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Abstract | Post-traumatic stress disorder (PTSD) occurs in 5-10% of the population and is twice as common
in women as in men. Although trauma exposure is the precipitating event for PTSD to develop, biological
and psychosocial risk factors are increasingly viewed as predictors of symptom onset, severity and
chronicity. PTSD affects multiple biological systems, such as brain circuitry and neurochemistry, and cellular,
immune, endocrine and metabolic function. Treatment approaches involve a combination of medications
and psychotherapy, with psychotherapy overall showing greatest efficacy. Studies of PTSD pathophysiology
initially focused on the psychophysiology and neurobiology of stress responses, and the acquisition and the
extinction of fear memories. However, increasing emphasis is being placed on identifying factors that
explain individual differences in responses to trauma and promotion of resilience, such as genetic and social
factors, brain developmental processes, cumulative biological and psychological effects of early childhood
and other stressful lifetime events. The field of PTSD is currently challenged by fluctuations in diagnostic
criteria, which have implications for epidemiological, biological, genetic and treatment studies. However,
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Post-traumatic stress disorder (PTSD) is a condition
that can develop following exposure to extremely
traumatic events such as interpersonal violence, com-
bat, life-threatening accidents or natural disasters.
Symptoms of PTSD include distressing and intrusive
memories and nightmares of the trauma, irritability,
hypervigilance (enhanced state of threat sensitivity
or preoccupation with the potential for danger), dif-
ficulty sleeping, poor concentration and emotional
withdrawal. Individuals with PTSD frequently avoid
places, activities or things that could remind them of
the trauma'. PTSD severity is worsened by co-occurring
conditions that also arise concomitantly with PTSD,
as a result of the trauma exposure, of shared causal
determinants or of PTSD itself, and disproportionally
affect disadvantaged populations' (BOX 1). Co-occurring
conditions can include substance abuse, mood and
anxiety disorders, impulsive or dangerous behaviour
or self-harm? PTSD is also associated with consider-
able medical comorbidities, including chronic pain and
inflammation, cardiometabolic disorders and height-
ened risk of dementia®®. Thus, the total disease burden
(disability plus premature mortality) that is attributable
to PTSD is extremely high®.

TABLE 1 describes current diagnostic criteria for PTSD
according to the Diagnostic and Statistical Manual of

the advent of new biological methodologies offers the possibility of large-scale approaches to
heterogeneous and genetically complex brain disorders, and provides optimism that individualized
approaches to diagnosis and treatment will be discovered.

Mental Disorders 5th Edition (DSM-5) and highlights
areas of change from DSM-IV. These include several
criteria and symptoms that must be fulfilled. Alongside
these changes in diagnostic criteria, there has been
a major shift in scientific research in PTSD. Initial
studies aimed to examine processes associated with
stress responses and fear memories, with the idea that
trauma exposure was the proximal cause of PTSD”™’.
The study of PTSD has a distinct scientific advantage
compared with many other psychiatric disorders in that
amygdala-based fear circuitry and hypothalamically
regulated endocrine responses to stress are fairly con-
served across species, which makes inferences from basic
animal research translationally useful. However, tradi-
tional animal models lack neural areas that approximate
a human prefrontal cortex and, accordingly, lack the
ability to model human cognitive control of stress and
conditioned fear. Limitations of exposure-based animal
models also became apparent as epidemiological stud-
ies highlighted that the majority of trauma survivors do
not develop PTSD. These considerations prompted an
increased emphasis on individual differences in humans
that contribute to symptom onset, progression and resili-
ence following trauma exposure’. In this Primer, we dis-
cuss advances in understanding pathophysiology and
treatment of PTSD.
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Epidemiology

Military

One of the first large epidemiological studies of PTSD
was carried out soon after the establishment of the
DSM-III diagnosis to ascertain the scope of the problem
in a nationally representative sample of Vietnam War
veterans in the United States'. Initial estimates sug-
gested a lifetime PTSD prevalence of 30%, with 15% of
veterans still experiencing symptoms of PTSD more than
10 years after the conclusion of the war. A reanalysis of
these data to determine the proportion of PTSD directly
attributable to war-zone trauma (verified with military
records and adjusted for functional impairment) showed
that 19% of veterans developed war-related PTSD during
their lifetime and 9% continued to have PTSD at the time
of the original assessment'". 10 years after the conclusion

Box 1| PTSD in the global context

Post-traumatic stress disorder (PTSD) is a condition that recognizes tragedy and human
suffering, whether they are products of nature, human cruelty, or their combination.
Reflected in this reality is that adversity disproportionally affects the most vulnerable
members of society, including but not limited to ethnic minority populations,
socioeconomically disadvantaged populations and people in zones of conflict?®. These
populations often have the fewest personal, social or material resources available to
offset the direct effect of loss that is associated with PTSD and to prevent the cascade
into loss cycles that prolong the effects of the disorder”*. Under-resourced and ethnic
minority individuals are disproportionally exposed to violence and sexual violence?*>?*¢.
Within conflict zones, whole ethnic populations are often attacked, subjected to torture
and forced to flee, which results in high rates of PTSD in these communities?’.

Even when there is no human intent to harm, vast numbers of socioeconomically
disadvantaged people are disproportionally affected by tsunamis, earthquakes, drought
and famine, and they are less likely to have access to post-trauma care. Hence, our
strategies to address trauma, PTSD and the other psychological and medical sequalae
that occur in these instances must be on the global, political and policy levels and will be
advanced by insights that emphasize social factors, culture and public health solutions.

of the Vietnam War, the rates of current PTSD were as
high as 28% in veterans who had experienced combat
exposure. A recent follow-up study of the original cohort
showed that, 40 years after the end of the war, 11% of
Vietnam veterans are currently experiencing PTSD
symptoms that impair functioning'.

More recent studies of war fighters from various
countries who have served in Iraq or Afghanistan over
the past 13 years show high variation in PTSD rates.
However, analyses of combined data sets, as well as meta-
analyses, have shown that differences in estimates are
directly related to the level of combat exposure, with an
overall average prevalence of 6% in population samples
from all services and countries (including support per-
sonnel) and 13% in combat-exposed infantry units'>'.
One study that merged data sets from UK and US mili-
tary personnel who had served in Iraq showed that appar-
ent national differences in PTSD prevalence were mostly
owing to the differences in the level of exposure to com-
bat'. Interestingly, the ‘dose-response’ curve associating
PTSD with severity of combat trauma (measured as the
number of direct and indirect combat events) tended to
reach a plateau at approximately 25-30% developing the
condition, which suggests that once a certain threshold
of severe exposure was reached, the risk did not continue
to increase. This may be an epidemiological indicator of
resiliency'""*. Prospective longitudinal studies of military
service members have greatly added to our knowledge by
showing that the clinical course of combat-related PTSD
is often chronic, but also includes spontaneous recovery,
as well as late-onset or delayed PTSD'.

Civilian

Epidemiological studies in the general population have
evaluated the prevalence of both trauma exposure
and PTSD'”'8. An initially surprising observation was
the high frequency of exposure to traumatic events in
populations given that PTSD was first defined in the
DSM-III as a response to events “outside the range of
normal human experience” (REF. 19). Studies revealed
that approximately 70% of adult women in the United
States had been exposed to a serious trauma'é, and the
majority of the population regardless of sex experienced
exposure to at least one traumatic event in their lifetime!”.
Studies from multiple countries have reported similarly
high estimates of trauma exposure®-2.

As in military samples, studies in the general popula-
tion have consistently shown that the majority of trauma-
exposed individuals do not develop PTSD" (FIG. 1a).
In 2014, the only large-scale study so far was reported,
examining PTSD prevalence across representative inter-
national population samples using identical method-
ology. The study showed that current PTSD prevalence
(that is, in the past 12 months) averaged 1.1% (with a
range of 0.2-3.8%)> (FIC. 1b). However, the lifetime bur-
den is substantially higher; for example, for South Africa,
the 12-month prevalence is 0.4% whereas the lifetime
prevalence is 2.3%. PTSD prevalence, early age of PTSD
onset and level of social or occupational impairment
strongly correlated with the number of lifetime traumatic
events: that is, the more exposures the more likely PTSD
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Table 1| DSM-5 criteria for PTSD

Criterion*

Criterion A

Criterion B

Criterion C

Criterion D

Criterion E

Criterion F

Criterion G
Criterion H

Subtypes

Description

Exposure to
stressor

Intrusion
symptoms

Persistent
avoidance

Negative
alterations
in cognitions
and mood

Alterations
in arousal
and
reactivity

Duration

Functional
significance

Exclusion

Specific examples

* Direct exposure

¢ Witnessing trauma

e Learning of a trauma

* Repeat or extreme indirect exposure to
aversive details

* Recurrent memories
* Traumatic nightmares
* Dissociative reactions (flashbacks)

* Psychological distress at traumatic reminders
* Marked physiological reactivity to reminders

e Trauma-related thoughts or feelings
* Trauma-related external reminders such as
people, places or activities

¢ Dissociative amnesia
e Persistent negative beliefs and expectations

Requirements

DSM-5 recognizes that exposure
to trauma can occur either by
direct or indirect confrontation
with extreme trauma

At least one of these five examples
is required

At least one of these two examples
is required

At least two of these seven
examples are required

Compared with DSM-IV

Specific definition of

details of the stressor
needed, including repeated
experience or extreme
exposure to details of events

No change, but further
clarification of the
dissociative quality of
flashbacks needed

DSM-IV did not separate
the avoidance criterion

DSM-IV noted social
estrangement and restricted

e Persistent distorted blame of self or others for
causing trauma

* Negative trauma-related emotions: fear, horror,
guilt, shame and anger

¢ Diminished interest in activities

* Detachment or estrangement from others

¢ Inability to experience positive emotions

e |rritable and aggressive behaviour

* Self-destructive and reckless behaviour
 Hypervigilance

* Exaggerated startle

* Problems concentrating

e Sleep disturbance

Must experience criteria B, C, D and F for
>1 month

At least two of these six examples
are required

the range of affect; numbing
redefined to positive rather
than all affects

Self-destructive and
risk-taking behaviours were
not defined in DSM-IV

Acute stress disorder is diagnosed ~ No change
for symptoms occurring for

<1 month post trauma

Disability in at least one of these No change

Impairment in social, occupational or other
domains

Not attributable to medication, substance use
or otherillness

Symptoms must not be secondary
to other causes

domains is required

Not stated in DSM -IV

¢ Dissociative subtype: used when depersonalization and derealization occur in tandem with other symptoms described above.
* Delayed subtype: used to describe the emergence of symptoms following a period post trauma in which symptoms were not present
or were present at a subthreshold level.

DSM, Diagnostic and Statistical Manual of Mental Disorders; PTSD, post-traumatic stress disorder. *Criteria according to DSM-5 (REF. 1).

is to manifest early, persist and be severe. PTSD preva-
lence has also been shown to be directly related to the
severity of traumatic events, with certain events, such as
rape or direct combat trauma, conferring very high risk
(>25-50%).

Across different populations and countries, differ-
ences in PTSD prevalence can be to attributed to geo-
graphically specific distributions of trauma type and
severity, or to other factors such as the resultant loss of
personal, social and material resources, which are cru-
cial predictors of the development and the persistence
of PTSD'7182425 However, cross-national differences
might also be attributable to cultural differences in
reporting or experiencing of PTSD symptoms. Similarly,
the greater PTSD prevalence in women could result from
greater exposure to experiences that are associated with
the highest prevalence of PTSD'”'8, but it might also
associate with sex-specific risk factors® (BOX 2). Multiple
studies have shown a strong association of PTSD with
comorbid conditions, particularly depression and

substance use disorders, and general physical health
effects spanning all disease categories in both military
personnel and civilians*>*>?. A range of brain, molecu-
lar, neuroendocrine and autonomic nervous system dis-
turbances associated with PTSD are likely to influence
these comorbid conditions and to provide challenges
for treatment.

Mechanisms/pathophysiology

Molecular and neurochemical factors

Early studies in patients with PTSD showed autonomic
reactivity, indicated by increased heart rate and skin con-
ductance in response to trauma-related cues, and exag-
gerated startle responses. These findings recapitulated
symptoms of general hyperarousal and distress follow-
ing traumatic reminders in PTSD?**. Indeed, several
pharmacological challenge studies with yohimbine (an
a2-adrenergic receptor antagonist) showed exaggerated
neurochemical and behavioural responses consistent
with central noradrenergic hyper-reactivity in PTSD***!,
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Witness* —

The hypothalamic-pituitary-adrenal (HPA) axis
and sympathetic nervous system constitute the body’s
fundamental stress response; however, contrary to ini-
tial predictions of elevated stress hormones in PTSD,
an unusual pattern of low basal (unstimulated) cortisol
levels and raised catecholamine levels is evident and
has been widely replicated in trauma survivors with
PTSD?*"*2. Epigenetic, molecular and endocrine studies
of glucocorticoid signalling and glucocorticoid recep-
tor sensitivity later confirmed a distinct set of HPA axis
alterations that reflect exaggerated negative feedback
sensitivity in PTSD (FIC. 2), with some evidence for
the role of genetic variants in HPA axis-related genes,
including nuclear receptor subfamily 3 group C mem-
ber 1 (NR3CI; encoding the glucocorticoid receptor)
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Figure 1| The prevalence of PTSD. a|Most individuals exposed to trauma do not
develop post-traumatic stress disorder (PTSD)". Such low rates of PTSD after trauma
suggest that PTSD is only one of many responses to trauma. Many individuals do not
develop mental health symptoms following trauma exposure. b | The mean 12-month
prevalence of PTSD in various countries around the world is shown?. *Witnessing a
trauma can be deemed a trauma in and of itself. *Childhood traumas are any traumatic
exposures that occur in childhood and can include (but are not exclusively) child abuse.

and FKBP5 (encoding FK506-binding protein 5)**3.
The glucocorticoid receptor functions as a transcrip-
tion factor that binds to glucocorticoid response ele-
ments in the promoters of glucocorticoid-responsive
genes and activates their transcription; the receptor
also regulates other transcription factors. FKBP5 has a
role in immunoregulation but also has important func-
tions in regulating the amount of glucocorticoids that
are available to the glucocorticoid receptor. Prospective
longitudinal studies have shown that markers, such as
increased startle reactivity, were not observed in those
at risk for PTSD but were observed weeks following
exposure in those with PTSD*. By contrast, reduced
glucocorticoid signalling was observed before, and
shortly after, trauma exposure in those who developed
PTSD*?, which confirms an early hypothesis that
insufficient glucocorticoid signalling at the time of
trauma results in unopposed sympathetic nervous sys-
tem activation that enhances the consolidation (BOX 3) of
the traumatic memory?**. Converging data support the
idea that frequent voluntary or involuntary retrieval of
traumatic memories promotes a traumatic memory that
is highly distressing and, therefore, difficult to extin-
guish?*. The formation of strong emotional memories
is adaptive because remembering danger when appro-
priately signalled might enhance survival. However, in
the absence of sufficient glucocorticoid signalling, the
distress that occurs once reminded, and the generaliza-
tion of triggers, could result in a cascade of maladap-
tive symptoms. Psychophysiological data from multiple
centres also showed deficits in fear conditioning and
extinction learning (BOX 3) in PTSD?*"*, which have
been supplemented by neuroimaging and genetic data
in animal models and patients with PTSD*.

Pro-inflammatory cytokines, endocannabinoids
and neurosteroids are of interest as mediators of the
stress response”*!~*, particularly in the setting of low
glucocorticoid signalling in PTSD***. Multiple studies
have shown immune activation in PTSD that is consist-
ent with inflammation®*. Immune-related genes and
pathways have also been identified in genome-wide
gene expression and methylation studies in peripheral
blood***%, In addition, endocannabinoids are function-
ally associated with glucocorticoid regulation and are
involved in both the initiation and the termination of the
acute stress response®. Glucocorticoid action to facilitate
the consolidation of aversive memories is mediated by
cannabinoid type 1 (CB1) receptors. Altered blood levels
of 2-arachidonoylglycerol and anandamide in patients
with PTSD have been shown in three studies of civilian
trauma*"***!. Neurosteroids such as allopregnanolone
have been investigated in several studies because of their
inhibitory effects on glucocorticoid and noradrenaline
signalling®**'. Finally, sleep physiology studies from
multiple centres have indicated rapid eye movement
sleep fragmentation and decreased slow wave sleep in
those with PTSD; alterations in circadian rhythmicity
of cortisol and other HPA axis changes have been linked
with sleep disturbances in PTSD>*,

Interest in the neurobiology of resilience and in
endogenous substances that might promote resilience
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Box 2 | PTSD in women

Current research offers competing explanations for the observation that the lifetime
risk for post-traumatic stress disorder (PTSD) in women is twice that in men'’. One
theory explains the greater prevalence in women as a function of greater exposure to
events that are highly causally linked with PTSD, such as sexual abuse and rape?*.
Indeed, the female sex effect on PTSD symptoms became nonsignificant after
accounting for patient sexual victimization history?*. Women are also more likely to be
revictimized or exposed to multiple forms of violence in their lifetime than men, which
can be difficult to capture in prevalence studies. Of note, a meta-analysis of sex
differences in PTSD prevalence did not report a difference in lifetime risk of PTSD
among survivors of rape, childhood sexual abuse or nonsexual child abuse or neglect.

By contrast, some epidemiological surveys involving a broad range of traumatic
exposures have shown that the twofold greater risk for PTSD in women cannot be
accounted for by greater exposure to trauma, even when accounting for prior history of
victimization or abuse. This finding suggests that women are more vulnerable to PTSD
than men?*%%2, The sex difference seems to be consistent across many trauma types?*.
Genetic studies have suggested higher heritability risk in women’’, and molecular
genetic studies confirmed allelic variation in the adenylate cyclase activating
polypeptide 1 (pituitary) receptor type | (ADCYAP1R1) gene in relation to PTSD risk
in women®.

In reality, the greater prevalence of PTSD in women might reflect a combination of
greater exposure and vulnerability. A prospective epidemiological study of PTSD risk in
abused and neglected children showed that the higher level of revictimization in
female victims than in male victims explained a substantial proportion (39%) of the sex
differences in PTSD risk. However, a significant sex difference remained after adjusting
for greater exposure in women. More research is clearly needed.

such as neuropeptide Y (NPY), dehydroepiandroster-
one (DHEA) and brain-derived neurotrophic factor
(BDNF)**" has grown. Indeed, many of these factors
have been considered as potential treatment targets®>>.
However, more research is needed to replicate prelimi-
nary findings in adequately powered studies and to
determine whether the markers that are thought to be
important to PTSD pathophysiology can be identified
in large longitudinal genome-wide epigenetic or tran-
scriptomic studies”. Any mechanistic relevance that
these ‘resilience’ factors have remains to be determined.

Longitudinal studies have highlighted the importance
of cumulative traumatic exposures and the progressive
dysregulation of biological systems in the development
of PTSD?***%%, Thus, it is important to identify biologi-
cal alterations associated with pre-traumatic and peri-
traumatic risk factors for PTSD and to determine how
these ‘set the stage’ for processes that sustain symp-
toms®. For example, although glucocorticoid signalling
alterations have been associated with both PTSD risk
and early peri-traumatic responses, some evidence sug-
gests that these alterations change in association with
symptom severity®"’. That is, a patient can experience
a worsening of symptoms related to the acquisition of
other alterations to these pathways. Similarly, inflam-
matory processes can be predictors of PTSD but have
been shown (in one prospective study) to change over
time and to be linked with the development of comor-
bid medical illness®. Emergent studies are highlighting
that ameliorative experiences, such as successful psycho-
therapy, can reverse some markers associated with
PTSD®"!, and such studies will greatly supplement
knowledge about the biological mechanisms associated
with recovery.

PRIMER

Genetic factors

As has been amply shown across many fields of medicine,
discovery of risk-associated alleles can provide initial clues
to pathogenesis, which might lead to novel therapeutics or
tools for stratifying patients for basic and clinical research.
The rationale for examining genetic factors in PTSD has
come from twin studies that suggest that PTSD risk is
moderately heritable”. However, the genetic contribution
to PTSD is complex, as genetic factors can also influence
exposure to potentially traumatic events such as combat
or assaultive violence””. Even after accounting for genetic
effects on risk of exposure, a substantial proportion of
vulnerability to PTSD is heritable””>””. Twin studies
might highlight the importance of heritable temperamen-
tal factors, such as novelty-seeking behaviour and neuro-
ticism in PTSD, or they might identify biological markers
that associate with PTSD risk’. For some, trauma expo-
sure functions as a catalyst to augment the effect of heredi-
tary and other environmental contributions to PTSD,
such that individuals with the greatest exposure to combat
trauma were at increased risk for PTSD as a function of
both genetic and environmental factors”. Furthermore,
a specific functional polymorphism of FKBP5 has been
shown to be associated with increased risk of develop-
ing PTSD and other stress-related disorders in response
to childhood trauma®. Specifically, DNA demethylation
occurs in the functional glucocorticoid response elements
of FKBP5 and regulates its function, providing an initial
observation of a molecular mechanism of genotype-
directed epigenetic change in response to environmental
stressors®’. Interestingly, a large proportion of the genetic
liability for PTSD is shared with other psychiatric dis-
orders that can be comorbid with PTSD, such as anxiety
and panic disorder, major depression and substance use;
genes that confer risk for PTSD might also influence risk
for other psychiatric disorders and vice versa®.

As the data from large-scale genetic studies emerge, it
will be important to re-evaluate conclusions drawn from
twin studies. Indeed, to the same extent that parental
PTSD is a risk factor on the basis of non-genetic mech-
anisms of transmission, a twin could have shared genetic
risk factors as well as shared developmental experi-
ences. For example, maternal PTSD is a risk factor for
PTSD* and could contribute risk through epigenetic
changes®! independent of allelic variation®!. For this
reason, it is important to carry out large-scale genome-
wide association studies (GWAS), perform adequately
powered large epigenomic studies**® and replicate
findings in independent studies®. Unlike in GWAS,
considerable conceptual and technical problems must
be resolved to address epigenetic influences on PTSD
risk®. In particular, our knowledge about the epigenome
is still fairly limited, making it difficult to interpret epi-
genetic variations as relating to stable disease processes.
Furthermore, in PTSD, studies of epigenetic regulation
have had to focus on peripheral cells such as leukocytes.
Such cells inhabit different regulatory environments
from critical brain circuits and, therefore, these studies
have limitations. Studies of gene expression in critical
neural circuits are similarly limited. Nonetheless, stud-
ies examining genetic, epigenetic and gene expression
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markers from blood can be compared with neuroendo-
crine information from blood, providing some validation
of functional relevance®”*. The fact that neuroendocrine
biomarkers change over time in association with symp-
tom severity provides additional validation®*. As these
methodologies are embraced, methods that provide
durable insights will be required. For example, valida-
tion of candidate markers through unbiased genome-
wide sampling will be required; this has been achieved
with respect to the identification of variation in levels
of glucocorticoid receptor co-chaperones in those with
PTSD, such as FKBPS5 (REFS 84,88). Furthermore, as
methylation is only one of several mechanisms for gene
regulation, other mechanisms of epigenetic regulation
must be examined®**".

< Figure 2 | The function of the HPA axis in PTSD and

controls. a|Network-level differences in hypothalamic—
pituitary-adrenal (HPA) responses to stress are evident in
post-traumatic stress disorder (PTSD). The increased
secretion of corticotropin-releasing hormone from the
hypothalamus in PTSD is represented by a thick black line.
The decreased adrenal release of cortisolin PTSD is
represented by the thin black line. The increased negative
feedback inhibition of the HPA axis by cortisolin PTSD is
represented by thick red lines. b | Key molecular factors
affecting genomic sensitivity to glucocorticoid signalling
are shown. Cortisol binds to the glucocorticoid receptor
(GR) in the cytoplasm, which is coded by nuclear receptor
subfamily 3 group C member 1 (NR3C1). The
glucocorticoid-GR complex is further bound by chaperone
proteins that include FK506-binding protein 5 (FKBP5).
Genetic variation of NR3C1 and FKBP5 are implicated in
functional differences in glucocorticoid signalling in PTSD.
The chaperone-bound glucocorticoid—GR complex is
translocated into the nucleus and binds to glucocorticoid
response elements (GRE), which ultimately affects
transcription of a large number of genes. ¢ | Several
systems are affected by differential glucocorticoid
signalling, including the brain, cardiometabolic sites,
reproductive organs and the immune system. HSP90, heat
shock protein 90. Part a adapted with permission from

REF. 32, Massachusetts Medical Society.

Only five GWAS in patients with PTSD have so far
been published. These encompass diverse settings includ-
ing all-male or all-female cohorts, subjects of European
or African ancestry (that is, African Americans) in the
United States and exposure to military, civilian and child-
hood trauma. The hypothesis-free GWAS approach has
already identified several novel potential PTSD-associated
loci, including those containing the gene encoding nuclear
receptor RORa (RORA)®, the gene encoding Tolloid-like
protein 1 (TLLI)*, a novel RNA gene long intergenic non-
coding RNA (lincRNA) AC068718.1 (REF. 94), the gene
encoding phosphoribosyl transferase domain-containing
protein 1 (PRTFDCI)* and the single-nucleotide poly-
morphism rs717947 at chromosome 4pl5 (REF. 85).
Although promising, these first studies were fairly small
and underpowered®, and most did not meet the con-
ventional criteria of genome-wide significance (set at
P<5x107%), did not replicate the same single-nucleotide
polymorphisms or have an effect in the same direction in
an independent sample.

Pending progress in GWAS, genetic variants confi-
dently associated with PTSD have yet to be identified.
However, some genes have been identified in small candi-
date gene association studies®®, including those related
to the HPA axis, the noradrenergic system and the limbic
amygdala frontal pathway that mediates fear processing. In
one study, polymorphisms in FKBP5 were shown to have a
significant association with severity of child abuse in the
prediction of adult PTSD symptoms®, and the gene was
subsequently shown to be demethylated in another intron
after trauma®". These findings require follow-up because
the expression of FKBP5 has been identified as altered in
a genome-wide gene expression study of PTSD*® and was
found to associate with the disorder in cross-sectional and
longitudinal studies as described above.
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Finally, a current effort is underway to evaluate data
obtained from very large sample sizes (>10,000 par-
ticipants)®. The Psychiatric Genomics Consortium
(PGC) has a PTSD working group that aims to carry out
field-wide meta-analyses of genetic data obtained from
patients with PTSD to identify new samples on which to
perform additional GWAS®*. Thus, there is every reason
to believe that the identification and validation of relevant

PTSD risk genes are imminent.

Cognitive factors and neurocircuitry

The earliest neuroimaging and neurochemistry stud-
ies in PTSD focused on hippocampal dysregulation

Box 3 | Key terms in PTSD

* Cognitive behavioural therapy (CBT): therapy that focuses on challenging negative
thoughts and perceptions one has about the world and oneself to bring about desired
changes in mood, feelings and behaviours.

Cognitive processing therapy: a type of CBT that focuses on understanding why
recovery from traumatic events has been difficult and developing a narrative that
helps to change the way survivors feel about what has occurred and why it happened.

Consolidation: the process of ‘stabilizing’ a memory after initial acquisition and
transferring it to long-term memory storage.

Depersonalization: a state of consciousness in which a person feels unreal and
detached from himself or herself and the world.

Derealization: a state of consciousness in which the person perceives the world
asunreal.

Desensitization: diminished emotional responsiveness in response to a repeated
negative exposure.

Extinction learning: the gradual decrease in a fear response that occurs when the
(neutral) stimulus is no longer paired with an adverse consequence.

¢ Eye movement desensitization processing: a therapy aiming to process distressing
memories by having the patient recall distressing images while receiving one of
several types of bilateral sensory input, including side-to-side eye movements.

Fear conditioning: a behavioural paradigm in which humans or animals learn to fear
objects or situations by linking adverse stimuli, such as shock, to neutral stimuli, such
as lights or tones.

Habituation: in response to a repeated stimulus, habituation is the process in which
the response is diminished.

Interpersonal therapy: a type of psychotherapy that views faulty communication or
interaction as the causes of maladaptive behaviour and seeks to help the patient to
regain control of mood and functioning through better communication skills.

Non-directive counselling: a process whereby the therapist encourages the patient to
express thoughts freely and refrains from giving advice or interpretation to enable the
patient to identify conflicts and feelings on the basis of hearing his or her thoughts
out loud.

Present-centred therapy: a therapy based on the idea that the patient has the internal
resources to improve. The therapist’s role is to listen to and then reflect and restate
what the patient has said without judgement; the goal is personal growth.

Prolonged exposure therapy: a form of CBT characterized by re-experiencing the
traumatic event through remembering it and engaging with (rather than avoiding)
the reminders of the trauma (also known as triggers).

Retrieval: remembering an event; in post-traumatic stress disorder (PTSD), retrieving
amemory can be equivalent to re-experiencing it first-hand.

Supportive therapy: a therapy designed to reinforce a person’s ability to cope by
reinforcing well-being and self-reliance rather than attempting direct changes to
the person’s character structure or behaviour.

Wait-list conditions: in a treatment study, participants can be randomly assigned to
wait for a specified period before beginning treatment. Symptom improvement
during this time of no treatment is usually compared with an active treatment.
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because deficits in memory performance and informa-
tion processing were observed in patients with PTSD.
Hippocampal functioning in PTSD was also of interest
because of the role of the hippocampus in fear extinc-
tion and facilitation of the neuroendocrine response
to stress, and because stress exposure and concomitant
increases in brain glucocorticoid activity were found to
damage hippocampal neurons in animal models and
studies of human ageing®. Great interest was generated
by an initial report of smaller hippocampal volume in
those with PTSD'®. However, a subsequent study of iden-
tical twins suggested that smaller hippocampal volumes
reflected risk for PTSD rather than stress-induced gluco-
corticoid toxicity, which has not been shown in PTSD".
Smaller hippocampal volume has been shown to be a
vulnerability factor in the persistence of PTSD'".

Subsequent research expanded the focus from
the hippocampus and identified circuits associated
with the amygdala, medial prefrontal cortex, cingulate
gyrus and insula as abnormal in patients with PTSD'®.
These studies were influenced by animal and human
studies of fear conditioning and extinction’. A large
number of studies showed decreased ventromedial pre-
frontal cortex and rostral anterior cingulate activation in
response to both trauma-related and non-trauma-related
stimuli in individuals with PTSD?*1%3-1%_ Consistent
with diminished prefrontal inhibition of fear circuitry,
increased amygdala activation in those with the disorder
was also shown in response to both trauma and non-
trauma-related emotional stimuli in some®*'** but not
all studies. Meta-analyses of functional neuroimaging
studies in PTSD suggested the amygdala can show hyper-
activity and hypoactivity within the ventral anterior and
dorsal posterior regions, respectively, which is consistent
with the functional specificity of amygdala sub-nuclei'®.
Patients with PTSD who show symptoms of emotional
detachment (such as depersonalization, derealization and
emotional numbing) have increased activation of medial
prefrontal cortex and rostral anterior cingulate regions'"’,
which is consistent with inhibition of limbic regions''.
These findings suggest that there are distinct patterns
of amygdala activity and connectivity in different PTSD
phenotypes and indicate the importance of considering
the heterogeneous nature of this disorder when designing
PTSD studies.

Indeed, PTSD can be characterized by two extremes
of emotional dysregulation'? (FIC. 3). Emotional under-
modulation involves diminished prefrontal inhibition of
circuits involved in emotion processing and increased
autonomic responsivity as shown during re-experi-
encing, fear, anger, guilt and shame. However, there is
also evidence that patients experience emotional over-
modulation, which reflects an exaggerated dampening
of emotional expression and related emotional detach-
ment, such as states of depersonalization and derealiza-
tion, numbing and diminished somatic sensations. Such
overmodulation is reflected by a heightened inhibition
of limbic regions'?. These contrasting states associ-
ate with distinct patterns of fronto-limbic activity and
recapitulate the fundamental dynamic of PTSD as a
condition in which individuals struggle to modulate
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Figure 3 | Emotional undermodulation and overmodulation in PTSD. Emotional
undermodulation refers to diminished control or heightened emotional and autonomic
responding as shown during re-experiencing, fear, anger, guilt and shame responses.
Emotional overmodulation encompasses increased control of emotional states and
related emotional detachment, such as states of depersonalization and derealization,
emotional numbing and analgesia. These contrasting forms of emotion dysregulation
suggest that post-traumatic stress disorder (PTSD) is a dynamic disorder that involves
fluctuations between states of heightened emotional and autonomic experience and
states of diminished emotional experience and autonomic blunting. This symptom
complexity also seems to be represented in the neural circuitry that underlies PTSD.
Consistent with diminished prefrontalinhibition of limbic regions during emotional
undermodulation, studies have indicated decreased ventromedial prefrontal cortex
and rostral anterior cingulate activation and increased amygdala activation in response
to trauma and non-trauma-related emotional stimuli in those with PTSD?0104-107.109,

By contrast, patients who have emotional overmodulation have shown increased
activation of medial prefrontal cortex and rostral anterior cingulate regions, which have
been suggested to lead to decreased amygdala activation'. Figure adapted with
permission from REF. 243, Wiley.

distress associated with extreme arousal with avoidance
and disengagement.

A more-comprehensive model of PTSD neurocir-
cuitry has been suggested to acknowledge the interaction
of three systems other than the fronto-limbic circuits.
These systems are the default mode network, the sali-
ence network and the central executive network''*'>
(FIG. 4). Fluctuations in the activity of these circuits can
explain how a patient with PTSD shifts into dramatically
different states in an attempt to regulate their extreme
emotional responses to cues or trains of thought!'¢!"”.

An important area of neuroimaging research has
involved delineating brain neurochemistry using PET
imaging. However, such studies have been limited by
the lack of relevant PET tracers, for example, for gluco-
corticoid receptors or receptors for neuropeptides
(such as corticotropin-releasing hormone and NPY).
A single-photon emission computed tomography study
has revealed lower GABA-A (y-aminobutyric acid A)
receptor binding in combat veterans with PTSD than
in those without PTSD'®. Other promising findings
include differences in endocannabinoid receptor sensi-
tivity, assessed using a selective cannabinoid-type recep-
tor radioligand, between those with and those without

the disorder®'. Receptor number in tandem with blood
anandamide (an endocannabinoid neurotransmitter)
and cortisol concentrations could correctly classify 85%
of patients with PTSD®". In another study, the distri-
bution of selective dynorphin (an opioid peptide) and
K-type opioid receptor in the amygdala—anterior cingu-
late cortex—ventral striatal circuit was associated with
the trauma of loss, a relationship that was influenced by
glucocorticoid levels*. Reduced binding to the serotonin
transporter in the amygdala has also been noted'”, as
have regionally specific, differential responses in glu-
cose use following glucocorticoid injection in those with
PTSD compared with unaffected individuals'®.

It will be crucial to examine brain networks and
neurochemistry in a longitudinal manner. In addition,
the effects of pre-trauma risk factors, exposure to stress-
ors, protective factors and the age of trauma onset on the
development of PTSD will require focused investiga-
tion. It has yet to be established whether fear or chronic
repeated re-experiencing of the traumatic event leads to
sensitization and augmentation of emotional reactivity
to promote the emergence and maintenance of brain
changes or whether these changes result from genetic or
early childhood factors that alter the circuitry, making
recovery difficult.

Diagnosis, screening and prevention
Classification
The original PTSD conceptualization emphasized the
re-experiencing of phenomena, such as intrusive trau-
matic memories, nightmares and dissociation by patients
as hallmark symptoms'?!. PTSD was first introduced into
DSM-III in 1980 (REF. 19) partly owing to emerging con-
cerns about long-term stress responses in Vietnam War
veterans. Psychiatry had previously recognized that long-
standing traumatic neuroses could occur following com-
bat exposure, but it was becoming apparent that similar
symptoms were present in those who experienced inter-
personal violence such as rape or assault, survived ethnic
cleansing or genocide, or experienced serious accidents
or natural disasters'?. Given that the prevailing theory at
that time was that stress effects would remit with removal
of the stressor, the PTSD diagnosis was revolutionary in
asserting long-term and transformative effects of trauma.
When first conceptualized, no epidemiological studies
of trauma exposure and its aftermath had been carried
out that could inform the diagnosis'*. Instead, PTSD
was thought to be a reflection of a natural response to
an unnatural circumstance. However, subsequent stud-
ies documented that, although trauma exposure was
common, PTSD occurred in only a minority of survivors.
The DSM-III definition included 12 symptoms
and highlighted the importance of re-experiencing the
trauma. Numbing and constricted affect was a second
symptom cluster. A variety of symptoms — such as hyper-
arousal, sleep disturbance, guilt, memory impairment
and avoidance of traumatic triggers — were described in
a third nonspecific cluster. The revised DSM-III (DSM-
IIIR (1988)) and the DSM-IV (1994) definitions both
included 17 symptoms and were based on observations
that avoidance, numbing and interpersonal estrangement
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represented a dynamic adaptation that was thought to
lessen the distress of traumatic memories; other symp-
toms were thought to represent physiological expressions
of arousal or hyperviligence'®.

The first major revision to the definition since 1988
occurred in 2013 in DSM-5. Among the changes in diag-
nostic criteria for PTSD in DSM-5 (REF. 1), which now
includes 20 symptoms, was a modification of the avoid-
ance and the interpersonal estrangement criterion C.
The DSM-1V criteria are now separated into two sub-
categories: avoidance, and negative cognitions and mood

Salience network
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= Hyperarousal or hypoarousal
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mode and central executive
network

' !
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Figure 4| The default mode, salience and central executive networks in PTSD. Three
intrinsic connectivity networks in the human brain have been identified as central to the
understanding of higher cognitive function'*: the central executive, salience and default
mode networks. The responses of these networks generally increase and decrease
proportionally and antagonistically during cognitive tasks. The central executive network
is a frontoparietal network that is crucial to working memory and cognitive control of
thought, emotion and behaviour. The salience network consists of the dorsal anterior
cingulate cortex and the frontoinsular cortex and is involved in the detection of personally
salient internal and external stimuli to direct behaviour with the goal of maintaining
homeostasis. The default mode network, which consists of cortical midline structures and
lateral parietal lobes, plays an important part in self-related processes, emotion regulation,
social cognition, autobiographical memory and future-oriented thinking. Crucially, the
anterior insula is thought to mediate the dynamic interface between externally oriented
attention and internal self-reflective functioning, mediating switching between
engagement of the central executive network and disengagement of the default mode
network and facilitating engagement of brain areas mediating attention, working memory
and higher-order cognitive processes. These three intrinsic networks might be associated
with specific clinical symptoms observed in post-traumatic stress disorder (PTSD),
including cognitive dysfunction (in the case of the central executive network), altered
arousal and interoception (in the case of the salience network) and altered self-referential
processing (in the case of the default mode network). Figure adapted from REF. 188.
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symptoms, partly on the basis of factor analytical stud-
ies'*!. These changes have led to considerable diagnos-
tic discordance between DSM-IV and DSM-5PTSD in
up to 30% of patients, which raises questions about the
clinical use and implications of the recent changes'?>'?.
Both diagnostic formulations are currently in use clini-
cally and in the research setting. As negative cognitions
are the focus of cognitive behavioural therapy (CBT) for
PTSD, including them as a separate cluster could inadver-
tently increase the proportion of patients who respond
to treatments designed to affect cognitions compared
with treatments that preferentially target other PTSD
symptoms or related dysfunctions. Moreover, negative
cognitions might reflect second-order characteristics
that are not directly tied to the underlying neurobio-
logy of PTSD'*. These controversies about DSM-5 and
the need for continuity in the literature have meant that
DSM-5 criteria have not been automatically embraced in
international academic, clinical or legal circles.

An examination of data from the World Mental
Health Survey comparing the DSM-IV, DSM-5,
International System of Classification (ICD-10) and
proposed ICD-11 criteria showed that only one-third
of patients met PTSD criteria across all four diagnostic
schemes'””. Accordingly, adopting the DSM-5 classifica-
tion to epidemiological, biological and treatment research
will probably yield results different from those that have
previously been obtained. Furthermore, definitions of
what constitutes a traumatic event in the DSM and ICD
classification systems are different (TABLE 2). If studies are
to remain comparable over time, evaluation of biological
markers and treatment response on the basis of specific,
well-described symptom clusters, rather than relying on
DSM-5 criteria alone, will be of importance. However,
against this background, an important development in
DSM-5 has been the inclusion of a more developmentally
sensitive phenotypic characterization of the disorder in
young children.

A major advance in understanding PTSD signs and
symptoms has come from longitudinal studies. These
studies have confirmed that PTSD can emerge many
years after the traumatic exposure. In the initial years
after the diagnosis was first codified in 1980, the con-
cept of delayed PTSD was controversial because it chal-
lenged the idea that PTSD is caused by the acute stress
response or by its failure to resolve'®'®, Indeed, symp-
tomatic distress can increase with the passage of time
rather than reflect delayed presentation for treatment'®.
This temporal increase can be partly attributed to fur-
ther stresses in the aftermath of the initiating traumatic
exposure or the erosion of previously effective self-
regulation or extinction learning'®. Increased distress
may also be explained by biological phenomena such
as kindling and sensitization'. Kindling refers to the
process through which patterns of negative information
processing become easier to activate even with increas-
ingly minimal cues'". Sensitization refers to the progres-
sively greater responses that develop over time in those
who are repeatedly exposed to environmental risk factors
that magnify the intensity of the response to a single new
perturbation'®. Delayed-onset PTSD is often preceded
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by subsyndromal symptoms, which impart morbidity in
their own right, as well being predictors of ‘full’ PTSD**.

Another classification issue has concerned the defini-
tion of trauma exposure, including which events should
be used in the stressor criterion’. This matter has rel-
evance for establishing causation in litigation, disability
assessment and compensation. For example, the effect
of bullying, the sudden death of one’s child as a result of
illness, or situations involving interpersonal stress stem-
ming from electronic or social media would not be con-
sidered to meet the definition under DSM-5 unless an
assault is threatened or occurs, the trauma was acciden-
tal or violent, or if the patient is repeatedly exposed to
images of traumatic events (for example, as in the case of
emergency first responders)’. DSM-5 also recognizes that
subjective responses such as fear, helplessness or horror
might not be immediate responses to trauma. Indeed,
military and emergency service personnel learn to over-
ride their avoidance and fear reactivity to carry out their
duties and do not regularly report these reactions'®.

Finally, DSM-5 also removed PTSD from the anxiety
disorder section and created a new category of trauma-
related disorder'. However, other diagnoses, includ-
ing depression and panic disorder, frequently emerge
following trauma exposure in the absence of PTSD'*,
Accordingly, the question arises as to whether the
traumatic stress response contributing to these disorders
differentiates them from the same diagnoses emerging in
the absence of a traumatic stressor. The issue of shared
causal mechanisms'® is also relevant to the investiga-
tion of comorbid disorders that are also present in the
majority of patients with PTSD"**1%.

Diagnosis

In principle, it is straightforward to diagnose PTSD in
circumstances in which the clinician knows or suspects
the patient has been exposed to an extremely traumatic
event or critical incident. A series of questions can be
asked to determine the presence, frequency and intensity
of the symptoms of PTSD. However, diagnosing PTSD
when symptoms are present but when the patient does
not volunteer information is difficult, particularly if the
clinician does not ask (or does not know to ask) about
potential exposures.

Furthermore, cross-cultural validity of the diagnosis
is an important consideration because of the relevance
of the disorder in refugee populations and in global
humanitarian and disaster settings. Specifically, studies
have confirmed the symptom clusters across cultures but
practitioners in these settings should have an awareness of
specific culture-bound trauma constructs'””. The diagno-
sis is also difficult to make when the patient does not wish
to be identified as someone who has PTSD, such as mili-
tary personnel or emergency first responders. Moreover,
many of the symptoms of PTSD are not apparent and rely
on disclosures of traumatic nightmares, numbing, avoid-
ance or impaired concentration, of which patients might
have limited awareness. In addition, patients might believe
that disclosing these symptoms will result in occupational
or other restrictions. Alternatively, some might wish to
exaggerate their symptoms for secondary gain.

Even among those who do not have a specific reason
to conceal or to amplify symptoms, the diagnosis of
PTSD can be difficult to make because of the propen-
sity to colloquially normalize distress after traumatic

Table 2 | Definition of a traumatic event in DSM and ICD classification systems

Classification Definition of traumatic event

Refs

DSM-III “a stressor that would be markedly distressing to almost anyone ... and is outside the range of 19
usual human experience”

DSM-IIIR “The most common traumata involve either a serious threat to one’s life or physical integrity; 244
a serious threat or harm to one’s children, spouse, or other close relatives and friends; sudden
destruction of one’s home or community; or seeing another person who has recently been, or
is being, seriously injured or killed as the result of an accident or physical violence.”

ICD-10 “[PTSD] arises from a delayed and/or protracted response to a stressful event or situation 245

(World Health  (either short-lived or long-lasting) of an exceptionally threatening or catastrophic nature,

Organization  whichis likely to cause pervasive distress in almost anyone (for example, natural or man-made

1992) disaster, combat, serious accident, witnessing the violent death of others, or being the victim
of torture, terrorism, rape or other crime).”

DSM-IV “The person experienced, witnessed, or was confronted with an event or events that involved 123
actual or threatened death or serious injury, or a threat to the physical integrity of self or
others. The person’s response involved intense fear, helplessness, or horror.”

DSM-5 “The person was exposed to death, threatened death, actual or threatened serious injury, or 1

actual or threatened sexual violence as follows: (one required)
1. Direct exposure.
2. Witnessing, in person.

3. Indirectly, by learning that a close relative or close friend was exposed to trauma. If the
event involved actual or threatened death, it must have been violent or accidental.

4.Repeated or extreme indirect exposure to aversive details of the event(s), usually in the
course of professional duties (for example, first responders, those collecting body parts or
professionals repeatedly exposed to details of child abuse). This does not include indirect
non-professional exposure through electronic media, television, movies or pictures.”

DSM, Diagnostic and Statistical Manual of Mental Disorders; ICD, International System of Classification.
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events'*, compounded with a tendency to avoid speak-

ing of distressing memories. Often, patients with PTSD
focus on their co-occurring somatic complaints such
as musculoskeletal pain or gastrointestinal or neuro-
cognitive symptoms*'*. As a consequence, PTSD can
present a diagnostic challenge in non-mental health set-
tings. A study in a primary care setting identified that
only 11% of patients with PTSD detected by structured
interview were listed as such in clinical files'*. To com-
plicate matters, somatic symptoms, which can relate
to neuroendocrine and autonomic dysregulation in
PTSD, might also be attributed to illness caused by toxic
environmental exposures, especially in combat environ-
ments, and have led to controversies about the existence
of distinct illnesses, such as Gulf War Syndrome'*'. Thus,
self-reporting instruments and structured diagnos-
tic interviews are recommended in clinical practice to
improve the reliability of diagnosis.

No objective laboratory tests can so far confirm the
presence of trauma exposure or PTSD, although there is
great interest in the development of these tools. Indeed,
biological assessments might identify a range of physio-
logical and neurobiological signs and symptoms that
might facilitate diagnostic assessment and the prediction
of treatment response®*'*2,

Screening

The prevalence and the burden of diseases associated
with PTSD highlight the importance of screening in
clinical settings, including primary care, and in popula-
tions at risk for trauma exposure. Any health professional
involved in the follow-up care of those with physical inju-
ries of accidents or assault should be able to detect PTSD
symptoms*2. Many screening measures are available that
can detect cumulative exposure to trauma and resultant
symptoms'*~'*. A positive finding should be followed
up by a comprehensive mental health evaluation. Ideally,
screening will also assess other comorbid disorders.

In populations at risk of delayed-onset PTSD, contin-
ued assessment is recommended'?. In some settings, such
as primary care, annual screening is a reasonable mini-
mum recommended standard but should be implemented
more frequently in settings in which trauma exposures
are common'*. For military populations, there is greater
acceptance of the benefits of screening at post-deployment
than at pre-deployment'*. The challenges of screening
for PTSD include the inability to determine the cause of
symptoms, the high false-positive rate and low predict-
ive value in settings in which prevalence is expected
to be fairly low'#. Screening in primary care settings
and screening that is combined with care coordination
seem to be more effective than population screening'?’,
particularly in high-risk populations.

Prevention

Opportunities for PTSD prevention are considerable
for military personnel, emergency first responders and,
increasingly; journalistic war correspondents. Prevention
programmes aim to promote good psychological health
and adaptive methods for coping in the face of adver-
sity™. Several approaches — such as resilience training,
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prevention interventions and reintegration interventions
— have been implemented on the basis of theoretical
frameworks in military settings'*. Although data are lack-
ing regarding the success of such programmes, rehearsal
and preparation for trauma are thought to remove some
of the elements of shock and to permit adaptive respond-
ing during a threat. In civilians, preparedness for trauma
might also enhance resilience'®.

Preventing PTSD is difficult among persons already
exposed to mass communal violence and major disasters.
However, relevant information about what to do in the
aftermath of trauma is scant, and concerns have been
raised that scientific research or programme evaluation
in emergency settings might interfere with the provi-
sion of care. The sense of urgency to help after major
events such as disasters makes research very difficult to
carry out in these circumstances and is often perceived
as showing intellectual indifference rather than a desire
to assist'’. Furthermore, experience with critical incident
stress debriefing — which aims to enhance individuals’
natural resilience and coping capacity following adversity
— highlights that not all attempts guarantee effectiveness;
no benefit was shown in intervention trials'*¢. In addition,
reviews of clinical trials do not support this approach in
civilians®'; however, such interventions might have a role
in occupational groups, such as emergency first respond-
ers, though data are lacking. The current standard is to
offer psychological ‘first aid; but little systematic evidence
is available to support this approach'*.

Another area of great interest is the development
of PTSD prophylaxis through the administration of
medication in the emergency room or in intensive care
units'*>!*3, These studies are based on evidence that
reactivated memory traces are vulnerable to disruption
in the peri-traumatic phase, offering a potential ‘time
window’ to enhance cognition by affecting reconsolida-
tion of trauma memories'*'**. Naturalistic studies have
shown that people who take large doses of opiates during
or immediately after trauma exposure are less likely to
develop PTSD than those who do not take such medica-
tions'**'*’; propranolol was the first of these treatments
to be proposed for this use as it has the potential to inter-
fere with the role of noradrenaline in the consolidation
of traumatic memories'*®. However, the results so far in
clinical trials have shown no benefit**. The role of cor-
tisol in preventing PTSD has also been considered given
that low levels of cortisol in the immediate aftermath of
traumatic events has been found to predict later PTSD
diagnosis'**'®!. In this example, naturalistic studies have
shown that, in patients with septic shock, prednisone
administration was associated with the development of
fewer traumatic memories than placebo treatment'®.
In the case of cortisol prophylaxis, several early stud-
ies have yielded promising results, particularly when a
high dose is administered once during the ‘golden hours’
following trauma exposure'**!®. Given that a prevailing
model of PTSD development involves a failure to mount
neural defensive responses to sympathetic nervous sys-
tem activation (leading to the development of a stronger
and a more emotional memory), cortisol treatment dur-
ing a critical post-traumatic window might facilitate such
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Figure 5| Consequences of reduced cortisol signalling in acute aftermath of
trauma. Inresponse to trauma, catecholamines (such as adrenaline (epinephrine) and
noradrenaline (norepinephrine)) are produced, which mediate the sympathetic nervous
system response to stress and have a role in memory formation. In patients who develop
post-traumatic stress disorder (PTSD), the role of cortisol to counteract these stress
hormones is thought to be reduced. Some evidence suggests that administration of
cortisolin the aftermath of trauma might prevent the eventual development of PTSD.

responses'® (FIC. 5). Cortisol not only reduces sympa-
thetic nervous system activation but also facilitates fear
extinction. One small randomized trial found that hydro-
cortisone administration within 12 hours of trauma also
decreased the risk of PTSD'**. Two studies showed that
the dose of narcotic analgesic administered during admis-
sion to hospital after traumatic injury decreased the risk
of PTSD independently of the severity of injury; however,
the role of narcotic analgesics in preventing PTSD has not
been tested in a clinical trial'*”'®.

Management

Psychotherapy

Despite the emerging understanding of PTSD as a dis-
order involving substantial brain, molecular and neuro-
chemical change, pharmacotherapy treatments have not
conclusively shown efficacy that is equivalent to psycho-
therapy, which is generally recommended as a first-line
treatment (TABLE 3). A range of trauma-focused as well as
non-trauma-focused psychotherapies, including CBT,
supportive therapy, non-directive counselling, present-
centred therapy and interpersonal therapy (BOX 3) have
shown clinical benefits in the treatment of PTSD661",
Some treatment approaches favour targeting specific
trauma-related symptoms, behaviours, thoughts or per-
ceptions, whereas others have a wider focus on meaning
making or addressing current life stressors and goals. Both
trauma-focused CBT and non-trauma-focused therapy
have consistently been shown to be superior to wait-list

conditions (BOX 3) in reducing PTSD symptoms; trauma-
focused treatments are generally accepted as the most effi-
cacious. Of course, comparison of no treatment to active
treatment can fail to account for nonspecific effects of
therapy and can lead to overstated conclusions about the
superiority of an identified treatment'.

A typical psychotherapeutic treatment for PTSD
is delivered through weekly sessions, generally over
6-16 weeks as the global standard. However, patients
might require several more sessions over months or years.
The discrepancy between treatment recommendations in
the literature and those used in clinical practice has not
been sufficiently addressed. Indeed, although these treat-
ments are often provided in healthcare systems such as
the Veterans Administration in the United States, most
patients with PTSD remain with a considerable symptom
burden over prolonged periods of time.

Trauma-focused CBTs, such as prolonged exposure
therapy and cognitive processing therapy, for symptoms
of PTSD have been the most thoroughly studied and
have shown equivalent effectiveness in head-to-head
comparisons'®. These therapies are based on the idea
that promoting emotion regulation and extinction learn-
ing will neutralize the distress of trauma-related thoughts
and images and obviate the need for avoidance behav-
iours'*'”. Prolonged exposure therapy facilitates habitu-
ation using principles of extinction learning, habituation
and desensitization through progressive exposure to the
trauma narrative and triggering settings (FIG. 6). Cognitive
processing therapy addresses shame, guilt or feelings of
mistrust. More recently, narrative exposure therapy has
been described, which focuses on life histories through
narration and has been successfully used in complex
forms of PTSD. This therapy is particularly helpful
with refugees and asylum seekers and has been success-
fully provided by lay counsellors who have no formal
clinical education'”.

Eye movement desensitization and reprocessing
(EMDR) is another trauma-focused therapy for which
efficacy has been shown. Though its mechanism of action
is a subject of debate, EMDR also incorporates elements
of exposure, cognitive restructuring and relaxation.
In EMDR, the therapist uses different forms of bilateral
stimulation (most commonly lateral eye movements) to
encourage a dual awareness while the patient recollects
the trauma'”>'™*, Once accessed, the memory is amenable
to modification and positive cognitions can be introduced
in the place of negative ones. In direct comparison stud-
ies, EMDR has been shown to be as efficacious as other
trauma-focused CBTs'7>'¢.

Treatments that do not involve direct confronta-
tion with traumatic material, such as present-centred or
interpersonal therapy approaches, have been shown to
be almost comparable to trauma-focused approaches in
some studies, with the potential benefit of lower drop-
out rates'”"'7%, However, almost all clinical guidelines and
expert reviews have assigned higher evidence statements
to trauma-focused approaches'””'8, probably because of
how well studied these therapies have been in large-scale
efficacy and effectiveness trials. Furthermore, trauma-
focused therapies aim to target fear-based emotional
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reactions that are thought to underpin PTSD pathology,
as described above.

Patients with a history of interpersonal violence,
early-life trauma or those with a complex presentation
of PTSD that includes emotional detachment might be
better treated with phase-oriented approaches'®. Phase-
oriented therapies involve skills training, mood regula-
tion and grounding, identifying attachment schemas and
developing competence in social interactions. Once these
skills have been developed, the patient can then partici-
pate in modified exposure-based therapy focusing on
emotional stability and negative personal schemas'®®'¥’.
Other therapies of interest include self-regulation thera-
pies (for example, biofeedback and neurofeedback) and

PRIMER

behaviour-based self-regulation therapies (for example,
yoga and mindfulness training). These treatments permit
brain, central nervous system and behavioural regulation
of stress, arousal and interoceptive awareness'*®'¥,

Pharmacological treatment

Only two medications, which are both selective sero-
tonin reuptake inhibitors (sertraline and paroxetine),
have received an indication from the FDA for use in
PTSD, but many medications are used off label on the
basis of existent and emerging studies of PTSD biology
(TABLE 3). Several national societies have adopted recom-
mendations from international consensus guidelines
(TABLE 4), which have varied widely in the past 10 years,

Table 3 | Overview of interventions for PTSD

Intervention or system
Psychotherapies

Trauma-focused
psychotherapies

Non-trauma-focused
psychotherapy

Pharmacotherapies

Corticotropin-releasing
hormone system

Hypothalamus—pituitary—
adrenal axis

Dopaminergic system

Serotonergic function

Endocannabinoid system

Excitatory and inhibitory
amino acids

Neuropeptides

Neuroimmunological
system and pro-
inflammatory cytokines

Hippocampal structure
and neural plasticity

Noradrenergic regulation

Glycine

Biological target

Extinction of conditioned fear responses and
emotional regulation; (pre)frontal cortex (inhibition);
stress regulation; trauma-related thoughts and
cognitions; behaviours and perceptions (frontal

and parietal cortex and limbic system)

Emotion regulation; stress regulation (self-referential
processing, coping, meaning making, acceptance and
acknowledgement); frontal and cingulate cortex;

and limbic system

Corticotropin-releasing hormone and noradrenaline
modulation

Glucocorticoid receptor and glucocorticoid production
and downregulation of glucocorticoid receptor

Dopamine turnover and/or uptake

Serotonergic dysregulation*

CB1 receptor and memory consolidation

GABA and glutamate and kindling of limbic structures*

NMDA receptors
Neuropeptide Y receptors
Cholecystokinin
(Endogenous) opioids
Substance P

Cyclooygenase enzymes

Neurogenesis and alteration of glutamate receptor
activity (AMPA receptors and NMDA receptors)
and release of BDNF

al- and a2-adrenergic receptors and B-adrenergic
receptors

Glycine receptor

Candidate example(s)

Cognitive behavioural therapies;
prolonged exposure therapy;
eye movement desensitization
and reprocessing; and narrative
exposure therapy

Supportive therapy; non-directive
counselling; mindfulness and
present-centred therapy;

and interpersonal therapy

Antalarmin
Mifepristone and hydrocortisone

Risperidone, olanzapine
and quetiapine

Paroxetine, sertraline, phenelzine,
imipramine, desipramine,
amitriptyline, fluoxetine, brofaromine,
bupropion and mirtazapine

Endocannabinoids

Valproate, carbamazepine, phenytoin,
dilantin, phenobarbital, lamotrigine,
topiramate and tiagabine

NMDA facilitators and ketamine
Neuropeptide Y antagonists
Cholecystokinin antagonists
Nalmefene

Substance P antagonists

Aspirin and ibuprofen

Phenytoin and tianeptine

Prazosin, guanfacine, alfuzosin,
doxazosin, propranolol and clonidine

D-Cycloserine

Status

Currently used

Currently used

Preclinical
Clinical trials ongoing
Currently used

Currently used

Clinical trials ongoing

Currently used

Clinical trials ongoing
Clinical trials ongoing
Preclinical
Clinical trials ongoing
Preclinical

Clinical trials ongoing

Clinical trials ongoing

Currently used

Clinical trials ongoing

AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; BDNF, brain-derived neurotrophic factor; CB1, cannabinoid type 1; GABA, y-aminobutyric acid;
NMDA, N-methyl-p-aspartate; PTSD, post-traumatic stress disorder. *Suspected only on the basis of the mechanism of action of the drug. *Typical drugs used are
anti-epileptics (also known as anticonvulsants).

NATURE REVIEWS ‘ DISEASE PRIMERS

© 2015 Macmillan Publishers Limited. All rights reserved

VOLUME 1[2015[13



PRIMER

and tailored these to their current systems of care. The
initial interest in using selective serotonin reuptake
inhibitors in PTSD was based on the high comorbidity
of PTSD with mood and anxiety disorders for which anti-
depressants are effective. This rationale also prompted
extensive studies of tricyclic antidepressants and mono-
amine oxidase inhibitors, but these drugs were associated
with considerable adverse effects and higher drop-out
rates than selective serotonin reuptake inhibitors'***'.
As shown in TABLE 4, considerable variation is evident
in the recommendations that have been made over the
past decade. There are good grounds for caution against
the widespread use of atypical antipsychotic medica-
tions given the risks that were initially not well appreci-
ated, especially cardiovascular and metabolic risks'®.
Current evidence favours selective serotonin reuptake
inhibitors as the class with the most evidence supporting
their use as first-line psychopharmacological treatment
options for patients requiring medications'***"1*, There
is also much attention on addressing specific symptoms,
such as sleep disturbance or nightmares.

It has been tempting to make inferences about PTSD
neurobiology on the basis of the presumed mechanisms
of drugs used to treat PTSD and, conversely, to use evi-
dence obtained in animal and human studies of PTSD
to explain why antidepressants are effective. However,
such research suffers from post hoc fallacy: even in trials
in which selective serotonin reuptake inhibitors show
efficacy in PTSD, this does not necessarily indicate that
the condition has anything to do with dysregulation or
deficiency in serotonin systems.

Conversely, attempts to identify pharmacological
agents for PTSD on the basis of PTSD pathophysiology
have also presented some challenges. These efforts have
been constrained by the lack of both appropriate tools for
the study of structure and function of the living human
brain and data from unbiased large-scale molecular and
genomic studies. In the absence of these, the PTSD field
has developed and tested pharmacological strategies on
the basis of emergent findings of biological alterations
in PTSD, with limited success. For example, following
observations of hippocampal abnormalities in PTSD,
there was interest in phenytoin and tianeptine'* for
their potential to reverse stress-induced hippocampal
atrophy. Later studies, including the above-mentioned
twin studies® called into question that glucococorticoid-
induced apoptosis was the cause of the neuroimaging
findings of smaller hippocampal volumes in patients
with PTSD*5-17,

Similarly, anti-adrenergic drugs (such as a2-adrenergic
agonists or B-adrenergic antagonists) have received atten-
tion on the basis of evidence for noradrenergic dysregu-
lation in PTSD. However, experiences with clonidine or
propranolol in PTSD were disappointing. There has been
interest in the al-adrenergic blocker prazosin for the
treatment of PTSD-related nightmares'®, but results from
a large multicentre Veterans Affairs trial in the United
States seemed to show limited or no efficacy compared
with placebo (preliminary results)'®. The development
of glucocorticoid-based treatments for PTSD has also
been an important emerging area of research given the
substantial evidence for HPA axis alteration in PTSD*®.
A small trial with the glucocorticoid receptor antagonist
mifepristone yielded modest results*”, and several small
trials using cortisol treatment have reported significant
efficacy?>*”. However, these data await confirmation
from larger trials, which are currently ongoing.

Some definitive conclusions can be drawn regarding
the use of medications in PTSD treatment. What is clear
from meta-analyses of randomized clinical trials is that
certain drug treatments, particularly selective serotonin
reuptake inhibitors, are superior to placebo in reducing
PTSD severity*™. Effect sizes in medication studies are
also lower than those observed in psychotherapy trials,
and medication effects are less enduring than those of
psychotherapy. The lower effect sizes might partly result
from higher but considerable placebo effects in medica-
tion trials that are more difficult to control for than in
psychotherapy trials (which compare active treatment to
wait-listed controls), and this might be a source of con-
founding variables. It is also clear that some medications,
such as the benzodiazepines, should not be used in the
treatment of PTSD*®. Benzodiazepines are problematic
because of the development of dependence and the pos-
sibility of withdrawal symptoms, which can exacerbate
PTSD symptoms'*'*. Similar caution is warranted for
hypnotics even though they are highly prescribed in
clinical practice. An important area requiring clarifi-
cation is whether medications should be used in addi-
tion to, or instead of, psychotherapeutic approaches.
In the absence of studies that directly compare these two
modalities, most published guidelines include separate
recommendations for medications and psychotherapy.

New developments

Some promising pharmacological treatments for PTSD
are being developed on the basis of emerging informa-
tion about PTSD pathophysiology. In addition to the

Primary prevention Secondary prevention

Treatment

Resiliency Event-based treatment Augmentation of psychotherapy with medication
enhancement in the ‘golden hours’ during exposure-based ‘windows of opportunity’
\ v v

Pre-event }—>‘

\
Trauma }—>‘ Consolidation }—>‘

Retrieval }—>‘ Post-retrieval modification of memory

Figure 6 | The timing of treatment of PTSD. Psychotherapies aim to promote emotion regulation and extinction
learning to neutralize the distress of trauma-related thoughts. Administration of drugs that have the capacity to
manipulate the process of memory formation, consolidation, retrieval, reconsolidation or extinction can be used

to prevent the onset of post-traumatic stress disorder (PTSD) or to treat the condition once it is apparent.
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Table 4 | Key recommendations from several clinical practice guidelines for PTSD

Guideline

UK National Institute for
Health and Care Excellence

Canadian Psychiatric
Association

International
Psychopharmacology
Algorithm Project

International Society for
Traumatic Stress Studies

American Psychiatric
Association

US Veterans Affairs and
Department of Defense

Australian Centre

Posttraumatic Mental Health

Year Recommendations Refs

2005 Trauma-focused cognitive behavioural therapy or EMDR recommended as first-line 246
treatment. Drug treatments should not be used as a routine first-line treatment.

2006 Fluoxetine, paroxetine, sertraline or venlafaxine extended release recommended as first-line 247
treatments. Mirtazapine, fluvoxamine, phenelzine, moclobemide, with or without adjuctive
olanzapine or risperidone recommended as second-line treatments.

2005-2011 Prazosin and trazodone are emphasized at initial step; if considerable PTSD symptoms 248
remain, an antidepressant (SSRI, SNRI or TCA) may be tried. With partial improvement and
residual symptomatology, augmentation may be tried; the best options are antipsychotics,
clonidine, topiramate and lamotrigine.

2005-2009 Cognitive behavioural therapy that comprises exposure therapy, cognitive therapy, 249,250
stress inoculation training or a combination of these; or EMDR; or SSRIs; or SNRIs are all
recommended first-line treatments. There is good evidence for augmentation with atypical
antipsychotics. Adjunctive treatments with prazosin and mirtazapine have proved promising.

2004 Cognitive behavioural therapy, SSRIs or EMDR are all considered to have strong evidence of 251,252

and 2009 efficacy. Various other medications may be useful.

2010 Trauma-focused psychotherapy that includes components of exposure and/or cognitive 253
restructuring; or stress inoculation training; or SSRIs; or SNRIs are all recommended first-line
treatments. Other medications may be useful.

2013 Trauma-focused cognitive behavioural interventions or EMDR with in vivo exposure are 254

recommended as first-line treatments. Drug treatments should not be used as routine

first-line treatments. When medication is considered, SSRIs are the first choice.

EMDR, eye movement desensitization and reprocessing; PTSD, post-traumatic stress disorder; SNRI, serotonin and noradrenaline reuptake inhibitor; SSRI, selective
serotonin reuptake inhibitor; TCA, tricyclic antidepressant.

glucocorticoid-based therapies described above, other
novel compounds that require further research include
corticotropin-releasing hormone antagonists** and
drugs that affect the endocannabinoid system. CB1
receptor-mediated endocannabinoid signalling has also
been implicated in the extinction of adverse memories
in animal studies. Augmenting levels of anandamide (an
endogenous cannabinoid) in the amygdala modulates
short-term fear extinction?”**®, Elevated CB1 receptor
availability in those with PTSD was shown using a select-
ive PET ligand, with correspondingly lower circulating
levels of anandamide in blood. These findings might also
have implications for the use of cannabinoids, including
tetrahydrocannabinol, in PTSD treatment.

Another compound of interest is ketamine. Ketamine
is a noncompetitive antagonist of N-methyl-p-aspartate
(NMDA) receptors that affects learning and memory.
A rapid reduction in PTSD symptoms has been shown
following the intravenous administration of ketamine®”.
Drugs such as 3,4-methylenedioxy-methamphetamine
(MDMA), which blocks dopamine reuptake and has been
linked with NMDA receptor action, has also garnered
interest. Given that these compounds have the potential
for abuse, determining whether their use in PTSD treat-
ment outweighs the potential risks is important?'®!!,
Finally, drugs that might enhance resilience — such as
NPY agonists — are also an important development for
the field of PTSD treatment®. The use of transcranial
magnetic stimulation, deep brain stimulation and new
neurofeedback techniques is another potential frontier
in PTSD*221%,

The use of pharmacotherapy as adjunctive treatment
with established trauma-focused psychological thera-
pies is another intense focus of research?'*. The most

well studied of these has been the use of p-cycloserine
in conjunction with prolonged exposure psycho-
therapy to accelerate extinction of fear conditioning®".
D-Cycloserine is a glycine receptor agonist with demon-
strated effects on extinction learning in animals?*. This
treatment has not yet proven to be successful in augment-
ing or accelerating efficacy of exposure-based therapy,
but several trials are currently underway with the antici-
pation that a subgroup of patients showing fear-based
symptoms may benefit. An initial trial with hydrocorti-
sone augmentation suggested that this adjunctive treat-
ment might prevent drop-outs®'®. This study was also
noteworthy in suggesting that specific subgroups with
glucocorticoid dysregulation may be more responsive to
this augmentation strategy.

Quality of life
PTSD by definition can only be diagnosed if it appreci-
ably affects occupational, interpersonal or social quality
of life domains?"”. More severe PTSD symptoms are
associated with poorer quality of life*'$, an association that
has been shown across cultures?"’. FIGURE 7 outlines the
timing of quality of life issues in association with PTSD.
Symptoms such as poor sleep quality as a result of
nightmares or hyperarousal can lead to poor concen-
tration and irritability, affecting work performance and
professional relationships. For deployment-related PTSD,
interaction with authority figures can be a reminder
of the environment in which the exposure occurred,
leading the survivor to avoid the workplace or result
in altercations with workplace superiors*’. Victims
of interpersonal assault might overgeneralize contact
with individuals reminiscent of their attacker and the
survivor might feel uncomfortable in close physical
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Pre-morbid issues

= Pre-disposing mental
health issues

= Poor quality of life

= Lack of social support

= Poor psychosocial resource base = Acceleration of physicalillness
= Poor material resource base and pain
= Physical trauma or injury may

have occurred

/\ Concurrent issues

= Deteriorated work and social
attachments

= Debilitating distress

= Co-morbidities

= Alcohol and drug abuse
= Sleep disorder

Quality

of life in
PTSD

Long-term issues

= Depleted psychosocial resources

= Depleted material resources, job skills
and employment

= Damaged social ties

= Physical illness sequelae

= Alcohol and drug addiction

= Possible post-traumatic growth

Figure 7 | Timing of quality of life issues with PTSD. Several domains of quality of life
are affected in patients with post-traumatic stress disorder (PTSD) at different times.

proximity to co-workers. Sexual assault victims can also
experience chronic pelvic pain and other somatic com-
plaints*!. These problems can also occur in social set-
tings. Avoidance symptoms and phobic behaviours are
common, extending to reluctance or refusal to take pub-
lic transportation to and from work or other activities,
which further exacerbates social isolation.

Individuals who have poor social support are less
likely to recover from the effects of PTSD**2. However,
having PTSD directly undermines social support net-
works, placing a substantial burden on personal and
familial relationships. Many individuals with PTSD have
difficulties with intimacy at all levels, ranging from physi-
cal contact to engaging in personal dialogue requiring
empathy and an implicit assumption of safety?”’. The
generalized emotional numbing makes it difficult for
patients to receive and to give affection and increases
isolation. Indeed, PTSD is associated with disruption
of familial ties and poor parenting behaviour, leading
to separation, divorce and disruption of the family, even
further undermining the most salient social supports that
can promote resilience?*,

Quality of life is also affected by lack of resources?>**.
When trauma exposure results in devastating loss of
home and material possessions, such as in response to
natural disaster or displacement, or when trauma occurs
in an impoverished environment, the considerable
life disruption further decreases quality of life. Finally,
PTSD itself often results in the loss of personal, social
and material resources, leading to a pattern of declin-
ing quality of life over time******, Psychotherapy can be
successful in improving PTSD and quality of life?*”**,
However, the longer the duration of PTSD illness, the
more these secondary losses in quality of life will remain
even if symptoms themselves improve with treatment®”.

Outlook
Biological studies have largely supported the idea
that PTSD is a multisystem disorder that affects

stress-activated central and peripheral processes. These
studies have also highlighted the heterogeneity of PTSD
among individuals. This heterogeneity probably rep-
resents the complexity of genetic, developmental and
cognitive risk factors, psychiatric comorbidity, the age at
which trauma exposure occurs, and the trauma ‘dose’ and
repetition. The course of the disorder is dynamic
and fluctuates in its presentation over time. Similarly
to most psychiatric disorders, it is not yet clear whether
PTSD can be distinguished into categorical subtypes
or whether the diversity of presentations will be better
captured dimensionally.

Appropriate stratification of patients by genetic risk
factors, when possible, will permit a clearer understand-
ing of the specific vulnerabilities to biological or psycho-
social factors. Although PTSD is clearly precipitated
by circumstances, stratification by genetics offers the
potential for advancement in this field. Such stratifi-
cation might ‘liberate’ investigators from reliance on
putative subtypes on the basis of signs and symptoms
and might help in the interpretation of developmen-
tal risk factors. Furthermore, current efforts to identify
risk-associated alleles for PTSD through large-scale
GWAS are prompting alignment of phenotypic assess-
ments (including symptoms, trauma exposure measures
and intermediate phenotypes), which should facilitate
our ability to evaluate and to synthesize information from
smaller studies.

Given human genetic and cultural diversity and the
complexity of social and other environmental risk fac-
tors, approaches must be developed that extend col-
lection of samples from patients with diverse ancestral
backgrounds. Indeed, from a scientific point of view and
from a global health equity perspective, it is important
to determine the degree to which treatment response
depends on individual genetics, local environmental
factors and sociocultural factors. It will also be impor-
tant to use genetic information to better understand the
neurobiology of PTSD. Parallel efforts in understand-
ing genome-wide epigenetics and differential expres-
sion of genes might yield advance development of novel
treatment and prevention strategies (FIC. 8).

Indeed, although genes contribute to risk of PTSD,
twin studies show that nongenetic factors also consider-
ably contribute to the risk of developing PTSD follow-
ing trauma. The major candidate mechanisms by which
developmental experience is thought to modulate PTSD
risk include epigenetic regulation of gene expression and
both implicit and explicit forms of long-term memory.
These mechanisms probably come into play both dur-
ing development and following trauma. The epigenetic
contributions to risk are of interest, not only in PTSD
but also in many mental disorders. Regulation of gene
expression, including epigenetic regulation, is exquisitely
cell type-specific and is indeed central to the definition
of cell types. Gene regulation in response to environ-
mental stimuli — whether normal sensory or physiologi-
cal stimuli or extreme stimuli (such as trauma) — depend
on the specific receptors, signal transduction machinery
and enzymes that modify transcription factors, histones
or DNA in the cell. As a result, as described in earlier
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sections, barriers to epigenetic research in mental ill-
ness stem from the difficulty in obtaining relevant brain
tissue from patients and in obtaining adequate sam-
ples post mortem. In post-mortem tissue, the effects of
traumatic events might prove difficult to disentangle
from other causes of epigenetic regulation that might
represent responses to other experiential stimuli, physio-
logical changes, drugs or illness. While studies of epi-
genetic regulation in peripheral tissues may not reflect
neural underpinnings of PTSD, they may be relevant
since PTSD is a multisystem disease involving periph-
eral neural and hormonal responses. Another concern in
the interpretation of epigenetic studies is the independent
effect size of regulating any particular gene. The combi-
nation of inherited allelic variants and the regulation of
many genes in relevant cells and circuits probably con-
tribute to PTSD. Future research has the opportunity
to pursue correlative studies of central and peripheral
components of gene regulation in translational models.

Trauma history
Culture
Sex

v

v v

Epigenetics

= DNA methylation

= Chromatin modifications
= MicroRNA

Cognitive and brain function Genetics

= Imaging = Neurocircuitry = GWAS

= Reactivity = Psychophysiology = Twin studies
= Structure

= Function |

Gene expression

= Proteins

= Hormones, peptides, cytokines and neurotransmitters
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v
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D
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Figure 8 | Systems biology approach to biomarker discovery and

validation. Bioinformatic techniques applied to multidimensional data— including
developmental events, culture, gender, genetic variants, epigenetic modifications, brain
structural and functional measures, gene transcripts, proteins and metabolites —are
used to detect molecular networks and signalling pathways that are key drivers in
biologically valid subtypes of post-traumatic stress disorder (PTSD). Validation of
identified networks requires multiple approaches that include large-scale longitudinal
cohort studies in humans and relevant animal models of specific relevant behaviours. The
animal models enable validation of measurement of identified networks in brain regions
with proxy markers in peripheral tissues, such as circulating mononuclear cells. The
identification of key driver molecular networks linked to PTSD can be interrogated in vitro
with neurons derived from reprogrammed skin fibroblasts. These in vitro-derived cells can
be used for a variety of discovery purposes, including the study of cell—cell signalling and
high-throughput screening to test if existing and novel drugs target the key driver
molecular networks identified in PTSD. GWAS, genome-wide association studies; iPSCs,
induced pluripotent stem cells; PBMCs, peripheral blood mononuclear cells.
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Human studies of PTSD should similarly examine corre-
lations among blood, cerebrospinal fluid, fresh human
brain tissue when available and post-mortem brain
samples to validate informative methodologies.

Animal studies can also continue to provide impor-
tant information regarding the relationship between
blood and brain pathways, provided that the question of
evolutionary conservation from the chosen animal model
to the human is kept in mind. An example of this integra-
tive approach recently showed that glucocorticoid recep-
tor signalling was the only convergent pathway identified
by gene expression analysis from blood, the hippocampus
and the amygdala in both male and female rats that
showed vulnerability to prior exposure to predator-scent
stress?™. This approach provides a basis for comparative
gene network analyses from stress-exposed vulnerable
and resilient animals and trauma-exposed people who
do or do not have PTSD. Such data will facilitate further
developments in molecular studies of PTSD in blood.

The field of PTSD has begun to consider multi-
omic technology and the promise of systems biology,
which have showed value in other medical areas such
as cancer®"#?, This approach remains aspirational for
understanding PTSD pathophysiology but could ulti-
mately yield clinically useful diagnostic biomarkers and
molecular targets for drug discovery. With the increas-
ing ability to obtain high-dimensional data — including
genome-scale genetic and epigenetic data, as well as
transcriptomic, proteomic and metabolomic data —
there will be opportunities to develop and to test com-
putational strategies for identifying molecular networks
that are relevant to PTSD in peripheral tissues and prob-
ably in post-mortem brain and in patient-derived cells
that have been reprogrammed into neurons. Indeed, the
value of high-dimensional data will be greatly increased
as the field of PTSD explores the application of new
technologies including reprogramming of isogenic
stem cell lines and patient fibroblasts or lymphocytes
into neurons and brain organoids, which can be com-
pared with post-mortem brain samples from patients.
Such technologies, although still in their early stages, are
exciting because they provide access to human cells to
study the effects of molecular risk factors for a human
condition. Integration of information about the cellular
effects of genetic risk, and of transcriptomic and pro-
teomic data sets from isogenic and patient-derived cells
reprogrammed into neurons, with data sets derived from
studies of patients with PTSD should lead to a deeper
understanding of the molecules and the pathways
underlying PTSD risk and resilience.

The path is long but the identification of genetic and
other contributors to risk and the study of their functions
in appropriate cell types should facilitate the identifica-
tion of new drug targets. Such advances should make
cell-based screens of chemical libraries and existing
drugs possible, with a view to using existing drugs for
a different purpose, as has been the practice in cancer,
autoimmunity and many other fields of medicine. With
a great deal of hard work, drug discovery for PTSD can
move from the limited number of hypotheses available
today to a vast number of new possibilities.
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