in task-elicited

amygdala-mPFC connectivity in response to fearful faces [61]. In typically devel-

oping youth, children showed more positive amygdala-mPFC connectivity,

whereas adolescents showed negative amygdala-mPFC connectivity. However, PI

children showed more mature (i.e., negative) connectivity at earlier ages relative to

age-matched comparisons. In line with previous literature [83], cortisol levels

mediated the relationship between ELS and amygdala-mPFC connectivity,
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supporting the role of the HPA axis in stress-related changes in neuro-affective

development [61]. Importantly, amygdala-mPFC connectivity predicted current

levels of psychopathology in the PI group, such that more mature connectivity

conferred lower levels of anxiety. In the context of the Stress Acceleration Hypoth-

esis [13], these findings suggest that earlier functional maturation of this circuitry

may represent an adaptive response to previous stress exposure that reduces vul-

nerability for emotion dysregulation. However, given the cross-sectional nature of

this study, further longitudinal research is needed to delineate whether these early

stress-induced adaptations predict risk or resilience in the long-term.

Atypical amygdala-prefrontal functioning has also been identified in a cross-

sectional study of PTSD youth with a history of early adversity [42]. Specifically,

threat-related connectivity between the amygdala and dACC/dmPFC predicted

severity of avoidant symptoms in PTSD youth. Moreover, they identified altered

patterns of age-related connectivity phenotypes in the PTSD group, such that

amygdala-vmPFC connectivity increased with age in typically developing youth,

but decreased with age in PTSD youth [42]. Similar to PI children [61], children

with PTSD exhibited a more mature pattern of amygdala-vmPFC connectivity,

suggesting a developmental adaptation to compensate for heightened emotional

reactivity following ELS. However, adolescents with PTSD showed less mature

amygdala-vmPFC connectivity relative to age-matched controls. When considering

the Stress Acceleration Hypothesis, these findings suggest that early maturation of

this circuitry following ELS may be adaptive during childhood, but may result in

reduced functional maturity of the circuit during adolescence. Although it is

possible that exposure to traumatic events at earlier vs. later stages of development

(i.e., childhood vs. adolescence) may differentially alter neuro-affective develop-

ment, there were no reported effects of duration-since-exposure of adversity, nor

the length of PTSD diagnosis on amygdala-vmPFC connectivity in this study

[42]. Although the observed age-related changes in amygdala-vmPFC connectivity

were not directly associated with PTSD symptoms, these findings highlight the

importance of examining developmental trajectories when considering the effects

of ELS on amygdala-prefrontal function and emotional disorders.

5 Protective Factors and Neuro-Affective Development

Following ELS

Although ELS is associated with a higher incidence of stress-related psychopathol-

ogy, many individuals exposed to early adversity do not develop clinical disorders

[84]. Moreover, individuals with history of ELS may show difficulties in specific

domains of socio-emotional functioning (e.g., anxiety), but show competence in

other domains (e.g., social skills; [85]). A broad literature on resilience has iden-

tified factors at both the individual level (e.g., cognitive factors) and environmental

level (e.g., family, community) that contribute to individual differences in mental
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health and well-being following ELS [85, 86]. Given the evidence of multifinality

following ELS, it is important to identify how protective factors influence neuro-

biological development to reduce risk for stress-related psychopathology

[87, 88]. For the purposes of the current review, we will focus on protective factors

of the social environment that may ameliorate the effects of ELS on neuro-affective

development via social buffering.

In behavioral studies, quality caregiving and family stability have been consis-

tently shown to promote more resilient long-term outcomes following exposure to

early adversity (reviewed in [89]). For example, in the Bucharest Early Intervention

Project (BEIP), youth with stable foster-care placements following institutional

care showed lower levels of internalizing symptoms during early adolescence

relative to those who experienced disruptions in foster care [5]. Importantly, the

two groups did not differ in the amount of time spent in institutional care or

psychiatric history at age 4, suggesting that the observed difference in adolescent

levels of psychopathology occurred as a function of caregiver stability, as opposed

to earlier levels of trauma exposure or psychopathology [5]. Similarly, longitudinal

studies of childhood maltreatment have shown that family level protective factors,

such as caregiving stability [90], perceived parental care [91], and parental warmth

[92] are associated with reduced risk for future psychopathology. Together, these

findings suggest that positive and stable caregiving is associated with lower levels

of emotional problems following multiple forms of early adverse experiences.

In light of strong evidence linking caregiver support and mental health out-

comes, ample research has focused on identifying the neurobiological mechanisms

underlying these social buffering effects [93, 94]. Evidence across species has

shown that caregivers regulate emotional and neurobiological development

(reviewed in [44]). In rodent pups, maternal presence has transient effects on

cortisol release and amygdala function, such that maternal presence blocks stress

reactivity and fear learning during the early stage of rat pup development [82]. Sim-

ilar social buffering effects have been identified in humans; parent availability

reduces cortisol response to social stress [95] and enhances emotion regulation

abilities in children [96]. Moreover, parental stimuli can induce transient changes in

functional connectivity of amygdala-mPFC circuitry, and these neurobiological

changes predict the degree of parental buffering of children’s emotion regulation

abilities [96]. Together, these findings provide a plausible neurobiological mecha-

nism through which caregivers can directly influence neuro-affective functioning

during development.

Despite robust evidence of social buffering effects during typical neuro-affective

development, no evidence to date has examined these effects on emotion regulation

circuitry in youth with history of ELS. However, recent behavioral evidence

suggests that interventions such as high-quality foster care may promote healthy

emotional development in youth with a history of early institutional caregiving

[97]. In the BEIP study, children with earlier placement into high-quality foster care

showed greater attention bias to positive stimuli relative to children who experi-

enced prolonged institutional rearing and typically developing children [97]. Impor-

tantly, positive attention bias in foster care youth predicted lower externalizing
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symptoms at age 8 and lower internalizing problems at age 12, suggesting that

positivity-bias following early foster-care placement is associated with improved

socio-emotional functioning in the long-term [97, 98]. However, a recent study of

internationally adopted PI children and adolescents found that parental presence

during a social stress task had no greater regulatory effect on cortisol reactivity

relative to stranger presence, suggesting that social buffering mechanisms may

exert differential effects on stress-related neurobiology depending on prior social

experiences [99]. Moreover, animal models have shown that social buffering

effects are diminished following atypical caregiving experiences (i.e., nursery

rearing; reviewed in [94]). As such, further research is needed to investigate

potential mechanisms through which protective factors such as positive parenting

behaviors may be able to recalibrate the developmental trajectory of neuro-

affective circuitry, and whether they exert effects over and above the effects of

ELS to protect against future risk for stress-related psychopathology.

6 Limitations and Future Directions

While the current review focused on common phenotypes of neuro-affective

circuitry associated with ELS, there are several directions of future research that

will advance our understanding of how early adversity and protective factors

influence neurobiological development and subsequent mental health outcomes.

First, there is limited research examining the effects of timing and chronicity of

stressors on neuro-affective functional development. Recent studies examining

structural brain development have identified differential effects of adversity on

amygdala volume depending on age of exposure [14, 100], and there is preliminary

evidence linking the age of maltreatment exposure to degree of amygdala reactivity

during childhood [64]. However, the complexity and chronicity of adverse experi-

ences in the majority of human studies makes it challenging to differentiate whether

stress-related effects on amygdala-prefrontal development occur as a function of

the duration or timing of the stress exposure. Although international adoption

studies can provide insight into the effects of ELS (e.g., institutional care) that

occurs during a discrete developmental window, there may be limitations in its

generalizability. These limitations highlight the important role of preclinical studies

that use animal models of ELS. While there will always be the ethical limitations in

studying stress exposure in humans, animal studies can experimentally manipulate

age of onset, chronicity, and severity of ELS to allow for greater conclusions of

causality. Moreover, translational research can provide more precise examination

of the underlying neurobiological mechanisms associated with early adverse expe-

riences that cannot be accessed through human neuroimaging studies.

Second, recent theoretical frameworks have emphasized importance of examin-

ing specific dimensions of early adverse experiences, such as threat and neglect, and

how they influence different aspects of neurobiological development [52]. Although

the current review focused specifically on threat-related alterations in amygdala-
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prefrontal circuitry, other dimensions of early experience may target different

neural circuits (e.g., cortico-striatal circuitry) and neuro-cognitive domains (e.g.,

reward learning, executive functions; [52, 101]). Further longitudinal research is

needed to compare how certain dimensions of adverse experiences differentially

alter neurobiological circuitry to confer risk for specific domains of

psychopathology.

In addition to protective factors of the social environment, genetic factors play

an important role in moderating risk for emotional psychopathology following ELS

[102, 103]. For example, genetic polymorphisms in neuroplasticity genes (e.g.,

BDNF) have been associated with ELS-related changes in neurobiological devel-

opment and emotion regulation [104]. More recent work has shown that cumulative

risk profiles across several HPA-related genetic alleles moderate the association

between amygdala-prefrontal connectivity and anxiety symptoms in children

exposed to stressful life events [75]. Importantly, genetic factors are often corre-

lated with variability in the early environment in human studies, representing a

significant challenge for researchers to differentiate the effects of genetics (e.g.,

parent psychopathology) from the effects of ELS (e.g., family conflict). This can

include studies of adoption and foster-care cohorts, as children who display more

emotional difficulties at a young age may experience greater disruptions in family

placements [105]. Despite these potential confounds, not all individuals with

genetic predispositions (e.g., family history of psychopathology) will develop an

emotional disorder, and emerging research suggests that environmentally induced

epigenetic modifications in gene expression also predict vulnerability for psycho-

pathology [106]. For example, low socioeconomic status has been associated with

longitudinal increases in promotor methylation of the serotonin transporter gene

during adolescence [106]. Importantly, these epigenetic changes were associated

with enhanced threat-related amygdala reactivity, which in turn predicted longitu-

dinal increases in depressive symptoms in adolescents with a family history of

depression [106]. These findings emphasize the critical role of early experiences on

the developmental trajectories of neuro-affective circuitry and risk for stress-related

psychopathology.

7 Conclusion

In summary, emerging research has begun to identify the developmental pathways

through which early adverse experiences alter emotion regulation circuitry to

increase risk for stress-related psychopathology. However, little is known regarding

the differential effects of adversity on amygdala-prefrontal function during differ-

ent developmental stages (i.e., infancy, childhood, adolescence) and different

dimensions of exposure (i.e., maltreatment vs. neglect). Further research delineat-

ing the effects of timing and type of adversities, as well as their interplay with

genetic and epigenetic factors, is needed to advance our understanding of the neuro-

developmental mechanisms implicated in vulnerability for psychopathology
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following ELS. This research will be facilitated by the incorporation of transla-

tional studies that directly compare human studies with animal models of ELS to

provide further insight into the mechanisms underlying the link between early

experiences and neuro-affective development. By applying a dimensional and

developmental framework to future research, we can also begin to elucidate how

and when protective factors can buffer the effects of ELS on neurobiological

development to mitigate long-term risk for psychopathology. Ultimately, such

research will be informative for developing policies and targeted interventions to

improve mental health outcomes for individuals who have experienced early

adversity.
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Subanesthetic Dose Ketamine
in Posttraumatic Stress Disorder:
A Role for Reconsolidation During
Trauma-Focused Psychotherapy?

Cato Veen, Gabriel Jacobs, Ingrid Philippens, and Eric Vermetten

Abstract Despite efforts to develop more effective therapies, PTSD remains a diffi-
cult disorder to treat. Insight into the dynamic nature of memory formation and its
required molecular machinery can provide an opportunity to target pathological
memories for emotionally arousing events. As memories become labile upon retrieval,
novel information can update the strength and course of these consolidated memories.
Targeting the process of reconsolidation may offer a relevant approach to attenuate
fearful and traumatic memories. Specific molecular mechanisms that are required for
reconsolidation of arousing information include an intact functioning of the
glutamatergic signaling pathways and, more specifically, the integrity of NMDA
receptors. Ketamine, a noncompetitive NMDA-receptor antagonist, is receiving
increasing interest for a variety of psychiatric indications. This compound can also
be an interesting candidate for targeting emotional memories. We explore whether
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.
As a consequence, a systematic approach is needed to assess the pharmacodynamic
effects of ketamine in relation to both psychotherapy and its pharmacokinetics prior to
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its application in patient populations. By using a “question-based drug development
plan,” we can explore such aspects for novel drugs, and we formulated five additional
topics that need to be addressed concerning the psychotherapeutic approach and phase
orientation of pharmacological assisted psychotherapy.

Keywords Consolidation • Extinction learning • Ketamine • Memory •

Pharmacological assisted psychotherapy • Posttraumatic stress disorder •
Reconsolidation
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1 Introduction

Posttraumatic stress disorder (PTSD) can be considered as a disorder in which
emotional memory plays a key role (Yehuda and LeDoux 2007). Despite efforts to
develop more effective therapies, it remains a difficult disorder to treat (Jonas et al.
2013). Targeting the strength of highly affective memories has shown to be a novel
and promising approach to attenuate fearful and traumatic memories. Over the last
decade, this has reflected in an abundance of research on memory resulting in the
discovery that memories become labile upon retrieval. In this phase novel informa-
tion can be integrated and can alter the nature and strength of consolidated fear
memories (Quirk and Mueller 2008). This approach has opened opportunities for
exploration of a new strategy with compounds that could lead to significant clinical
improvements in treating PTSD.

In this review, we provide a rationale for targeting pathological memory forma-
tion with a pharmacological approach embedded in a psychological treatment. We
will specifically highlight the role of N-methyl-D-aspartate (NMDA)-receptor func-
tioning. We will argue that ketamine, a NMDA-receptor antagonist, potentially
holds promise in treatment of PTSD when administered as a single intravenous
(IV) infusion of a subanesthetic dose, especially as augmentation of trauma-focused
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psychotherapy by attenuating reconsolidation of traumatic memories. Additionally,
we will provide a framework to systematically address all relevant topics for drug-
assisted psychotherapies, and we will apply this for ketamine-assisted psychotherapy
in PTSD.

2 Memory Formation and Glutamatergic Signaling
Through the NMDA Receptor

A well-studied translational model to understand formation of trauma-related mem-
ories is the Pavlovian fear-conditioning paradigm illustrated in Fig. 1 (Maren et al.
2013; Pavlov 1927; Pedreira and Maldonado 2003; Suzuki et al. 2004).

Exposure:
US-CS 

Presentation

Consolidation

Re-exposure
CS � CR

Fear behavior

Retrieval: 
Exposure to 

the US

Brief/Single
Re-exposure

Extended/Repeated 
Re-exposure

1. Reconsolidation 

2. Extinction learning

A B

Fig. 1 A translational model to investigate trauma-related memories; a Pavlovian fear-conditioning
paradigm. (a) An animal is exposed to a cue (tone), the conditioned stimulus (CS), followed by an
aversive stimulus (shock), the unconditioned stimulus (US), several times. This US is an aversive
stimulus and subsequently elicits fear behavior in the animals, the conditioned response (CR). This
behavior represents a memory of the connection between the CS and the US, consolidation of the
fear memory. During presentation of the CS without the US (re-exposure), the animal now exhibits
fear behavior. A new (fear) memory is represented by a “memory trace” or “memory engram.” (b)
Depending on the frequency and duration of re-exposure, it can induce retrieval and reconsolidation
of the primary memory trace or result in extinction learning. 1. During brief re-exposure to the CS
without US (re-exposure), the fear memory is retrieved and returned to its unstable state and
subsequently restabilized (reconsolidation). When the memory is unstable, it is possible to integrate
new information into the same memory trace. 2. Extinction learning occurs if the duration or
frequency of re-exposure is sufficient to induce extinction learning. Extinction learning does not
affect the “old memory trace,” but rather it creates a “new memory trace.” Extinction learning
results in decrease of fear behavior exposed by the animals by antagonizing the primary formed
memory. Both reconsolidation and extinction learning can be involved in adaption of fear memory
and behavior (CR) in animals after re-exposure
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Consolidation, reconsolidation, and extinction learning have both common and
distinct steps in their biological pathways (Miller and Sweatt 2006; Nader 2015;
Suzuki et al. 2004). As consolidated memories become labile upon retrieval, novel
information can update the strength and course of these consolidated memories; this
process is reconsolidation (Miller and Sweatt 2006; Nader 2015). Extinction learn-
ing does not affect the “old memory trace” like in reconsolidation, but rather it
creates a “new memory trace,” and it is thought that the new memory antagonizes the
previous formed fear memory (Berman and Dudai 2001; Quirk and Mueller 2008).
The glutamatergic signaling pathway is important in synaptic plasticity and has a
crucial role during several stages of learning such as consolidation, retrieval, recon-
solidation, and extinction learning (Miller and Sweatt 2006; Quirk and Mueller
2008). More specifically, NMDA-receptor functioning has shown to be essential
during all these phases of learning (Miller and Sweatt 2006; Quirk and Mueller
2008). Disruptions in NMDA signaling can lead to deficits, e.g., chronic stress
exposure in rodents can disrupt NMDA-dependent hippocampal long-term potenti-
ation (Shors et al. 1989). On the other hand, manipulating NMDA-receptor func-
tioning after exposure to traumatic stress is a potential candidate mechanism to
modify reconsolidation and extinction learning (Quirk and Mueller 2008). For
example, the NMDA-receptor partial agonist D-cycloserine has shown to facilitate
extinction learning and lead to an attenuated fear response (Quirk and Mueller 2008;
Weber et al. 2007). On the other hand, NMDA-receptor antagonists can block
reconsolidation but may also block extinction learning resulting in undesirable
effects like prevention of extinction learning (Quirk and Mueller 2008). The duration
of re-exposure (CS exposure see Fig. 1) to the fear cue determines whether the
exposure will lead to reconsolidation or a shift to extinction. Suzuki et al. elegantly
demonstrated in animals that the extent of re-exposure can lead to different learning
mechanisms and opposite effects of NMDA-receptor antagonism. They showed that
a 3-min re-exposure to a conditioned stimulus (CS) induced reconsolidation (Fig. 1),
which could be blocked with an injection with a NMDA-receptor antagonist during
the 3-min re-exposure (Suzuki et al. 2004). When mice were re-exposed to the
CS for much longer, 30 min, the learning shifted to extinction. After a 30-min
re-exposure, the animals would normally show reduced fear behavior, but injection
of a NMDA-receptor antagonist prevented reduction of fear behavior and resulted
in a blockade of extinction learning (Duclot et al. 2016; Suzuki et al. 2004). The
potential dynamic of the NMDA receptor is complex since there are several binding
sites for antagonistic compounds. Competitive antagonism at different bindings
sites, like the glutamate or the glycine binding site, has been shown to block
reconsolidation (Das et al. 2013; Nader 2015). Thus, pharmacological compounds
that (temporarily) promote or inhibit the function of the NMDA receptor appear to be
a promising strategy to attenuate fear memory either by facilitating extinction or
blocking reconsolidation, respectively.
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3 Treatment Opportunities of Combining Psychotherapy
and Pharmacotherapy in PTSD

Evidence-based psychotherapies for PTSD are commonly divided as either trauma-
focused or non-trauma-focused. A key element in trauma-focused psychotherapy is
the exposure of the traumatic memory through speech, writing, or visualization. This
is considered a common and essential intervention because it is responsible for
the processing of traumatic memories (Schnyder et al. 2015). Targeting functional
processes like extinction learning and desensitization are capable to reduce the fear
response related to the traumatic memories (Garakani et al. 2006; Rauch et al. 2012).
While both trauma-focused and non-trauma-focused psychotherapies are considered
state-of-the-art treatments (Lancaster et al. 2016), almost all PTSD treatment guide-
lines recommend trauma-focused psychotherapies, and clinicians generally accept
these as the most effective treatment strategy (Bisson et al. 2007; Rauch et al. 2012).

Several central nervous system (CNS)-penetrating agents, such as antidepressants
and antipsychotics, are used as pharmacological treatments for patients with PTSD.
Overall, the aforementioned drugs are hypothesized to exert their therapeutic effects
by primarily modulating central monoaminergic neurocircuits (Casey 1997; Owens
et al. 1997). Some of these drugs have additional effects on the autonomic nervous
system (ANS) by either suppressing sympathetic activation or boosting parasympa-
thetic activity (Casey 1997; Davidson 2015). These drugs influence clinical symp-
tom clusters in PTSD such as anxiety, depressed mood and cognitive processes by
modulating central monoaminergic circuits, and hyperarousal and sleep disruption
via central and/or peripheral ANS effects in patients with PTSD (Davidson 2015).
Yet these mechanisms are often insufficient for symptom relief in PTSD since these
drugs alone or in different combinations have been shown to have only modest
therapeutic effects when compared to psychotherapeutic interventions (Jonas et al.
2013; Lee et al. 2016). We argue that this might be partly due to the fact that these
drugs do not target the key mechanism of the disorder, pathological memory
formation (Yehuda and LeDoux 2007). Therefore, new strategies for pharmacother-
apy that focus on pathological memory formation with pharmacological compounds,
manipulating the excitatory glutamate system, seem to be very promising (Garakani
et al. 2006; Rauch et al. 2012).

In everyday practice, it is common that patients are treated concurrently with
psychotherapy and pharmacotherapy. However, it is not yet established on which of
the treatments the efficacy is based (Hetrick et al. 2010). Moreover, therapeutic
combinations involving both, therapy and current drugs (antidepressants and anti-
psychotics), have not been designed to target the etiopathophysiology of the disor-
der. Hence, new studies are needed to determine how psycho- and pharmacotherapy
may have a synergistic effect. The possibility to manipulate consolidated traumatic
memories (McGaugh 1966; Vermetten et al. 2014) may provide an opportunity to
manipulate pathological memories even long after the incubation of PTSD. The
addition of pharmacological compounds could target underlying memory mecha-
nisms during psychotherapy and provide an opportunity to augment therapeutic
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efficiency (see Fig. 3c, d) (Vermetten and Krugers 2016). Currently, patients
undergo repeated exposure sessions to establish an improvement that is relying
partly on extinction learning (Craske 2015). Pharmacological compounds could
very well facilitate extinction learning that results in a faster reduction of the fear
response (Quirk andMueller 2008). Another intervention strategy in this respect is to
block post-retrieval reconsolidation of a traumatic memory (Nader et al. 2013).
Theoretically, blocking reconsolidation could lead to a faster reduction of symptoms
in comparison with enhanced extinction learning (Nader 2015; Nader et al. 2013). It
may be so that fear reduction could possibly be established just after one session,
while several sessions are needed to achieve extinction learning.

The concept of enhancing or augmenting psychotherapy with pharmaco-
therapeutics is known as pharmacological or medication-assisted psychotherapy
(Vermetten et al. 2014). Preclinical research has discovered several compounds
with different receptor profiles (e.g., propranolol, cortisol, D-cycloserine, ketamine,
oxytocin, and MDMA) that have been identified as potential candidates to enhance
the effect of psychotherapy through several different mechanisms (Vermetten and
Krugers 2016). This review focuses in particular on the possibility of ketamine to
block reconsolidation of fear memories through NMDA-receptor antagonism. Fur-
thermore, a background on ketamine as a CNS drug for augmenting psychotherapies
in PTSD will be discussed.

4 Ketamine as a Central Nervous System Drug

4.1 Clinical Pharmacology of Ketamine

Ketamine is a pharmacological compound that was developed in the 1960s as an
anesthetic agent (Domino et al. 1965). It easily crosses the blood-brain barrier (BBB)
and affects a great variety of receptors. Ketamine often refers to a racemic mixture of
two enantiomers, S(+)-ketamine and R(�)-ketamine, but is also available as S(+)-
ketamine alone which is much more potent (Mion and Villevieille 2013). Demeth-
ylation of ketamine occurs within 2–3 min after IV infusion, and the metabolites
(norketamine and hydroxynorketamine among others) have pharmacological prop-
erties as well. Relevant information about the chemical structure, pharmacokinetics,
and pharmacodynamics is given in Box 1. Ketamine has a variety of dose-dependent
pharmacodynamic effects on the human brain that are mediated through different
receptors (Mion and Villevieille 2013; Oye et al. 1992). Its noncompetitive antag-
onism on the NMDA receptor is the most studied effect causing changes in opening
time and opening frequency of the channel pore (Li and Vlisides 2016; Orser et al.
1997). When administered in subanesthetic dosages (�0.5 mg/kg), ketamine has an
impact on mood, perception, and cognition (Bowdle et al. 1998; Krystal et al. 1994).
Mood is first described to be flattened with some drowsiness, while with higher
doses anxiety can occur (Li and Vlisides 2016). Ketamine can alter visual (height-
ened, dulled, and distorted), auditory, and tactile perception of the world and the self
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(Bowdle et al. 1998; Pomarol-Clotet et al. 2006). Cognition can be affected by
ketamine in a variety of ways, including vigilance and disrupted executive function-
ing (Krystal et al. 1994). Additionally, ketamine can induce referential thinking and
delusions such as paranoia and subjective changes in thinking (Bowdle et al. 1998;
Pomarol-Clotet et al. 2006). It was also shown that ketamine can induce amnesia
(Oye et al. 1992) and disruption of recall (Krystal et al. 1994). Due to these effects,
ketamine is used as a recreational drug especially among young people (Bearn and
O'Brien 2015). Besides the central effects, ketamine has several systemic effects like
increased heart rate and blood pressure through activation of the sympathetic ANS.
All these effects are transitory and are dependent of time to peak concentration and
elimination time (Kirby 2015; Li and Vlisides 2016).

Box 1: Pharmacological Structure, Pharmacokinetics,
and Neuropharmacology of Ketamine

Chemical Structure

Ketamine is phencyclidine derivate (CI-581, 2-chlorophenyl-2-
methylamino-cyclohexanone, C13H16ClNO) (Domino et al. 1965). Ketamine
primarily existed of a racemic mixture of two enantiomers S(+)-ketamine and
R(�)-ketamine. Where S(+)-ketamine has a CH3 group, R(�)-ketamine had
H alone. Nowadays also S(+)-ketamine alone has become available. S(+)-
ketamine is at least two times more potent compared to racemic ketamine
(Mion and Villevieille 2013).

Chemical structure of S(+)ketamine

H3C O
NH

CI

Pharmacokinetics

Ketamine is a lipid-soluble molecule with a large volume of distribution
which rapidly crosses the blood-brain barrier (BBB). There is low binding of
10–40% to plasma proteins (Mion and Villevieille 2013). The bioavailability

(continued)
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Box 1 (continued)

of ketamine is intramuscular 93%, oral 17–29%, and intranasal 8–45% (Li and
Vlisides 2016). Via demethylation, approximately 80% of ketamine is metab-
olized into norketamine and 15% into 6-hydroxynorketamine (Woolf and
Adams 1987). Subsequently, norketamine is metabolized by liver microsomal
cytochrome P450. CYP3A4 is the major enzyme involved in ketamine’s N-
demethylation (Hijazi and Boulieu 2002). Demethylation of ketamine occurs
within 2–3 min after injection of an intravenous (IV) bolus. Clearance of
ketamine is high and it has an elimination halftime of 2–3 h (Domino et al.
1984). Norketamine is detectable after 2–3 min with a peak concentration after
30 min. The elimination of norketamine is slower than ketamine, and contin-
uous IV administration of ketamine will result in an accumulation of
norketamine (Mion and Villevieille 2013).

Pharmacodynamics

The primary central nervous system effects are thought to be mediated by
binding on glutamate receptors (Mion and Villevieille 2013). The most known
mechanism of action is the noncompetitive antagonism of the NMDA receptor
through changes in opening time and opening frequency (Orser et al. 1997).
The binding affinity for the NMDA receptor is high; Ki values are S(+)-
ketamine 0.69 and for R(�)-ketamine 2.57 (Moaddel et al. 2013). Binding
affinity for dopamine d2 receptor (Ki value ¼0.5 μM) and serotonin 5-HT2
receptor (Ki value ¼ 15 μM) has been found within the pharmacological
relevant range (Kapur and Seeman 2002). Ketamine also has the potential to
bind to others (non-glutamate receptors) such as monoaminergic, cholinergic,
opioid, muscarinic, and nicotinic receptors although with a much lower bind-
ing affinity (Mion and Villevieille 2013). Furthermore, metabolites of keta-
mine, such as norketamine and hydroxynorketamine, have pharmacological
properties as well. For example, (S)-norketamine has a high affinity for the
NMDA receptor, Ki value 2.25 (Moaddel et al. 2013).

Ketamine is used for anesthesia, for analgesia, and more recently for
psychiatric disorders like depression. It is not yet completely clear which
part of the effect is established by ketamine and which part by its metabolites.
Norketamine is thought to be involved in nociception but has a three times
smaller effect compared to ketamine (Li and Vlisides 2016). Recently
hydroxynorketamine has been showed to be responsible for the antidepressant
effect through binding on the AMPA receptors (Zanos et al. 2016).

Dosage depends strongly on the indication. Anesthesia is induced with
dosages that range from 1 to 4.5 mg/kg IV, and a coma can be maintained with
repeated dosages of 0.5–1 mg/kg IV. Because a coma is not induced by
ketamine, 0.5 mg/kg IV is considered a subanesthetic dose (Li and Vlisides
2016).
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4.2 Ketamine in Search of an Indication in Psychiatry

Because of its psychotropic effects (Krystal et al. 1994) and its ability to easily cross
the BBB (Peltoniemi et al. 2016), research of ketamine has expanded to the field of
psychiatry. Due to its effect on cognition and perception, ketamine can mimic
psychosis-like symptoms and be used as a model of schizophrenia in healthy
individuals without a prior or current history of psychotic disorder (Domino and
Luby 2012). Increased interest in the use of ketamine as a potential treatment for
psychiatric disorders emerged after the discovery of NMDA-receptor antagonism
reversing depressive-like behaviors in animals (Papp and Moryl 1994; Przegalinski
et al. 1997; Trullas and Skolnick 1990). Only two decades ago, Berman et al.
published the first paper about the rapid effects of ketamine on patients with
depressive episodes (Berman et al. 2000). They showed that a single IV infusion
of 0.5 mg/kg ketamine resulted in greater reduction of depressive symptoms com-
pared to placebo (Berman et al. 2000). This was replicated by Zarate et al. with a
second randomized controlled trial who reported the antidepressant effect lasted for
1 week (Zarate et al. 2006). Since then, research on ketamine as a treatment strategy
for depression has greatly expanded (Caddy et al. 2014). To extend the durability of
the antidepressant effect, the protocol has been adjusted with repeated IV infusion of
ketamine instead of a single IV infusion. A study using this protocol reported a
prolonged effect of more than 2 weeks (18 days) (Murrough et al. 2013b). Although
many studies (RCTs with passive and active placebo, open-label studies, case
reports) published that ketamine exerts a rapid effect on symptom reduction
(Caddy et al. 2014), the most recent meta-analysis concluded that this evidence is
quite promising but limited due to risk of bias and small study samples (Caddy et al.
2015). In addition to the interest in ketamine as treatment for depression, studies
have started to investigate the potential of ketamine as an acute treatment for suicidal
ideation. The first reports are positive and these studies conclude a beneficial effect
(Mallick and McCullumsmith 2016; Murrough et al. 2015; Price et al. 2009).
Although a lot of research has already been performed, more research is needed to
strengthen the evidence on ketamine as therapeutic drug in mood disorders and
suicidal ideations. This research needs to address the question about optimal dosing
and route of administration in order to establish a prolonged and sustained effect.
Additionally, it should aim to unravel the underlying biological mechanism through
which ketamine exerts its effect on mood symptoms. New insights have shown
that the antidepressant effect of ketamine is partially mediated through its
metabolite hydroxynorketamine, which appears to be NMDA receptor independent
and accomplished through the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptor (Zanos et al. 2016). Via this type of research, a more targeted
treatment approach with fewer side effects could be developed.
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4.3 Single IV Infusion of a Subanesthetic Dose Ketamine
as Treatment in PTSD

In 2014 Feder et al. published the first randomized controlled trial using ketamine as
treatment in patients with PTSD. In this proof of concept study, they compared a
single IV infusion of racemic ketamine of 0.5 mg/kg for 40 min with IV midazolam
as active comparator in 41 patients (Feder et al. 2014). The protocol used for this
symptom-focused study is similar to the first studies that investigated the effect of
ketamine on depression (R. M. Berman et al. 2000; Murrough et al. 2013a). Feder
et al. reported a rapid and significantly increased improvement of PTSD symptoms
in patients who received ketamine compared to midazolam. Reduction of subjective
stress was measured 24 h after infusion with a self-report questionnaire (Impact of
Event Scale – Revised). This questionnaire used subscales on symptoms of intru-
sion, avoidance, and hyperarousal. The reduction was significant for all three sub-
scales. As patients with PTSD often suffer from comorbid depression, the study also
discussed the effect of ketamine on depressive symptoms. They showed that keta-
mine infusion resulted in a significantly larger reduction in comorbid depressive
symptoms when compared to midazolam. It is important to note that baseline
depressive symptoms and the effects of treatment on depressive symptoms did not
predict the effect of ketamine on PTSD symptoms. Therefore, Feder et al. argued that
the improvement in symptoms of PTSD was not due to the effect on comorbid
depressive symptoms (Feder et al. 2014). Supportive evidence exists from three case
reports that demonstrated that ketamine decreases symptoms of PTSD in patients for
a period up to 2 weeks (D'Andrea and Andrew Sewell 2013; Donoghue et al. 2015;
Womble 2013). Another group highlighted the effect of ketamine on PTSD symp-
toms with a subanalysis of comorbid PTSD in patients with depression (Zeng et al.
2013).

An important contribution of the Feder study is that they were the first to show
that ketamine is safe and well tolerated in the treatment of PTSD. They do report
transient dissociative symptoms (Feder et al. 2014). This is specifically important
because ketamine can induce (in a dose-dependent manner) dissociative symptoms
and paranoid thoughts, which are symptoms reported by many patients with PTSD.
However, it is not reported to what extent patients already experienced dissociative
or cognitive symptoms at baseline. Furthermore, it should be noted that the Feder
study is performed with racemic ketamine (mixture of both enantiomers S(+)-
ketamine and R(�)-ketamine) and that side effects might be more prominent if
only S(+)-ketamine would have been used (Peltoniemi et al. 2016). To strengthen
these first promising results, a replication study is needed. The Feder study raises
questions concerning the underlying mechanisms. Are these effects mediated solely
through NMDA-receptor antagonism and how does it affect pathological memory
formation? Additional studies need to answer these questions.
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4.4 The Effects of Ketamine on Memory, Development of
Memory, and Stress Disorders

The impact of ketamine on the different stages of memory formation in humans has
not been systematically addressed. There is some circumstantial evidence on the
relationship between ketamine and its effect on memory and stress in humans from
retrospective observation studies in battlefield anesthetics (McGhee et al. 2008,
2014). They initially reported that perioperative use of ketamine would protect
against the development of PTSD. However, in a larger study, this was not repli-
cated, and they concluded that perioperative ketamine did not protect against acute
and delayed stress symptoms (McGhee et al. 2008, 2014). On the other hand,
another group reported that perioperative ketamine would even lead to a higher
percentage of PTSD symptoms (Schonenberg et al. 2005). These studies could
potentially give information whether ketamine can promote or inhibit memory
consolidation. However, interpretation is difficult because the exact time window
between the traumatic event (and thus the start of consolidation of the memory) and
the administration of ketamine is not mentioned. Even though another study showed
elevated symptoms of acute stress (dissociation, reexperiencing, hyperarousal,
avoidance) 3 days after administration of perioperative ketamine, it is difficult to
interpret this effect as an effect on traumatic memory due to the dissociative side
effects (Schonenberg et al. 2008). Due to this conflicting evidence, the relation of
perioperative ketamine administration after trauma and PTSD symptomology linked
to pathological memories remains unclear. However, these studies did identify that
something profound is going on with ketamine treatment after traumatic events,
which is emphasized by a qualitative study that interviewed clinicians who used
ketamine as an anesthetic (Wilson and Pokorny 2012). To obtain better knowledge
about the effect of ketamine on human memory formation, dose-range studies during
specific stages need to be performed.

5 Novel Use of Ketamine to Target Traumatic Memories
in PTSD

5.1 Ketamine Targeting Pathological Memory Formation

The different stages of memory formation provide several treatment targets for
PTSD and can be distinguished as the event-based “golden hours” and exposure-
based “golden hours” (Fig. 2) (Vermetten and Krugers 2016). The event-based
“golden hours” provide an opportunity to investigate the potential of ketamine as
primary or secondary prevention of PTSD in high-risk groups. Thus, can ketamine
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enhance resilience prior to a traumatic event or alter consolidation directly after a
traumatic event?

A proof-of-mechanism study in mice showed the potential of ketamine to
enhance resilience (Fig. 2A) to a stress exposure (Brachman et al. 2016; McGowan
et al. 2017). They reported that injection of a subanesthetic dosage of ketamine prior
to exposure of the CS + US in a fear-conditioning paradigm (Fig. 1) (in addition to
the obvious effects on US perception) reduced fear behaviors in mice (McGowan
et al. 2017). It was shown that this protective effect was only present within a specific
time window. Injection of ketamine 1 week before CS + US exposure also enhanced
resilience. However, injection of ketamine 1 h or 1 month before CS + US exposure
did not result in this protective effect (McGowan et al. 2017). Furthermore, it is
reported that the effect lasted beyond the half-life period of ketamine (Brachman
et al. 2016; McGowan et al. 2017). Therefore the authors suggested that ketamine
treatment might be implemented as a vaccine-like strategy in high-risk groups
(Brachman et al. 2016; McGowan et al. 2017). The exact time window of this
putative protective effect in humans would need to be more carefully investigated.
For a successful translation of this approach to enhance resilience with ketamine,
many other aspects, such as the dosage and dissociative side effects, need to be

Fig. 2 This figure illustrates the development of traumatic memories over time. Four time points
are identified for potential pharmacological interference with traumatic memory (formation).
A. Prior to the exposure and formation of the traumatic memory, the compound could enhance
resilience. B. Directly after exposure of a traumatic event, consolidation of the traumatic memory
can be blocked. C. Blocking of reconsolidation directly after exposure within the time window of
0–6 h. D. Facilitation of extinction learning of traumatic memories
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carefully considered. Administration of ketamine directly after the traumatic event,
within the window of consolidation (Fig. 2B), is another opportunity. However
preclinical studies show inconsistent result of the effect that ketamine administration
has on consolidation of fear memories (Groeber Travis et al. 2015; Ito et al. 2015;
Juven-Wetzler et al. 2014; Suzuki et al. 2004). Due to this conflicting evidence, it is
currently too early to implement ketamine as an effective prevention strategy for
adverse memory formation after a traumatic event. Possible preclinical studies in
healthy humans could help to determine the effect of ketamine on consolidation of
fear-related and emotional memory.

Another novel and promising approach is to implement ketamine in trauma-
focused psychotherapies for PTSD, during exposure-based “golden hours” (Fig. 2).
During reconsolidation and extinction learning, NMDA-receptor functioning is essen-
tial. We argued in Sect. 3 that blocking reconsolidation (Fig. 2C) might have a more
rapid effect compared to facilitation of extinction learning (Fig. 2D). There is con-
vincing evidence that NMDA-receptor antagonism blocks reconsolidation in preclin-
ical studies (Das et al. 2013; Duclot et al. 2016; Suzuki et al. 2004). Via antagonistic
binding to the NMDA receptor, ketamine has the potential to adapt NMDA-receptor
functioning (Orser et al. 1997). Therefore, we hypothesize that targeting reconsoli-
dation of pathological memory formation with ketamine during the exposure-based
“golden hours” is a potential treatment strategy for PTSD.

To our knowledge, only a few preclinical studies have investigated the effect of
ketamine on reconsolidation in a fear-conditioning paradigm in rodents (Duclot et al.
2016; Honsberger et al. 2015). Honsberger et al. found that an injection of ketamine
directly after re-exposure did not lead to reduction of fear behavior in an auditory
fear memory paradigm (Honsberger et al. 2015). However, Duclot et al. showed that
ketamine administration directly after re-exposure induced disruption of contextual
fear memory and led to a reduction of fear behavior. This study also showed that the
reduction of fear is dependent on the dosage of ketamine. A lower dose would lead to
fear reduction, whereas a higher dose of ketamine would not. This study showed that
ketamine is effective in blocking reconsolidation of fear memory in rodents in an
inverted U-shaped dose-response manner (Duclot et al. 2016). Girgenti et al. also
reported about their experiments with ketamine in a fear extinction paradigm.
Results showed that ketamine administration before re-exposure of 30 s reduced
fear behavior in animals (Girgenti et al. 2017). However, this study remains incon-
clusive whether this effect is due to blocking reconsolidation or facilitation of
extinction. Most evidence reports that extinction learning requires NMDA-receptor
functioning (Quirk and Mueller 2008), and Suzuki et al. reported that re-exposure
paradigm of 3 min induces reconsolidation (Suzuki et al. 2004). Therefore, we argue
that it seems more feasible that the effect that Girgenti et al. showed is the result of
NMDA-receptor-dependent blockade of reconsolidation. Preliminary results in
nonhuman primates also showed a reduction of fear behavior after ketamine was
administered during the reconsolidation phase (Philippens et al. 2017). These studies
trigger the demand to investigate the effect of ketamine on reconsolidation of fearful
memories in humans and, more specifically, to answer the question if ketamine is
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able to block reconsolidation of traumatic memories in patients with PTSD in
relation to re-exposure during psychotherapy.

Ketamine is a promising candidate in the strategy of pharmacological assisted
psychotherapy. Ketamine may indeed be able to reinforce the effect of psychother-
apies. Patients might experience lower stress levels during therapy, and dropout rates
could potentially be reduced. As far as we know, no studies have been performed
with ketamine as additional treatment during trauma-focused psychotherapy. At the
time of writing, two clinical trials are registered for the investigation of ketamine in
combination with psychotherapy (The Cooper Health System n.d.).

In the next section, the steps that need to be taken to use ketamine as a method to
specifically target pathological memory via reconsolidation are discussed.

5.2 How to Investigate Ketamine-Assisted Psychotherapy for
PTSD That Targets Reconsolidation

Evidence that ketamine can modulate traumatic memory is predominantly circum-
stantial and originates mainly from preclinical animal data (Sect. 5.1) and retrospec-
tive observational studies in humans (Sect. 4.4). The implementation of ketamine as
a viable pharmacological strategy to enhance psychotherapies in PTSD therefore
requires further evaluation. To illustrate this point, the NMDA-receptor agonist D-
cycloserine has recently been proposed as a promising candidate for pharmacolog-
ically augmented fear extinction during trauma-focused psychotherapy for PTSD
(Rothbaum et al. 2014). Although numerous studies with D-cycloserine have been
conducted, they lack methodological standardization such as dose selection, timing
of administration relative to the psychotherapeutic invention, and primary outcome
parameters; for review, see Mataix-Cols et al. (2017). Together, these issues con-
tribute to wide range of compelling findings among research groups (for instance,
post hoc classifications of good and bad therapy session response) and raise ques-
tions regarding its reliability, as a consequence, limited applicability in research and
clinical practice. Thus the D-cycloserine case illustrates that designing a study to
investigate pharmacologically augmented fear extinction during psychotherapy is
not straightforward, since the compound’s pharmacology, the psychotherapeutic
intervention, and the functional CNS processes that underlie memory formation
that are targeted all need to be considered.

In this context, ketamine can be conceived of as a novel pharmacological
compound for the treatment of PTSD in general and the modulation of pathological
traumatic memories in particular. As a consequence, a systematic approach is needed
to assess its pharmacodynamic effects in relation to both psychotherapy and its
pharmacokinetics prior to its application in patient populations. The “question-based
drug development” approach has been proposed as a model to explore such aspects
for novel drugs (Cohen et al. 2015). This approach consists of six questions that
systematically address the most relevant aspects during drug development of a novel
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pharmacological treatment (Cohen et al. 2015). In addition, we formulated five
topics that need to be addressed concerning the psychotherapeutic approach and
phase orientation of pharmacological assisted psychotherapy (see Box 2). We
believe that addressing these questions and topics represents a crucial step in
designing a study for drug-assisted psychotherapy, which systematically addresses
below.

Box 2: Five Essential Topics for Designing Pharmacological Assisted
Psychotherapy, in Addition to the “Question-Based Drug Development”
Approach
Concerning the psychotherapeutic intervention

• Describe the therapeutic process that is targeted with the medication
(*memory processing).

• Outline the psychotherapeutic approach for the combined approach
(*trauma-focused psychotherapy).

• Define the essential therapy conditions in order to affect the target process
(*prediction error, proper amount of emotional involvement).

Concerning phase orientation

• Define the timing of drug administration in relation to the psychotherapeu-
tic intervention (*after retrieval of the traumatic memory within the
reconsolidation window).

• Define the proper frequency of the combined intervention (*hypothesized
one time, since repeated infusion might prevent extinction).

*Short answers for ketamine-assisted psychotherapy to block reconsolidation
which is extensively explained in Sect. 5.4.

5.3 “Question-Based Drug Development” Approach

5.3.1 Does Ketamine Reach the Site of Action?

When administered intravenously in humans, ketamine has a high bioavailability,
readily crosses the BBB, and dose-dependently induces transient psychomimetic
effects in healthy humans (Krystal et al. 1994) and patients with mood disorders
(Berman et al. 2000; Feder et al. 2014) around the maximal ketamine plasma
concentration (Cmax) (Kleinloog et al. 2015). In addition, ketamine displays rela-
tively high in vitro binding affinity for the NMDA receptor (see Box 1), with S(+)-
ketamine having a higher affinity than R(�)-ketamine or the racemic mixture.
Together, these findings provide confidence that ketamine reaches the NMDA
receptors located within the CNS. It should be noted though that ketamine’s active
metabolites norketamine and hydroxynorketamine have also been demonstrated
to have CNS effects. In fact, they have been implicated to contribute to both
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the antidepressant and the nociceptive effects of ketamine (Box 1) (Mion and
Villevieille 2013; Zanos et al. 2016). The exact extent to which the pharmacody-
namic effects of ketamine in humans can be attributed to ketamine itself or to these
metabolites still remains to be established and is subject to ongoing investigation.

5.3.2 Does Ketamine Exert an On-Target Pharmacological Effect?

For ketamine to effectively block reconsolidation of traumatic memories, it relies on
its properties as central NMDA-receptor antagonist and possibly on some of its
active metabolites, such as norketamine (Moaddel et al. 2013) (Box 1). Several
potentially viable pharmacological biomarkers for NMDA-receptor antagonism
have been suggested in literature. For example, gamma-band electroencephalogra-
phy (EEG) has been proposed as a putative translational biomarker for antagonism
of the NMDA receptor (Sanacora et al. 2014). In addition, in healthy volunteers
ketamine demonstrates concentration-dependent decreases in saccadic peak velocity
and smooth pursuit eye movements and increases of the total Positive and Negative
Syndrome Scale (PANSS) (Kleinloog et al. 2015). Taken together, several candidate
biomarkers for NMDA-receptor antagonism exist which may be applied to quantify
ketamine’s NMDA-receptor antagonistic properties in health and disease.

5.3.3 Does Ketamine Display Off-Target Pharmacological Effects?

Ketamine and its metabolites can bind to several non-glutamate receptors which may
result in off-target pharmacological effects. Binding affinity for other receptors than
the NMDA-receptor is generally much lower and can therefore be considered
pharmacologically irrelevant (Hirota et al. 2002; Moaddel et al. 2013), with the
exception of the dopamine 2 receptor (D2) and serotonin 5-HT2 receptor (Kapur and
Seeman 2002). Ketamine is associated with concentration-dependent increases in
peripheral serum prolactin (Kleinloog et al. 2015). Since prolactin release is modu-
lated by dopamine in central tuberoinfindibular projections, these findings suggest
that ketamine has potent D2 antagonistic properties. Ketamine is associated with
the occurrence of transient increases in both systolic and diastolic blood pressure.
The precise mechanism however is poorly understood and assumed to result from
centrally mediated ANS activation.

5.3.4 Does Ketamine Display On-Target Pathophysiological Effects?

Central to this question is whether ketamine modulates memory reconsolidation by
antagonizing the NMDA receptor and by doing that can enhance the effect of
psychotherapy in PTSD. Preclinical research has shown that ketamine can block
reconsolidation in rodents (Duclot et al. 2016) and nonhuman primates (Philippens
et al. 2017). Investigators observed a reduction of fear behavior in a contextual fear
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paradigm and concluded that reconsolidation of the fear memory was blocked.
Whether ketamine can block reconsolidation of fear memory in humans is yet
to be studied. No reliable biomarker that quantifies the disruption of memory
reconsolidation by an intervention, whether psychotherapeutic or pharmacological,
yet exists and will need to be developed. The on-target pathophysiological response
in patients with PTSD to ketamine would be the reduction of fear related to the
traumatic memory, which is most commonly measured with questionnaires. An
elegant example of a stepped approach is the study by the group of Kindt investi-
gating the effect that propranolol (noradrenergic β-blocker) has on reconsolidation
(Kindt et al. 2009; Soeter and Kindt 2015). First a fear-conditioning model induced
emotional (fear) memories in healthy human subjects, by applying painful shocks
related to specific visual cues. They showed that after re-exposure to these specific
cues, reconsolidation of the (fear) memories can be blocked by propranolol admin-
istration (Kindt et al. 2009; Schwabe et al. 2012). They measured fear reduction with
the startle response, which is one of the most robust biological methods to measure
fear in healthy humans (Kindt et al. 2009). For the next step, they successfully
translated these results for patients with spider phobia. They showed if patients are
treated with propranolol concurrent with exposure to real spiders, patients displayed
a reduction of fear behavior toward real spiders. Thus this study elegantly showed
that propranolol blocked reconsolidation of fear memories in patients with spider
phobia (Soeter and Kindt 2015). An important next step now is to investigate if
propranolol can block reconsolidation of traumatic memories in PTSD (Brunet et al.
2008; Kindt and van Emmerik 2016). Thus, a fear memory paradigm in healthy
humans provides a more objective marker to determine if ketamine can indeed block
reconsolidation of human memories and will help to determine the on-target phar-
macological effect in patients with PTSD.

5.3.5 Does Ketamine Have Any Off-Target Pathophysiological Effects?

Ketamine has a high in vitro affinity for the central D2 receptor (see Box 1) and
induces transient increases in systolic and diastolic blood pressure. D2-mediated
sustained hyperprolactinemia with antipsychotic drugs is associated with the occur-
rence of untoward effects such as galactorrhea and sexual dysfunction (Bostwick
et al. 2009). However, since the incidental administration of ketamine during
psychotherapy in PTSD is not expected to result in sustained hyperprolactinemia,
unwanted clinical symptoms are not anticipated. Also, transient blood pressure
elevations are not expected to cause safety issues, provided that PTSD patients
with hypertension are carefully selected and blood pressure is monitored during
trials with ketamine. Both clinicians and patients should be aware that ketamine is an
addictive drug that has a strong potential to be abused (Kirby 2015). This is
specifically important since numbers of substance abuse are high in patients with
PTSD (Kessler et al. 1995).
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5.3.6 What Is Ketamine’s “Therapeutic Window”
for Pharmacologically Assisted Psychotherapy Targeting
Reconsolidation?

The most frequently applied dosing regimen for both depression and PTSD currently
is 0.5 mg/kg ketamine over 40 min (Feder et al. 2014; Zarate et al. 2006). Notably,
these dosages are based on consensus derived from clinical experience with keta-
mine in depression research and dose-ranging studies with ketamine as anesthetic
agent (Berman et al. 2000; Domino et al. 1984; Zarate et al. 2006). In addition a
single study in depression demonstrated similar antidepressant effects for both
the 0.2 and 0.5 mg/kg dose (Singh et al. 2016). Together, these findings raise the
issue of dose selection for pharmacologically assisted psychotherapy that targets
reconsolidation in PTSD. Moreover, an inadequate dose may be associated with no
effect, while supratherapeutic doses may be associated with burdensome side effects
or loss of effect due to a specific stimulatory effects and/or dissociative symptoms
that might obscure desirable effects on memory. It is not yet known what the
required dose is to block reconsolidation of a memory and more specifically of
traumatic memory in PTSD.

The issues raised by this question-based approach might challenge researchers to
think thoroughly about the design of studies with ketamine in PTSD. We emphasize
the benefits of a stepped approach to first investigate the potential of ketamine to
block reconsolidation in healthy humans with a fear memory paradigm. This pro-
vides an opportunity to determine if ketamine can indeed block reconsolidation of
memories in humans in a controlled setting. During this experiment, it might be
considered to add a dose-ranging element in order to determine the plasma concen-
tration that is required to block reconsolidation of memories in healthy humans.
Simultaneously the occurrence of side effects can be monitored for these plasma
concentrations. A subsequent step is to examine if reconsolidation of traumatic
memories can be blocked after re-exposure during psychotherapy in patients with
PTSD. Notably, the sensitivity to ketamine and the robustness of the traumatic
memories in patients with PTSD can differ greatly from trauma controls. An
important step is to determine the sensitivity of patients with PTSD to ketamine,
compared with the sensitivity of healthy controls. EEG or saccadic peak velocity and
smooth pursuit eye movements combined with the PANSS might be considered as
biomarkers for the on-target effects of NMDA-receptor antagonism (Kleinloog et al.
2015; Mion and Villevieille 2013; Sanacora et al. 2014). These biomarkers can be
helpful to determine the differences in sensitivity by measuring NMDA-receptor
antagonism of ketamine in patients with PTSD and compare the results with healthy
controls. When done for various doses and plasma concentrations, this provides
information on how to translate results from a fear-conditioning paradigm in healthy
humans to a study design for patients with PTSD. The results from a healthy subject
design can also be useful for other specific anxiety disorders, which are somewhat
easier to investigate due to less generalization of fear and more straightforward
retrieval of memories. Thus, a stepped approach to unravel the optimal dosing for
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blockade of reconsolidation can be helpful before implementing ketamine as addi-
tional treatment during psychotherapy in patients with PTSD. Remaining topics
that need to be addressed for pharmacological assisted psychotherapy concern the
psychotherapeutic approach and phase orientation of both interventions, and these
will be discussed in the next paragraph.

5.4 Ketamine Embedded in a Psychotherapeutic Process

To investigate if ketamine has an effect on reconsolidation of traumatic memories, it
is important to expand the scope from the “question-based drug development”
approach and consider also clinical aspects of pharmacological assisted psychother-
apy. Researchers need to carefully think about how to best optimize the psychother-
apeutic process and how medication and therapy may fit for optimal effect. A proper
framework to carefully design studies that investigate medication-assisted psycho-
therapy is missing. We formulated five topics that need to be addressed in any study
design of medication-assisted psychotherapy, also for ketamine-assisted psychother-
apy. These issues need to be framed.

5.4.1 Describe the Therapeutic Process That Is Targeted with the
Medication

For ketamine this is memory processing. With ketamine the goal is to change the
memory engram of the consolidated traumatic memory by interfering with
reconsolidation. It also may have an additional effect on affective processing,
since the memories may be revisited in a slightly less fearful state, allowing more
ease to revisit them. Perhaps we do not know enough yet to make a clear-cut
distinction between manipulations of reconsolidation as opposed to extinction learn-
ing in current psychotherapies.

5.4.2 Outline the Psychotherapeutic Approach for the Combined
Approach

For ketamine a trauma-focused psychotherapy is preferred. All specific techniques
that are essential for re-exposure to the traumatic memory can be used, CPT, EMDR,
or other exposure-based interventions. There are several protocols that describe these
techniques (Schnyder et al. 2015).

5.4.3 Define the Essential Therapy Conditions in Order to Affect the
Target Process

During re-exposure the aim is to retrieve and destabilize the traumatic memory. Only
then it is possible to update the memory engram or interfere with subsequent
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reconsolidation. Memory “de”stabilization can occur merely under the circum-
stances that there is something new to learn during retrieval (Sevenster et al.
2012). Based on prior experience and patterns of response, the brain expects
(or predicts) what will happen with a certain stimulus or situation. A memory enters
the unstable (labile) phase in the case that the outcome of “what is about to happen”
is not fully predictable (Krawczyk et al. 2017). For that reason the time and the
magnitude of the exposure should be planned in a proper way in order to be able to
block reconsolidation of the memory. Yet, the intensity/quantity of emotional
involvement of patients during exposure needs to be addressed in order for this
strategy to be well evaluated; over-involvement could lead to dissociation and
anxious flashbacks, while under-involvement may lead to avoidance. An experi-
enced therapist is able to establish balanced and well-tolerated spot-on exposure and
prevent avoidance, which would be preferred over a more standardized design, such
as listening to a tape of the traumatic event when cognitive avoidance may be more
likely to occur. To identify the right “hot spots” for retrieval and destabilization of
traumatic memories in PTSD is quite a task, and to establish the right dose of
exposure in such a study could perhaps prove to be one of the most challenging
aspects. Since our therapeutic strategy targets reconsolidation of traumatic memo-
ries, a critical parameter is that a significant level of distress in patients should
originate from these intrusive traumatic memories and flashbacks. Notably, this
strategy may not necessarily need to affect all symptoms of PTSD, like feelings of
distrust and guilt that are often reported in patients.

5.4.4 Define the Timing of Drug Administration in Relation to the
Psychotherapeutic Intervention

In this strategy it concerns the relation between timing of ketamine administration
and opportunity of proper reconsolidation of the memory. There is some evidence
that NMDA-receptor antagonism by ketamine can interfere with (or even prevent)
retrieval of the memory (Milton et al. 2013), and therefore ketamine should not be
administered before retrieval, thus not before exposure. In addition, the time-specific
nature of the reconsolidation window needs to be taken into account, which is
generally considered 0–6 h after retrieval (Nader et al. 2000). These aspects together
with the pharmacological knowledge of ketamine (Tmax, elimination time, effect of
metabolites, etc.) determine the best timing of administration.

5.4.5 Define the Proper Frequency of the Combined Intervention

The frequency of administration relies on the clinical goals. Overall, this strategy
aims to make psychotherapies for PTSD more effective, e.g., an increased symptom
reduction or obtaining a more robust and sustainable effect. It can be argued that one
exposure session and a single infusion of ketamine should be investigated first. In
this way, the effect of ketamine on reconsolidation of memory after exposure can be
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identified. However, reintegration sessions, independent of ketamine-assisted
re-exposure session, are also important to integrate new learning into the patient’s
life. On another note, assuming that NMDA-receptor antagonism blocks extinction
learning and if ketamine is integrated in multiple sessions, long-term studies can also
induce undesirable effects. At this moment, there is no empirical evidence for the
frequency in a psychotherapeutic approach.

6 Conclusion

To improve the treatment of PTSD, research should focus on targeting one of the
core pathophysiological mechanisms, disrupted memory formation. Targeting
NMDA receptors by using ketamine can be effective to change the retention of
emotional and traumatic memories. There are promising first results for ketamine
infusion without memory retrieval in PTSD. We argue that ketamine infusion after
memory retrieval to block reconsolidation is another promising strategy for the
treatment of PTSD. We propose the “question-based drug development plan” and
the additional five topics as a framework for developing medication-assisted psy-
chotherapy. By using this framework for ketamine-assisted psychotherapy to block
reconsolidation in patients with PTSD, we showed that ketamine has potential but as
well the gaps in the knowledge that need to be investigated. Additional preclinical
research is needed to expand the understanding of the contribution of the NMDA
receptor in the modulation, acquisition, and storage of memories for traumatic
events before and after consolidation. This information will help to clarify whether
targeting NMDA receptors with ketamine can indeed successfully contribute to the
treatment of patients with PTSD.
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Emerging Approaches to Neurocircuits
in PTSD and TBI: Imaging the Interplay
of Neural and Emotional Trauma

Andrea D. Spadoni, Mingxiong Huang, and Alan N. Simmons

Abstract Posttraumatic stress disorder (PTSD) and traumatic brain injury (TBI)
commonly co-occur in general and military populations and have a number of
overlapping symptoms. While research suggests that TBI is risk factor for PTSD
and that PTSD may mediate TBI-related outcomes, the mechanisms of these rela-
tionships are not well understood. Neuroimaging may help elucidate patterns of
neurocircuitry both specific and common to PTSD and TBI and thus help define the
nature of their interaction, refine diagnostic classification, and may potentially yield
opportunities for targeted treatments. In this review, we provide a summary of some
of the most common and the most innovative neuroimaging approaches used to
characterize the neural circuits associated with PTSD, TBI, and their comorbidity.
We 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. While some promising targets in the medial frontal lobes exist,
there is not currently a comprehensive understanding of the neurocircuitry mediating
the interaction of PTSD and TBI. Future studies should exploit innovative neuro-
imaging approaches and longitudinal designs to specifically target the neural mech-
anisms driving PTSD-TBI-related outcomes.
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1 Introduction

Posttraumatic stress disorder (PTSD) and traumatic brain injury (TBI) are highly
overlapping disorders (Stein and McAllister 2009). Based on a sample of 1965
OEF/OIF/OND veterans, an estimated near two thirds of those with PTSD and nearly
one third had comorbid TBI (Tanielian and Jaycox 2008). Given their prevalence, TBI
and PTSD have been termed the “signature wounds” of veterans returning from recent
conflicts (Tanielian and Jaycox 2008). Moreover, TBI is thought to be an important risk
factor for the development of PTSD. A recent study on 4,645 American veterans
deployed to Afghanistan showed that those who experienced a TBI had 1.81 increased
odds of having PTSD within 3 months and 1.48 at 9 months (Stein et al. 2015; Yurgil
et al. 2014). Research also indicates that PTSD may mediate the impact of TBI-related
symptoms. A survey of 2,525 post-deployment Army soldiers indicated that while TBI
was associated with more physical health problems, PTSD and depressive symptoms
mediated this relationship (Hoge et al. 2008). However, the mechanisms for these
relationships are as yet not fully understood, and few imaging studies have focused on
this comorbidity (Table 1). Thus, there is a high demand for more advanced and
powerful methodology that may shed light on the relationship between TBI and
PTSD for the purposes of (1) clarifying the psychiatric nosology specific to each
disorder and their overlap and (2) providing opportunities for improved psychological
and pharmacologic treatments. In this manuscript, we will review the methodologies
and the findings from these modalities and discuss how these could potentially be
applied to further our understanding of these commonly coupled disorders.
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1.1 Neurocircuits in PTSD and TBI

There is a large and heterogeneous set of findings noted in a broad array of imaging
studies with divergence both in structural and functional modalities describing
PTSD and TBI. In addition, many functional imaging findings do not find results
that are unique to these specific disorders. Indeed, meta-analyses consistently show
substantial overlap across numerous psychiatric disorders. For example, studies in
both anxiety and depression report increased activation in the amygdala, anterior
insula, and anterior cingulate. There have been numerous meta-analyses specific to
PTSD (O’Doherty et al. 2015; Patel et al. 2012; Simmons and Matthews 2012) and
TBI (Eierud et al. 2014). Together these findings suggest that much of the brain
imaging work may be tied to similar key functions and networks that regulate brain
behavior, potentially with the insula, amygdala, and cingulate as important hubs
(Menon 2011). While clinically and symptomatically PTSD and TBI show substan-
tial overlap, the constructs point to a potential dissociable etiology. However, there is
no currently accepted way to apportion such etiologies beyond clinical judgment.
In an effort to understand the scope and the nature of this overlap, much of the
early work on PTSD and TBI has focused on different aspects, approaches, and
methodologies.

In this article, we will focus primarily on providing some familiarity in the range
of imaging methodologies that are utilized for the inspection and dissociation
of PTSD and TBI diagnoses, with special emphasis on novel methodologies or
approaches that may gain greater prominence in the coming years. A brief introduc-
tion to numerous methods is given in the section Measurement of Neural Circuits
and is followed by a Summary of Current Findings. Each section is divided into
major imaging methodologies including magnetic resonance imaging (MRI), func-
tional magnetic resonance imaging (fMRI), diffusion tensor imaging (DTI),
positron-emission tomography (PET), magnetoencephalography (MEG), and others.
In the summary section, we suggest future directions or analyses that may yield areas
for growth in future work, with the goal of clarifying existing diagnostic criteria for
TBI as separable from PTSD and ultimately elucidating mechanistic processes that
may lead to efficacious treatments.

Table 1 Percentage of all published works per imaging method that examine each disorder and
their comorbidity

Method TBI/method (%) PTSD/method (%) PTSD + TBI/method (%)

MRI 0.23 0.17 0.01

DTI 2.61 0.60 0.15

fMRI 0.22 0.18 0.01

MEG 0.30 0.45 0.04

PET 0.15 0.11 0.01

These data suggest that only very small percentage of work addresses the crossover of PTSD and
TBI. Data accessed as of 9/25/2017 at 5 p.m. EST
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2 Measurement of Neural Circuits

2.1 MRI

Magnetic resonance imaging (MRI) was initially utilized for medical use in 1977.
Since then, the application of this technology, and its ability to provide noninvasive
imaging of internal structures, has seen particular growth and utilization for under-
standing the neural correlates of mental health diagnoses. By placing the brain within
a standing magnetic field, the absorption and release of radiofrequency waves can be
predicted and measured to determine structure and location of specific substances
(Haacke et al. 1999). This highly prevalent technology is broadly available in
hospitals and clinics and has allowed for numerous studies focused on finding
structural differences in PTSD and TBI. The most often weighting of structural
images is T1 weighted (short radiofrequency echo times, bright white matter, and
dark cerebral spinal fluids (CSF)), although T2 weighted (longer radiofrequency
echo times, dark white matter, and bright CSF) can be helpful for TBI or when taken
in combination with T1.

As applied to psychiatric research, two major analysis paths have been employed
to quantify brain structure either looking at the quantity or thickness of the gray
matter. Voxel-based morphometry (VBM) uses signal intensities in MRI to estimate
the probable density of gray matter in a region of the brain and the probable size of
known cortical areas (Ashburner and Friston 2000). Conversely, these gray matter
maps can be seen as two meshes, one on the inner surface and one on the external
surface; from the distance between these two meshes, a cortical thickness can be
derived (Dale et al. 1999; Fischl et al. 1999).

An additional recent advancement in methodology is macromolecular proton
fraction (MPF) mapping, which provides information on the relative quantity of
immobile macromolecular protons involved in the magnetization exchange with
mobile water protons, and is characterized by marked distinctions between white
matter and gray matter (Naumova et al. 2017). Recent work in humans has used
MPF mapping for quantitative assessment of microscopic demyelination in both
white and gray matter brain tissues (Yarnykh et al. 2015). The application of MPF in
gray matter, in particular, may provide an additional sensitive clinical index of TBI
and or PTSD burden.

2.2 fMRI

Functional MRI utilizes the methods of MRI, but by interpretation of distortion
of the signal due to blood flow, it allows for inference of hemodynamic change
(Ogawa et al. 1990). While the core of this technology has stayed relatively static in
the last 20 years, there have been a few advancements in the collection capacity
and substantial advancement in the statistical decomposition of the signal.
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A notable technological advancement has been in the utilization of multiband
sequences in the collection of MRI data, an advance that benefits primarily fMRI and
DTI approaches. Principally, the number of coils used to emit and collect the radio
frequencies for the measurement of change in blood flow has increased. A new
approach has been to split these coils to run independently to allow for simultaneous
data acquisition. This, in addition to other streamlining advances, such as multi-echo
sequences and increased strength of the static field, has allowed for a profound
increase in the speed and resolution of the acquired scans.

Functional MRI data have traditionally been collected in three-dimensional
matrices of the brain (i.e., a set of voxels) repeatedly, over a duration of interest.
This provides a four-dimensional matrix (i.e., three spatial and time), where the
individual voxels show fluctuations over time. These fluctuations in signal are
associated with either an external stimulus (using a correlation approach) (Friston
and Penny 2003; Josephs et al. 1997; Penny and Friston 2003) or an internal stimulus
(using a connectivity approach) (Friston et al. 1996). The seed-based connectivity
approach takes the activation in a region of interest and observes other areas of
the brain that show related activation. Another approach that can be taken is to
decompose this signal into core components using independent component analysis
(Beckmann et al. 2005). These regions can then be linked to known temporal or
spatial patterns for further interpretation.

Recently, additional methods of note have emerged, e.g., graph theory has been
applied to seed-based connectivity to provide a data driven, whole brain analytic
approach that describes how brain networks interact together instead of simply
within or between segregated regions (Bullmore and Sporns 2009). Such interactions
may provide important information in distinguishing how these pathologies interact
and diverge. This has led to the notion that areas acting in conjunction have
local hubs and nodes.

Another interesting methodological advancement is multi-voxel pattern analysis
(Norman et al. 2006) and multivariate Bayesian decoding (Friston et al. 2008) which
provide a way to integrate multiple voxels in predicting or classifying brain state.

2.3 DTI

Diffusion-weighted imaging is a variant of MRI that characterizes water movements,
or Brownian motion, within tissues. First introduced in the mid-1980s and early
1990s (Le Bihan et al. 1986), it has undergone significant refinement over the past
three decades to accommodate improved description of white matter neural micro-
structure. Diffusion tensor imaging (DTI) was the first application of this technology,
providing indirect information regarding the structural orientation of white matter
fiber tracts, and is the most common method used to characterize the “integrity” or
directional coherence of white matter (i.e., fractional anisotropy). Voxel-wise calcu-
lations of fractional anisotropy (FA) and mean diffusivity (MD) are the primary
measures of white matter integrity and indicate the degree of restriction allowing for
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greater water diffusion along the length of an axon versus perpendicular to it. While
these are the primary measures that have been used for assessment of TBI, other
diffusivity measures, such as axial diffusivity (AD) and radial (RD) diffusivity, may
be helpful in measurement of TBI (Mohammadian et al. 2017). Healthy tissue is
generally associated with high FA and low MD values (Beaulieu 2002). Other
qualitative metrics such as regional tract count (i.e., number of efferent and afferent
tracts) and visualization of white matter tracts can also be obtained. Two common
DTI analysis pathways include tract-based spatial statistics (TBSS) which allows for
the creation of structural FA maps (Smith et al. 2006) and tractography which allows
for the visualization of diffusion directional preference applied to map the white
matter fiber pathways between specific regions (Basser et al. 2000). Recently,
tractography has been utilized to perform graph theory analysis (Bullmore and
Sporns 2009). These traditional measures of DTI are limited to conveying a single
fiber orientation in each voxel. In regions of complex fiber geometries, this may
result in ambiguous orientation estimates and subsequent failure of tractography.
High angular resolution diffusion imaging (HARDI) (and similar e.g., “Q-ball
imaging”) was developed to better handle situations where multiple crossing white
matter fibers/tensors mimic free water. HARDI and the orientation distribution
function (ODF) (Tuch 2004) do not constrain the shape of diffusion (i.e., not
necessarily elliptical) and thus allow for a measure of generalized fractional aniso-
tropy (GFA) that summarizes integrity across multiple directions within an MRI
voxel (Assemlal et al. 2007). This approach may be superior for the assessment of
crossing fibers or areas in which axons converge or diverge.

2.4 PET

The first positron-emission tomography (PET) device used for large-scale cerebral
scanning was developed in the 1950s for the detection of brain tumors (Portnow
et al. 2013). Modern-era PET provides mapping of functional utilization of specific
compounds by putting a radioactive tracer on a compound and measuring the release
of positrons as the compound is metabolized in the body (Worsley et al. 1992).
While traditionally sugar molecules are used as a tracer, such that energy utilization
can be quantified, a plethora of markers have been developed to look at the
transmission of serotonin (Drevets et al. 1999), dopamine (Elsinga et al. 2006),
and other transmitters that have been relevant to psychiatric conditions.

2.5 MEG

Magnetoencephalography (MEG) is a noninvasive functional imaging technique
that directly measures the magnetic signal due to neuronal activation in gray matter
with high temporal resolution (<1 ms) and spatial localization accuracy (2–3 mm at
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cortical level) (Leahy et al. 1998). Although first introduced over 40 year ago (Cohen
1968), innovations over the past decade have dramatically improved its implemen-
tation. MEGmeasures neuronal activity from the gray matter with a population about
100,000 neurons (Hamalainen et al. 1993). Recent development of high-resolution
MEG source imaging techniques such as the VESTAL (vector-based spatiotemporal
analysis of L1 minimum norm) algorithm (Huang et al. 2006, 2014a, 2016a) allows
the application ofMEG tomany psychiatric and neurological disorders such as PTSD
and TBI.

2.6 Summary

Each imaging modality has a unique set of strengths and weaknesses important to
acknowledge in the attempt to describe the interplay of PTSD and TBI. Inherent
limitations of spatial and temporal resolution (Fig. 1) as well as cost, storage, and
design (Table 2) support a multimodal approach with the goal of adequately describ-
ing the overlap of these two commonly comorbid disorders.

3 Summary of Current Findings

3.1 PTSD

MRI Hippocampal atrophy has been consistently related to PTSD (Karl et al. 2006;
Kitayama et al. 2005; Nelson and Tumpap 2017; Smith 2005). Notably reductions
occur in the absence of treatment (Sheline et al. 2003), but volume loss is mitigated
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Fig. 1 Spatial vs temporal resolution of reviewed imaging methods. Adapted from Huettel et al.
(2004)
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when treatment is provided (Vermetten et al. 2003; Videbech and Ravnkilde 2015).
The hippocampus is critical for fear processing (Gewirtz et al. 2000; Kuhn and
Gallinat 2013; Liberzon et al. 1999a; Rauch et al. 2006), in particular contextual
information that modifies responses based on environmental cues (Phillips and
LeDoux 1992).

fMRI A growing body of functional MRI literature supports the prevailing theory
that PTSD is associated with a prefrontal–limbic imbalance wherein structures
responsible for assigning salience to environmental cues are overactive (i.e., amyg-
dala, insula, dorsal anterior cingulate) and insufficiently modulated by prefrontal
structures (e.g., ventrolateral and ventromedial prefrontal cortex) (Etkin and Wager
2007; Hayes et al. 2012; Patel et al. 2012; Sartory et al. 2013; Simmons and
Matthews 2012). The hippocampus may also figure prominently into this model,
as it is thought to provide additional modulation to the amygdala by providing
access to contextual information allowing for the classification of environmental
stimuli as safe or unsafe. However, there have been few direct investigations of the
contribution of this structure to the presentation of PTSD despite consistent findings
of decreased volumes in trauma-exposed individuals.

The amygdala is central to the emotional processing and regulation of fear,
including fear conditioning, generalization, and extinction learning (Phelps and
LeDoux 2005). Individuals with PTSD tend to exhibit hyperreactivity of the amygdala

Table 2 Advantages and challenges associated with reviewed imaging modalities

Imaging
modality Cost (h) Storage Design PTSDa TBIa Advantages Challenges
MRI ~$500–1,000 Low Static + � Availability;

standardization
Sensitivity to
treatment change

Diffusion
imaging

~$500–1,000 Moderate-
to-high

Static � + Standardization;
measurement of
microstructure

Sensitivity to
treatment change

fMRI ~$500–1,000 Moderate-
to-high

Dynamic ++ + Spatial resolution Moderate tempo-
ral resolution

MEG ~$500–1,000 Moderate-
to-high

Dynamic + ++ Excellent temporal
resolution; mea-
surement of
microstructure

Availability; mod-
erate deep brain
signal

PET ~
$2,000–4,000

Low-to-
moderate

Mostly
static

+ + Targets specific
neurotransmitters

Exposure to
radioactive mate-
rials; low tempo-
ral resolution

Storage demands vary due to storage (raw P-files versus dicom files), scan parameters (multi-band,
repetitions), and processing. Due to this variance a single file can range from less than 10 MB to
over 10 GB
Ranking is subjective and anticipated to change with the issuance of further research and
methodologies
aPotential utility in current literature
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to trauma-related stimuli (Hayes et al. 2012; Liberzon et al. 1999b) and greater
amygdala functional connectivity with other regions of the salience network (i.e.,
insula) (Rabinak et al. 2011; Sripada et al. 2012a). Amygdala activity as measured by
fMRI is predictive of symptom severity in PTSD patients (e.g., Liberzon et al. 1999b).
It has also been hypothesized that exaggerated amygdala activity may partially
account for the observed decrease in activity in the prefrontal cortex (PFC) by way
of an increased feedback inhibition (Kelmendi et al. 2017). Exaggerated amygdala
activity may also explain some of the core behavioral patterns in PTSD, such as
hypervigilance and a failure to extinguish maladaptive fear response (Shin et al.
2006).

Evidence from functional neuroimaging studies suggests that dysfunction of the
ventromedial PFC (vmPFC)–amygdala circuit may be an underlying mechanism
driving PTSD symptomatology (e.g., Rauch et al. 2006). That is, in healthy indi-
viduals, volitional suppression of negative emotion and fear extinction are associated
with increases in vmPFC activity and decreases in amygdala activity (e.g., Delgado
et al. 2008; Milad et al. 2009). Therefore, the finding that ventral portions of medial
prefrontal cortex (vmPFC) tend to be hyporesponsive (Etkin and Wager 2007;
Felmingham et al. 2010; Milad et al. 2009), coupled with extensive evidence for
exaggerated amygdala responsivity, argues for dysfunction of this circuitry.

The insula has figured more prominently in neural models of PTSD over the
last several years. The anterior insula, which monitors internal homeostasis and the
integration of homeostatic assessment (Craig 2009), has been posited as a key
component in understanding PTSD (Paulus and Stein 2006). The right anterior
insula responds primarily to interoceptive information, tying together cognitions,
emotions, and internal body state (Craig 2003) and is a vital part of the salience
network (Menon 2011).The anterior insula has been shown to encode affective
distress that is associated with PTSD (Chen et al. 2009; Fonzo et al. 2010; King
et al. 2009; Simmons et al. 2008, 2009; Strigo et al. 2010) and may even predict
treatment response in this psychiatric samples (Dickie et al. 2011; Peres et al. 2011).
Individuals with PTSD show increased activation in the insula during anticipation of
an aversive image (Simmons et al. 2008), while this activation is reduced to those
with marked resiliency traits (i.e., special forces operatives) (Simmons et al. 2012).
New models tying the physiological and affective distress in PTSD to dysregulation
in the insula have been proposed (Paulus and Stein 2006).

The exact contribution of amygdala, insula, and vmPFC to the chronology of
PTSD and its clinical course has yet to be adequately studied. Recent meta-analysis
suggests that PTSD may represent an excitation of the saliency network (SN) (i.e.,
amygdala, insula, and dorsal cingulate) and a suppression of the central executive
network (CEN) (i.e., dorsal lateral prefrontal and posterior cingulate) (Patel et al.
2012). This network conceptualization of the disrupted networks overlaps and
incorporates prior models of PTSD (Liberzon and Sripada 2008) and provides
further evidence that relationships between these core networks may be at the
heart of PTSD symptom presentation.
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DTI Previous DTI studies examining the relationship between PTSD and white
matter integrity in military (Schuff et al. 2011) and adult-onset PTSD civilian
samples have mixed results, reporting reduced white matter integrity (lower FA) in
the corpus callosum (Kitayama et al. 2007; Villarreal et al. 2004), prefrontal cortex
(PFC) (Schuff et al. 2011), anterior cingulum (Kim et al. 2005; Schuff et al. 2011;
Zhang et al. 2011), and posterior cingulum (Fani et al. 2012) and higher fractional
anisotropy in the cingulum (Abe et al. 2006; Zhang et al. 2012) and superior
longitudinal fasciculus (Zhang et al. 2011, 2012). In a recent study that compared
adult-onset PTSD to controls, both exposed to a single, specific major trauma (8.0
earthquake), Li et al. (2016a) found significantly increased FA in the PTSD group in
two regions of left dorsolateral prefrontal cortex (DLPFC) and in the left forceps
major of the corpus callosum. Furthermore, the region of significantly decreased FA
in the middle frontal gyrus was positively correlated with CAPS scores in those with
PTSD (Li et al. 2016a). Results of this study are particularly interesting regarding the
specific effects of PTSD on white matter, given that participants in both groups
shared the traumatic event, were free of past or present psychiatric disorder, were
unmedicated, and had a relatively short duration of illness (mean ¼ 11 months).
Questions remain regarding whether increased FA in DLPFC reflects a predisposi-
tion for the development of posttraumatic symptomatology rather than a conse-
quence of the disorder or if decreased FA in the stressed control group may be
associated with resilience. Differences from previous studies may also reflect sample
characteristics such as chronicity, medication, psychiatric comorbidity, number of
traumas, and variable methods to account for a history of TBI.

MEG MEG studies contrasting PTSD patients with healthy volunteers found
hyperactivity from the amygdala, hippocampus, posterolateral orbitofrontal cortex
(OFC), dorsomedial prefrontal cortex, and insular cortex in high-frequency (i.e.,
beta, gamma, and high-gamma) bands and hypoactivity from vmPFC, frontal pole,
and dlPFC in high-frequency bands in those with PTSD. In individuals with PTSD,
MEG activity in the left amygdala and posterolateral OFC correlated positively with
PTSD symptom scores, whereas MEG activity in vmPFC and precuneus correlated
negatively with symptom scores (Huang et al. 2014c).

MEG has also been used to delineate PTSD and healthy control subjects with
>90% overall accuracy (Georgopoulos et al. 2010). Specifically, those with PTSD
had differential communication between temporal and parietal and/or parieto-
occipital right hemispheric areas with other brain areas (Engdahl et al. 2010).

PET Studies of posttraumatic stress disorder have shown increased amygdala
activation, although this was not confirmed in resting FDG-PET studies
(Molina et al. 2010).

172 A. D. Spadoni et al.



3.2 TBI

MRI Brain changes in TBI emerge from an abrupt external physical force. These
can result in clear regions of injury, such as in the case of an open head injury. In
moderate or severe cases of TBI, even in closed head injuries, the brain often has a
clear region of damage relating to the site of impact or the contralateral side of the
brain. In these cases, the brain can often receive damage from the spiny ridge in the
occipital bone. However, in case of mild TBI, the location of this damage cannot be
detected by traditional scanning procedures. Some initial evidence suggests that
hippocampal and temporoparietal damage may be related to blast injury (Wang and
Huang 2013).

In a comparison of Iraq and/or Afghanistan veterans with a history of blast and
blunt mTBI andwithout a history of mTBI, meanwhole brainMPF values were lower
inmTBI versus veterans without (Petrie et al. 2014). Results showed decreased values
in multiple brain regions including the corpus callosum, cortical/subcortical white
matter tracts, and gray matter/white matter border regions. Veterans with greater than
20 blast exposures had the lowest MPF values (Petrie et al. 2014). These findings
suggest that axonal injury may be a primary marker of blast-related mTBI.

fMRI Recent meta-analyses of fMRI suggest a widely distributed network of
structures that may be affected by mTBI (Eierud et al. 2014; Simmons and Matthews
2012). This is not surprising, given the heterogeneity of the impacts and sequelae
that relate to mTBI. Work by Bonnelle et al. suggests that disruption in SN leads to
increases in default mode network, notably the subgenual ACC (Bonnelle et al.
2012). These divergent findings may be highly dependent on the nature of impact
and confounding emotional effects in this highly heterogeneous condition. Similarly,
individuals who develop MDD after blast-related mTBI show maladaptive hyper-
activity in emotion processing structures such as the amygdala and hypoactivity
in emotional control structures such as the dorsolateral prefrontal cortex during
performance of an emotional face matching task, irrespective of PTSD diagnosis
(Matthews et al. 2011).

DTI Diffuse axonal injury (DAI) is caused by rapid acceleration–deceleration of
the brain and has been identified as one of the most important causes of morbidity
and mortality in patients with TBI (Frasure-Smith et al. 1995; Gean 1994). Such
injury to white matter integrity is thought to drive observable clinical and behavioral
symptoms associated with mild TBI (Arfanakis et al. 2002), although studies that
test these specific relationships are sparse. Neuropathology and imaging studies
of TBI have emphasized damage to white matter (Wilde et al. 2005, 2006), which
is characterized by axonal stretching, disruption, and eventual separation of nerve
fibers (Adams 1982). TBI alters brain tissue microstructure via widening of extra-
cellular space secondary to glial cell shrinkage (Goetz et al. 2004), small hemor-
rhages within the white matter, and Wallerian degeneration (Cernak et al. 2001).
These neuropathological changes lead to axonal collapse, breakdown of myelin, and
possible disconnection effects (Povlishock and Katz 2005). Despite this evidence,
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little is known about the fundamental changes that occur in the brain of individuals
who have sustained TBI from blast. Blast injuries may differ from mechanical force-
related injury (e.g., motor vehicle accidents) because of different mechanisms of
brain dysfunction. The mechanism of brain injury from blast results not only from
DAI but also from focal injury from stroke due to air emboli that can form in blood
vessels and travel to the brain (Okie 2005), and from trauma to other internal organs
(i.e., the lungs or kidneys), which can affect brain function. Although results from
animal studies indicate that DAI occurs even after relatively mild head injury
(Frasure-Smith et al. 1995; Povlishock and Coburn 1989), diagnosis and detection
of DAI are particularly challenging given that traditional neuroimaging (CT and
MRI) is often insensitive to this type of white matter damage (Scheid et al. 2003).
Consequently, TBI is frequently undetected or misdiagnosed, leading to inadequate
treatment (Gentry et al. 1988).

Diffusion tensor analysis has revealed abnormalities in cerebellar white matter
(MacDonald et al. 2011, 2013), orbitofrontal cortex (MacDonald et al. 2011),
temporal regions, and callosal white matter (Petrie et al. 2014) among individuals
with a history of blast injury. More generally speaking, mild TBI is associated with
widespread white matter abnormalities such as lower FA and higher MD after injury
(Aoki et al. 2012; Hulkower et al. 2013; Morey et al. 2013; Niogi and Mukherjee
2010), and studies of military cohorts generally echo this result. While some
analyses failed to find a consistent relationship between military mTBI and specific
hypothesized regions of white matter (Davenport et al. 2012; Levin et al. 2010;
MacDonald et al. 2011; Sponheim et al. 2011), whole brain voxel-wise comparisons
and overall measures of white matter integrity have since detected lower measures of
FA associated with military mTBI (Davenport et al. 2012; Jorge et al. 2012; Morey
et al. 2013; Yeh et al. 2014).

Yeh et al. (2014) employed a novel DTI “asymmetry analysis” to compare the
effects of blunt-only vs blast + blunt TBI. Their results suggested that the mechanism
of injury was related to the distribution of low FA clusters, as military personnel with
blast + blunt TBI showed lowest FA in central superior–inferior-oriented tracts near
subcortical regions (e.g., projection fibers interconnecting cortico–subcortical
regions such as the superior corona radiata), while blunt trauma-only TBI subjects
showed lowest FA in anterior–posterior-oriented tracts (e.g., anterior limbs of
internal capsules) (Yeh et al. 2014). These results point to the potential utility of
characterizing mTBI by mechanism of injury and could suggest altered sequelae
with additional blast force neurotrauma.

MEG Resting-state MEG appears highly sensitive to abnormal neuronal signals
resulting from brain injuries. Slow-waves, if present during wakefulness, are a sign
of brain dysfunction (Kandel et al. 2013). Neurophysiological studies in animals
have established a solid connection between pathological delta wave (1–4 Hz)
generation in gray matter and injuries in white matter. Polymorphic delta-band
slow-waves produced by white matter axonal lesions in cats were localized to the
gray matter of cortex overlying the lesion (Ball et al. 1977; Gloor et al. 1977).
Abnormal delta waves can also be induced by the administration of atropine in the
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white matter (Schaul et al. 1978). It is known that atropine is a competitive
antagonist of acetylcholine (ACh) receptors and can block and/or limit ACh. These
animal experiments concluded that cortical deafferentation was a key factor in
abnormal delta wave production, owing to white matter lesions (i.e., axonal injury)
and/or blockages/limitations in the cholinergic pathway. They also demonstrated
that abnormal delta waves can directly result from axonal and/or cholinergic block-
age/limitation.

Human studies in wakefulness suggest that the brains of mTBI patients generate
abnormal low-frequency magnetic waves that can be measured and localized by
resting-state MEG (Huang et al. 2009, 2012, 2014b; Lewine et al. 2007; Robb Swan
et al. 2015). MEG may be more sensitive than conventional MRI or EEG in
detecting abnormalities in mTBI patients (Lewine et al. 2007). Unlike normal
resting-state MEG data, which is dominated by neuronal activity with frequencies
above 8 Hz, injured neuronal tissues in many chronic neurological disorders (e.g.,
head trauma, brain tumors, stroke, epilepsy, Alzheimer’s disease, and certain chronic
neurovascular diseases) generate abnormal focal or multifocal low-frequency neu-
ronal magnetic signals (delta-band 1–4 Hz, extending to theta-band 5–7 Hz) that can
be directly measured and localized using MEG (Huang et al. 2014b). While TBI is
not the only neurological disorder that generates abnormal slow-waves, in practice,
brain tumor and stroke can be easily ruled out based on structural imaging (i.e., CT
and MRI), whereas epilepsy, Alzheimer’s disease, and other chronic neurovascular
diseases (e.g., hypertension and diabetes) can be ruled out based on medical history.
Using voxel-wise and ROI approaches, MEG slow-wave source imaging has been
shown to detect abnormal slow-waves with ~85% sensitivity in patients with
persistent post-concussive symptoms in chronic and subacute phases of mTBI
(Huang et al. 2012, 2014b).

In addition, MEG source images were found to be correlated with neuropsycho-
logical exams (Robb Swan et al. 2015) and with abnormal eye movement (Diwakar
et al. 2015) in individuals with mTBI. Recently, abnormal resting-state MEG
functional connectivity in different frequency bands was also found in mTBI popula-
tion (Engdahl et al. 2010; Huang et al. 2016b).

PET Studies have shown that patients with a history of TBI show diminished
activation across wide areas of the brain as detected by PET (Kato et al. 2007;
Levine et al. 2002; Nakayama et al. 2006; Shin et al. 2006; Stamatakis et al. 2002;
Zhang et al. 2009) both during performance of a task and at rest. Another approach
that has been successful in the differentiation of TBI from controls using PET
has been the definition of clusters of contiguous voxels of outliers of FDG-PET.
Notably, TBI patients showed larger clusters of deactivation that were located
closer to the gray/white junction than in a healthy comparison group (Zhang et al.
2009). In an FDG-PET study of patients with TBI alone, or with PTSD + TBI
compared to individuals without history of either condition, Buchsbaum et al. (2015)
found that both TBI groups had larger clusters of larger, low activity, and more
irregular in shape than combat controls (Buchsbaum et al. 2015).
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3.3 PTSD TBI Interaction

MRI Despite the common clinical overlap (Stein and McAllister 2009), and evi-
dence that TBI may increase the incidence and severity of PTSD (e.g., Vasterling
et al. 2009), only a small number of MR studies have attempted to describe the
interplay of TBI occurring in conjunction with PTSD. Examination of TBI in the
presence of PTSD compared to TBI- and PTSD-only may provide some information
regarding risk and resilience for this common dual diagnosis. For example, in a
sample of veterans with PTSD-only (n ¼ 4), TBI-only (n ¼ 32; all severities), or
PTSD + TBI (n ¼ 20), Brenner et al. (2009) employed a standard clinical imaging
approach using T2 gradient echo to evaluate TBI based upon the presence of
encephalomalacia or hemosiderin deposits. TBI-only was significantly more often
associated with MRI physical trauma-related findings than TBI + PTSD. There was
no evidence of encephalomalacia or hemosiderin deposits in those individuals with
PTSD-only (Brenner et al. 2009). One significant limitation of this study was that the
TBI-only group had a higher number of participants with severe TBI (n ¼ 17/27)
than the TBI + PTSD group (n ¼ 4/32). Negative findings signal a need for more
sensitive measures of PTSD and TBI burden.

Lindemer et al. (2013) examined the interactive effects of PTSD and TBI on
regional cortical thickness using T1-weighted high-resolution scans. Greater reduc-
tions in cortical thickness in bilateral superior frontal regions were found in veterans
with higher cumulative lifetime burden of PTSD and mTBI compared to the PTSD-
only group (Lindemer et al. 2013). Depue et al. (2014) compared comorbid
PTSD + mTBI relative to PTSD-only or TBI-only groups using voxel-based and
surface-based morphometry. They observed volumetric reductions in the bilateral
anterior amygdala in comorbid PTSD + mTBI individuals compared to an OEF/OIF
veterans without mTBI and/or PTSD (Depue et al. 2014). These observed structural
alterations in frontal and limbic regions in dually diagnosed individuals point to
additive effects in the central executive network and amygdala and may contribute to
the putative role these structures play in the symptomatology of PTSD (Patel et al.
2012).

fMRI There have been few explicit attempts to delineate the shared and/or unique
variance of PTSD and TBI using functional magnetic resonance imaging. One meta-
analysis used activation likelihood estimation (ALE) to compare PTSD-only and
TBI-only to control patterns of brain activation across 36 PTSD primary studies
and 7 primary TBI studies. Results showed that the primary area of overlap, wherein
both TBI and PTSD groups differed from control participants, was in the middle
frontal gyrus (Simmons and Matthews 2012). More specifically, more activation was
observed in those with PTSD and less activation in those with mTBI relative to
controls in this region. Varying study and task design may have significantly
contributed to the difference in direction (Simmons and Matthews 2012), rather
than differences in the neural mechanisms of each disorder. Due to the small number
of TBI studies available at the time, an updated analysis of this kind may illuminate
additional areas of overlap.
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Newsome et al. (2015) used fMRI to assess differences in brain activation during
verbal working memory in Iraq/Afghanistan veterans (n ¼ 25) with mild–moderate
blast TBI, veterans without history of TBI (n ¼ 25), civilians with a history of blunt
force mild–moderate TBI (n ¼ 25), and civilians with no history of TBI (n ¼ 25)
(Newsome et al. 2015). In regions that demonstrated a significant load effect during
the encoding portion of the task (correct trials only), the military blast TBI group
did not show the same monotonic increase in brain activation to increased set size
(1 v 3 v 5) in the right head/body/tail of the caudate as did the three other groups,
even after controlling for differences in age, education, PTSD, depression, fatigue,
and pain symptoms. Of importance, military blast TBI group showed a significant
and nearly significant negative relationship between caudate activations and reex-
periencing and avoidance PTSD symptoms, respectively, suggesting a potential
relationship between disrupted caudate response to increasing set size and these
symptoms. However, as the military groups were not matched on levels of combat
exposure or PTSD, and given the cross-sectional sample, this finding cannot be
specifically linked to PTSD.

Interrogation of functional connectivity has been the other principal approach
in evaluating the shared and dissociative contributions of TBI and PTSD to brain
function. Whereas task-related connectivity describes the interaction of brain regions
in the context of an external stimulus, resting-state connectivity derives from
intrinsic patterns of neural synchrony. Work by Newsome et al. (2016) employed
functional connectivity analyses to describe the intrinsic connectivity of subcortical
gray matter structures (caudate, putamen, globus pallidus) and cortical gray matter
(DLPFC) during resting state in veterans who had sustained a TBI from one or more
blast exposures (n¼ 17; 15 mild, 1 moderate, 1 severe TBI) as compared to veterans
who had been deployed but denied blast exposures or history of blunt TBI (n ¼ 15)
(Newsome et al. 2016). Notably, self-reported PTSD, neurobehavioral, and depres-
sion symptoms were significantly greater in the TBI group than combat controls.
Results of functional connectivity without controlling for these group differences in
PTSD and depression suggested (1) greater positive connectivity in the TBI group
than the control group between the right putamen and the right angular gyrus and
right lateral occipital cortex and (2) reduced connectivity in the TBI group between
the right DLPFC and bilateral superior parietal lobule, supramarginal gyrus, and
post-central gyrus (i.e., the control group demonstrated positive connectivity while
the TBI group demonstrated an anti-correlation between regions). Previous work
citing aberrant putamen connectivity in individuals with PTSD (e.g., Lei et al. 2015;
Linnman et al. 2011) may suggest a specific vulnerability to the comorbid influence
of TBI and PTSD in this region.

Spielberg et al. (2015) used graph theory to examine the interactive impact of
PTSD and mTBI on default network connectivity in veterans with trauma exposure
(n ¼ 208) and mixed histories of current/past PTSD and exposures to blast and/or
blunt mTBI (e.g., 96% with lifetime history of PTSD; 63% with mTBI) (Spielberg
et al. 2015). Authors discovered a network including the caudate/putamen (basal
ganglia) and the PFC wherein reexperiencing symptoms were related to decoupling
of these regions but only in veterans with mTBI. Given previous work suggesting
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that the basal ganglia and PFC work interactively to provide the mechanism by
which contextual information modifies working memory and distracting information
(Badre and Frank 2012), authors theorized that weaker connections in this network
may be associated with greater trauma-related intrusions in safe contexts (Spielberg
et al. 2015). Worse caudate local efficiency, or ability to exchange information
within a network, was also related to greater self-reported functional disability,
underscoring the potential clinical utility of this finding (Spielberg et al. 2015).
Furthermore, reexperiencing symptoms also predicted reduced insula participation,
or decoupling, in the mTBI group. Given the well-established role of the insula in
assessing the salience of an emotional stimulus (Simmons et al. 2013; Sripada et al.
2012b), disruption of this circuit may relate to increased errors in processing trauma-
related versus safe stimuli. These findings propose specific neural mechanisms
underlying a particular vulnerability to intrusive memories in the context of an
mTBI. Tasks that assess these circuits in direct relation to trauma processing in the
context of mild TBI are necessary to explore the potential specificity in the func-
tional pathology associated with PTSD symptoms (Spielberg et al. 2015).

DTI Recent work reflects the growing need to examine the conjoint influence of
TBI and PTSD on white matter. Jorge et al. (2012) used DTI to investigate white
matter microstructure in n ¼ 72 OEF/OIF veterans with blast-only mTBI and
compared to 21 deployed veterans without mTBI (Jorge et al. 2012). Conventional
voxel-wise tensor analysis revealed no between-group differences. However, a
greater number of spatially heterogeneous areas of abnormally low fractional aniso-
tropy, or “potholes,” were identified in veterans with a history of mild TBI that were
not related to age, time since trauma, presence of PTSD, mood disturbance, or
alcohol misuse. A civilian comparison group with blunt-force trauma absent of
psychopathology showed the greatest number of “potholes,” suggesting specificity
for mTBI. Across all TBI groups, the number of regions with reduced FA was also
significantly associated with greater duration of posttraumatic amnesia, loss of
consciousness, and poorer performance on measures of executive functioning
(Jorge et al. 2012). In this sample, the presence of PTSD was not significantly
related to white matter microstructure in veterans with mTBI.

Morey et al. (2013) employed voxel-wise analysis of diffusion metrics using
HARDI which allowed for the quantification of primary and partial volume fractions
of crossing fibers in (1) Iraq/Afghanistan veterans with mTBI with comorbid PTSD
and depression (n ¼ 30) and (2) non-TBI veterans without PTSD from primary
control (n¼ 42) and confirmatory control (n¼ 28) groups. After controlling for age,
PTSD, number of TBI events, duration of LOC, and presence of feeling dazed or
confused, mTBI relative to control groups was associated with an extensive number
of regions with lower white matter integrity including the corpus callosum, forceps
minor and major, superior and posterior corona radiata, internal capsule, superior
longitudinal fasciculus, among others (Morey et al. 2013). Interestingly, PTSD, in
the context of TBI, was not associated with white matter integrity.

Bazarian et al. (2013) used conventional T1-/T2-weighted MRI and voxel-wise
and ROI analysis of diffusion values (FA, MD) to investigate the relationship

178 A. D. Spadoni et al.



between measures of PTSD and mTBI acquired during deployment (Bazarian et al.
2013). In 52 OEF/OIF veterans with mixed diagnoses (i.e., PTSD and mTBI (n¼ 9),
PTSD only (n ¼ 6), mTBI only (n ¼ 21) and neither PTSD nor mTBI (n ¼ 16)),
approximately 4 years post duty, self-reported PTSD severity was significantly
predicted by whole brain MD values that fell into the 1st percentile of the sample
distribution, as well as severity of exposure to combat events, age, time since last
tour, and abnormal T1-/T2-weighted MRI. Of note, a clinical self-report measure of
mTBI was not predictive of PTSD severity. They also found that blast exposure was
significantly associated with 1st percentile FA, abnormal T1-/T2-weighted imaging,
and severity of exposure to traumatic events. This small but well-controlled study
may suggest that self-reported mTBI may not relate to neural changes obtained via
brain injury and that biomechanical forces experienced during combat exposure may
increase vulnerability for PTSD (Bazarian et al. 2013).

Yeh et al. (2014) used voxel-wise analysis of diffusion metrics, tract-specific
analysis, asymmetrical analysis, and fiber tracking to characterize white matter
microstructure in active military personnel with a history of TBI (i.e., blast + blunt
and blunt-only-related concussion) and non-deployed military controls. DTI findings
were examined in relation to post-concussive neuropsychological, neurobehavioral,
and posttraumatic stress symptoms. Compared to military control subjects (n ¼ 14),
deployed individuals with a history of mild (n ¼ 29), moderate (n ¼ 7), and severe
(n ¼ 1) TBI had significantly lower FA and higher trace, or the magnitude of
diffusion in a voxel, in a number of white matter tracts located principally in the
frontostriatal and fronto-limbic circuits, as well as in the midbrain and brainstem
regions (Yeh et al. 2014). These regions of lower FA were related to higher self-
reported PTSD and neurobehavioral symptoms.

Petrie and colleagues also attempted to tease apart the influence of PTSD and TBI
on white matter in Iraq- and Afghanistan-deployed veterans. They failed to find
significant differences on measures of white matter anisotropy (FA) between blast-
mTBI veterans (n ¼ 34) with and without PTSD (Petrie et al. 2014). Importantly,
there were no significant associations between PTSD symptoms and number of
reported concussive events.

Davenport et al. (2015) utilized HARDI and the orientation distribution function
(ODF) to study white matter in 133 OEF/OIF veterans with PTSD and/or mTBI, as
compared to combat controls absent of both conditions (Davenport et al. 2015).
Results indicated that PTSD was associated with high GFA in anterior thalamic
radiations, corticospinal tract, inferior fronto-occipital fasciculus, and inferior and
superior longitudinal fasciculus. PTSD was also associated with lower MD in the
corticospinal tract. Traditional tensor measures of FA, MD, and AD proved much
less sensitive to PTSD than GFA, and there were no main effects for TBI or
TBI + PTSD on GFA, FA, or MD suggesting that measures that account for multiple
fiber orientations may be especially sensitive to the relationship of PTSD to white
matter microstructure. Authors speculated that relative elevations in FA in associa-
tion with PTSD may represent preexisting vulnerabilities or symptom-related
overuse in association with anxiety regulation. Lopez et al. (2017) examined indi-
viduals with mTBI (n ¼ 27) or mTBI + PTSD (n ¼ 12) using a DTI tensor model,
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volumetric imaging, and neuropsychological testing (Lopez et al. 2017). The
mTBI + PTSD was found to have significantly reduced axial diffusivity (diffusion
along the axon) in the right cingulum bundle, significantly larger volume in the right
entorhinal cortex, and lower scores on tests of mental flexibility, processing speed,
encoding, and retrieval. These findings indicate the addition of PTSD to mTBI may
be associated with decreased white matter integrity, larger medial temporal volumes,
and poorer neuropsychological performance.

In a sample of OEF/OIF veterans with a mild or moderate TBI (n ¼ 38) (blunt
and/or blast) and n ¼ 17 veteran controls, Sorg et al. (2016) examined white matter
correlates of neurocognition and PTSD symptoms (Sorg et al. 2016). After control-
ling for PTSD symptoms, a history of TBI significantly predicted lower FA in the
genu of the corpus callosum and left cingulum bundle, and higher radial diffusivity
in bilateral cingulum bundle and genu of the corpus callosum. PTSD symptoms,
however, were not predictive of diffusivity values with or without controlling for
mTBI. Similarly, Sorg et al. found that while TBI history was significantly associ-
ated with poorer performance on tests of memory and psychomotor speed, PTSD
symptoms did not account for significant variance in test scores.

Using DTI, Dretsch and colleagues (Dretsch et al. 2017) assessed white matter
integrity associated with posttraumatic symptomatology and mTBI in n¼ 74 active-
duty US soldiers with posttraumatic symptoms (PTS) (n¼ 16), PTS with a comorbid
history of mTBI (PTS/mTBI; n ¼ 28), and a military control group (n ¼ 30). They
did not find significant between-group differences in the number of abnormal
DTI values (i.e., >2 SDs from the mean of the control group) for FA and MD
or differences in mean FA or MD across ROIs in commissure, association, and
projection tracts. While the comorbid PTS/mTBI group had significantly greater
traumatic stress, depression, anxiety, and post-concussive symptoms, and performed
worse on neurocognitive testing compared to those with PTS and controls, more
severe clinical presentation in the comorbid group did not appear to be moderated by
pathological changes in white matter induced by mTBI (Dretsch et al. 2017).

Longitudinal work may help clarify conflicting findings and link them mechanis-
tically to PTSD, TBI and their clinical course. For example, using conventional DTI,
Li et al. (2016b) measured FA and MD at acute (3 days), subacute (10–20 days), and
chronic stages (1–6 months) following blunt mTBI and examined whether these
values prospectively relate to the development of PTSD in community participants
recruited from the hospital emergency departments (Li et al. 2016b). Relative to
healthy controls, mTBI was equally associated with significantly higher FA in the
acute phase, regardless of eventual diagnosis. However, compared to both healthy
controls and individuals who did not develop PTSD, those with onset of PTSD
within 6 months also showed increased MD in subacute phase and decreased FA and
increased MD in the chronic phase in several regions including the corpus callosum,
inferior fronto-occipital fasciculus, uncinate fasciculus, superior longitudinal fasci-
culus, inferior longitudinal fasciculus, anterior thalamic radiation, and corticospinal
tract. A Bayesian discriminant analysis suggested predictive classification overall
accuracy of 76% using subacute MD values, while FA failed to show discriminative
significance. Findings are consistent with previous reports of elevated FA within
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days of mTBI injury (Eierud et al. 2014) but additionally suggest that measurements
of cerebral edema within weeks of the injury may help to identify blunt injury –

mTBI patients with an increased risk of PTSD (Li et al. 2016b).

MEG MEG has been used to study individuals with comorbid mTBI and PTSD
(Huang et al. 2016c). Abnormal MEG slow-wave generation was found in vmPFC
and bilateral dlPFC areas, indicating potential injuries due to mTBI. The slow-wave
generation suggests mTBI in these PFC areas. In addition, similar to the result from
an earlier cohort of PTSD-only subjects (Huang et al. 2014c), these comorbid
patients also showed MEG hypoactivity from vmPFC and dlPFC in high-frequency
bands when compared with the HCs. In this comorbid group, the coexistence of an
abnormal MEG slow-wave (mTBI component) and hypoactivity of vmPFC and
dlPFC in high-frequency bands (PTSD component) suggests the mTBI injuries in
PFC may result in a lack of inhibition from PFC to other areas of the PTSD
neurocircuitry. These data, thus, provide evidence of abnormal slow-wave genera-
tion in these PFC areas due to mTBI and the resulting potentiation of PTSD.

PET PET has also been applied to help delineate the separate influence of TBI and
PTSD on brain functioning. In an FDG-PET study of combat veterans with TBI
alone, with PTSD + TBI, compared to individuals without history of either condition
(n ¼ 15 combat controls), Buchsbaum et al. (2015) found that comparisons between
TBI and TBI + PTSD were not significant, which could be in part due to the fact that
the TBI group had elevated scores on a measure of PTSD. Also, there was no PTSD
comparison group, which may have provided more clarity (Buchsbaum et al. 2015).
Petrie et al. (2014) also did not find significant differences in TBI vs TBI + PTSD
groups on FDG-PET, which may suggest that this approach lacks in sensitivity for
detecting TBI vs TBI + PTSD differences (Petrie et al. 2014).

4 Summary

In this paper, we reviewed a number of core and emerging methodologies and
the findings from these modalities. In summary, we discussed how these could
potentially be applied to further our understanding of the coupled disorders of
PTSD and TBI. Functional imaging techniques may hold promise for detecting
subtle differences in neuropathology, as these approaches (fMRI, MEG) have
shown some evidence of specific variance due to PTSD and TBI in concert, while
volumetric and microstructural studies have shown potentially sensitivity to the
contribution of PTSD in the context of TBI.

Functional MRI provides preliminary evidence for aberrant connectivity of the
basal ganglia and insula in dually diagnosed individuals (Newsome et al. 2015,
2016; Spielberg et al. 2015). Caudate/putamen and insula connectivity were related
to reexperiencing symptoms in individuals with mTBI (Spielberg et al. 2015), a
finding that begins to elucidate mechanistic processes driving the increased rate of
PTSD in those with mTBI. Authors of a meta-analysis, agnostic for design or
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approach, found that the middle frontal gyrus was an overlapping area of potential
vulnerability (Simmons and Matthews 2012). Results of these studies point to the
continued investigation of frontal and limbic regions, and their interplay, in the
increased incidence of PTSD in those with TBI. Graph theory may provide an
especially powerful tool to examine the mechanistic basis of dual diagnosis that is
less dependent on nodal differences. PET has yet to provide evidence of its efficacy
to describe the interplay of PTSD and TBI neural correlates; however work that has
looked at the shape rather than location of divergent findings in TBI may be more
sensitive.

Results of MEG work in comorbid individuals also provide some additional
evidence of separable contributions of TBI and PTSD to the mechanism of increased
vulnerability to PTSD in those with TBI. Specifically, the confluence of slow-wave
activity in ventromedial and bilateral dorsolateral frontal regions, consistent with
TBI, and hypoactivity in high-frequency bands in these same regions, consistent
with PTSD, suggests that mTBI injuries to the PFC may aid in the potentiation of
PTSD symptoms. These findings are consistent with the hypothesis that mTBI may
serve as a catalyst for the onset of PTSD (Bazarian et al. 2013).

Interrogation of macrostructural and microstructural characteristics have pro-
vided mixed results. Measurements of volume/thickness suggest structural alter-
ations in superior frontal and amygdalar regions of dually diagnosed individuals
(Depue et al. 2014; Lindemer et al. 2013) and are consistent with working models of
symptomatology of both disorders, in which limbic activity is thought to be either
exaggerated and thus difficult to regulate effectively or wherein limbic function is
poorly regulated due to compromised frontal function. Sorg et al. (2016), Jorge et al.
(2012), Morey et al. (2013), and Petrie et al. (2014) show evidence for TBI-related
reductions in white matter integrity in dually diagnosed individuals relative to
non-TBI controls (Jorge et al. 2012; Morey et al. 2013; Petrie et al. 2014; Sorg
et al. 2016). However, the additive effect of PTSD remains unclear, as these studies
failed to demonstrate a significant relationship between PTSD and white matter
microstructure in the context of TBI. Furthermore, Dretsch et al. (2017) did not find
significant differences in white matter across groups with posttraumatic symptom-
atology, mixed posttraumatic symptomatology and mTBI, and controls despite a
greater preponderance of clinical symptoms in the mixed group. However, Bazarian,
Davenport, Li, Lopez, and Yeh all found evidence that white matter microstructure
was related to PTSD symptomatology in the context of TBI (Bazarian et al. 2013;
Davenport et al. 2015; Li et al. 2016b; Lopez et al. 2017; Yeh et al. 2014). These
findings may be dependent upon time of assay (e.g., Li et al. 2016b) or measurement
(e.g., Davenport et al. 2015). Ultimately, multimodal approaches in which functional
and microstructural relationships are dually specified, ideally in a longitudinal
manner, may provide the most insight as to the nature of the observed interactions.
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4.1 Limitations

Mixed etiology within group such as mechanism of injury (blast + blunt), time since
event, and premorbid trauma exposure presents a major challenge in the delineation
of neurobiological changes in response to these injuries and their comorbidities.
Samples of generous size that allow for the examination of symptoms in the context
of one another in continuous models may provide essential information regarding
the neural underpinnings of these oft-shared disorders and their heterogeneous pre-
sentations. Multivariate continuous approaches may also be advantageous as cate-
gorically defined groups are difficult to match on exposures (e.g., TBI + PTSD tends
to have greater trauma exposure than TBI-only or PTSD-only groups; TBI-only may
have greater severity of TBI than TBI + PTSD groups). Additionally, full factorial
designs are costly to image with adequate sample size. Indeed, collaborative data-
sharing approaches maybe the most effective way to achieve adequate sample sizes
to address these concerns (Thompson et al. 2014).

In terms of course, due to the timing of injury and trauma exposure, there may be
some inherent limitations to the conclusions we can draw about the interplay of TBI
and PTSD. For example, the fact that PTSD tends to follow TBI in those deployed to
combat zones (e.g., Hoge et al. 2008) is of questionable utility, as many veterans
(irrespective of TBI) report first noticing their PTSD symptoms when they have
returned from deployments, wherein symptoms such as hypervigilance are no longer
adaptive. Additionally, when there are multiple, similar, traumatic experiences, there
may not be a specific event or even a finite number of events that are the singular
cause of the onset of trauma-related symptomatology. Therefore, a TBI that occurred
at any point throughout these exposures may appear to precede or follow a trauma
(e.g., the reported worst trauma). Therefore, a purported temporal precedence may
be misleading, as the posttraumatic symptomatology may be linked more strongly
to the overall burden of stress than a singular event, and a reported TBI may not
therefore occur as a clear risk factor for PTSD. Likewise, susceptibility to TBI
sequelae following traumatic exposures may be similarly misleading. Relationships
between TBI effects and trauma exposures might be more clearly delineated in a
sample wherein the insults are not temporally overlapping. For example, groups of
individuals with separable causal events for TBI (e.g., post-training, pre-deployment
breachers) and criterion A trauma (e.g., post-training, post-deployment breachers
with combat trauma exposure) and measurement at multiple time points may be
helpful in further defining the mechanisms of vulnerability and resilience. The use of
objective measurements of TBI presence, in advance of PTSD (or ideally trauma
exposure), may be of greater utility in discerning a mechanistic contribution of TBI
to the onset of PTSD. Bazarian and colleagues’ finding that MR and DTI metrics
predicted PTSD severity, but not clinical diagnosis of mTBI, underscores this notion
(Hoge et al. 2008).

Finally, cohorts were also mostly cross-sectional, small in size, and many partici-
pants were taking medications (e.g., sedatives) at the time of participation. At this
time, the literature on the comorbidity of TBI and PTSD is more or less at an
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exploratory stage. With improved utilization of resources, such as cross sharing of
cohorts, or data sharing, the design of such studies could be greatly improved.
Conventional measures in parallel with novel measures help to both validate previ-
ous results but also push the field forward include GFA, ODF, asymmetry analyses,
and MPF. Additional measures of potential interest are genetic measures to assess
markers of vulnerability and resilience in conjunction with neuroimaging markers
and neuropsychological assessments to help understand whether neurobiological
substrates may correlate with cognitive deficits that inhibit recovery from
mTBI + PTSD.
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Sleep Disruption, Safety Learning,

and Fear Extinction in Humans:

Implications for Posttraumatic Stress

Disorder

Laura D. Straus, Sean P.A. Drummond, Victoria B. Risbrough,

and Sonya B. Norman

Abstract Fear learning is critical in the development and maintenance of post-

traumatic stress disorder (PTSD) symptoms, and safety learning and extinction are

necessary for recovery. Studies in animal models suggest that sleep disruption, and

REM sleep fragmentation in particular, interfere with safety learning and extinction

processes, and recently, studies are extending these findings to humans. A discus-

sion of the human literature is presented here, which largely consists of experi-

mental studies in healthy human control subjects. A theoretical model for the

relationship between fear learning, sleep disruption, and impaired safety learning

and extinction is proposed, which provides an explanatory framework for sleep

disruption and its relationship to PTSD. Overall, findings suggest that sleep disrup-

tion plays a role in the development and maintenance of PTSD symptoms, and thus

presents an important modifiable target in PTSD treatment.
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Epidemiological studies suggest more than two thirds of people in the general

population experience at least one traumatic event over the course of their lifetime

(Breslau et al. 1998). A portion of these people go on to develop Posttraumatic

Stress Disorder (PTSD). PTSD is characterized by four clusters of symptoms:

(1) re-experiencing the traumatic event in the form of intrusive thoughts, fearful

reactions to reminders of the event, distressing dreams, and/or dissociative flash-

backs; (2) avoidance of internal and external cues associated with the traumatic

event; (3) negative alterations in mood and/or negative cognitions about the self,

others, and the world; and (4) hyperarousal, experienced as being watchful for

threats, difficulty concentrating, irritability, exaggerated startle responses, and

difficulty falling or staying asleep (American Psychiatric Association 2013).

PTSD lifetime prevalence is estimated to be approximately 7% in community

samples (Kessler et al. 2005), with especially high prevalence rates in victims of

interpersonal violence (Resnick et al. 1993) and combat veterans (Weiss et al.

1992). PTSD is associated with negative psychiatric outcomes such as increased

suicidality (Davidson et al. 1991), alcohol abuse and dependence (Stewart 1996),

multiple psychiatric and medical comorbidities (Kilpatrick et al. 2003), functional

impairment (Kessler 2000), and low quality of life (Mendlowicz and Stein 2014).

Although evidence-based pharmacological (Brady et al. 2000) and psychosocial

(Foa et al. 2007; Resick and Schnicke 1992) interventions have been developed

for PTSD, not all patients respond to treatment. With regard to gold-standard

psychotherapies for PTSD, it is not uncommon to observe nonresponse rates as

high as 50% (Schottenbauer et al. 2008). It is, therefore, important to understand

the basic biological mechanisms involved in the development and maintenance of

PTSD, as well as the mechanisms involved in treatment response, in order to

better predict and understand who may not respond optimally to treatment.

Additionally, understanding processes that underlie PTSD symptoms will inform

development of more effective interventions. This discussion highlights two such

processes: impaired safety signal learning and impaired extinction memory, and

examines the extant literature on these processes and their relationship to

disrupted sleep. Experimental studies suggest that disrupted sleep is linked to

impairments in both safety signal learning and extinction processes. A theoretical
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model is proposed here hypothesizing that sleep disruption plays a role in the

development and maintenance of PTSD symptoms, which can be used as a

framework to guide future research.

1 Fear Conditioning, Safety Learning, and Extinction

Processes Are Implicated in PTSD

Fear conditioning is hypothesized to play a role in the development and mainte-

nance of PTSD. Patients with PTSD experience intense fear reactions to cues

associated with a traumatic event, which provoke strong avoidance to these cues

even long after the trauma (American Psychiatric Association 2013). For example,

a victim of sexual assault may experience intense anxiety when encountering

someone new who physically resembles the perpetrator, or an Iraq war veteran

exposed to an IED blast may experience anxiety when seeing debris on the side of

the road and make the decision to change lanes to avoid it. Additionally, patients

with PTSD have difficulty differentiating between dangerous and safe situations,

leading to overgeneralization of avoidance and hyperarousal symptoms (Jovanovic

et al. 2012). For example, a woman who experienced a sexual assault at school may

completely avoid going to campus, or a combat veteran who experienced an

insurgent attack while in a crowded market may avoid crowds or be watchful or

“on guard” while in crowds, even after coming home from deployment. During

natural recovery from trauma, fear reactions to threat cues are often reduced

through extinction learning and development of extinction memories (Rothbaum

and Davis 2003). Repeated exposure to these cues in a safe setting allows them to

lose their predictive quality for danger (Myers and Davis 2007; Quirk and Mueller

2008).

PTSD patients show impairments in fear conditioning and extinction learning

processes in experimental studies. Researchers have used classical Pavlovian con-

ditioning paradigms to demonstrate this in the laboratory setting. In these studies,

animal or human subjects are exposed to neutral cues which are repeatedly paired

with an aversive stimulus (unconditioned stimulus), such as a shock or an air puff to

the throat (Lonsdorf et al. 2017). Over time, subjects learn to associate the neutral

stimulus with threat and become anxiously reactive in response to the stimulus

alone (conditioned stimulus, or CS+). In addition to the threat signal, fear condi-

tioning experiments often present a second neutral stimulus which is never paired

with the unconditioned stimulus, so participants learn to associate this cue with

safety (CS�, Jovanovic et al. 2010). During extinction learning sessions, the CS+ is

then presented repeatedly without being paired with the unconditioned stimulus.

Participants undergo extinction by forming new memories allowing for inhibition

of the fear response, and thus they no longer respond anxiously in the presence of

the CS+. Finally, some experiments (e.g., Milad et al. 2007) also test recall of

extinction by presenting the CS+ during a later testing session and examining if

extinction learning is retained over time.
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Laboratory studies using these experimental paradigms with PTSD patients have

shown abnormalities in both fear conditioning and extinction learning. For exam-

ple, Orr et al. (2000) demonstrated that patients with PTSD more readily formed

fear associations as compared to trauma-exposed controls, and continued to respond

anxiously to the CS+ during extinction trials, suggesting that PTSD patients take

longer to “un-learn” fear associations than trauma-exposed control participants.

Other studies suggest impairments in extinction learning (Wessa and Flor 2007). In

addition to enhanced fear conditioning responses and impaired extinction learning,

PTSD patients show difficulties with retaining extinction learning over time. In a

study of monozygotic twins discordant for combat exposure, combat veterans with

PTSD showed impairments in extinction recall in comparison to their monozygotic

twins without PTSD (Milad et al. 2008). These difficulties with extinction have

been linked to re-experiencing symptoms of PTSD. PTSD patients appear to have

more difficulty learning that cues previously associated with traumatic events (e.g.,

helicopter sounds for a Vietnam veteran, seeing trash on the side of the road for an

Operation Iraqi Freedom veteran) are no longer signals for danger outside of the

context of the traumatic event. These cues then continue to provoke intense fear

reactions, even when repeatedly encountered in a safe setting (Mineka and Zinbarg

2006; Rothbaum and Davis 2003).

PTSD patients also show impairments in safety learning, and/or the ability to

differentiate between threatening and safe cues. For example, Grillon and Morgan

(1999) demonstrated that PTSD patients are less able than healthy controls to

differentiate threat cues from safety cues during a fear conditioning session,

showing anxious responding to cues regardless of whether they were paired with

the unconditioned stimulus. In a study comparing patients with PTSD to patients

with Major Depressive Disorder (MDD), PTSD patients showed difficulty with

safety learning, whereas depressed patients did not (Jovanovic et al. 2010). In a

large cohort study of US Marines comparing PTSD patients to controls and other

clinical groups, the PTSD symptom group was the only group to show deficient

discrimination between the CS+ and CS�, exhibiting larger startle responses during

the safety cue during fear acquisition (Acheson et al. 2015). These studies suggest

that in addition to impairments in fear extinction and retention, PTSD patients also

have difficulty discriminating between cues signaling threat versus cues signaling

safety. These difficulties with safety learning are also hypothesized to underlie

PTSD symptoms. PTSD patients often have difficulty discriminating between

threatening and safe environments, leading to overgeneralization of avoidance to

both threatening and safe environments as well as hypervigilance symptoms (Ach-

eson et al. 2012).

Both safety learning and extinction processes are critical for response to

evidence-based psychosocial interventions for PTSD. Prolonged Exposure, the

gold-standard behavioral PTSD treatment, involves exposing patients repeatedly to

feared cues in a safe environment (Foa et al. 2007). For such treatment to be

successful, it is necessary for patients to be able to distinguish between threatening

and safe cues. Patients must also successfully undergo extinction learning by learn-

ing that these trauma-related cues no longer signal the presence of danger. Finally,

196 L.D. Straus et al.



patients must also retain extinction learning over time to maintain the gains of the

treatment long-term. Although this process occurs successfully in many patients, not

all patients respond, or respond completely, to treatment (Schottenbauer et al. 2008).

This variability in treatment response may reflect individual vulnerabilities that

impair safety learning and/or extinction processes. Indeed, in a recent study, indi-

viduals with social anxiety who demonstrated better extinction learning during a fear

conditioning paradigm at baseline reported greater anxiety reduction following brief

exposure therapy (Ball et al. 2017). These findings may apply more broadly to other

anxiety and/or trauma-related disorders for which exposure therapy is the gold-

standard treatment approach. Thus, examining factors, especially modifiable factors,

that influence extinction and/or safety learning processes will identify important

processes to target in PTSD treatment.

2 Rapid Eye Movement (REM) Sleep Is Disrupted

in Patients with PTSD

Some of the most ubiquitous symptoms in PTSD are insomnia and nightmares

(Neylan et al. 1998). As many as 90% of veterans with PTSD experience significant

regular sleep disturbances (Weiss et al. 1992). Military personnel serving in a

combat zone are often sleep deficient, and sleep disruption is associated with the

emergence of trauma-related mental health symptoms in this population (Taylor

et al. 2014). Longitudinal studies with military personnel suggest sleep problems

are also the most commonly reported difficulties following deployment (McLay

et al. 2010), and are associated with the later development of psychopathology,

including PTSD specifically (Babson and Feldner 2010). Though previously

thought to be “secondary” to other PTSD symptoms, recent reviews suggest that

sleep disturbance is a core feature of the disorder (Germain et al. 2008; Germain

2013; Spoormaker and Montgomery 2008).

REM sleep, in particular, is implicated in PTSD, in part because most night-

mares occur during REM sleep. Studies using polysomnography to measure sleep

architecture in PTSD subjects as compared to control participants do not always

show consistent differences between groups (see Germain 2013, for a brief review

of this literature), perhaps in part because sleep in PTSD differs widely from

individual to individual and from night to night (Straus et al. 2015). However,

these types of studies often do show abnormalities in REM sleep in PTSD patients

in comparison to controls or other clinical groups (Kobayashi et al. 2007). Some

studies show reduced REM in PTSD compared to other groups (Mellman et al.

1997). Other studies have shown abnormalities in REM density, or the frequency of

rapid eye movements during REM sleep (Mellman et al. 2002). Additionally, a

growing body of research suggests that REM sleep fragmentation may be a more

consistently observed biomarker of PTSD than total REM duration. In one study,

REM sleep fragmentation, as measured by short REM sleep segment duration, was
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associated with the severity of PTSD symptoms in the early aftermath of trauma

(Mellman et al. 2007). Sleep disruption has also been shown to be a risk factor for

developing PTSD following trauma exposure (Babson and Feldner 2010),

underscoring the importance of REM sleep and its involvement in PTSD.

3 Neural Mechanisms of Fear, Safety, and Extinction

Processes and the Hypothesized Relationship

with Disrupted Sleep

Despite these findings suggestive of a role of sleep in PTSD, the mechanism by

which sleep, and REM sleep specifically, influences other PTSD symptoms is

unknown. We hypothesize that the mechanism is a relationship between REM

sleep and both safety learning and extinction processes. Studies examining biolog-

ical substrates, including brain networks and neurotransmitters involved in fear

conditioning and safety signal learning, provide evidence for a connection to

disrupted REM sleep. Fear conditioning involves activation of the limbic system

and amygdala in particular (Phillips and LeDoux 1992). Extinction and safety

learning, by contrast, are “top-down” processes involving frontal regions, such as

the ventromedial prefrontal cortex (vmPFC), to inhibit limbic fear response

(Jovanovic and Norrholm 2011). In healthy human control subjects, REM sleep

de-potentiates amygdala reactivity to emotional stimuli and strengthens vmPFC

functional connectivity, suggesting that extinction and safety learning are

REM-dependent processes (van der Helm et al. 2011). Safety learning also involves

the hippocampus (Jovanovic and Norrholm 2011). REM sleep promotes hippocam-

pal neurogenesis, and sleep deprivation inhibits this process (Meerlo et al. 2009).

Hippocampal neurogenesis is crucial for memory consolidation (Meerlo et al. 2009;

Pan et al. 2013); thus, REM sleep fragmentation may contribute to impaired

discrimination between dangerous and safe cues. Fear conditioning also involves

activation of adrenergic neurons in the locus coeruleus (LC), which results in

elevated norepinephrine secretion (NE; Tanaka et al. 2000) and release of cortico-

tropin releasing factor (CRF; Heinrichs and Koob 2004). This in turn may fragment

REM sleep and potentially lead to nighttime PTSD symptoms, such as nightmares

(Raskind et al. 2007). Fragmented REM sleep then subsequently interferes with

extinction processes, so conditioned responses to trauma cues are perpetuated long-

term via re-experiencing symptoms of PTSD.
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4 REM Sleep Disturbance Is Related to Safety Signal

Learning and Extinction Processes

See Fig. 1 for a conceptual model of the link between REM sleep disturbance and

PTSD development, maintenance, and response to exposure-based treatment.

Briefly, in the model, an acute stress response may be associated with safety

learning impairment, which leads to REM fragmentation. REM fragmentation in

turn impairs extinction processes, particularly extinction recall. This whole process

makes the development of PTSD more likely. PTSD, in turn, is associated with both

safety learning impairment and REM sleep disturbance, which would be expected

to perpetuate or enhance extinction recall impairment, thereby exacerbating day-

time symptoms and/or reducing the treatment response to exposure-based interven-

tions. Studies testing the hypothesized links between safety learning, REM sleep,

and extinction memory (yellow boxes) are underway (NIMH F31MH106209).

Future studies would test the model’s assumption that treating sleep prior to

exposure-based PTSD treatment would facilitate response to such interventions.

Research findings from animal models and healthy humans corroborate the links

we have hypothesized in this model. For example, in one study (Marshall et al.

2014), 42 healthy control participants underwent a fear conditioning/safety learning

paradigm and then their sleep was monitored overnight in the laboratory prior to

undergoing extinction learning. Increased safety signal learning during the acqui-

sition phase of the study was associated with more consolidated REM sleep that

night. More consolidated REM sleep, in turn, was then associated with better

discrimination between the CS+ and CS� early in the extinction learning session

24 h later. This study, which was conducted in healthy human control participants,

presents evidence for the logical inverse of the model proposed here, which

hypothesizes that impaired safety learning is associated with more fragmented

REM sleep, which is then subsequently associated with impairments in discrimi-

nation between threat and safety cues. In another study (Menz et al. 2016), healthy

human participants underwent a fear and safety acquisition session, and then a split-

night protocol was used to randomize participants to have a larger or smaller

proportion of REM sleep the next night and prior to extinction learning (sleeping

the first half of the night leads to relatively less REM sleep and sleeping only the

second half of the night leads to more REM). Following a night of recovery sleep,
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participants randomized to have disrupted REM sleep showed worse discrimination

of threat and safety signals. This study provides additional evidence in support of

the proposed model of PTSD, which postulates that impaired REM sleep is asso-

ciated with worse ability to discriminate between threatening and safe cues.

In addition to studies demonstrating links between sleep and safety learning,

additional research implicates sleep as a critical factor in fear extinction processes.

In animal models, sleep deprivation interferes with extinction consolidation

(Hussaini et al. 2009), and REM sleep deprivation in particular impairs recall of

extinction learning (Fu et al. 2007; Datta and O’Malley 2013). Similar findings

have been demonstrated in healthy human control participants. In one study (Pace-

Schott et al. 2009), participants were randomized to two different conditions:

(1) extinction learning in the evening with an extinction recall session in the

morning following a normal night of sleep, or (2) extinction learning in the morning

and then recall testing in the evening, without sleep in between. These researchers

found that participants in the sleep condition were better able to generalize fear

extinction than participants who remained awake between extinction learning and

recall. In another study (Spoormaker et al. 2010), participants underwent extinction

learning and then were allowed to take a nap prior to extinction recall testing.

Participants were divided into two categories: (1) those who showed REM sleep

during the nap, and (2) those who did not. Those participants who had REM sleep

showed better extinction recall than those without REM. In an additional study in

healthy human control subjects (Spoormaker et al. 2012), participants underwent

fear conditioning and extinction learning, and were then randomized to normal

sleep or REM deprivation overnight prior to an extinction recall session.

REM-deprived participants demonstrated impairments in extinction recall relative

to participants who slept normally. Finally, in another manuscript related to the

Marshall et al. (2014) study cited above, 71 healthy human control participants

underwent a 3-day fear acquisition, extinction learning, and extinction recall

paradigm. Participants were randomized to one of three groups: (1) normal sleep

throughout the study (n ¼ 21), (2) total sleep deprivation for one night prior to

extinction learning (n ¼ 25), and (3) total sleep deprivation for one night prior to

extinction recall (n ¼ 25). Participants who underwent total sleep deprivation prior

to extinction learning demonstrated normal extinction learning but impaired recall

of extinction 1 day later (Straus et al. 2017). Additionally, REM sleep consolidation

was correlated with extinction recall on the final day of testing. Taken as a whole,

these studies conducted in healthy human control subjects, strongly argue sleep,

and REM sleep in particular, is critical for extinction processes, particularly

extinction recall.
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5 Summary and Directions for Future Research

The research cited above, conducted in animals and healthy human subjects, pro-

vides evidence for the theoretical model proposed here (Fig. 1) by demonstrating

that impaired safety learning is associated with REM sleep fragmentation, which

then leads to subsequent difficulties discriminating between threat and safety cues.

Though the exact mechanisms of how sleep modifies these PTSD-relevant pro-

cesses are unknown, these studies also show that disrupted sleep, and fragmented

REM sleep in particular, interferes with extinction processes, especially extinction

recall.

Despite strong evidence that REM sleep disruption is linked to safety learning

and extinction processes, there are some inconsistencies in the literature worth

noting. For example, in the sleep deprivation study cited above, REM sleep frag-

mentation was linked to impairment in extinction recall, though total sleep depri-

vation was not (Straus et al. 2017). Some studies suggest sleep is critical in

generalizing extinction learning (Pace-Schott et al. 2009), though these findings

have not been replicated in other studies (Straus et al. 2017). Some researchers have

postulated that these inconsistencies are due to methodological discrepancies

among studies, such as differences in measurement/or and analysis of fear reactivity

(Stickgold and Manoach 2017). More studies will be needed to examine consistent

patterns. Additionally, future research should use direct measurement, such as func-

tional neuroimaging of the brain systems involved in fear and safety learning to

gain additional insight into the effect of sleep disruption in these processes.

To date, much of the research in this area has focused on healthy human control

participants, and no studies have yet investigated the role of REM sleep in safety

learning or extinction processes in PTSD patients. Such an investigation is a critical

translational step in demonstrating the importance of sleep disturbance in PTSD

symptom development, maintenance, and recovery. One small correlational study

in veterans with PTSD (Straus et al. 2017) provides preliminary evidence that

impaired safety signal learning is associated with REM sleep fragmentation,

which in turn is related to subsequent difficulties with safety signal re-learning.

Future studies could manipulate REM sleep via pharmacologic agents (e.g.,

prazosin) or behavioral treatments (e.g., Cognitive Behavioral Therapy for Insom-

nia) and examine the effects on safety learning and extinction processes in PTSD

patients. Additionally, future research studies could also treat sleep disruption prior

to initiating exposure therapy for PTSD to examine if reductions in sleep disruption

are associated with greater symptom reduction in PTSD treatment. Such studies

would help solidify evidence for the role that REM sleep plays in the maintenance

of PTSD and will thus identify sleep as a modifiable biological process to target in

treatment of PTSD.
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The Future of Contextual Fear Learning

for PTSD Research: A Methodological

Review of Neuroimaging Studies

Daniel E. Glenn, Victoria B. Risbrough, Alan N. Simmons,

Dean T. Acheson, and Daniel M. Stout

Abstract There has been a great deal of recent interest in human models of contex-

tual fear learning, particularly due to the use of such paradigms for investigating

neural mechanisms related to the etiology of posttraumatic stress disorder. However,

the construct of “context” in fear conditioning research is broad, and the operational

definitions and methods used to investigate contextual fear learning in humans are

wide ranging and lack specificity, making it difficult to interpret findings about neural

activity. Here we will review neuroimaging studies of contextual fear acquisition in

humans. We will discuss the methodology associated with four broad categories of

howcontextual fear learning ismanipulated in imaging studies (colored backgrounds,

static picture backgrounds, virtual reality, and configural stimuli) and highlight

findings for the primary neural circuitry involved in each paradigm. Additionally,

we will offer methodological recommendations for human studies of contextual fear

acquisition, including using stimuli that distinguish configural learning from discrete

cue associations and clarifying how context is experimentally operationalized.
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1 Introduction

The ability to learn and identify threat is critical for survival; hence it is highly

conserved and supported by multiple neural processes. Threat-relevant information

consists not only of discrete cues (e.g., a gun) but also of the context in which a

threat occurs (e.g., a gun show versus in a dark alley). Context governs the

predictive value of fear and safety cues and facilitates the selection of appropriate

cognitive, behavioral, and neurobiological responses. A context may act as a

modulator of threat associations and/or an occasion setter for another cue and can

itself also serve as a stimulus that acquires associative value (Maren et al. 2013;

Urcelay and Miller 2014). Contextual information plays an important role in

constraining inappropriate memory recall (Chun and Phelps 1999). Impairments

in contextual fear learning during and following trauma may be involved in the

etiology of posttraumatic stress disorder (PTSD) by contributing to inappropriate

recall of traumatic memory (Acheson et al. 2012; Liberzon and Abelson 2016).

Improved understanding of contextual fear learning may inform development of

novel PTSD treatment and prevention efforts (Glenn et al. 2014; Risbrough et al.

2016), underscoring the need to better delineate the neural mechanisms associated

with contextual fear.

Much of what is known about the neural mechanisms of contextual fear learning

is based upon animal research (e.g., Bouton 1993; Fanselow 2000, 2010). Animal

studies indicate that contextual fear may be learned through two distinct processes:

elemental and configural processing of contextual information (Rudy et al. 2004).

Elemental processing involves learning contextual information through separate

associations with each of the salient individual elements present, which primarily

requires only the amygdala. Alternatively, configural processing reflects the bind-

ing together of multimodal individual contextual features into a single gestalt

representation of the entire context. The hippocampus is thought to form configural

representations of a context which are subsequently used to recognize a similar

context (pattern completion) or distinguish between contexts (pattern separation)

(Rudy 2009) and communicate with the amygdala to control fear behavior.
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Configural and elemental processes compete over encoding of contextual informa-

tion such that under normal circumstances hippocampal-driven configural learning

takes priority. In circumstances involving compromised hippocampal functioning,

contextual information can potentially be learned through multiple amygdala-

driven elemental associations.

Configural versus elemental learning of contextual information during a trau-

matic experience may play an important role in the etiology of PTSD. Impaired

hippocampal encoding of contextual details during and following trauma could lead

to the amygdala taking over, resulting in elemental encoding of the traumatic

context. An important consequence of amygdala-driven elemental encoding of

trauma is that subsequently encountering a single element related to the trauma

may trigger recall of the traumatic memory and elicit a fear response. This differs

from recall of a configural memory of trauma which is likely to be triggered only in

circumstances similar to the overall traumatic context (Acheson et al. 2012;

Liberzon and Abelson 2016). An example is illustrated in the following vignette:

A soldier, Joe, is driving in a long convoy through a desolate desert area of
Afghanistan where prior convoys had been attacked by enemy combatants. Joe
experiences the trauma of seeing a truck unexpectedly blown up in front of him by a
roadside explosive. If encoding of Joe’s traumatic memory is configural, it is likely

that he will only subsequently have strong recall of the trauma in situations with

many of the same co-occurring contextual features (e.g., desert, roadside trash, war

zone, military convoy, hot sun) but not in situations with only a single trauma

reminder (e.g., seeing sand at the beach or trash by the side of the road while in the

United States). Alternatively, if memory of the traumatic context was formed

elementally, there is increased probability that single reminders of the event

(sand, trash, hot sun, smell of automobile exhaust) will cause Joe to have increased

physiological arousal related to frequent re-experiencing of the trauma. Frequent

re-experiencing of traumatic memory is a core symptom of PTSD.

There is a strong theoretical rationale for researching neural mechanisms related

to contextual fear learning and PTSD risk, resilience, and etiology (Acheson et al.

2012; Liberzon and Abelson 2016). However, a significant barrier to investigating

these areas is a lack of clarity over what exactly the term “context” means and how

to operationalize it. For example, what constitutes the context in the vignette about

Joe’s traumatic experience? The context shaping Joe’s memory of his trauma

memory likely includes a combination of the multimodal sensory details of the

environment, internal affective and cognitive states, and the unpredictability of

threat over an extended period of time. Context is a broad, multifaceted construct,

so it is perhaps unsurprising that the operational definitions and methods used to

investigate human contextual fear learning are also broad and varied. Human

neuroimaging studies of contextual fear acquisition can be grouped into four

broad categories in terms of the paradigms used to manipulate contextual learning:

colored background, static picture background, virtual reality (VR), and configural

stimuli. Across these broad paradigms, there is much variability in how context is

defined and measured. Contextual fear learning may represent a behavioral pheno-

type with the potential to inform PTSD treatment development (Risbrough et al.
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2016). In order to make progress, though, there is a need to clarify how contextual

fear has been operationalized in human research and to elucidate the neural cir-

cuitry involved in distinct aspects of contextual learning.

2 Review

2.1 Review Method

The aim of the current review is to highlight the primary methods used in neuro-

imaging studies of human contextual fear acquisition, summarize findings regard-

ing the neural circuitry involved, and provide methodological recommendations.

There are a number of research domains related to but outside of the scope of this

review, which is restricted to human neuroimaging studies with acquisition of

contextual fear as a primary construct of interest. Thus, this review will not cover

studies in the following areas: human neuroimaging of cued fear conditioning (e.g.,

Greco and Liberzon 2016), contextual fear conditioning in humans that does not

involve neuroimaging (e.g., Ameli et al. 2001), contextual modulation of fear

extinction in both humans and animals (e.g., Anagnostaras et al. 2001; Milad and

Quirk 2012), and non-contextual fear-related hippocampal functioning (e.g., Hayes

et al. 2012; Chen and Etkin 2013; Hannula and Helmstetter 2016; Nees and Pohlack

2014). This review was conducted through PubMed searches of “context fear,”

“contextual fear,” “fMRI,” and “imaging,” with studies only included if they used

human subjects and focused on acquisition of contextual fear. Here we will review

four types of paradigms used in neuroimaging studies of contextual fear acquisition

(colored background, static background, VR, configural), outline findings for the

primary neural circuitry involved in each paradigm, and make methodological

recommendations for human studies of contextual fear. To facilitate interpretation

of the neuroimaging findings, we additionally conducted a custom meta-analysis

using Neurosynth based on the studies identified and reviewed (Yarkoni et al.

2011).

2.2 Background Color or Picture

The most basic method investigators have used in imaging studies to manipulate

context is by changing the background color of a screen (Armony and Dolan 2001;

Barrett and Armony 2009; Cavalli et al. 2017; Lang et al. 2009; Pohlack et al.

2012). In this paradigm, the threat context (CON+) and safety context (CON�) are

designated by distinct colors which correspond to whether or not an aversive

unconditioned stimulus (US) will be administered. The earliest neuroimaging

example of this paradigm used distinct background colors that changed to represent

different contexts (Armony and Dolan 2001; Armony and Dolan 2001; Barrett and
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Armony 2009). Variations of this paradigm have used background color contexts

that slowly transitioned back-and-forth between CON+ and CON� (Lang et al.

2009) rather than abruptly switching between colors as in prior studies. It is

noteworthy that all of the studies using a slow transition between the color of

CON+ and CON� reported increased hippocampus activity for CON+ compared to

CON� (see Table 1), while the distinct color background studies did not. Instead,

the distinct color background studies found only amygdala and parietal activity

differences in CON+ versus CON� (Armony and Dolan 2001; Barrett and Armony

2009). The absence of hippocampus activity in distinct color background studies

may reflect that the simplicity of stimuli in this paradigm could be solved through

elemental processing and does not require forming a configural representation of

the context. This suggests that the additional perceptual component of slowly

transitioning color between contexts may be sufficiently complex to require

hippocampus-related processing.

Another common paradigm for studying contextual fear acquisition uses static

pictures or photographs of distinct environments to serve as contexts (Marschner

et al. 2008; Steiger et al. 2015). In this paradigm, pictures of two “similar but easily

distinguishable rooms” serve as CON+ and CON�. The room pictures are

presented for long trial durations (~60s trial), during which discrete cues (geometric

shapes presented over background picture; CS+ or CS�) are presented, with timing

of US presentation predictable during CS+ but unpredictable during CON+. In

general, studies using this paradigm report elevated skin conductance response

(SCR), US expectancy, and hippocampus activity during CON+ compared to

CON� and elevated amygdala activity during discrete CS+ versus CS� trials.

Most imaging studies of contextual fear use psychiatrically healthy samples, but

one study using background pictures as contexts examined differences between

PTSD patients (n ¼ 14), trauma-exposed healthy subjects (n ¼ 12), and healthy

controls (n ¼ 11) (Steiger et al. 2015). Self-reported arousal, negative valence, and

US expectancy were higher to CON+ than CON� for all subjects, but PTSD

patients had poorer contingency awareness than healthy controls and higher differ-

ential hippocampal response to CON+ versus CON� than both other groups. The

authors hypothesized that the PTSD-related increase of hippocampal activity for

CON+ compared to CON� may reflect compensatory neural engagement to per-

form a low-load contextual task for the PTSD patients. In other words, for

non-PTSD subjects, the task was sufficiently easy that it required minimal

hippocampus-dependent processing, while for PTSD patients task completion

required greater hippocampal engagement.

In contextual fear paradigmswith background colors or pictures as contexts, there

are several ways in which the simplicity of the visuospatial information is a meth-

odological strength. First, using colors or pictures as contexts may be more easily

replicable across research laboratories than VR contexts due to the relative simplic-

ity and low cost of designing the contextual stimuli. Second, neuroimaging findings

from studies using background color as context are easier to interpret as being related

to unpredictability of US timing rather than confounding unpredictability with

learning about complex multimodal contextual features.
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Alternatively, background pictures and particularly background colors have

much less ecological validity as contexts than VR environments. It is debatable to

what extent different backgrounds colors or pictures actually represent different

contexts versus different simple cues. Distinguishing between background colors

almost certainly does not require configural processing. In studies using back-

ground pictures, without careful methodological control, distinguishing CON+

from CON�may be accomplished by solely remembering a single element present

in each picture. For example, the room pictures utilized by Steiger et al. (2015) were

similar in terms of overall shape and layout, but the contexts could have been

differentiated by attending only to whether the left edge of each picture included a

door (hallway) or books (library). It is problematic for studies ostensibly investi-

gating hippocampus-dependent configural learning that findings of neural activity

could reflect elemental rather than configural processing.

2.3 Virtual Reality

VR has been utilized in numerous studies of contextual fear conditioning (e.g., Baas

et al. 2004; Grillon et al. 2006), though only a small number include neuroimaging

(Andreatta et al. 2015; Alvarez et al. 2008; Alvarez et al. 2011; Indovina et al.

2011). In this paradigm, subjects passively move through VR rooms (e.g., house,

airport) that serve as contexts, usually for an extended trial duration (30–40 s).

Typically, the aversive US is presented unpredictably within CON+ with no US

delivery during CON� or ITI. The unpredictable timing of the US in CON+ is

designed to maximize conditioning to the overall environment rather than to

specific features within the context. VR studies of contextual fear generally find

increased SCR, US expectancy, post-training anxiety, and hippocampus and amyg-

dala activity for CON+ versus CON�.

A modification of this paradigm adds discrete cues (e.g., 3 s auditory tone, virtual

actor raising arms to ears for 4–6 s) which are presentedmultiple times during longer

CON+ or CON� trial (Alvarez et al. 2011; Indovina et al. 2011). In these studies, the

offset of the discrete CS+ is predictably paired with US administration, while timing

of US presentation is unpredictable during CON+ trials. Findings using this para-

digm generally demonstrate higher self-reported anxiety and SCR to the

unpredictable versus predictable context and to the CS+ versus CS�. VR neuro-

imaging studies have found sustained activation in the bed nucleus of the stria termi-

nalis (BNST) and in frontal and parietal regions during CON+ compared to CON�
(Alvarez et al. 2011). Activation of the extended amygdala to predictable and

unpredictable cues (Andreatta et al. 2015) and hippocampus and BNST activation

to cues during US unpredictability have also been observed (Alvarez et al. 2011).

Using a similar VR paradigm, Indovina et al. (2011) examined whether aberrant

contextual fear learning is associated with individual variation in trait anxiety, a key

risk factor for internalizing psychopathology (Shackman et al. 2016). Hippocampus

activity during the unpredictable CON+ was increased for high trait anxious indi-

viduals, but ventromedial prefrontal cortex (vmPFC) to hippocampus functional
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connectivity was decreased, suggesting an anxiety-related deficit in recruiting

contextual-relevant neurocircuitry. The anxiety-related enhancement of the hippo-

campus during the unpredictable CON+ may reflect compensatory recruitment of

contextual fear learning (Steiger et al. 2015).

A major strength of using VR environments is that they represent perhaps the

most ecologically valid paradigm used in fMRI studies of contextual fear acquisi-

tion. Subjects move through immersive virtual environments that mimic complex

visual aspects of real-world environments. Yet, it is worth noting that VR studies of

contextual fear acquisition have thus far been limited to visual elements. With

continued technical advances, future studies in the VR paradigm will hopefully

include other forms of sensory information such as auditory, olfactory, and tactile

stimulation to create truly multimodal VR contexts as has been done in research on

VR exposure therapy (e.g., Norrholm et al. 2016; Rothbaum et al. 2014).

One important methodological weakness in these VR neuroimaging studies is

that configural processing was not required to differentiate contexts. In two of these

studies, the different VR environments could have been distinguished solely based

on the background or floor color (Andreatta et al. 2015; Indovina et al. 2011).

Furthermore, none of these VR studies report having included the same elements

within different contexts (i.e., feature-identical design), so contextual differentia-

tion could be accomplished through learning the presence or location of only a few

elements. It is problematic for VR imaging studies hoping to draw conclusions

about hippocampus-dependent processes that contextual differentiation could be

completed via hippocampal-independent means (i.e., elemental associations).

2.4 Configural

A novel methodological approach uses “feature-identical contexts” containing

identical elements within them but which are rearranged in different contexts

(Baeuchl et al. 2015). This methodology aims to require configural processing in

order to differentiate contexts, i.e., a gestalt representation of each context must be

learned through hippocampal-dependent processes (Rudy et al. 2004; Rudy 2009).

Baeuchl et al. (2015) used two pictures of rooms as CON+ and CON�, each

including seven identical elements (TV set, bookshelf, door, painting, couch,

lamp, chair), four of which were rearranged differently between contexts. This

design should prevent differentiating contexts through focusing only on the pres-

ence of a single element. Subjects had higher SCR, self-reported arousal, negative

valence, US contingency ratings, and enhanced activity in the anterior and posterior

hippocampus and the basolateral amygdala to CON+ relative to CON�. Yet, even

this feature-identical design did not necessarily require learning a representation of

the entire context, as contextual differentiation could have been achieved through

learning only a pair of elements (e.g., always CON+ if door is next to couch, always
CON� if painting is next to couch). For studies aiming to investigate hippocampus-

dependent configural learning, it is imperative that experimental methodology
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ensures measurement of the configural learning, or findings cannot be definitively

attributed to hippocampus-dependent processing.

2.5 General Issues in Contextual Fear Learning Paradigms

One of the earliest paradigms to investigate human contextual fear learning used

variants of the no-shock, predictable shock, and unpredictable shock task (NPU

task; Grillon and Davis 1997; Grillon and Morgan 1999). In these paradigms, a

colored background, scene, or cue signals whether an oncoming aversive US will be

administered in response to a specific cue, occur randomly, or not occur at all

(Schmitz and Grillon 2012). The context, in these studies, is described as the

cognitive state of certainty versus uncertainty associated with the background

(Baas et al. 2004; Vansteenwegen et al. 2008). Human neuroimaging work utilizing

variants of this paradigm is growing rapidly (Grupe and Nitschke 2013), but few

studies continue to use the term “context” to describe the different conditions based

on shock predictability. Research on predictable versus unpredictable threat has

become independent of the role of contextual fear processing and more focused on

differentiating sustained anxiety from phasic fear in the human brain (Shin and

Liberzon 2010; Tovote et al. 2015). Notably, hippocampus-driven contextual

processing does not appear to be heavily involved in threat uncertainty. Generally,

investigations of threat uncertainty or unpredictability focus on the extended

amygdala, primarily the central nucleus of the amygdala (CeA) and BNST

(Shackman and Fox 2016; Fox et al. 2015). Most studies do not find increased

hippocampal activity to uncertain threat if that is the sole manipulation (Somerville

et al. 2013; Grupe et al. 2013), unless another context is manipulated (Alvarez et al.

2008, 2011) or healthy subjects are compared to psychiatric populations (Dretsch

et al. 2016). This suggests that cues with temporal unpredictability (the subject

knows the US is coming but not when it will occur) have their own unique

underlying neurocircuitry (e.g., CeA, BNST) which may shape or interact with

hippocampus-based contextual learning.

It is frequently stated that US unpredictability is necessary to elicit contextual fear

conditioning (e.g., Baeuchl et al. 2015; Grillon et al. 2004), but this may only be true

insofar as it is necessary to elicit sustained anxiety. Just as with a simple CS+, phasic

(not sustained) fear to CON+ can be trained through pairing context offset with US

onset. There is ample evidence from human and animal research that hippocampus-

dependent pattern separation and pattern completion do not require stimulus uncer-

tainty (Bakker et al. 2008; Yassa and Stark 2011; Rolls 2013). Much of the interest in

contextual fear conditioning paradigms pertains to their relevance for investigating

hippocampus-dependent configural processes in relation to PTSD (Acheson et al.

2012; Steiger et al. 2015), yet perhaps the most ubiquitous methodology in contex-

tual fear studies (US unpredictability) does not depend on hippocampus activity

(Shackman and Fox 2016; Somerville et al. 2013). This mismatch between method-

ology and neural region of interest may result from ambiguity around the term

The Future of Contextual Fear Learning for PTSD Research: A Methodological. . . 215



“contextual fear” which led to the conflation of two distinct contextual characteris-

tics (temporal unpredictability versus multimodal features).

The broad definition of context has led to methodological challenges for identi-

fying neural activity which is unique to different forms of contextual manipulation.

A methodological limitation of most fMRI studies of contextual fear acquisition is

that different contextual characteristics (i.e., US unpredictability, context duration,

simple versus complex multimodal features) are commonly confounded with one

another. For example, it is impossible to make conclusions about findings of elevated

hippocampal activity during VR threat contexts (Alvarez et al. 2008; Andreatta et al.

2015) or static picture contexts (Marschner et al. 2008). The neural circuits under-

lying configural learning versus sustained anxiety are likely different, and they

cannot be distinguished in studies such as these, which confound distinct contextual

characteristics.

A general critique about imaging studies of contextual fear learning pertains to

the use and reporting of psychophysiological measures. Fear-potentiated startle is

one of the most commonly used and well-validated methods for measuring fear

learning in humans (e.g., Grillon 2008), yet none of the studies reviewed here

utilized startle. The lack of imaging studies in this area utilizing startle is likely due

to the challenge of presenting auditory startle pulses over the loud background noise

of an fMRI environment (>100 dB; Ravicz et al. 2000; Moelker and Pattynama

2003) or to avoid introducing electrical artifacts and noise into acquisition of brain

images and vice versa (scanner pulses and changing magnetic field causing noise in

EMG collection). However, simultaneous fMRI and startle measurement is possible

with scanner safe equipment and additional preprocessing steps (van Well et al.

2012; Gorka et al. 2017). Relying on SCR as the sole physiological measure of fear

learning is problematic because SCR and startle reactivity are distinct biological

responses with different underlying neural underpinnings and potential for transla-

tion to model organisms (Davis 2006; Nagai et al. 2004; Risbrough 2010). SCR, but

not startle reactivity, may be dependent on contingency awareness (Sevenster et al.

2014), and SCR may be a less sensitive measure than startle in detecting differences

in fear responding related to PTSD (Acheson et al. 2014). Finally, few studies

report associations (positive or negative) between physiological measures of fear

and neural activity (Indovina et al. 2011; Pohlack et al. 2012). This paucity of

reporting is likely related to the difficulty relating SCR and BOLD changes over

long stimulus durations, as well as the broader issue in the literature of not reporting

negative results. It is worth reiterating the value of reporting negative findings (e.g.,

Teixeira da Silva 2015) particularly for research domains such as brain activity

during fear learning in which the expensive monetary cost of equipment limits both

sample size and the overall number of studies.
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2.6 Summary of Neuroimaging Findings

Much of the work defining the neural circuitry associated with contextual fear

learning has been done in animals (Maren et al. 2013) with little neuroimaging

work investigating this area in humans (Greco and Liberzon 2016). Findings from

the human neuroimaging studies reviewed here are generally consistent with find-

ings from animal models (see Table 1 for summary of imaging findings across

contextual fear paradigms). The results from Marschner et al. (2008) found disso-

ciable roles for the hippocampus and amygdala for contextual and cued fear acqui-

sition, respectively, and replicated animal findings implicating the hippocampus as

the key region for acquiring contextual/configural fear but not elemental fear

(Fanselow 2010; Maren et al. 2013) and the amygdala as primary region for

elemental processing (Rudy 2009). Other human studies find contextual modulation

of both the hippocampus and amygdala (Andreatta et al. 2015) or the amygdala alone

(Armony and Dolan 2001). One potential explanation is that the hippocampus forms

a conjunctive representation of the discrete fear-related cues, which strengthens

connections with the amygdala to control defensive responses (e.g., freezing; Rudy

et al. 2004) and inhibits elemental contextual processing by the amygdala (Rudy

2009). This is consistent with converging findings in connectivity analyses where

increased functional connectivity between the hippocampus and amygdala was

observed (Baeuchl et al. 2015) and a path analysis which showed a negative

association between hippocampus and the amygdala (Alvarez et al. 2008). These

findings are correlational in nature and do not provide a causal explanation, but they

show preliminary evidence that contextual fear learning in humans recruits similar

neural circuitry as has been extensively mapped in animal models (Rudy 2009;

Fanselow 2010).

Beyond the hippocampus and amygdala, many of the reviewed studies observed

medial PFC (mPFC) activation, including the vmPFC and dorsal anterior cingulate

cortex (dACC) (Andreatta et al. 2015; Marschner et al. 2008; Pohlack et al. 2012).

Animal models demonstrate that the mPFC is an important region for encoding

contextual associations (Hyman et al. 2012; Euston et al. 2012) and plays a pivotal

role in fear conditioning and extinction in humans and animals (Giustino and Maren

2015). Specifically, the vmPFC has been shown to mediate fear regulation and

extinction (Sehlmeyer et al. 2009; Milad and Quirk 2012) and encoding of contex-

tual cues (Rozeske et al. 2015; Quinn et al. 2008). In contrast dorsal regions of the

ACC are thought to integrate cognitive, affective, and physiological signals

(Shackman et al. 2011) and be involved in the expression of fear during fear

conditioning (Etkin et al. 2011; Milad et al. 2007) including contextual fear

(Rozeske et al. 2015). These data suggest that subregions within the mPFC are

critical to contextual fear expression.

The results of our review also indicate that a broad frontoparietal network

responds to contextual fear processing. For example, Lang et al. (2009) found

contextual fear was associated with sustained activation in the superior frontal

gyrus, inferior frontal gyrus (IFG), frontal gyri, supramarginal gyrus, and the insula.
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Marschner et al. (2008) found increased bilateral parietal cortex, bilateral insula,

dACC, and orbital frontal cortex for CON+. Baeuchl et al. (2015) found configural

context fear-related learning in the IFG and middle frontal gyri (MFG), bilateral

parietal cortices, and bilateral insula. Such frontoparietal activity may reflect

enhanced cognitive and attentional allocation to threatening contexts (Corbetta

and Shulman 2002; Scolari et al. 2015; Zanto and Gazzaley 2013), or it could

reflect emotional regulation processes (Etkin et al. 2015). The lateral PFC activity is

consistent with research showing this region’s importance for cognitively demand-

ing fear learning such as contextual fear extinction and trace conditioning (Delgado

et al. 2008; Knight et al. 2004; Gilmartin et al. 2014). The insular cortex plays an

important function in anticipating aversive events (Carlson et al. 2011; Simmons

et al. 2011) and in predicting cognitive control demands (Jiang et al. 2015),

especially in paradigms that use unpredictable shock (Alvarez et al. 2015; Grupe

and Nitschke 2013). It has also been shown to facilitate the expression of contextual

fear in rodents (Alves et al. 2013). Collectively, these data suggest that contextual

fear learning is associated with broad cortico-limbic circuits underlying cognitive-

emotional function.

3 Contextual Fear Acquisition Meta-Analysis

To facilitate the summary of the neuroimaging findings associated with contextual

fear learning, we conducted a custom meta-analysis by searching the Neurosynth

database (Yarkoni et al. 2011) for the studies surveyed in our review. This strategy

enabled us to aggregate the findings across multiple studies, thereby increasing the

power to detect effects and visualize “core” brain circuits underlying contextual

fear learning. A total of six studies were available for which we created the term

“contextual fear acquisition.” As detailed by Yarkoni et al. (2011), the Neurosynth

database extracts the coordinates of brain activation maps from each of the identi-

fied studies and then creates Z-scored brain maps representing the strength of the

association of the term (i.e., contextual fear acquisition) to the rest of the brain. The

meta-analysis shows the probability that specific brain regions consistently activate

given the custom term (e.g., contextual fear acquisition). The forward and reverse

inference maps of contextual fear acquisition and a list of the six investigations used

can be found online: http://www.neurosynth.org/analyses/custom/31dcd438-7888-

413f/. To aid interpretation of the custom meta-analysis, we assessed how the

contextual fear acquisition brain map is unique versus overlaps with the broader

Neurosynth automated meta-analysis terms “fear” and “conditioning.” A total of

298 studies were included for the term fear and “137” studies for conditioning as of

6/5/17. For ease of comparison between the three terms, we computed a three-way

conjunction map to visualize brain regions that overlap and differ. All brain maps

are visualized at a threshold of Z > 5.0 (FDR < 0.01).

As Fig. 1 shows, contextual fear acquisition (red clusters) is associated with a

distributed network of cognitive and affective neural regions that differ from the
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broader constructs of fear (yellow clusters) and conditioning (green clusters). As

hypothesized, studies of contextual fear acquisition consistently report activity in

the hippocampus, particularly in mid to posterior subregions. The anterior hippo-

campus appears to share neural circuitry with contextual fear acquisition, fear, and

conditioning (purple clusters). This pattern suggests that learning or expression of

fear is associated with anterior portions of the hippocampus, whereas contextual

aspects reliably activate mid to posterior portions. The overlap in the anterior

hippocampus extends into the amygdala, where the three terms also show strong

activation. These results converge with animal studies (Fanselow 2010) implicating

the hippocampus and amygdala as key regions in discriminating safe versus threat-

ening contexts.

Within the PFC contextual fear acquisition and fear overlapped in the vmPFC.

All three terms (contextual fear acquisition, fear, and conditioning) converged in

the dACC, with larger clusters found for fear and conditioning. Consistent MFG

activation was unique to studies with contextual fear acquisition but not fear or

conditioning, as was activation in the parietal cortex. These results suggest that

regions important for higher-order cognition and attention may be important for

contextual fear learning.

Fig. 1 Conjunction analysis showing similarities and differences between the custom meta-

analysis of “contextual fear acquisition” and the automated meta-analyses of “fear” and “condi-

tioning” using Neurosynth. Brain maps shown are forward inference maps at a threshold of Z > 5

and FDR corrected (FDR < 0.01)
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All three terms consistently show activation in the bilateral anterior insula, and

contextual fear acquisition and fear overlap in the BNST. The insula and BNST

have been shown to be important for sustained anxiety and modulating the antic-

ipation of threat certainty (Fox et al. 2015; Paulus and Stein 2006; Shackman and

Fox 2016). In regard to contextual fear learning, insula and BNST activity may be a

result of the methodological convention to administer the US unpredictably. Future

research is needed to determine the role the insula and BNST play in contextual fear

paradigms that use predictable threat timing.

As this custom contextual fear acquisition meta-analysis consisted of six studies,

cautious interpretation is warranted. Moreover, due to the few studies to select

from, we only present the forward inference maps. Thus, the unique neural circuitry

of contextual fear acquisition that is reported provides only tentative evidence that

those regions may contribute to contextual fear learning. As future contextual fear

acquisition studies are published, they can be added to the meta-analysis which will

serve to enhance the understanding of the neural mechanisms associated with

contextual fear acquisition.

4 Recommendations

4.1 Terminology

Future studies of contextual fear learning should use language that clearly identifies

which types of contextual characteristics are investigated. Only using the broad

term “context conditioning” or “contextual fear learning” can indicate a number of

distinctly different paradigms. Just as it would be problematic to lump together

without distinction studies of fear acquisition, extinction, and reinstatement all

under the term “fear learning,” failing to specify significant methodological differ-

ences in the study of contextual fear acquisition hinders scientific progress. Indeed,

in human research the term “contextual fear learning” is vague enough that it means

almost nothing when used in the absence of a specifier (e.g., unpredictable contex-
tual fear, configural contextual fear). Until there is widespread agreement about

what constitutes an associative context, researchers should specify exactly how a

context is operationalized in new studies and in previous findings being cited.

Further, any discussion about neural circuits involved with contextual fear learning

in regard to psychiatric etiology should differentiate between distinct forms of

contextual fear processes (e.g., Is PTSD associated with dysfunction in configural
processing of multimodal environmental elements, uncertainty of threat, extended
duration threat, or some combination of all three?).
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4.2 Stimulus and Response Characteristics

Investigations of contextual fear should utilize experimental designs that control for

rather than confound distinct contextual characteristics (US unpredictability, long

stimulus duration, multimodal configuration). Such methodological considerations

are particularly important for imaging studies aiming to draw conclusions about

neural activity. As long as the neural circuitry underlying a given process is not fully

understood, experimental designs should aim to isolate processing of only a single

contextual characteristic. This strategy could include examining (a) configural learn-

ing in visually complex short duration (6–8 s) contexts with predictable US timing,

(b) US unpredictability in visually simple short duration contexts, or (c) stimulus

duration in visually simple contexts with predictable US timing. Once there is

improved understanding of neural circuits involved in processing specific types of

contextual characteristics, interactions between distinct circuits might be investi-

gated through study designs such as a 2 � 2 approach with two characteristics

manipulated, while the third is held constant [e.g., visuospatial complexity (simple,

complex) � US timing (predictable, unpredictable) in short duration contexts].

Linking neuroimaging findings with functional indicators of fear will be critical

for understanding functional relationships between circuit activity and contextual

modification of fear expression. This complementary approach will greatly enhance

our understanding of abnormalities in contextual fear expression and circuits in

patient populations such as PTSD. Beyond SCR and self-report US expectancy/

contingency ratings, additional measures of fear learning include fear-potentiated

startle (van Well et al. 2012; Gorka et al. 2017) and pupil dilation (Visser et al.

2015; Korn et al. 2017), which probe different fear circuitry than SCR. Moreover,

both positive and negative results regarding associations between measures of fear

learning and neural activity should be reported.

4.3 Control for Cue Associations

A major reason for interest in contextual fear learning is that PTSD has been

associated with hippocampal dysfunction (Acheson et al. 2012; Liberzon and

Abelson 2016), and contextual fear conditioning is viewed as a useful paradigm

for investigating hippocampal-dependent processes of pattern completion and

pattern separation (Rudy et al. 2004; Rudy 2009). Unfortunately, much of the

fMRI research on contextual fear conditioning has utilized methodology which

either does not specifically probe hippocampal-dependent fear learning (i.e.,

configural) or which confounds complex visuospatial environmental details with

threat uncertainty and extended stimulus duration. Studies investigating configural

fear learning of contextual information should use feature-identical contexts which

can only be distinguished by learning the overall arrangement of elements within a

context. One study design that could accomplish this goal would be having a single
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threat context (CON+) comprised of several features and multiple safe contexts

(CON�) all comprised of different arrangements of the same elements. If designed

properly, such an approach can necessitate that distinguishing CON+ from CON�
can only be achieved through learning the overall contextual configurations (see

Fig. 2 for example). Such a feature-identical approach to contextual fear learning

could also utilize VR environments.

4.4 Timing of Recall

Configural learning about contextual information is believed to require the hippo-

campus (Rudy 2009), but long-term encoding and retrieval of contextual informa-

tion may depend upon mPFC (Quinn et al. 2008). Given that the timing of memory

recall may be a critical determinant of the neural circuitry probed, imaging studies

of contextual fear learning should examine short-term versus long-term recall of

contextual information.

4.5 Psychiatric Samples

Given recent interest in the role of hippocampal dysfunction as a risk factor for

PTSD, it is unfortunate and somewhat surprising that only a single extant neuro-

imaging study has examined contextual fear in individuals with PTSD (Steiger et al.

2015). The completion of more neuroimaging studies of contextual fear learning in

PTSD and psychiatric samples will likely advance understanding of psychiatric

risk, resilience, and etiology, particularly if improved methodology suggested

above is incorporated.

Fig. 2 Schematic design of feature-identical CON+ and CON-s with four features that require

configural learning for differentiation. In order to correctly predict CON+ (which is paired with US

presentation), it is necessary to learn the full configuration of ABCD in CON+ rather than learning

the position of a single feature or pair of features (AB, AD, AC, BD, BC, CD)
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5 Summary

In conclusion, there are relatively few experimental investigations of human con-

textual fear learning using neuroimaging (Greco and Liberzon 2016). Findings from

these studies generally support the role of the hippocampus, amygdala, and mPFC

in contextual fear learning as well as a broad frontoparietal network. A custom

Neurosynth meta-analysis provides additional evidence that MFG, parietal cortex,

and mid and posterior subregions of the hippocampus contribute to acquisition of

contextual fear as compared to neural activity associated with broader constructs of

“fear” and “conditioning.” Unfortunately, many of the studies we reviewed have

methodological confounds which limit interpretation and understanding of the

neural circuitry involved. In order to make advances in understanding how humans

acquire fear in complex, multimodal environments, it is necessary to increase

specificity in terminology about “context” and “contextual fear.” Tasks that avoid

confounding distinct types of contextual characteristics (i.e., configural processing,

US predictability, stimulus duration) will further refine our understanding of neural

circuits underlying context modulation/mediation of learned fear. Ultimately,

improved understanding of the neural circuitry involved in different aspects of

human contextual fear learning may contribute to advances in characterizing risk

and resilience for PTSD as well as treatment development.
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The Dissociative Subtype of Post-traumatic

Stress Disorder: Research Update

on Clinical and Neurobiological Features

Jytte van Huijstee and Eric Vermetten

Abstract Recently, a dissociative subtype of post-traumatic stress disorder (PTSD)

has been included in the DSM-5. This review focuses on the clinical and neurobio-

logical features that distinguish the dissociative subtype of PTSD from

non-dissociative PTSD. Clinically, the dissociative subtype of PTSD is associated

with high PTSD severity, predominance of derealization and depersonalization

symptoms, a more significant history of early life trauma, and higher levels of

comorbid psychiatric disorders. Furthermore, PTSDpatients with dissociative symp-

toms exhibit different psychophysiological and neural responses to the recall of

traumatic memories. While individuals with non-dissociative PTSD exhibit an

increased heart rate, decreased activation of prefrontal regions, and increased acti-

vation of the amygdala in response to traumatic reminders, individuals with the

dissociative subtype of PTSD show an opposite pattern. It has been proposed that

dissociation is a regulatory strategy to restrain extreme arousal in PTSD through

hyperinhibition of limbic regions. In this research update, promises and pitfalls in

current research studies on the dissociative subtype of PTSD are listed. Inclusion of

the dissociative subtype of PTSD in the DSM-5 stimulates research on the preva-

lence, symptomatology, and neurobiology of the dissociative subtype of PTSD and

poses a challenge to improve treatment outcome in PTSD patients with dissociative

symptoms.
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1 Introduction

The simple notion that physical/psychological trauma can have lasting psycholog-

ical and physiological effects on the individual has led to an abundance of research

studies into the effects of trauma on health and disease. It has become textbook

knowledge that besides the effect of trauma itself, both peritraumatic dissociation

and trauma-related persistent dissociation are markers for long-term psychopathol-

ogy (Irwin 1994; Marmar et al. 1994; Bremner and Brett 1997; Briere 2006;

Vermetten et al. 2007). Dissociative symptomatology has seen a long-standing

history in both fields of psychiatry and neurology. Dissociative responses can

accompany a multitude of psychiatric disorders, including post-traumatic stress

disorder (PTSD), dissociative disorders, panic disorder, mood disorders, and psy-

choses. Moreover, dissociative responses have been reported to occur in several

neurological conditions such as epilepsy, migraine headaches, cerebral vascular

disease, cerebral neoplasms, and posttraumatic brain damage (Sierra and Berrios

1998).

Dissociation is a prevalent symptom of PTSD (Putnam et al. 1996; Waelde et al.

2005) and involves a disruption of or discontinuity in the usually integrated functions

of consciousness, memory, identity, emotion, perception, and body awareness

(American Psychiatric Association 2013). A wide range of instruments have been

developed for the assessment of dissociation, e.g., the Dissociative Experience Scale

(DES, Bernstein and Putnam 1986), Peritraumatic Dissociative Experiences Ques-

tionnaire (PDEQ, Marmar et al. 1997), Clinician Administered Dissociative States

Scale (CADSS, Bremner et al. 1998), Somatoform Dissociation Questionnaire

(SDQ-20, Nijenhuis et al. 1996), Structured Clinical Interview for DSM-IV Disso-

ciative Disorders – Revised (SCID-DR, Steinberg 2000), and the Multidimensional

Inventory of Dissociation (MID, Dell 2006), that all operationalize dissociation in
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different ways ranging from trait to state, normal to pathological, and psychological

versus somatoform dissociation. In relation to trauma, it has been proposed that

dissociation could be a psychological response to trauma exposure, providing

detachment from the overwhelming emotional content of the traumatic experience

(Putnam 1985; Spiegel and Carde~na 1990; van der Kolk et al. 1989). Although

dissociation is a common feature of PTSD, the centrality of dissociative symptoms in

PTSD has been amatter of debate (Carlson et al. 2012; Dalenberg and Carlson 2012).

Some have argued that dissociative processes mediate PTSD and that PTSD should

be regarded as a dissociative disorder. Others, however, have proposed that dissoci-

ation and PTSD are separate but often comorbid phenomena. Moreover, the com-

ponent model conceptualizes dissociation as a component of the response to

traumatic stress and proposes that, like other PTSD symptoms, dissociative symp-

toms do not necessarily occur in all PTSD patients but are more likely to occur if

PTSD is present. Finally, the subtype model, a variant of the component model,

proposes that PTSD patients with dissociative symptoms are qualitatively different

from individuals with non-dissociative PTSD, showing a different pattern of symp-

toms, social and clinical covariates, and neurobiological substrates.

Recently, Dalenberg and Carlson (2012) investigated which model is most

consistent with research findings on the relationship between dissociation and

PTSD, and they found that most of the empirical evidence favors a subtype

model of dissociation in PTSD. Moreover, this dissociative subtype of PTSD

appears to be associated with distinct clinical and neurobiological features. On

the basis of these and other results, a dissociative subtype of PTSD has been

included in the DSM-5. This review will concentrate on investigations of the

dissociative subtype of PTSD. Firstly, epidemiological and clinical evidence for

the existence of a dissociative subtype of PTSD will be discussed. Then, we will

highlight the neurobiological features that distinguish dissociative PTSD from

non-dissociative PTSD. Furthermore, we will investigate why some individuals

develop a clinical presentation of PTSD that is predominated by the occurrence of

dissociative symptoms, while other PTSD patients do not exhibit dissociative

symptoms. Finally, we will describe promises and pitfalls in the research on the

dissociative subtype of PTSD.

2 Epidemiological and Clinical Evidence

for the Dissociative Subtype of PTSD

Prior to the launch of the DSM-5, several studies investigated the potential exis-

tence of a dissociative subtype of PTSD using latent class, taxometric, epidemio-

logical, and confirmatory factor analyses. For example, Putnam et al. (1996) have

reported that mean dissociation scores of a PTSD sample did not reflect uniform

distributions within this sample but instead resulted from a small proportion of

individuals with high dissociation scores. Furthermore, taxometric analyses of
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dissociation in trauma-exposed Vietnam veterans revealed a taxon of highly disso-

ciative individuals (Waelde et al. 2005). Members of the dissociative taxon were

more often diagnosed with current PTSD and showed more severe PTSD symptoms

than non-taxon members. However, only 32% of the veterans with a diagnosis of

PTSD belonged to this dissociative taxon, suggesting that there is a subtype of

severe PTSD with dissociative symptoms.

Using signal detection analysis, Ginzburg et al. (2006) identified high and low

dissociation PTSD subgroups in a sample of 122 women seeking treatment for

child sexual abuse. Three PTSD symptoms, namely, hypervigilance, sense of

foreshortened future, and sleeping difficulties, discriminated between these high

and low dissociation subgroups, indicating that there is a dissociative subtype of

PTSD that is characterized by a specific constellation of symptoms. Furthermore,

they found that the dissociative subtype was associated with higher levels of

childhood maltreatment.

Wolf et al. (2012b) conducted a latent class analysis to examine the evidence for

a dissociative subtype in PTSD in a sample of 492 trauma-exposed veterans and

their partners. The latent profile analysis yielded evidence for three different

classes, namely, a low PTSD severity subgroup, a high PTSD severity subgroup

without dissociation, and a high severity subgroup with dissociative symptoms.

This dissociative subgroup represented 12% of individuals with PTSD and was

characterized by severe PTSD symptoms combined with marked elevations on

items assessing flashbacks, derealization, and depersonalization. Individuals in

this subgroup also reported greater exposure to childhood and adult sexual trauma.

Wolf et al. (2012a) validated these findings using further latent profile analyses on

PTSD and dissociation items reflecting depersonalization and derealization in a

sample of 360 male veterans with PTSD and a sample of 284 female veterans and

active-duty service personnel with PTSD. In both samples the latent profile analysis

suggested a three-class solution. Approximately 15% of the male sample and 30%

of the female sample were classified into the dissociative subtype. In contrast to

their earlier finding that members of the dissociative group reported higher expo-

sure to sexual abuse, they found no group differences related to exposure to sexual

trauma. However, women in the dissociative group exhibited higher levels of

comorbid personality disorder.

Another study also used latent profile analyses to investigate the existence of a

dissociative subtype in a civilian sample of individuals with PTSD predominantly

related to childhood abuse (Steuwe et al. 2012). Again, latent profile analyses

extracted three groups, one of which was characterized by high derealization and

depersonalization scores. This group accounted for 25% of the total PTSD sample.

Individuals in the dissociative subgroup showed a higher number of comorbid Axis

I disorders and a more significant history of childhood abuse and neglect. Confir-

matory factor analyses disclosed that symptoms of derealization and depersonali-

zation could be explained by a fifth PTSD symptom cluster. This dissociative factor

was distinct from but correlated significantly with the other four core PTSD

symptom clusters.
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More recently, Armour et al. (2014b), using latent profile analysis, identified five

classes in a sample of 432 military veterans, one of which constituted a severe PTSD

class (30%) and one of which constituted a severe PTSD class with dissociative

symptoms (13.7%). The dissociative subgroup could be differentiated from the severe

PTSD group based on higher scores for reduced awareness, derealization and deper-

sonalization, and sense of foreshortened future. In addition, Armour et al. (2014a)

investigated whether levels of depression, anxiety, hostility, and sleeping difficulties

would differentiate dissociative PTSD from a similarly severe form of PTSD without

dissociation in European victims of sexual assault and rape. Utilizing latent profile

analyses, they found four groups in this PTSD sample, namely, a low, moderate,

and high PTSD group, and a high PTSD group with dissociative symptoms. The

dissociative PTSD group encompassed 13.1% of the sample and had significantly

higher mean scores on measures of depression, anxiety, hostility, and sleeping

difficulties.

Importantly, all these studies providing evidence for a dissociative subtype of

PTSD are based on treatment-seeking samples in Western countries, leaving it

unclear whether findings regarding the prevalence of the dissociative subtype and

documented associations of this subtype with factors such as history of trauma

generalize to the population. Therefore, Stein et al. (2013) used epidemiologic data

from 16 countries in the World Health Organization (WHO) World Mental Health

(WMH) surveys to examine the cross-cultural generalizability of the dissociative

subtype. Dissociative symptoms of depersonalization and derealization were pre-

sent in 14.4% of respondents with PTSD, a proportion that did not differ signifi-

cantly across countries. This demonstrates that the dissociative subtype is not

confined to Western countries. Symptoms of dissociation in PTSD were associated

with elevated PTSD symptom counts, male sex, childhood onset of PTSD, high

exposure to prior traumatic events and childhood adversities, comorbid psychiatric

disorders, high role impairment, and suicidality. Previous studies have not reported

dissociation to be more common among men with PTSD than women with PTSD.

However, the WMH findings that the dissociative subtype is associated with

severity of PTSD symptoms and prior exposure to trauma are highly consistent

with previous studies. Stein and colleagues argue that these results point out the

value of the dissociative subtype in distinguishing a meaningful proportion of

severe cases of PTSD that have distinct correlates that are roughly equivalent

across countries.

Even though the total number of subgroups found in PTSD samples differed

among studies, all of these studies have found evidence for the existence of a

dissociative subtype of PTSD. These studies have consistently demonstrated that

the dissociative PTSD subtype encompasses a subset of individuals who report high

levels of PTSD symptoms, plus high levels of dissociative symptoms, in particular

derealization and depersonalization. Across the different studies, a wide range of risk

factors was investigated withmixed results. In a systematic review of latent class and

profile analytic studies of PTSD, it was shown that childhood exposure to trauma,

and more specifically childhood sexual assault and physical assault, seems to be a

risk factor for dissociative PTSD (Hansen et al. 2017). Furthermore, comorbid
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psychopathology such as anxiety and depression have been found to be significantly

associated with dissociative PTSD in multiple studies. This pattern of specific risk

factors underlies the prediction of the subtype model that dissociative PTSD would

differentially correlate with external social and clinical covariates.

3 Neurobiological Features That Distinguish Dissociative

PTSD from Non-dissociative PTSD

3.1 Neuroimaging Studies

Neuroimaging studies have implicated decreased activity of prefrontal regions and

increased activity of limbic structures in the pathophysiology of PTSD (Francati

et al. 2007; Sartory et al. 2013). Interestingly, however, recent data have shown that

psychobiological responses to recalling traumatic experiences can differ signifi-

cantly among individuals with PTSD and that not all PTSD patients show the same

brain activation patterns in response to traumatic script-driven imagery (Frewen

and Lanius 2006; Hopper et al. 2007; Lanius et al. 2002). Lanius et al. (2002) found

that while approximately 70% of PTSD patients reported to relive their traumatic

experience in response to traumatic scripts and showed an increase in heart rate, the

other 30% of PTSD subjects reported experiences of derealization, depersonaliza-

tion, and a feeling of emotional detachment and did not show a significant increase

in heart rate when exposed to a traumatic script. Thus, similarly to the epidemio-

logical studies discussed above, neurobiological studies have identified a dissocia-

tive subtype of PTSD that can be distinguished from non-dissociative PTSD.

Moreover, these non-dissociative and dissociative response types have been asso-

ciated with opposite patterns of brain activation in brain regions that are involved in

arousal and emotion regulation. Patients who relived their traumatic experiences

upon exposure to traumatic scripts showed less activation of the mPFC, ACC, and

thalamus during script-driven recall of traumatic events (Lanius et al. 2001). This is

consistent with the decreased prefrontal activation that most PTSD neuroimaging

studies to date have reported. However, PTSD patients in a dissociative state

showed more activation in the mPFC, ACC, medial frontal gyrus, inferior frontal

gyrus, superior and middle temporal gyri, occipital lobe, and parietal lobe during

symptom provocation compared to control subjects (Lanius et al. 2002). Thus,

although patients with re-experiencing/hyperaroused PTSD exhibit lower activa-

tion of prefrontal regions that are implicated in arousal modulation and emotion

regulation, dissociative PTSD patients show higher activation of these prefrontal

regions.

On the basis of these findings, Lanius et al. (2010b) proposed a model in which

the two different response types are viewed as two distinct types of emotion

dysregulation. In this model, re-experiencing/hyperaroused reactivity is thought

to reflect emotional undermodulation, mediated by failure of prefrontal inhibition
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of limbic regions. The dissociative PTSD patients can, on the other hand, be

conceptualized as experiencing emotional overmodulation, mediated by increased

activation of prefrontal regions and hyperinhibition of limbic regions. Although this

model would predict that re-experiencing/hyperaroused PTSD patients would show

heightened amygdala activation and that dissociative PTSD subjects would show

decreased amygdala activation in comparison with controls, Lanius and colleagues

did not observe amygdala activation in either the re-experiencing/hyperaroused

subjects nor the dissociative subjects in the abovementioned studies. However, they

have reported a case study of two survivors of the same motor vehicle accident who

displayed different responses to traumatic script-driven imagery. While one of them

exhibited a re-experiencing/hyperaroused response and increased amygdala activa-

tion, the other person showed a dissociative response with no amygdala activation

(Lanius et al. 2003).

Further support for the emotion dysregulation model has been provided by

Hopper et al. (2007) who assessed the relationship between severity of state

re-experiencing, avoidance, and dissociation symptom responses to script-driven

imagery and neural activation patterns. They found that state re-experiencing

severity was positively associated with right anterior insula activity, an area

involved in the neural representation of somatic aspects of emotional states, includ-

ing acute sympathetic arousal (Craig 2002). Furthermore, re-experiencing corre-

lated negatively with right rACC activity. Since the rACC is known to inhibit the

amygdala, the finding of a negative association between re-experiencing and rACC

activation is consistent with the hypothesis that re-experiencing/hyperaroused

reactivity can be viewed as a form of emotional undermodulation, mediated by

failed prefrontal inhibition of limbic regions. In contrast, Hopper and colleagues

showed that dissociation correlated positively with activity in the left medial

prefrontal cortex and negatively with activation of the right anterior insula. The

finding of a positive association between dissociation and medial prefrontal acti-

vation provides support for the hypothesized hyperinhibition of limbic regions by

medial prefrontal areas during dissociative states. In addition, Hopper and

co-workers found that state dissociation severity correlated positively with activity

in the right superior temporal cortex and negatively with activation in the left

superior temporal cortex. These positive and negative correlations of dissociation

with activation in the right and left temporal lobe structures, respectively, have also

been reported by previous studies (Lanius et al. 2002, 2005). Interestingly, inves-

tigations of temporal lobe epilepsy have reported that patients exhibit dissociative

symptoms during seizures (Lanius et al. 2006). In addition, it has been reported that

patients exhibit dissociative symptoms in response to stimulation of the superior

and middle temporal gyrus during neurosurgery. These findings suggest a role for

the temporal lobe in dissociation. However, the functional significance of superior

temporal activations during dissociative responses, including laterality effects, still

has to be investigated.

A study by Felmingham et al. (2008) has provided further support for the

corticolimbic inhibition model of dissociation. Using fMRI, these researchers

compared brain activation patterns of two groups of PTSD patients, one with
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high dissociation scores and one with low dissociation scores, during the processing

of consciously and nonconsciously perceived fear stimuli. During conscious fear

processing, patients with high dissociation scores showed enhanced activation of

the vmPFC in comparison with patients with low dissociation scores. This result

supports the assumption that dissociative PTSD is characterized by emotional

overmodulation accompanied by increased activation of medial prefrontal struc-

tures. During nonconscious fear processing, however, dissociative PTSD was

associated with enhanced activation in limbic regions, such as the amygdala, insula,

and left thalamus, compared to non-dissociative PTSD. These authors therefore

suggested that dissociation is a regulatory strategy that can be applied during

conscious fear processing in order to cope with extreme arousal in PTSD through

hyperinhibition of limbic regions.

The pain neurobiology literature provides additional evidence for the hyper-

inhibition of limbic regions during dissociative responses. R€oder et al. (2007)

demonstrated that healthy individuals exhibited decreased activation in sensory

and affective pain-related areas, including the amygdala, in response to painful

stimuli during hypnosis-induced states of depersonalization. Furthermore,

Mickleborough et al. (2011) found that trait dissociation correlated negatively

with activity in the right amygdala and left putamen during traumatic script-

induced analgesia in individuals with PTSD. In addition, Ludäscher et al. (2010)

found increased activity in the left cingulate gyrus and bilateral insula in patients

with borderline personality disorder and comorbid PTSD during script-driven

imagery-induced dissociation, providing evidence for increased cortical inhibition

during dissociative responses. Of note, the finding of increased insular cortex

activity during dissociative states is not consistent with the results of Hopper

et al. (2007), who reported increased insula activation during re-experiencing/

hyperaroused states and decreased insula activation during dissociative states.

Thus, exactly how insula activation is involved in the distinct re-experiencing

and dissociative response types requires further investigation.

In addition to the research describing differential patterns of neural activation

during symptom provocation, evidence has also been provided for baseline functional

differences between patients with dissociative PTSD and those with re-experiencing

PTSD. A study comparing resting-state functional connectivity between PTSD

patients with and without the dissociative subtype found that individuals with disso-

ciative PTSD exhibited greater resting-state functional connectivity between the

amygdala and the medial frontal gyrus than subjects with non-dissociative PTSD

(Nicholson et al. 2015). This finding is in line with the proposed increased PFC

inhibition of limbic regions in dissociative PTSD (Lanius et al. 2010a, b).

The studies reviewed above have investigated which functional brain alterations

distinguish dissociative PTSD from non-dissociative PTSD. However, information

about which structural alterations are related to dissociation in PTSD samples is

scarce. Recently though, Nardo et al. (2013) investigated brain structural alterations

associated with trait dissociation in a sample of traumatized subjects with and

without PTSD. Their results show that PTSD and dissociation are related to

opposite volumetric patterns in the prefrontal cortex. While the volume of the
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medial PFC and lateral PFC was decreased in PTSD subjects compared to trauma-

tized controls, PFC volume was increased as a function of trait dissociation.

Moreover, trait dissociation was related to increased gray matter volume in pre-

frontal, orbitofrontal, parahippocampal, temporal polar, and inferior parietal corti-

ces. Another study investigating the differences in volumetric brain morphology

between patients with dissociative and non-dissociative PTSD found that individ-

uals with the dissociative subtype exhibited greater gray matter volume in the right

precentral and fusiform gyri and less gray matter volume in the right inferior

temporal gyrus than patients with non-dissociative PTSD (Daniels et al. 2016).

Furthermore, they found that dissociation severity was positively correlated with

gray matter volume in the right middle frontal gyrus, a region known to subserve

the downregulation of emotional arousal. To the extent that volumetric alterations

can be interpreted as the structural counterpart of functional alterations, the finding

of a positive correlation between dissociation and frontal gyrus volume is consistent

with the model proposed by Lanius et al. (2010a, b), according to which

hyperaroused PTSD subjects exhibit functional reduction in prefrontal regions

(emotional undermodulation), while dissociative PTSD subjects exhibit increased

prefrontal inhibition of limbic regions (emotional overmodulation).

In sum, neuroimaging studies have identified two distinct response types in

PTSD subjects: a re-experiencing/hyperaroused subtype and a dissociative subtype.

These response types are characterized by different psychophysiological and neural

responses to the recall of traumatic memories (Table 1). While individuals with

re-experiencing/hyperaroused PTSD appear to exhibit an increased heart rate,

lower activation of prefrontal regions, and increased activation of the amygdala,

Table 1 Overview of the features that distinguish dissociative PTSD from non-dissociative PTSD

Dissociative PTSD Non-dissociative PTSD

Epidemiology – More severe PTSD symp-

toms, complex, chronic

– More often associated with

trauma in adult life

– Associated with early life

trauma/repetitive trauma

– Less cumulative trauma

– Higher level of comorbid

psychiatric disorders

Reaction after exposure to
traumatic stimuli

– Dissociation, numbing – Fear/anxiety-driven

– Suppression of autonomic

response

– Increased autonomic

arousal

– No increase in heart rate – Increased heart rate

– No increase in skin

conductance

– Increased skin conductance

Phenomenology Dissociation Re-experiencing

Imaging Anterior cingulate cortex " Anterior cingulate cortex #
Medial prefrontal cortex " Medial prefrontal cortex #
Amygdala # Amygdala "
Right anterior insula # Right anterior insula "

Concept Emotional overmodulation Emotional undermodulation
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evidence is accumulating that individuals with dissociative PTSD do not show an

increase in heart rate and exhibit higher activation of prefrontal regions and no

increase in activation of limbic regions during the recall of traumatic memories.

The corticolimbic model of dissociation postulates that once a threshold of anxiety

is reached, the medial prefrontal cortex inhibits emotional processing in limbic

structures, resulting in dissociative symptoms. Furthermore, there are indications

that dissociation is associated with activity in the temporal lobes and insular cortex

and an increase in PFC volume.

3.2 Baseline and Functional Neuroendocrinological Studies

As discussed in this update, individuals with dissociative PTSD show a different

psychophysiological response and different activation patterns of the mPFC and

amygdala during the recall of traumatic memories than individuals with

non-dissociative PTSD. However, PTSD is not only associated with alterations in

stress-regulating brain regions but also with neuroendocrinological alterations, such

as exaggerated cortisol reactivity and increased NE levels in response to stressors

(de Kloet et al. 2006; Southwick et al. 1999). It is not yet fully clear whether these

neuroendocrinological changes also apply to individuals with dissociative PTSD or

whether these patients exhibit different neuroendocrine characteristics than patients

without dissociative symptoms. Although a growing number of studies have exam-

ined cortisol response as a function of dissociative symptoms, results are inconclu-

sive. Higher (Simeon et al. 2007), lower (Simeon et al. 2008), and no difference

(Koopman et al. 2003) in baseline cortisol levels in high versus low dissociators

have been observed. Furthermore, some studies have reported that increased corti-

sol reactivity in response to a stressor was positively related to dissociative symp-

toms (Giesbrecht et al. 2007; Powers et al. 2006), whereas other studies have

reported negative correlations of dissociation scores and cortisol levels after expo-

sure to acute stress (Morgan et al. 2001; Simeon et al. 2007) or did not find a

difference in cortisol reactivity between high and low dissociators (Simeon et al.

2008). Koopman et al. (2003) observed increased salivary cortisol in individuals

reporting greater dissociative symptoms 24 h after being interviewed about trau-

matic life events, but not immediately or 48 h after the interview, suggesting that

differences in cortisol reactivity between individuals with and without dissociative

symptoms might depend on the time between a stressful event and the collection of

samples. Thus, the relation between cortisol levels and dissociative symptoms

remains unclear. Moreover, the relation between NE levels and dissociation has,

to our knowledge, not yet been investigated.

To address the inconsistencies in findings on the function of the hypothalamic–

pituitary–adrenal (HPA) axis in patients suffering from PTSD, Zaba et al. (2015)

compared a sample of female PTSD patients with either early life trauma, adult

trauma, or combined early life and adult trauma to healthy controls in the Trier social

stress test. They identified and characterized for the first time two different HPA axis
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reactivity subgroups in PTSD. One of these subgroups showed a blunted HPA axis

response and distinct clinical characteristics such as a higher prevalence of disso-

ciative symptoms and of combined early life and adult trauma. This subgroup largely

drove the diminished HPA axis response of the total PTSD cohort. The existence of

different HPA axis reactivity endophenotypes in PTSD could offer an explanation

for the inconsistent reports on HPA axis function in PTSD patients. Furthermore,

these findings suggest that individuals with the dissociative subtype might display a

different HPA axis reactivity than patients with non-dissociative PTSD.

4 Developmental Pathways to Emotional Dysregulation

Both neurobiological and clinical research have shown that PTSD has a

re-experiencing/hyperaroused subtype and a dissociative subtype. The remaining

question is why some individuals develop dissociative symptoms, while others do

not. As discussed previously, PTSD patients with a history of prolonged trauma,

such as childhood abuse, often show a clinical syndrome that is characterized by

dissociative symptoms, as opposed to patients who have suffered from more acute

forms of trauma (Ginzburg et al. 2006; Stein et al. 2013; Steuwe et al. 2012; Wolf

et al. 2012b). Support for these findings comes from a study that demonstrated that

individuals who experienced early-onset abuse showed greater levels of dissocia-

tive symptoms than disaster survivors and individuals who experienced late-onset

abuse (van der Kolk et al. 1996). It could thus be that prolonged traumatic

experiences, particularly during childhood, may promote the use of dissociation

as a defense strategy to cope with aversive experiences.

Lanius et al. (2010a) have proposed two distinct pathways to emotional

dysregulation and brain dysfunction in PTSD. The first pathway proposes that

fear reactions experienced during the aftermath of an acute traumatic event,

followed by repeated re-experiencing of the traumatic event, can lead to sensitiza-

tion of the fear and stress response. This sensitization can result in a progressive

augmentation of PTSD symptoms and general emotional dysregulation. It is

thought that a combination of the individual’s distress, physiological reactivity,

and related neurotransmitter and neurohormonal responses that in turn have an

effect on a variety of brain regions, including the mPFC, amygdala, and hippocam-

pus, underlies this process of sensitization. Lanius and co-workers hypothesized

that individuals following this pathway would most likely be adults who experi-

enced adult-onset trauma and do not have a history of childhood abuse. In contrast,

the second pathway describes that an impoverished childhood environment and/or

childhood maltreatment can lead to inadequate neurodevelopment of emotion and

arousal regulatory systems, resulting in general emotional dysregulation and the

inability to regulate physiological arousal to traumatic events. As a consequence of

this inability, exposure to (a) traumatic event(s) later in life would lead to an

exacerbation of emotional dysregulation, including the development of PTSD.

Interestingly, empirical research has indeed shown that different types of childhood
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trauma exposure are related to distinct anomalies in HPA axis functioning

(Kuhlman et al. 2015), providing evidence for the idea that the type and timing of

trauma influence the type of stress-related pathology an individual develops.

To summarize, it is proposed that individuals with a history of severe or repetitive

trauma exposure follow a different pathway to the development of PTSD once

exposed to trauma, than individuals that are trauma naı̈ve and exposed to trauma in

adulthood. Furthermore, individuals with a history of prolonged trauma are more

likely to develop greater levels of dissociative symptoms. However, it cannot be

stated that all individuals with a significant trauma history will develop the disso-

ciative subtype of PTSD and that trauma survivors with no prior history of trauma

will not develop dissociative symptoms. Re-experiencing and dissociative response

types are not completely distinct, and individuals with PTSD may show both

response types at different time points. Nevertheless, prolonged and early traumatic

experiences do present a risk factor for developing the dissociative subtype of PTSD.

5 Pitfalls and Promises in Current Research Studies

on the Dissociative Subtype of PTSD

5.1 Limitations of Current Research Studies

Although during the past three decades there have been major advances in our

understanding of the neurobiology of PTSD, neurobiological findings in PTSD

are not unequivocal. Reports on alterations in cortisol and norepinephrine

(NE) responses, as well as alterations in the activity of the amygdala, mPFC,

and insular cortex in PTSD, have been inconsistent. This could be due to

methodological differences, such as differences in task design, time of sampling

of cortisol and NE levels, and imaging methods or resolution. Meta-analyses of

existing studies that take into account these methodological differences could

possibly reconcile some of these inconsistent findings. Importantly, inconsistent

findings could also be explained by the heterogeneity of symptomatic and bio-

logical responses to traumatic reminders in PTSD. As we have discussed in this

review, individuals with the re-experiencing and the dissociative subtype of PTSD

exhibit different physiological and neurobiological responses to trauma-related

stimuli. This suggests that grouping PTSD subjects with different symptom

patterns may hamper our understanding of the pathophysiology of PTSD. There-

fore, the heterogeneity within PTSD samples should be addressed in the designs

of futures PTSD studies.

The majority of PTSD studies have been cross-sectional, comparing PTSD

patients to healthy controls who were either exposed to trauma but did not develop

the disorder or were not exposed. Therefore, it has been difficult to determine

whether the observed neurobiological differences between PTSD patients and

controls are causes or consequences of the pathophysiology of PTSD. In a recent
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review, Admon et al. (2013) have attempted to allocate PTSD neural characteristics

to either predisposing or acquired factors, by gathering evidence from genetic,

environmental, twin, and prospective studies. They have suggested that abnormal

structure of the amygdala and dACC, and their heightened responsivity to negative

stimuli, represent predisposing neural abnormalities. Since the amygdala and dACC

are mediators of fear generation and expression, these neural predispositions may

make individuals prone to express heightened fear upon trauma exposure, reducing

their chances to cope adequately with the traumatic experience. In contrast, they

have suggested that reduced volume of the mPFC, as well as reduced vmPFC

structural and functional connectivity with the hippocampus, may represent

acquired neural characteristics. Compromised vmPFC structure and connectivity

with the hippocampus may impair an individual’s ability to extinguish fear, which

is an essential need for recovery from traumatic stress. However, this causal model

is based on only a few studies, and the authors emphasize that more genetic, twin,

and longitudinal studies are needed to validate these findings. Furthermore, it would

be interesting to investigate whether predisposing factors are different for people

that develop dissociative PTSD than for individuals that do not develop dissociative

symptoms. More knowledge about predisposing factors for dissociative/non-

dissociative PTSD could facilitate the accurate identification of vulnerable individ-

uals and would enable the implementation of early clinical intervention to prevent

the development of PTSD and dissociative symptoms. In addition, longitudinal

studies can give us more insight in the trajectories of neurobiological changes in

dissociative/non-dissociative PTSD, advancing our understanding of the patho-

physiology of PTSD. Future studies will also need to explore genome-wide asso-

ciations as well as specific genetic polymorphisms to dissociation and stability and

change over intergenerational transmission of trauma.

Another limitation of PTSD research is that most studies have focused on

neurobiological systems involved in stress and fear responses and how these

responses are altered in PTSD, conceptualizing PTSD as a fear disorder. Although

the amygdala, hippocampus, ACC, mPFC, and insula are indeed involved in fear

processing, the functions of these regions extend beyond fear expression and inhi-

bition. The mPFC and hippocampus, for instance, are not only implicated in fear

inhibition and extinction but also contribute to PTSD deficits in attention and

declarative memory, deficits that have not received as much attention. Furthermore,

the amygdala, ACC, and mPFC are known to mediate important aspects of general

emotion regulation and are involved in a variety of emotional states such as anger,

guilt, and shame, emotions that are frequently reported by PTSD patients. Therefore,

Lanius et al. (2010a) have suggested that PTSD is associated with general emotion

dysregulation and that fear is not the prevailing emotion but rather one of several

components implicated in a dysfunctional emotional system that also mediates

problems regulating anger, guilt, shame, dissociation, and numbing. Furthermore,

the role of neural systems that are not primarily implicated in the stress and fear

response should be considered. For instance, the reward circuitry, of which the

nucleus accumbens is a core element, has generally been overlooked in PTSD

research. However, recent studies suggest that PTSD might be associated with
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reduced nucleus accumbens reward responsivity (Elman et al. 2009; Sailer et al.

2008). This reduced reward responsivity may contribute to PTSD symptoms of

diminished motivation and restricted affect range of positive emotions. Thus, we

suggest that we could further our understanding of PTSD and its underlying

neurocircuitry by looking beyond impairments in fear expression and fear inhibition.

Recently, researchers have pointed out some shortcomings in the current defi-

nition of the dissociative subtype of PTSD in the DSM-5. In the DSM-5, the

dissociative subtype of PTSD is defined by dissociative symptoms of derealization

and depersonalization. This is based on the empirical evidence showing that a group

of individuals with PTSD who have elevations of these symptoms can clearly be

distinguished. However, dissociative symptoms in PTSD do not only include

derealization and depersonalization but comprise a variety of dissociative symp-

toms, including several positive (e.g., intrusions such as flashbacks and jarring

trauma-related physical pain) and negative dissociative symptoms (e.g., amnesia,

emotional numbing, derealization, and depersonalization). Remarkably, symptoms

of intrusions and amnesia are also present in the so-called non-dissociative subtype

of PTSD. Thus, PTSD is associated with several dissociative symptoms, but only if

individuals exhibit predominant derealization and/or depersonalization symptoms,

the DSM-5 states they have the dissociative subtype of PTSD. Therefore, Dorahy

and van der Hart (2015) have argued that limiting the dissociative subtype of PTSD

to depersonalization and derealization symptoms creates a false dichotomy between

dissociative symptoms in PTSD and between a PTSD that is dissociative and one

that apparently is not. Considerable evidence suggests that dissociation is generally

heightened in PTSD, indicating that the relevance of dissociation for PTSD is not

limited to the dissociative subtype. Carlson et al. (2012) reviewed 13 studies that

have assessed dissociation in PTSD and trauma-exposed non-PTSD samples and

found that dissociation levels were significantly higher in participants with PTSD in

11 of the 13 studies. Importantly, scatter plots suggested that this relation between

dissociation and PTSD was not created by a small subset of participants with

extremely high dissociation scores but rather represented a linear pattern of data.

Similarly, two taxometric studies found that dissociation was on a continuum rather

than being a categorical variable (Forbes et al. 2005; Ruscio et al. 2002). For these

reasons, Dorahy and van der Hart argue that even though there are differences

between the two subtypes of PTSD, the definition of the dissociative subtype in the

DSM-5 is problematic, since PTSD generally involves dissociation, and the symp-

toms of derealization and depersonalization which characterize DSM-5’s dissocia-
tive subtype are a restricted and nonrepresentative reflection of dissociative

symptoms in PTSD. Future studies of dissociation in PTSD need to examine the

degree to which the different positive and negative dissociative symptoms may vary

among PTSD patients to allow a greater elucidation of dissociation in PTSD. An

overview of the described limitations in PTSD research can be found in Table 2.
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5.2 Benefits of Research Studies on the Dissociative Subtype
of PTSD

Even though the current definition of the dissociative subtype of PTSD might be

criticized, the addition of the dissociative subtype to the DSM-5 comes with great

benefits. First of all, it boosts empirical and theoretical efforts to further understand

the links between dissociation and PTSD. Furthermore, the inclusion of the disso-

ciative subtype in the DSM-5 improves clinician familiarity with and screening for

dissociative symptoms. Individuals with the dissociative subtype are an important

group to identify in the clinical context, since this group of patients generally exhibits

more severe PTSD symptoms, greater role impairment, and increased suicidality

(Stein et al. 2013). Therefore, we would like to highlight the importance of the

development of an advanced assessment tool for the diagnosis of dissociative

symptoms in PTSD. Recently, a brief assessment has been proposed that assesses

dissociative symptoms in line with the CAPS-5 (Eidhof et al. 2017). The National

Center of PTSD is also developing a novel screener for the assessment of the

dissociative subtype (Wolf et al. 2017). The accurate assessment of dissociative

symptoms in PTSD is also essential for the treatment of patients with dissociative

PTSD, since it has been shown that individuals with the dissociative subtype of

PTSD exhibit a different response to conventional PTSD treatments than patients

with non-dissociative PTSD (Lanius et al. 2012). Specifically, Jaycox et al. (1998)

have proposed that dissociation can reduce the effectiveness of exposure therapy by

preventing sustained emotional engagement with trauma-related information.

Therefore, it has been suggested that PTSD patients with dissociative symptoms

require a different type of treatment (Cloitre et al. 2012; Resick et al. 2012). Cloitre

et al. (2012) have suggested that a “phase-based” intervention, where a preparatory

phase is introduced to focus on reducing dissociation before engaging in exposure to

traumatic memories, will result in a more successful treatment outcome. However, a

recent study challenges the perception that conventional exposure therapy would not

be effective for individuals with the dissociative subtype of PTSD (Wolf et al. 2016).

Wolf and colleagues found that although female veterans and active-duty service

Table 2 Limitations in PTSD research

• Neurobiological findings are not unequivocal and inconsistencies across studies have not yet

been resolved

• The majority of studies have been cross-sectional, making it difficult to follow developmental

trajectories of neurobiological changes in PTSD and to discriminate predisposing from acquired

neural characteristics

• The majority of studies have focused on neurobiological systems involved in stress and fear

responses and have generally not paid attention to the function of these brain regions beyond fear

expression and inhibition

• Studies of the dissociative subtype of PTSD have focused on the dissociative symptoms of

depersonalization and derealization and have not investigated how other dissociative symptoms

may vary among PTSD patients
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members with dissociative PTSD did not respond as well to prolonged exposure and

present-centered therapy as those without the dissociative subtype, both PTSD and

dissociation symptoms did improve in the groupwith the dissociative subtype. These

findings indicate that more research is needed to investigate the need for distinct

approaches in the treatment of dissociative and non-dissociative PTSD.

Overall, acknowledging the existence of a dissociative subtype of PTSD brings

the importance of trauma-related dissociation into clinical and empirical focus and

will stimulate careful analysis of the prevalence, symptomatology, neurobiology,

and treatment of individuals with the dissociative subtype of PTSD.

6 Conclusion

There is abundant evidence that there is a dissociative subtype of PTSD with

neurobiological and clinical features that distinguish it from non-dissociative

PTSD. Individuals with the dissociative subtype of PTSD report high levels of

PTSD symptoms and high levels of dissociative symptoms, in particular derealiza-

tion and depersonalization. Furthermore, the dissociative subtype of PTSD is asso-

ciated with a more significant history of early life trauma and higher levels of

comorbid psychiatric disorders. In addition, PTSD patients with dissociative symp-

toms exhibit different psychophysiological and neural responses to the recall of

traumatic memories. While individuals with re-experiencing/hyperaroused PTSD

appear to exhibit an increased heart rate, lower activation of prefrontal regions, and

increased activation of the amygdala in response to traumatic reminders, individuals

with dissociative PTSD do not show an increase in heart rate and exhibit higher

activation of prefrontal regions and no increase in activation of limbic regions during

the recall of traumatic memories. Furthermore, there are indications that dissociation

is associated with activity in the temporal lobes and insular cortex and an increase in

PFC volume, although more research is required to validate these findings. It has

been proposed that dissociation is a regulatory strategy invoked to copewith extreme

arousal in PTSD through hyperinhibition of limbic regions. Future studies will need

to explore genome-wide associations and specific genetic polymorphisms to disso-

ciation as well as stability and change over intergenerational transmission of trauma.

As first reports are coming out, it needs to be understoodwhat the implications are for

the treatment of the dissociative subtype (Dutra and Wolf 2017). Although there is

some criticism on the current definition of the dissociative subtype of PTSD in the

DSM-5, acknowledgment of this subtype stimulates research on the prevalence,

symptomatology, and neurobiology of the dissociative subtype of PTSD and may

improve treatment outcome in PTSD patients with dissociative symptoms.

244 J. van Huijstee and E. Vermetten



References

Admon R, Milad MR, Hendler T (2013) A causal model of post-traumatic stress disorder:

disentangling predisposed from acquired neural abnormalities. Trends Cogn Sci 17

(7):337–347

American Psychiatric Association (2013) Diagnostic and statistical manual of mental disorders:

DSM-V, 5th edn. American Psychiatric Publishing, Arlington, VA

Armour C, Elklit A, Lauterbach D, Elhai JD (2014a) The DSM-5 dissociative-PTSD subtype: can

levels of depression, anxiety, hostility, and sleeping difficulties differentiate between

dissociative-PTSD and PTSD in rape and sexual assault victims? J Anxiety Disord 28

(4):418–426

Armour C, Karstoft KI, Richardson JD (2014b) The co-occurrence of PTSD and dissociation:

differentiating severe PTSD from dissociative-PTSD. Soc Psychiatry Psychiatr Epidemiol 49

(8):1297–1306

Bernstein EM, Putnam FW (1986) Development, reliability, and validity of a dissociation scale. J

Nerv Ment Dis 174(12):727–735

Bremner JD, Brett E (1997) Trauma-related dissociative states and long-term psychopathology in

posttraumatic stress disorder. J Trauma Stress 10(1):37–49

Bremner JD, Krystal JH, Putnam FW, Southwick SM, Marmar C, Charney DS, Mazure CM (1998)

Measurement of dissociative states with the clinician-administered dissociative states scale

(CADSS). J Trauma Stress 11(1):125–136

Briere J (2006) Dissociative symptoms and trauma exposure: specificity, affect dysregulation, and

posttraumatic stress. J Nerv Ment Dis 194(2):78–82

Carlson EB, Dalenberg C, McDade-Montez E (2012) Dissociation in posttraumatic stress disorder

part I: definitions and review of research. Psychol Trauma Theor Res Pract Pol 4(5):479–489

Cloitre M, Petkova E, Wang J (2012) An examination of the influence of a sequential treatment on

the course and impact of dissociation among women with PTSD related to childhood abuse.

Depress Anxiety 29(8):709–717

Craig AD (2002) How do you feel? Interoception: the sense of the physiological condition of the

body. Nat Rev Neurosci 3(8):655–666

Dalenberg C, Carlson EB (2012) Dissociation in posttraumatic stress disorder part II: how

theoretical models fit the empirical evidence and recommendations for modifying the diag-

nostic criteria for PTSD. Psychol Trauma Theor Res Pract Pol 4(6):551

Daniels JK, Frewen P, Theberge J, Lanius RA (2016) Structural brain aberrations associated with

the dissociative subtype of post-traumatic stress disorder. Acta Psychiatr Scand 133

(3):232–240

Dell PF (2006) The multidimensional inventory of dissociation (MID): a comprehensive measure

of pathological dissociation. J Trauma Dissociation 7(2):77–106

Dorahy MJ, van der Hart O (2015) DSM–5’s posttraumatic stress disorder with dissociative

symptoms: challenges and future directions. J Trauma Dissociation 16(1):7–28

Dutra SJ, Wolf EJ (2017) Perspectives on the conceptualization of the dissociative subtype of

PTSD and implications for treatment. Curr Opin Psychol 14:35–39

Eidhof M, ter Heide JJ, Vermetten E (2017) The dissociative subtype of PTSD-interview. Arq

Diemen, The Netherlands

Elman I, Lowen S, Frederick BB, Chi W, Becerra L, Pitman RK (2009) Functional neuroimaging

of reward circuitry responsivity to monetary gains and losses in posttraumatic stress disorder.

Biol Psychiatry 66(12):1083–1090

Felmingham K, Kemp AH, Williams L, Falconer E, Olivieri G, Peduto A, Bryant R (2008)

Dissociative responses to conscious and non-conscious fear impact underlying brain function

in post-traumatic stress disorder. Psychol Med 38(12):1771–1780

Forbes D, Haslam N, Williams BJ, Creamer M (2005) Testing the latent structure of posttraumatic

stress disorder: a taxometric study of combat veterans. J Trauma Stress 18(6):647–656

The Dissociative Subtype of Post-traumatic Stress Disorder: Research Update. . . 245



Francati V, Vermetten E, Bremner JD (2007) Functional neuroimaging studies in posttraumatic

stress disorder: review of current methods and findings. Depress Anxiety 24(3):202–218

Frewen PA, Lanius RA (2006) Toward a psychobiology of posttraumatic self-dysregulation. Ann

N Y Acad Sci 1071(1):110–124

Giesbrecht T, Smeets T, Merckelbach H, Jelicic M (2007) Depersonalization experiences in

undergraduates are related to heightened stress cortisol responses. J Nerv Ment Dis 195

(4):282–287

Ginzburg K, Koopman C, Butler LD, Palesh O, Kraemer HC, Classen CC, Spiegel D (2006)

Evidence for a dissociative subtype of post-traumatic stress disorder among help-seeking

childhood sexual abuse survivors. J Trauma Dissociation 7(2):7–27

Hansen M, Ross J, Armour C (2017) Evidence of the dissociative PTSD subtype: a systematic

literature review of latent class and profile analytic studies of PTSD. J Affect Disord 213:59–69

Hopper JW, Frewen PA, van der Kolk BA, Lanius RA (2007) Neural correlates of reexperiencing,

avoidance, and dissociation in PTSD: symptom dimensions and emotion dysregulation in

responses to script-driven trauma imagery. J Trauma Stress 20(5):713–725

Irwin HJ (1994) Proneness to dissociation and traumatic childhood events. J Nerv Ment Dis 182

(8):456–460

Jaycox LH, Foa EB, Morral AR (1998) Influence of emotional engagement and habituation on

exposure therapy for PTSD. J Consult Clin Psychol 66(1):185–192

de Kloet CS, Vermetten E, Geuze E, Kavelaars A, Heijnen CJ, Westenberg HGM (2006)

Assessment of HPA-axis function in posttraumatic stress disorder: pharmacological and

non-pharmacological challenge tests, a review. J Psychiatr Res 40(6):550–567

van der Kolk BA, Pelcovitz D, Roth S, Mandel FS (1996) Dissociation, somatization, and affect

dysregulation: the complexity of adaption to trauma. Am J Psychiatry 153(Suppl):83–93

Koopman C, Sephton S, Abercrombie HC, Classen C, Butler LD, Gore-Felton C et al (2003)

Dissociative symptoms and cortisol responses to recounting traumatic experiences among

childhood sexual abuse survivors with PTSD. J Trauma Dissociation 4(4):29–46

Kuhlman KR, Geiss EG, Vargas I, Lopez-Duran NL (2015) Differential associations between

childhood trauma subtypes and adolescent HPA-axis functioning. Psychoneuroendocrinology

54:103–114

Lanius RA, Williamson PC, Densmore M, Boksman K, Gupta MA, Neufeld RW et al (2001)

Neural correlates of traumatic memories in posttraumatic stress disorder: a functional MRI

investigation. Am J Psychiatry 158(11):1920–1922

Lanius RA, Williamson PC, Boksman K, Densmore M, Gupta M, Neufeld RW et al (2002) Brain

activation during script-driven imagery induced dissociative responses in PTSD: a functional

magnetic resonance imaging investigation. Biol Psychiatry 52(4):305–311

Lanius RA, Hopper JW, Menon RS (2003) Individual differences in a husband and wife who

developed PTSD after a motor vehicle accident: a functional MRI case study. Am J Psychiatry

160(4):667–669

Lanius RA, Williamson PC, Bluhm RL, Densmore M, Boksman K, Neufeld RWJ et al (2005)

Functional connectivity of dissociative responses in posttraumatic stress disorder: a functional

magnetic resonance imaging investigation. Biol Psychiatry 57(8):873–884

Lanius RA, Bluhm R, Lanius U, Pain C (2006) A review of neuroimaging studies in PTSD:

heterogeneity of response to symptom provocation. J Psychiatr Res 40(8):709–729

Lanius RA, Frewen PA, Vermetten E, Yehuda R (2010a) Fear conditioning and early life

vulnerabilities: two distinct pathways of emotional dysregulation and brain dysfunction in

PTSD. Eur J Psychotraumatol 1

Lanius RA, Vermetten E, Loewenstein RJ, Brand B, Schmahl C, Bremner JD, Spiegel D (2010b)

Emotion modulation in PTSD: clinical and neurobiological evidence for a dissociative subtype.

Am J Psychiatry 167(6):640–647

Lanius RA, Brand B, Vermetten E, Frewen PA, Spiegel D (2012) The dissociative subtype of

posttraumatic stress disorder: rationale, clinical and neurobiological evidence, and implica-

tions. Depress Anxiety 29(8):701–708

246 J. van Huijstee and E. Vermetten
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Abstract Anhedonia, the reduced ability to experience pleasure, is a dimensional
entity linked to multiple neuropsychiatric disorders, where it is associated with
diminished treatment response, reduced global function, and increased suicidality.
It has been suggested that anhedonia and the related disruption in reward processing
may be critical precursors to development of psychiatric symptoms later in life.
Here, we examine cross-species evidence supporting the hypothesis that early life
experiences modulate development of reward processing, which if disrupted, result
in anhedonia. Importantly, we find that anhedonia may confer risk for later neuro-
psychiatric disorders, especially posttraumatic stress disorder (PTSD). Whereas
childhood trauma has long been associated with increased anhedonia and increased
subsequent risk for trauma-related disorders in adulthood, here we focus on an
additional novel, emerging direct contributor to anhedonia in rodents and humans:
fragmented, chaotic environmental signals (“FRAG”) during critical periods of
development. In rodents, recent data suggest that adolescent anhedonia may derive
from aberrant pleasure/reward circuit maturation. In humans, recent longitudinal
studies support that FRAG is associated with increased anhedonia in adolescence.
Both human and rodent FRAG exposure also leads to aberrant hippocampal func-
tion. Prospective studies are underway to examine if anhedonia is also a marker
of PTSD risk. These preliminary cross-species studies provide a critical construct
for future examination of the etiology of trauma-related symptoms in adults and for
and development of prophylactic and therapeutic interventions. In addition, longi-
tudinal studies of reward circuit development with and without FRAG will be critical
to test the mechanistic hypothesis that early life FRAG modifies reward circuitry
with subsequent consequences for adolescent-emergent anhedonia and contributes
to risk and resilience to trauma and stress in adulthood.

Keywords Anhedonia • Brain circuits • Corticotropin releasing factor (CRF) •
Depression • Early life adversity • Posttraumatic stress disorder (PTSD) • Reward
circuits • Rodent • Unpredictability and fragmented sensory signals (FRAG)
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1 Anhedonia, A Dimensional Construct
with Transdiagnostic Relevance

Mental illness, including PTSD, depression, and suicide, afflict >20% of adoles-
cents and young adults, with significant social and fiscal costs (Insel 2011;
Merikangas et al. 2010). The origins of mental illness are complex, involving
genetic and environmental contributions, specifically during sensitive develop-
mental periods (Bale et al. 2010; Lupien et al. 2009; Nelson et al. 2007; Osborne
and Monk 2013). Anhedonia, defined as a reduction in pleasure and appetitive/
reward seeking behaviors, is a dimensional construct that is transdiagnostic, cutting
across mood, anxiety, and substance use disorders, with clearly delineated opera-
tional measures and underlying neurocircuitry [for review, see (Pizzagalli 2014;
Rizvi et al. 2016)]. Across mood and anxiety disorders, anhedonia correlates with
poor treatment response, suicidality, and diminished global function (Pizzagalli
2014; Rizvi et al. 2016). Because of its association with poor treatment outcomes,
it is clear that understanding mechanisms underlying anhedonia and its role in both
development and maintenance of neuropsychiatric disorders may be critical for
effective treatment strategies. Here, we will discuss a neurodevelopmental hypoth-
esis of anhedonia and its contribution to risk and resilience to stress and trauma in
adulthood. Specifically, we will review the role of anhedonia and its underlying
reward circuitry in trauma-related disorders, discuss its known association with early
life adversity, and its link to a newly described form of early life adversity,
fragmented and chaotic maternal signals (FRAG) during critical phases of develop-
ment. We will describe recent cross-species evidence for this form of fragmented and
chaotic maternal care to mediate anhedonia in adolescence/early adulthood (Molet
et al. 2016a; Bolton et al. 2018) and discuss how this newly identified form of
developmental stress might shape reward circuit development and neuropsychiatric
risk. Throughout, we will identify knowledge gaps and research needed to under-
stand how FRAG may affect reward processes and reward circuitry, and how it
subsequently affects susceptibility to trauma disorders in later life.

2 Anhedonia and Disrupted Reward Circuits as a Marker
of Heterogeneity in Trauma Disorders

Posttraumatic stress (PTS) symptoms manifest after severe trauma exposure,
affecting 7–8% of the US population (Seedat and Stein 2001) and up to 20% of
armed service members (Thomas et al. 2010). Besides the extensive mental
health service utilization required for treatment, trauma-related disorders, such as
posttraumatic stress disorder (PTSD), are associated with greater overall medical
service utilization due to higher rates of chronic physical illness experienced by
these patients (Baker et al. 2009; O’Donnell et al. 2013). PTSD is phenotypically
and etiologically heterogeneous, posing a significant challenge to identifying its

Does Anhedonia Presage Increased Risk of Posttraumatic Stress Disorder? 251



biological mechanisms, creation of objective, non-symptom-based nosological
categories that cut across current diagnostic boundaries, and development of novel
therapeutics. Hence, the current greater focus in psychiatric research is towards
identifying fundamental underlying dimensional constructs that contribute signifi-
cantly to mortality, global function, and treatment response, such as anhedonia.

Anhedonia and Reward Abnormalities in Trauma-Related Disorders Self-reported
anhedonia contributes to symptom heterogeneity in PTSD; it is associated with
increased risk for suicide (Spitzer et al. 2018) and social withdrawal (Cao et al.
2016) as well as reduced reward responsiveness (Nawijn et al. 2016). PTS-related
anhedonic symptoms in combat veterans increase the risk for comorbidity with
substance use, depression, and anxiety disorders (>50% of veterans with PTSD
have at least one of these comorbidities) (Kashdan et al. 2006). Theoretically,
anhedonia is derived from both reward motivation and consumption (“wanting”
and “liking,” respectively). A comprehensive recent review by Nawijn et al. suggests
that reward abnormalities most robustly observed in trauma disorders are in reward
motivation or “wanting” components of the hedonic process such a reward response
and effortful-approach behavior, while arousal and valence ratings of rewarding
stimuli are not different from those of controls (Nawijn et al. 2015). PTSD patients
report significant reductions in the experience of pleasure, i.e., anhedonia (Vujanovic
et al. 2017). PTSD patients exhibit anhedonia with or without co-occurring major
depressive disorder (MDD), suggesting that anhedonia in trauma-exposed patients
is not purely a function of comorbid major depression (Franklin and Zimmerman
2001). Importantly, trauma exposure alone is not related to reduced reward func-
tioning (Nawijn et al. 2015).

Reward Circuit Abnormalities Associated with Anhedonia and Trauma-Related
Disorders Anhedonia has been examined across multiple neuropsychiatric disor-
ders including mood, trauma-related, and psychotic disorders. Evidence clearly
indicates overlap in the circuitry mediating anhedonia and reward abnormalities
across disorders, supporting that anhedonia spans classical diagnostic categories
(Sharma et al. 2017; Zhang et al. 2016). Symptoms of anhedonia are robustly
associated with the brain’s reward processing pathways and reduced responsiveness
to reward information (Berghorst et al. 2013; Bogdan and Pizzagalli 2006; Pizzagalli
et al. 2008).

The brain’s reward circuits consist of the ventral tegmental area (VTA) which
sends dopaminergic projections to the nucleus accumbens (NAc) in the ventral
striatum. VTA neurons also innervate the prefrontal cortex (PFC), the amygdala,
and the hippocampus. Most of the extant literature on the reward pathway in humans
comes from fMRI studies that implicate decreased activity levels in the VTA and
NAc in anhedonia (Drevets et al. 1992; Lee et al. 2012; Mayberg et al. 2000; Russo
and Nestler 2013). Consistent with these imaging findings, deep brain stimulation
within the NAc reduces anhedonia in treatment-resistant depression (Bewernick
et al. 2010, 2012; Schlaepfer et al. 2008). There is also some evidence that amygdala
activation is associated with anhedonia (Kumar et al. 2014; Stuhrmann et al. 2013).
Amygdala hyperactivity is one of the most robust phenotypes in PTSD (Koch
et al. 2016; Etkin and Wager 2007) and may be a pre-trauma risk factor for PTSD
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(Stevens et al. 2017). However, there is no reliable evidence as to the level of
amygdala excitability in the context of anhedonia. It is possible that amygdala
hyperactivation is a distinct feature of emotional processing aberrations found in
mood and trauma disorders and not reward processing per se.

In general, fewer studies have examined anhedonia in individuals with PTSD
compared to depression and schizophrenia. The circuit activation patterns are similar
across these disorders in relation to anhedonic symptoms, with altered BOLD fMRI
activity levels in reward circuitry including the ventral striatum/NAc, the amygdala,
and the PFC (Nawijn et al. 2016; Frewen et al. 2012). Reductions in ventral striatum/
NAc activity in response to rewards is reliably associated with increased PTS
symptoms or PTSD diagnosis (Admon et al. 2013a, b; Elman et al. 2009; Sailer
et al. 2008). Interestingly, CT-based lesion analysis also revealed a link between
anhedonia and injury to the ventrolateral PFC in Vietnam combat veterans (Lewis
et al. 2015). This finding poses a potential complication in studying populations with
comorbid head injury and PTSD as regional vulnerabilities in the PFC may manifest
in both and may be linked to anhedonic symptoms.

3 Anhedonia, Potential Risk Factor or Marker of Symptom
State in Posttraumatic Stress Disorder?

Evidence for Anhedonia as a Preexisting Risk Factor for Depression
and PTSD Substantial evidence supports anhedonia as a robust phenotype associ-
ated with reward circuit disruption in PTSD patients. However, whether anhedonia
and reward dysfunction are precursors to clinical dysfunction precipitated by envi-
ronmental challenges such as stress and trauma or only develop after trauma/chronic
stress exposure and symptom development is unknown. Evidence for anhedonia
as a risk factor is quite preliminary and still circumstantial at this stage, consisting
primarily of correlational and cross-sectional findings. First, depressed and PTSD
subjects continue to show deficient reward learning even after symptom remission
(Whitton et al. 2016; Kalebasi et al. 2015) (note that this PTSD study is very small,
N ¼ 12/group). PTSD subjects also show reward processing and response abnor-
malities when controlling for psychoactive medication (Elman et al. 2005; Hopper
et al. 2008). Potential interpretations of these findings are that anhedonia may be a
more “fixed” trait that increases risk for development of PTSD, or that anhedonia
is less responsive than other symptoms to current treatments. To determine if
anhedonia and reward processing abnormalities are pre-trauma risk factors, twin
studies and prospective longitudinal studies will be required. No studies have yet
examined this question in trauma-related disorders; however, one small prospective
study in adolescent girls reported that low reward sensitivity predicts later adult
depression (Bress et al. 2013). To answer this question, we have used the Marine
Resiliency Study (MRS) database to test a prospective role of multiple risk factors
for PTSD. MRS is a prospective, longitudinal study of psychological, physiological,
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and biological risk factors for development of combat-related PTSD, in which
infantry Marine participants (average age range 18–22) were comprehensively
assessed both before leaving for a combat deployment to Iraq or Afghanistan,
and 3 and 6 months after their return from deployment (Baker et al. 2012). We
previously reported that childhood trauma is associated with PTSD in this popula-
tion (Agorastos et al. 2014). We are currently examining if in healthy participants at
pre-deployment, self-reported levels of anhedonia (as measured by the anhedonia
subscale of the Beck Depression Inventory) predict increased risk for their develop-
ing PTSD after deployment. Our findings are in preparation for publication and were
reported at the 2017 American College of Neuropharmacology Annual Meeting
(Risbrough et al. 2017). The findings suggest that anhedonia is a significant predictor
of risk, and this association is independent of self-reported depression symptoms
and deployment trauma exposure. Studies such as this ongoing analysis in MRS will
be required to support the hypothesis that anhedonia in late-adolescence/early
adulthood may contribute to pre-trauma risk for PTS.

Might Anhedonia Mediate the Relationship Between PTSD Vulnerability and Early
Life Adversity? During early life, the fetus and infant are vulnerable to the
consequences of adversity with lasting consequences for infant, toddler, child, and
adolescent outcomes (Kim et al. 2014, 2016, 2017; Sandman et al. 2012, 2015;
Davis et al. 2011a, b; Davis and Sandman 2006, 2010, 2012; Davis et al. 2007;
Glynn et al. 2007; Howland et al. 2016; Stout et al. 2015). The evidence that
early experiences including maternal mental health (Goodman and Gotlib 1999;
Oberlander et al. 2008; Monk 2001; Monk et al. 2011; Plant et al. 2015), quality
of maternal care (Belsky and Fearon 2002; NICHD Early Child Care Research
Network 1999, 2006; Masur et al. 2005; Hane et al. 2010; Feldman 2007, 2010,
2015), trauma (Treadway et al. 2009; Rao et al. 2010; Copeland et al. 2007;
Mulvihill 2005; Pynoos et al. 1999; Young et al. 2017; Nelson 2013; McLaughlin
et al. 2010), and poverty (Kim et al. 2013; Evans and Kim 2007, 2012; Barch et al.
2016; Javanbakht et al. 2016; Noble et al. 2015; Johnson et al. 2016; Does amount of
time spent in child care predict socioemotional adjustment during the transition to
kindergarten? 2003) profoundly influence later mental health is undisputed. There is
also emerging research implicating exposure to early life adversity in dysfunction of
reward-related circuitry (Pechtel and Pizzagalli 2011), particularly in response to
adversity during early childhood (Hanson et al. 2016). Developmental trajectories of
reward-related ventral striatum (VS) activity mediate the relationship between early
life stress and mood disorders in adolescence (Hanson et al. 2015). Childhood
trauma, for example, is a well-known risk factor for increased depression, PTSD,
and physical health problems (Agorastos et al. 2014), yet it can also increase
resilience in some populations (Liu et al. 2017). Others have shown that the strongest
correlation of aspects of early life trauma to subsequent PTSD (Lowe et al. 2016)
was indication of safety or lack thereof. Childhood trauma is also linked to anhedo-
nia and aberrant reward processing in later life [e.g., (Frewen et al. 2012; Pechtel
and Pizzagalli 2013)]. But, trauma exposure is not the only factor that can alter
reward processing in development; both children and adults exposed to early social
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deprivation also exhibit altered reward processing and reduced activity in corti-
costriatal circuits (Dillon et al. 2009; Mehta et al. 2010; Goff et al. 2013; Guyer et al.
2006; Hanson et al. 2017). Crucially, the scope and trajectory of differential devel-
opmental effects of early life experiences and mechanisms associated with resilience
vs. risk are still being elucidated. We and others have shown that maternal signals
alone can have profound developmental effects on neural circuit development,
including small-world network architecture, rich-club organization, and distinct
modular structure (Kim et al. 2014, 2016, 2017; Sandman et al. 2012, 2015; Davis
et al. 2007, 2011a, b; Davis and Sandman 2006, 2010, 2012; Glynn et al. 2007;
Howland et al. 2016; Stout et al. 2015). We have recently identified a novel source of
early life adversity across rodent models and humans: unpredictable and fragmented
sensory signals (FRAG), particularly those derived from maternal care and the home
environment. We have proposed that this relatively unexamined component of early
developmental experience may be critical in shaping neural circuits underlying risk
for neuropsychiatric disorders in adulthood (Baram et al. 2012). In humans, FRAG is
assessed in two broad manners. Prenatally, inconsistency and fragmentation of
maternal mood is examined via questionnaires and analyzed by applying Shannon’s
entropy to the distribution of self-reported mood over multiple time points both in
pregnancy and after birth (Glynn et al. 2017). In addition, unpredictability of
maternal care sequences is examined using behavioral observations of the mother’s
interactions with her infant (Molet et al. 2016a; Davis et al. 2017). In animals,
fragmentation of maternal care behaviors is measured via assessment of duration of
stereotyped maternal behavior bouts (e.g., nursing and grooming). In addition,
unpredictability of the sequences of maternal care behaviors is examined via obser-
vations, and analyzed using Shannon’s entropy, as done for humans (Guyer et al.
2006; Hanson et al. 2017). This new construct, predictability of maternal and
environmental signals during early development, may be a vital factor that influ-
ences synapse strengthening and circuit maturation of reward processing and related
circuitry.

4 Anhedonia Develops in Adolescent/Young Adult Rodents
as a Result of FRAG

Because of the links between poverty, neglect, abuse, and other forms of child-
hood trauma with neuropathology and psychiatric symptoms in adulthood,
numerous animal models of early life adversity have been developed. However,
effects of early life stress on anhedonia in animal models have been conflicting,
potentially because of their variable effects on the prime determinant of adversity:
maternal care. Maternal care has been well recognized as influencing offspring
outcome: Gene expression within the brain and the long-lasting emotional and
cognitive consequences of early life experience are governed primarily by sensory
signals derived from active maternal nurturing behaviors (Baram et al. 2012;
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Champagne et al. 2003; Raineki et al. 2012; Weaver et al. 2004; Pena et al. 2014;
Eghbal-Ahmadi et al. 1999; Suchecki et al. 1993). Most studies have manipulated
the quantity of maternal care using well-established models of maternal separation
(Stanton and Levine 1990; Aisa et al. 2007; Colorado et al. 2006; Hill et al. 2014;
Kundakovic et al. 2013; Matthews et al. 1996; Michaels and Holtzman 2006, 2007).
Reduced quantity of maternal care has often led in the offspring to measures of
depressive-like behavior in the forced swim test (Stanton and Levine 1990; Aisa
et al. 2007; Shalev and Kafkafi 2002; Dimatelis et al. 2012; Lee et al. 2007) as well
as to anxiety-like behaviors (Shalev and Kafkafi 2002; Lee et al. 2007). However,
the development of anhedonia does not seem to depend on quantity of care: Reduced
quantity of maternal care through intermittent deprivation has been reported to
increase (Hill et al. 2014; Kundakovic et al. 2013; Matthews et al. 1996; Michaels
and Holtzman 2006), reduce (Stanton and Levine 1990), or not change sucrose
preference, a measure of anhedonia.

To develop a robust and reproducible model of early life adversity, the Baram
Laboratory developed a model of simulated poverty, which involves normal quantity
of maternal care but changes the patterns of care. Specifically, limiting bedding
and nesting material in the cages induces fragmented and unpredictable patterns of
maternal care. This paradigm, adopted widely around the world (Walker et al. 2017),
provokes profound anhedonia in adolescent male rats (Molet et al. 2016a; Bolton
et al. 2017, 2018; Der-Avakian and Markou 2012). Anhedonia is manifest as both
reduced preference for sucrose (a highly rewarding stimulus in rodents) and reduced
social play without effecting other social behaviors. More recently, rats exposed to
early life fragmentation also exhibit reduced pleasure from sweet rich foods and
reduced response to cocaine have been established (Molet et al. 2016a). These data
suggest that some types of early life adversity, specifically those associated with
disruption of maternal care patterns (e.g., chaotic household, evictions, and change
of caretakers) might predispose to pathology specifically in reward response.

5 Anhedonia Reflects Aberrant Brain Circuits Subsequent
to Early Life Adversity in Rodents

Cognitive and emotional brain functions involve coordinated activities of brain
circuits that integrate molecular, cellular, synaptic, and network signaling (Khazipov
et al. 2004; Caspi et al. 2003). And as previously noted, mental disorders may arise
from dysfunction (failure) of crucial brain circuits originating from genetic risk
and environmental influences, particularly during sensitive developmental periods
(Khazipov et al. 2004; Caspi et al. 2003; Heim and Binder 2012). Environment-
derived sensory signals clearly influence development of brain circuits (Khazipov
et al. 2004; Espinosa and Stryker 2012; Dulac et al. 2014) and, in some cases, may
drive aberrant circuit maturation that can promote mental and cognitive problems.
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Specifically, we found that a type of early life adversity characterized by
unpredictable sensory input early in life reduced sucrose preference and social
play during adolescence (Molet et al. 2016a). Both of these behaviors depend on
an intact dopaminergic pleasure/reward circuitry (Dym et al. 2009; Kraft et al. 2015;
Muscat and Willner 1989; Siviy et al. 2011; Siviy and Panksepp 2011; Trezza et al.
2010; Vanderschuren et al. 1997). The dopaminergic pleasure/reward system is not
fully mature until the third postnatal week in rodents (Voorn et al. 1988) and is
sensitive to the influence of early life experiences (Pena et al. 2014; Ventura et al.
2013). It has been reported that predictable sequences of events engage and shape the
reward system (Berns et al. 2001; Rutledge et al. 2014). These observations lead us
to speculate that predictable patterns of maternal care provide crucial cues for
maturation of the pleasure/reward system (Pena et al. 2014; Khazipov et al. 2004;
Berns et al. 2001). In the absence of such input, the ability to experience reward
from pleasurable sensations including the sweetness of sucrose or the joy of play
with peers might be (Pena et al. 2014; Ventura et al. 2013) generating anhedonia
(Romer Thomsen et al. 2015). Indeed, recent data demonstrate aberrant interactions
of reward and fear/anxiety circuits after early life FRAG (Der-Avakian and Markou
2012; Glenn et al. 2017).

Sensory input early in life governs neuronal activity, which influences circuit
maturation (Khazipov et al. 2004; Espinosa and Stryker 2012; Evans et al. 2005) as
demonstrated in visual, tactile, and olfactory circuits. We propose that patterns of
maternal-derived sensory input influence the maturation of both fear and pleasure–
reward emotional systems within the developing brain. The pleasure/reward circuit
in rodents is remarkably similar to that found in the human (Russo and Nestler 2013;
Der-Avakian and Markou 2012; Nestler 2015), comprised of connectivity between
the VTA, NAc, PFC, amygdala, and the hippocampus. The FRAG model appears to
disrupt this circuit at a number of nodes, including the amygdala, hippocampus,
frontal cortex, and NAc. First, we have recently reported that FRAG produces
altered connectivity in adolescent rats between the medial PFC and amygdala
as measured by diffusion tensor imaging (DTI) (Bolton et al. 2018). The anhedonia
phenotype in the FRAG model is reversed by transcriptional suppression of corti-
cotropin releasing hormone (CRH) signaling in the amygdala, suggesting that
augmented CRH release from amygdala-centered cell bodies is required for anhe-
donia associated with FRAG exposure. Another group recently examined FRAG
effects on resting state fMRI of the reward circuit in adults, reporting reduced
connectivity between the PFC and caudate putamen in FRAG exposed rats
compared to controls (Yan et al. 2017). Finally, in the FRAG model of early life
adversity, there is a significant loss of hippocampal dendritic arborization and
volumes as well as increased fractional anisotropy (FA – a measure of structural
integrity derived from DTI) in the hippocampus (Molet et al. 2016b). These hippo-
campal effects of FRAG also have real functional consequences. We have recently
reported that FRAG across both humans and rodents, as measured by entropy of
maternal interactions with offspring, is associated with poor performance in
hippocampus-dependent memory tasks in later life (Davis et al. 2017; Molet et al.
2016b). Importantly, low hippocampal volume is a robust phenotype in PTSD, and
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both twin and prospective studies indicate that reductions in hippocampal function
and structure are risk factors for development of PTSD [for review, see (Acheson
et al. 2012; Logue et al. 2018; van Rooij et al. 2017)]. In rodents, high hippocampal
FA correlates with susceptibility to chronic social defeat stress (Anacker et al. 2016),
suggesting that across species, developmental effects on hippocampal circuits and
functions may play a role in trauma susceptibility.

6 Conclusions and Future Research Directions

There is clear evidence for anhedonia and reward disruption in PTSD, but if these
symptoms develop after trauma or contribute to pre-trauma risk is still very unclear.
There are hints from the depression field and our own preliminary data in the MRS
that adolescent anhedonia may be predictive of later risk for depression and PTSD.
Childhood adversity is robustly linked to PTSD risk and anhedonia, but the specific
early life experiences that contribute to this risk are not well understood. The FRAG
model of early life adversity in both animals and humans suggests that anhedonia in
adolescence/early adulthood can be a consequence of chaotic sensory and maternal
signals during development. First, entropy of maternal mood during pregnancy
influences mood and anxiety of her children at ages 10–13 (Glynn et al. 2017). In
rodents, FRAG is robustly linked to increased anhedonia-like behaviors in adoles-
cence with concurrent alterations in reward circuits (Bolton et al. 2018; Glenn et al.
2017). As discussed above, mood in adolescence is important an predictor of
neuropsychiatric disorders in adulthood (Carlson and Pataki 2016; Hofstra et al.
2002; Copeland et al. 2014). Second, FRAG, as assessed by observing entropy of
maternal interactions with infants in both rodents and humans, is associated with
reductions in hippocampal function in later life (Davis et al. 2017). Hippocampal
function has emerged as an important risk factor for the development of trauma
disorders (Acheson et al. 2012; Glenn et al. 2017) and may provide an additional
mechanism through which FRAG could contribute to PTSD risk. Clearly, research is
required to understand the developmental trajectory of FRAG effects on circuit
development, and most importantly, its contribution as an independent risk factor
for trauma disorders. To begin to answer these questions, our group has developed
novel measures in humans to operationalize FRAG: (1) in utero via entropy of
maternal mood (Glynn et al. 2017), (2) in early life via observational studies of
predictability of maternal care (Davis et al. 2017), and (3) in later life via a
retrospective self-report instrument to document past FRAG exposure for use in
adult populations such as in the MRS. These complementary measures of FRAGwill
support efforts to integrate studies across age groups and high-risk populations to
identify the developmental trajectory of FRAG effects on reward circuits and
subsequent anhedonia, and their contribution to adult trauma disorders.
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