1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

N, NIH Public Access

Rrens®

G

3}

Author Manuscript

Published in final edited form as:
Neuropharmacology. 2012 February ; 62(2): 628-637. doi:10.1016/j.neuropharm.2011.02.013.

PTSD and Gene Variants: New Pathways and New Thinking

Kelly Skelton12, Kerry J. Ressler23, Seth D. Norrholm1:2, Tanja Jovanovic?, and Bekh
Bradley-Davinol:2

1 Atlanta VA Medical Center, 1670 Clairmont Rd, Decatur, GA 30033

2 Department of Psychiatry and Behavioral Sciences, Emory University School of Medicine, 4000
Woodruff Memorial Bldg., Atlanta, GA 30322

3 Howard Hughes Medical Institute, Chevy Chase, Maryland 20815

Abstract

Posttraumatic Stress Disorder (PTSD) is an anxiety disorder which can develop as a result of
exposure to a traumatic event and is associated with significant functional impairment. Family and
twin studies have found that risk for PTSD is associated with an underlying genetic vulnerability
and that more than 30% of the variance associated with PTSD is related to a heritable component.
Using a fear conditioning model to conceptualize the neurobiology of PTSD, three primary
neuronal systems have been investigated — the hypothalamic-pituitary-adrenal axis, the locus
coeruleus-noradrenegic system, and neurocircuitry interconnecting the limbic system and frontal
cortex. The majority of the initial investigations into main effects of candidate genes hypothesized
to be associated with PTSD risk have been negative, but studies examining the interaction of
genetic polymorphisms with specific environments in predicting PTSD have produced several
positive results which have increased our understanding of the determinants of risk and resilience
in the aftermath of trauma. Promising avenues of inquiry into the role of epigenetic modification
have also been proposed to explain the enduring impact of environmental exposures which occur
during key, often early, developmental periods on gene expression. Studies of PTSD
endophenotypes, which are heritable biomarkers associated with a circumscribed trait within the
more complex psychiatric disorder, may be more directly amenable to analysis of the underlying
genetics and neural pathways and have provided promising targets for elucidating the
neurobiology of PTSD. Knowledge of the genetic underpinnings and neuronal pathways involved
in the etiology and maintenance of PTSD will allow for improved targeting of primary prevention
amongst vulnerable individuals or populations, as well as timely, targeted treatment interventions.

Introduction

Posttraumatic Stress Disorder (PTSD) is classified as an Anxiety Disorder within DSM-1V.
It is defined as the development of symptoms following exposure to an extreme traumatic
event (criterion A). These symptoms are characterized as belonging to three separate but
interrelated symptom clusters: re-experiencing, avoidance and numbing, and hyperarousal
(DSM 1994). Individuals diagnosed with PTSD experience significant functional
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impairment, including increased risk for unemployment, disrupted relationships, and
diminished physical health (Kessler 2000; Kubzansky, Koenen et al. 2007). While the
lifetime prevalence of PTSD in adult Americans is estimated to be 6.8% (Kessler, Berglund
et al. 2005), the conditional risk for PTSD following trauma exposure ranges from 5 — 31%
(Kulka, Schlenger et al. 1990; Kessler, Sonnega et al. 1995; Breslau, Kessler et al. 1998;
Adams and Boscarino 2006) with interpersonal and combat trauma associated with
relatively greater risk. While an estimated 75% of the population has experienced a criterion
A traumatic event (Breslau and Kessler 2001), only a minority of those individuals
subsequently develop PTSD. This finding suggests that certain individuals have an
underlying vulnerability to developing this disorder in the aftermath of trauma. Identifying
those vulnerable individuals may allow for early and targeted intervention to prevent or
reduce the symptoms and functional impairment associated with PTSD.

Family Studies of Heritability

If the risk for PTSD following traumatic exposure is associated with an underlying genetic
vulnerability, it would be expected that biological relatives (family) of an individual with
PTSD (proband) would have a higher risk of developing the disorder following trauma
exposure than similarly traumatized non-relatives. Family studies of PTSD have
demonstrated this finding. Specifically, PTSD diagnosis was more frequent in adult children
of Holocaust survivors with PTSD as compared to children of Holocaust survivors without
PTSD (Yehuda, Halligan et al. 2001). A similar finding has been reported in adult children
of Cambodian refugees whose parents had PTSD (Sack, Clarke et al. 1995). A limitation of
family studies is that PTSD cannot be assessed in those individuals who are not exposed to
trauma, and therefore, it cannot be known whether they would have developed PTSD in
response to trauma. This can have the effect of falsely lowering the estimated risk for PTSD.
An even more significant limitation of family studies is that because family members share
both genetic and environmental similarities, these studies cannot differentiate between a
genetic versus environmental basis for the increased prevalence within a family pedigree.

Twin Studies of Heritability

Studies of twins (who share identical genetic inheritance) allow researchers to differentiate
genetic from environmental influence on the development of a disorder. Twin studies have
demonstrated that genetic factors influence the risk of exposure to traumatic events (Lyons,
Goldberg et al. 1993; Stein, Jang et al. 2002). This finding, known as gene-environment
correlation, may be related to the effect of genetics on temperament, anger and irritability.
However, even after accounting for genetic impact on the likelihood of exposure to trauma,
twin studies have demonstrated that genetics explains a significant proportion of the
vulnerability to PTSD following trauma exposure. Examination of more than 3000 twin
pairs from the Vietham Twin Registry revealed that approximately 32-35% of the variance
in PTSD symptoms could be attributed to genetic influences after controlling for combat
exposure (True, Rice et al. 1993; Xian, Chantarujikapong et al. 2000). Similarly, Stein and
others (2002) reported that amongst twin pairs in which each twin experienced a traumatic
event, identical twins were significantly more likely to be matched on PTSD symptoms than
fraternal twins. From these results, they calculated that 30% of the variance in response to
trauma exposure could be attributed to heredity.

An ongoing concern for researchers investigating the underlying neurobiology of PTSD is
the extent to which the biological markers identified in patients represent a consequence of
the traumatic exposure and resultant PTSD versus a vulnerability factor that increases an
individual's likelihood of developing PTSD subsequent to trauma exposure. Twin studies
have been helpful in exploring this differentiation. In a study of hippocampal volume of
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Vietnam veterans with PTSD and their unaffected twins without combat exposure, both
cohorts displayed smaller hippocampal volume as compared to twin pairs of Vietnam
veterans without PTSD and their unaffected siblings (Gilbertson, Shenton et al. 2002). This
finding suggests that reduced hippocampal volume may be a heritable, pre-existing
vulnerability factor for developing PTSD following trauma exposure. A more recent study
included twin pairs in which one twin was combat-exposed in Vietnam and diagnosed with
PTSD, while the co-twin was not exposed to combat and not diagnosed with PTSD (*high
risk” twin). In contrast, in a second twin pair, one twin was combat-exposed in Vietnam but
did not develop PTSD and his sibling who was not exposed to combat and not diagnosed
with PTSD (“low risk” twin). The authors found decreased gray matter volume in the
pregenual anterior cingulate cortex only in the combat-exposed individuals with a PTSD
diagnosis versus the other three groups of twins (Kasai, Yamasue et al. 2008). These data
suggested that the lower gray matter volume in this region was a consequence of traumatic
combat exposure and the subsequent development of PTSD. The current state of the field is
that both of the above findings likely represent different aspects of the true phenomenology,
such that: 1) following a significant trauma, PTSD is more likely to occur in those
individuals who have a certain level of genetic and neural vulnerability, but that 2) there are
almost certainly additional neurological / neuropathological sequelae that result after the
onset of PTSD.

Twin studies have also revealed that genetic influences associated with risk for PTSD are
common to other psychiatric disorders that are frequently comorbid with PTSD. As
reviewed by Koenen et al. (2008), overlap with genes associated with major depressive
disorder account for the majority of identified genetic variation in PTSD (Fu, Koenen et al.
2007; Koenen, Fu et al. 2008) Overlap common to panic disorder and generalized anxiety
disorder account for approximately 60% of the genetic variance in PTSD

(Chantarujikapong, Scherrer et al. 2001), and overlap with genetic influences common to
alcohol, nicotine, and drug dependence account for greater than 40% (Xian,
Chantarujikapong et al. 2000; Koenen, Hitsman et al. 2005). These findings suggests that the
genetic determinants of risk for PTSD bi-directionally influence the risk for other commonly
comorbid psychiatric disorders. It should be noted that these estimates are based on
heritability studies and not on studies of specific genes. Only a small number of properly
powered hypothesis-neutral gene discovery approaches (i.e., genome-wide association
studies (GWAS)) have been performed on depression and substance use disorders, with no
GWAS yet performed on these other anxiety disorders or PTSD. Thus, as more is
understood about specific gene pathways involved in PTSD, anxiety, depression, and
substance abuse, it is likely that we will gain a much greater understanding of the
similarities and differences in the genetic architecture which may underlie these different
stress and trauma-related disorders.

Candidate Genes and Neurobiological Pathways

While twin studies can indicate a heritable genetic risk for the development of PTSD, they
cannot provide information on which specific genes confer that risk. Molecular genetic
studies can be used to determine if specific genes influence risk or resilience for a specific
disorder, such as PTSD. However, in the absence of large GWAS or similar hypothesis-
neutral gene-discovery studies, knowledge of the underlying neurobiology of the disorder is
needed in order to effectively identify appropriate candidate genes to study. When this
knowledge is not directly available, translational models of the disorder or key components
of the phenotype can be used to direct informed hypothesis generation.

Vulnerability to the development of PTSD after trauma exposure has been conceptualized to
involve a fear conditioning process in which fear responses are exaggerated and/or resistant
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to extinction (Keane, Zimering et al. 1985; Amstadter, Nugent et al. 2009; Jovanovic and
Ressler 2010). Within this classical conditioning model, a neutral (conditioned) stimulus
(CS) that is temporally paired with an aversive (unconditioned) stimulus (US) acquires the
ability to elicit a conditioned fear response that can be triggered when the individual
subsequently encounters these or similar stimuli. With regard to the clinical features of
PTSD, the traumatic event itself serves as the US and the sights, sounds, smells, and other
contextual aspects of the ambient environmental stimuli that are present at the time of the
trauma serve as CS to elicit conditioned fear responses.

While this process can serve an evolutionarily advantageous role by allowing an individual
to identify and respond to threatening stimuli, excessive activation of conditioned fear
responses to stimuli that are not accurately predictive of threat may have a role in the basis
of PTSD. Consistent with this hypothesis, emational and physiological reactivity to stimuli
resembling the original traumatic event is a central characteristic of PTSD, can persist for an
extended period of time following the traumatic exposure, and has been reliably replicated
in the laboratory (Blanchard, Kolb et al. 1986; Pitman, Orr et al. 1987; Orr, Metzger et al.
2003).

The etiology and maintenance of this fear conditioning has been hypothesized to involve
multiple interacting neurobiological systems, including the hypothalamic-pituitary-adrenal
(HPA) axis, the locus coeruleus (LC)-noradrenergic systems, and connections between the
limbic system and frontal cortex. The HPA axis is comprised of neural and endocrine
structures that coordinate the hormonal response to stress. It also activates the LC-
noradrenergic system (Claes 2004), which has been implicated in the over-consolidation of
fear memories in the aftermath of traumatic exposure (O'Carroll, Drysdale et al. 1999;
Southwick, Bremner et al. 1999; Southwick, Davis et al. 2002). The amygdala, part of the
limbic system within the temporal lobe, plays a primary role in threat detection and
elaborating conditioned and unconditioned fear responses, including behavioral responses
and activation of the HPA axis (Davis 1992). The activity of the amygdala is regulated in a
‘top-down’ fashion by the medial prefrontal cortex which can function in an inhibitory
manner to extinguish conditioned fear responses (Milad and Quirk 2002; Vidal-Gonzalez,
Vidal-Gonzalez et al. 2006; Peters, Kalivas et al. 2009). Each of these neural systems
interact in the development and maintenance of fear conditioning, and have been the focus
on candidate genes studies into the neurobiology of PTSD as further described below (see
Figure 1).

The HPA axis coordinates the neuroendocrine response to stress. Neurons within the
paraventricular nucleus (PVN) of the hypothalamus project to the median eminence where
they release corticotrophin-releasing hormone (CRH) which subsequently binds to CRH;
receptors in the anterior pituitary gland promoting the secretion to adrenocorticotrophic
hormone (ACTH). ACTH is released into the systemic circulation where it stimulates the
production and release of cortisol from the adrenal cortex, which amongst other functions,
serves to increase glucose availability to be utilized as an energy resource during times of
stress (Charmandari, Tsigos et al. 2005). Feedback inhibition of the HPA axis is mediated in
part by the binding of cortisol to glucocorticoid receptors (GRs) to limit stress-induced
activation of the HPA axis.

While published reports are mixed, the majority of findings in patients with PTSD report
elevated levels of CRH (Bremner, Licinio et al. 1997; Baker, West et al. 1999), lower basal
cortisol levels (Yehuda, Southwick et al. 1990; Yehuda, Teicher et al. 1996; Thaller, Vrkljan
et al. 1999; Bremner, Vermetten et al. 2007), and enhanced negative feedback suppression
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of the HPA axis by dexamethasone, a synthetic glucocorticoid (De Kloet, Vermetten et al.
2006; Yehuda 2009). Despite clear evidence of HPA axis perturbations in PTSD, initial
investigations into main effects of candidate genes that impact on this system have not been
very revealing. For example, a study of the glucocorticoid receptor gene demonstrated no
significant association between two polymorphisms in this gene and a diagnosis of PTSD
(Bachmann, Sedgley et al. 2005).

Given that PTSD is a psychiatric disorder that, by definition, requires exposure to a specific
environmental event (the criterion A trauma), and that individuals vary in their phenotypic
response to the event, with only a minority of individuals subsequently developing PTSD,
the genetic basis of this disorder is likely to be better elucidated by studies of gene-
environment (GXE) interactions rather than studies of the main effects of genes. Two studies
have recently demonstrated an interaction between polymorphisms in FKBP5, a gene which
impacts on HPA axis function by regulating GR activity, and childhood environment to
predict severity of PTSD. FKBP5 is a co-chaperone protein that interacts with another
molecular chaperone, hsp90, and is part of the mature GR heterocomplex (Hubler and
Scammell 2004). It regulates GR sensitivity and nuclear translocation of GRs such that
reduced activity of FKBP5 increases GR sensitivity (Figure 2). Polymorphisms in FKBP5
have previously been reported to be associated with peritraumatic dissociation in medically
ill children, a symptom which is predictive of the development of PTSD (Koenen, Saxe et
al. 2005). In a study of over 700 highly traumatized, inner city, African-American subjects
recruited from primary care clinics (Binder, Bradley et al. 2008), four polymorphisms of the
FKBP5 gene were demonstrated to interact with severity of childhood abuse to predict
severity of adult PTSD symptoms (Table 1). Further, these polymorphisms were
demonstrated to be functional, in that those individuals with both probable PTSD and the
risk alleles demonstrated enhanced suppression of cortisol in response to dexamethasone
(Binder, Bradley et al. 2008). A more recent study partially replicated these findings,
reporting a significant interaction for one of the polymorphisms in the African-American
population, such that the TT genotype was associated with the highest risk for PTSD
amongst those individuals with a history of childhood adversity, while it was associated with
the lowest risk for PTSD amongst those with no history of childhood adversity (Xie,
Kranzler et al. 2010). While this GXE interaction was not significant in their European-
American study population, alcohol dependence was found to interact with FKBP5
polymorphisms and childhood adversity to increase the risk for a diagnosis of PTSD. These
data, along with a number of similar studies, suggest that a number of subject population
characteristics as well as similar measurements of childhood and adult trauma will be critical
factors in the robust identification of GXE effects.

Expression of FKPB5 mRNA in the emergency room following a trauma was previously
shown to be differentially expressed in subjects later developed PTSD (Segman, Shefi et al.
2005). More recently, FKBP5SmRNA expression was found to be reduced in survivors of the
World Trade Center attacks on 9/11/2001 who had a diagnosis of PTSD (Yehuda, Cai et al.
2009). Also STATS5B, a direct inhibitor of GR function, was found to have decreased
expression as well in this study. Interestingly, given the high rate of comorbidity between
PTSD and depression, another recent study demonstrated an interaction between these same
four polymorphisms of the FKBP5 gene and high levels of childhood trauma to predict
increased risk for suicide (Roy, Gorodetsky et al. 2010).

LC-Noradrenergic System

The LC is the primary noradrenergic nucleus within the mammalian brain. It receives
neuronal input from and provides output to the hypothalamus, the amygdala, and the
prefrontal cortex amongst other regions (Benarroch 2009). Activation of the LC can
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stimulate release of CRH from the hypothalamus and noradrenergic hyperactivity within the
basolateral amygdala has been hypothesized to mediate the overconsolidation of fear
memory in PTSD (Southwick, Bremner et al. 1999). Because cortisol can reduce
noradrenergic activity, it has been proposed that lower levels of cortisol in individuals who
develop PTSD fail to contain the increased noradrenergic response to traumatic stress. This
increased noradrenergic response is thought to mediate the overconsolidation of fear
memory and perhaps accounting for intrusive memories associated with PTSD, as well as in
promoting conditioned fear responses to trauma memories and associated triggers (Yehuda,
McFarlane et al. 1998; Yehuda 2002).

As with the HPA axis, studies of the main effects of candidate genes that impact on the LC-
noradrenergic system have been largely negative. There was no significant association
between polymorphisms in the gene for dopamine beta hydroxylase (DBH), an enzyme that
catalyzes the conversion of dopamine to norepinephrine, and PTSD in combat veterans,
although there was an association between one genotype and lower DBH activity in those
individuals diagnosed with PTSD versus those without the diagnosis (Mustapic, Pivac et al.
2007). Neuropeptide Y (NPY) is colocalized with norepinephrine and has been reported to
reduce the release of norepinephrine. It has been demonstrated to have anxiolytic properties
in animal models, and levels of NPY have been found to be reduced in those with PTSD
(Morgan 111, Wang et al. 2000; Morgan 2002). However, in a 2002 study of a polymorphism
within the NPY gene, no association was found with a diagnosis of PTSD (Lappalainen,
Kranzler et al. 2002).

As noted above, studies of GXE interactions are likely to be more relevant and predictive of
risk and resilience to trauma in the development of PTSD. Catechol-O-Methyltransferase
(COMT) is an enzyme that catalyzes the extraneuronal breakdown of catecholeamines,
including norepinephrine and dopamine. A functional polymorphism of this gene, in which
valine (Val) has been substituted by methionine (Met) at codon 158 is associated with lower
enzyme activity and slower breakdown of the catecholamines. In a study of survivors of the
Rwandan Genocide, carriers of the Val allele demonstrated the expected dose response
relationship between higher number of lifetime traumatic events and a lifetime diagnosis of
PTSD. However, homozygotes for the Met/Met genotype demonstrated a high risk for
lifetime PTSD independent of the number of lifetime traumatic events experienced (Kolassa,
Kolassa et al. 2010). Interestingly, the Met/Met genotype, which is associated with higher
levels of norephinephrine and dopamine, has also been associated with reduced extinction of
conditioned fear responses. This extinction deficit may, in part, account for the mechanism
by which this genotype is associated with a high risk for PTSD (Lonsdorf, Weike et al.
2009).

Limbic-Frontal System

The amygdala is composed of several nuclei located within the temporal lobe of the brain
and is generally roughly divided into the basolateral nucleus (BLA) which receives the
majority of the neuronal input and the central nucleus (CeA) which provides the majority of
the output. The CeA projects to and activates both the HPA axis at the level of the
hypothalamus and the LC-noradrenergic system. The BLA appears to be the locus for the
comparison and development of associations between the unconditioned stimulus and
conditioned stimulus in fear conditioning (Fanselow and LeDoux 1999). This nucleus
projects to and activates the CeA, which then elaborates the fear response, including the
behavioral responses to threat, elevated startle response, and activation of the HPA axis.
Descending inhibitory inputs from the medial prefrontal cortex (mPFC) can regulate the
transmission of excitatory neurotransmission from the BLA to the CeA and is thought to
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play a key role in the extinction of conditioned fear responses (Milad and Quirk 2002;
Likhtik, Pelletier et al. 2005; Likhtik, Popa et al. 2008; Peters, Kalivas et al. 2009).

Given the extent and complexity of this limbic-frontal neurocircuitry, many different genes
can impact on this system. Dopamine has been demonstrated to innervate the amygdala and
animal models have reported alterations of this dopaminergic neurotransmission in response
to stress (Puglisi-Allegra and Cabib 1997). Two studies reported a significant main effect of
the D2A1 allele of the D2 dopamine receptor (DRD2) gene in association with a diagnosis
of PTSD (Comings, Comings et al. 1991; Comings, Muhleman et al. 1996), while another
study of this allele did not find a significant association (Gelernter, Southwick et al. 1999).
However, the latter study did not assess for trauma exposure in the control group which may
have had the effect of not identifying susceptible controls who would have developed PTSD
if exposed to a traumatic event. Another study reported a significant association between the
D2A1 allele and PTSD only amongst those individuals with PTSD who engaged in harmful
drinking (Young, Lawford et al. 2002). A more recent study revealed a significant
association between a different polymorphism in the DRD2 gene and PTSD in combat
veterans (Voisey, Swagell et al. 2009). Finally, another study reported a significant
association between a polymorphism in the dopamine transporter SLC6A3 gene and chronic
PTSD versus trauma-exposed controls (Segman, Cooper-Kazaz et al. 2002).

Serotonin is another catecholamine neurotransmitter which plays an important role in
regulating activity within the limbic-frontal system and has been reported to be involved in
the inhibition of the development of fear memories (Rainnie 1999). A polymorphism of the
serotonin 2A receptor gene has been found to be significantly associated with PTSD in
Korean women (Lee, Kwak et al. 2007). More scientific attention has been focused on a
polymorphism in the promoter region of the serotonin transporter (5-HTTLPR), in which the
short (s) allele has been demonstrated to be less efficient than the long (1) allele and is also
associated with decoupling of the circuit between the prefrontal cortex and the amygdala
responsible for extinction of fear conditioning (Lesch, Bengel et al. 1996; Pezawas, Meyer-
Lindenberg et al. 2005). An excess of the s/s genotype has been reported in a Korean
population of PTSD patients relative to controls (Lee, Lee et al. 2005). Recent GXE studies
of this polymorphism have been more revealing. Kilpatrick et al. (2007) reported that in a
study of adults exposed to the 2004 Florida hurricanes, the s/s genotype was associated with
an increased risk for PTSD only in those exposed to an environment of high stress (high
exposure to hurricanes and low social support). An additional study in this population found
a significant interaction between genotype of 5-HTTLPR and county-level environment,
such that the s allele was associated with decreased risk of PTSD in a low-risk environment
(low county-level crime and unemployment), but increased risk of PTSD in a high-risk
environment (Koenen, Aiello et al. 2009). Replicating this finding in a different population
(survivors of the Rwandan genocide), Kolassa et al. (2010) reported that those with the s/s
genotype were at high risk for developing PTSD, even in response to a small number of
traumatic events, whereas those with the | allele demonstrated an S-shaped dose-response
curve with increasing rates of PTSD in response to an increasing number of traumatic life
experiences. All three studies indicate risk associated with the s allele of 5-HTTLPR in
association with exposure to environments of high stress/trauma.

Two additional GXE studies focused on genes which may have broad impact within the
brain. Gamma-aminobutyric acid (GABA) is the major inhibitory neurotransmitter in the
brain. A recent study reported a significant interaction between three single nucleotide
polymorphisms in the GABA alpha-2 receptor gene and severity of childhood trauma in
predicting adult PTSD in those homozygous for the risk alleles (Nelson, Agrawal et al.
2009). G-proteins regulate a wide variety of activities, receptors and transporters in the
brain, and regulator of G-protein signaling 2 (RGS2) is a member of a protein family that
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facilitates the deactivation of G-proteins, thereby decreasing G protein-coupled receptor
signaling (Neubig and Siderovski 2002). Amstadter et al. (2009), studying the hurricane-
exposed population referenced above, found a significant association between a specific
genotype of the RGS2 gene and posthurricane PTSD in adults exposed to high
environmental stress (high exposure to hurricanes and low social support), as well as an
association between this genotype and a diagnosis of lifetime PTSD in adults with prior
trauma exposure and low social support.

Epigenetics

While an improvement over studying the main effects of genes alone, studies of GXE
interaction do not explain the importance of developmental timing of stressor exposure to
producing phenotypic changes associated with PTSD. However, investigation of the
epigenetic modification of DNA can provide insight into this issue. Epigenetic modification
describes an environmentally induced change in DNA which alters the function rather than
the structure of a gene. These changes can be specific to critical developmental periods, can
be stable, enduring, and site-specific, and may be intergenerationally transmitted (Meaney
and Szyf 2005; Yehuda and Bierer 2009). The biological mechanism of epigenetic
modification most often involves methylation of cytosine within a gene, which typically
produces decreased transcription of that segment of DNA into RNA to reduce gene
expression (Novik, Nimmrich et al. 2002).

A well described example of epigenetic modification in an animal model is provided by the
work of Meaney and colleagues. In this rat model, maternal care characterized by higher
amounts of licking and grooming produced lower levels of cortisol in the rat pups, but only
if this variation in maternal care occurred during a specific, early developmental window.
These rat pups also demonstrated enhanced suppression of cortisol in response to
dexamethasone, as well as greater expression of the GR gene and a greater number of
hippocampal GRs as a result of hypomethylation in promoter region of the hippocampal GR
gene (Francis, Diorio et al. 1999; Weaver, Szyf et al. 2002). Further, by producing stable
changes in stress response and behavior, these epigenetic changes and the associated
phenotype were transmitted from one generation of female offspring to the next (Seckl and
Meaney 2006; Weaver 2007). It is interesting to note that the neuroendocrine alterations
described in this animal model parallel those of PTSD, with low basal cortisol and enhanced
suppression of cortisol in response to a synthetic glucocorticoid. In fact, lower levels of GR
MRNA have been demonstrated in the hippocampus of suicide victims who had a history of
childhood abuse (McGowan, Sasaki et al. 2009). One caveat of these studies to date, is that
it has not been possible to follow the state of methylation over time in a given individual or
animal. Thus, although the interpretation is that there are early developmental methylation
changes that are long-lasting and enduring, it cannot yet be ruled out that methylation may
represent a state-dependent effect. In this alternative view, other causal factors in the adult
animals and suicide victims (e.g. ongoing adult stress or depression) may lead to similar
methylation effects as seen during development or in the previous generation, even if they
were not maintained consistently over time in these individuals.

It can be hypothesized that the epigenetic-mediated changes in HPA axis reactivity could be
associated with increased vulnerability to PTSD following subsequent traumatic exposure,
perhaps by failing to constrain stress-induced elevations in noradrenergic neurotransmission
leading to overconsolidation of fear memories, as well as resulting in increased physiologic
arousal and distress. These findings could also help explain the mechanism by which early
life trauma is a strongly validated risk factor for the subsequent development of PTSD in
adulthood by recalibrating the set point and stress-responsivity of the HPA axis in an
enduring manner that increases vulnerability to PTSD (Yehuda, Flory et al. 2010).
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While there have been no published studies providing specific proof of the role of epigenetic
modification in association with risk for PTSD, the results of several studies on
intergenerational transmission of risk for PTSD could plausibly be explained by epigenetic
mechanisms. Yehuda and colleagues (2007; 2008) have reported increased risk for PTSD, as
well as low cortisol levels, in the offspring of female, but not male, Holocaust survivors with
PTSD. As with the rat model, this increased risk may be produced by alternations in
maternal care associated with the mother's PTSD, which may disrupt child-maternal
attachment, a known risk factor for PTSD (Charuvastra and Cloitre 2008). These effects
may also produce enduring changes in HPA axis responsivity to stressors that may influence
risk for PTSD following subsequent traumatic exposure (Brand, Brennan et al. 2010).

Epigenetic mechanisms may also be relevant to the intrauterine environment. Pregnant
mothers who developed PTSD as a result of exposure to the World Trade Center attacks of
9/11/2001, produced infants with lower salivary cortisol levels, but only if the traumatic
exposure occurred during the third trimester of gestation (Yehuda, Engel et al. 2005). These
changes may occur via transmission of hormonal responses to stress to the fetus in utero,
leading to a reprogramming of glucocorticoid responsivity in the offspring (Levitt, Lindsay
et al. 1996; Welberg, Seckl et al. 2000; Shoener, Baig et al. 2006; Uddin, Aiello et al. 2010).

Endophenotypes

PTSD is a complex diagnostic construct requiring exposure to a traumatic event and
comprising a series of up to 17 symptoms organized into three symptom clusters. It is
therefore difficult to tease out the multiple interacting genes likely to play a role in the
heritability of this complex psychiatric disorder. Rather than examining the global
diagnostic entity of PTSD, studying endophenotypes of the disorder may be more directly
revealing. An endophenotype refers to a heritable, measurable biomarker associated with a
deconstructed trait of a psychiatric illness, which is more directly amenable to genetic
analysis (Gottesman and Gould 2003). Endophenotypes of PTSD may include dysregulation
of the HPA axis, altered autonomic reactivity (as measured by galvanic skin response or
heart rate variability), and an exaggerated startle response in the context of conditioned fear
(Broekman, OIff et al. 2007).

The exaggerated startle response that is characteristic of PTSD can be studied in the context
of the fear conditioning model by examining fear inhibition — the ability to suppress fear
responses in the presence of safety cues. One of the primary laboratory models used for
behavioral analysis of fear inhibition is the conditioned inhibition paradigm, in which the
pairing of a conditioned stimulus (CS+) with an aversive stimulus (US) is intermingled with
a separate stimulus (CS-) that is never paired with the US, and thus represents a safety
signal. The acoustic startle response provides a useful behavioral outcome measure of fear in
these paradigms as it is easily measured in the lab, is biologically relevant to PTSD, and is
mediated by the output of the amygdala (LeDoux, Iwata et al. 1988; Davis 1992; Grillon
2008). This response is typically reported as fear-potentiated startle, which is the relative
increase in the acoustic startle response elicited in the presence of the reinforced conditioned
stimulus.

Myers and Davis (2004) developed an animal model using a conditional discrimination
procedure that allows for the independent evaluation of excitation and inhibition of fear
conditioning. A version of this paradigm studied in humans contains a danger signal (AX+),
a safety signal (BX-), and a safety transfer test (combination of A and B, where B reduces
fear to A). The A stimulus elicits fear potentiation of startle while the B stimulus elicits
reduced startle compared to A (Jovanovic and Ressler 2010).
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Conditioned inhibition of the acoustic startle response as a result of learning the safety
signal has been demonstrated in healthy controls and in combat veterans with low levels of
current PTSD symptoms (Jovanovic, Norrholm et al. 2009). In contrast, study subjects with
high levels of PTSD symptoms were unable to reduce startle to AB trials. This has now been
demonstrated in combat veterans from the United States, as well as veterans from Croatia
(Jovanovic, Norrholm et al. 2007), and in a traumatized civilian population in urban Atlanta
(Jovanovic, Norrholm et al. 2010). As these individuals with high levels of PTSD symptoms
did not demonstrate fear potentiation to the danger signal (AX+) along, the results suggest a
selective deficit in fear inhibition as a key trait of PTSD. It is unclear whether an impaired
ability to inhibit fear responses is a risk factor for PTSD versus an acquired trait associated
with the disorder.

As reviewed above, the neurocircuitry of fear inhibition involves the limbic-frontal neuronal
systems. The amygdala is required for associative learning of conditioned fear and
elaboration of the fear response. Specifically, output from the CeA to the pons in the
midbrain mediates the fear-induced increase in the acoustic startle response. Descending
inhibitory input from the mPFC to the amygdala is required for extinction or inhibition of
conditioned fear responses. The key role of this circuit in regulating fear potentiated startle
suggests that researchers should investigate genes known to impact on this system to assess
the genetic basis of conditioned fear. As noted above a polymorphism in 5-HTTLPR is
known to be associated with relative decoupling of mPFC inhibition from the amygdala
(Pezawas, Meyer-Lindenberg et al. 2005) and interactions between this polymorphism and a
history of trauma have been found to be predictive of PTSD. In addition, a recent study
found great fear-potentiated startle in individuals with the s (risk) allele of this gene
(Lonsdorf, Weike et al. 2009). It would be of interest to determine if those individuals with
the s allele also demonstrate deficits in conditioned inhibition of fear.

On a molecular level, a significant amount of data implicate brain-derived neurotrophic
factor (BDNF) in the plasticity underlying associative fear conditioning and extinction of
conditioned fear through its TrkB receptor (Rattiner, Davis et al. 2004; Chhatwal, Stanek-
Rattiner et al. 2006; Choi, Maguschak et al. 2010). Two studies of genetic polymorphisms in
the BDNF gene found no significant association with PTSD (Lee, Kang et al. 2006; Zhang,
Ozbay et al. 2006). However, as previously noted, studies of the main effects of genes on the
outcome of PTSD have been of low yield. More interestingly, a very recent study
demonstrated that humans and transgenic mice that carry the Met allele of the BDNF Met/
Val polymorphism, both have a deficit in extinction of conditioned fear (Soliman, Glatt et al.
2010). Additionally, it would be very enlightening to examine the impact of polymorphisms
in the BDNF gene on conditioned inhibition of the startle response. Finally, data also
suggests that activation of GABA receptors within the amygdala is critically involved in the
regulation of fear and its inhibition with extinction learning. As polymorphisms within the
GABA alpha 2 receptor gene have been demonstrated to interact with childhood trauma to
predict adult PTSD (Nelson, Agrawal et al. 2009), future studies should be directed to
examine the impact of these genotypes on conditioned inhibition of the fear response.

Future Directions

While there are no agreed upon validated animals models of PTSD, there are established
animal models of conditioned fear and fear inhibition amongst other biomarkers associated
with PTSD as noted above. Human genetic investigations can be hampered by limitations
such as sample size, statistical power and the inherent drawbacks of association studies.
“Top down” translational studies, in which human genetic findings are validated by
subsequent work in rodents, can address some of these methodological impediments.
Alternatively, animal models can be used to identify genes of interest that might confer
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vulnerability to the disorder or mediate key clinical elements of the phenotype. In mice, for
example, recent studies have shown that a quantitative trait locus on chromosome 1 is
associated with anxiety-related phenotypes (Flint 2003). The principal quantitative trait gene
for this linkage is RGS2, a specific genotype of which has been identified to interact with
stress/trauma to predict PTSD in a human GxE study (Amstadter, Koenen et al. 2009).

Using a genome-wide association study (GWAS) avoids the need to have prior knowledge
of a specific candidate gene; GWAS is emerging as an important complementary
methodology for providing an unbiased approach to identifying genes of interest for further
study. GWAS allows for the examination of the full genome of an individual and for
comparison of genetic differences between those with versus without a specific disorder. Of
course, similar to the above discussion on the importance of understanding environmental,
population, and trauma variables relative to the study of genetic factors, it will be critical
that the cases and controls are well matched for PTSD risk factors in such GWAS analyses.
These studies offer an opportunity to identify novel risk variants for PTSD that in turn have
the potential to inform our understanding of the etiology of the disorder. Further, they will
help to identify which molecular and genetic pathways should be prioritized for mechanistic
study in the animal models of PTSD endophenotypes. Early results have illustrated the
feasibility and potential power of GWAS to identify biomarkers for anxiety-related
behaviors and suggest its utility in future studies of PTSD. It should be noted that the utility
of GWAS has been limited by issues such as the size of the sample population, relatively
small effect sizes, and critically, lack of attention to matching for risk factors in case and
control study populations. Nevertheless, there is great optimism that this methodology will
ultimately lead to the discovery of novel loci for susceptibility to and symptomatology of
anxiety disorders, such as PTSD (Norrholm and Ressler 2009).

Summary and Implications

PTSD is a prevalent anxiety disorder that can develop in the aftermath of exposure to a
traumatic event. It is associated with significant adverse impact on occupational and social
function, as well as physical and mental health and can become chronically disabling. The
etiology and maintenance of PTSD is the result of multiple, complex interactions between
genes and environmental influences. Understanding the nature of these influences, as well as
their interaction, will be important to informing our understanding of risk and resilience to
trauma in the development of PTSD. Such knowledge may allow improved targeting of
primary prevention amongst vulnerable individuals or populations, as well as targeted
treatment interventions, which may include early intervention for those most at risk in the
aftermath of a trauma or pharmacologic interventions directed at specific genes or
neurobiological pathways demonstrated to play a role in the development and/or
symptomatic manifestations of PTSD. In addition, identifying specific modifiable
environments associated with PTSD risk (such as social support or the use of safety signals)
may broaden post-trauma intervention approaches to reduce risk for PTSD. While the
literature on the genetics of PTSD is still relatively early, it is rapidly evolving with an
increasing number of studies demonstrating important GXE interactions associated with risk
for PTSD. It can be anticipated that in the coming years, the field will see advances in
identifying novel genes associated with PTSD via methodologies such as GWAS and
translational studies in animal models, as well as further elucidating the genetic
underpinnings of PTSD endophenotypes, such as fear conditioning and extinction, and
demonstrated epigenetic mechanisms of modifying gene expression in response to
developmentally timed environmental exposures.
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Figure 1. Fear neurocircuitry

This schematic diagram illustrates the interactions between the Hypothalamic-Pituitary-
Adrenal (HPA) axis, the locus coeruleus and the amygdala intrinsic to the fear
neurocircuitry within the brain. In response to stimuli indicating potential threat, the
amygdala is activated to elaborate the fear response. One target of the output of the
amygdala is activation of the HPA axis at the level of the paraventricular nucleus of the
hypothalamus, which leads to the release of Corticotrophin Releasing Hormone (CRH). This
hormone activates the pituitary to release Adrenocorticotrophin Hormone (ACTH), which is
released into the systemic circulation to stimulate the production and release of cortisol from
the adrenal cortex. Cortisol, amongst other functions, serves to increase glucose availability
to be utilized as a metabolic resource during times of stress. Feedback inhibition of the HPA
axis is mediated in part by the binding of cortisol to glucocorticoid receptors (GRs) to limit
excessive activation of the HPA axis. In addition to innervation of the HPA axis, the
amygdala also activates the locus coeruleus, the primary noradrenergic nucleus in the brain,
in a pathway which utilizes CRH neurotransmission. Norepinephrine released from the locus
coeruleus has been hypothesized to play a role in the consolidation of fear memories and
additionally projects to the amygdala to further stimulate its activation in a positive feedback
fashion.
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ite S cortisol

Figure 2. Schematic of FKBP5 cellular function

This diagram illustrates the function of FKBP5 as a co-chaperone which regulates
glucocorticoid receptor (GR) binding and translocation within the nucleus. When sufficient
cortisol is present, GRs dimerize and FKBP5 is displaced, allowing GR translocation and
transcriptional activation. In this manner, reduced activity of FKBPS5 is associated with
increased sensitivity of GRs, as is demonstrated in PTSD. Heat shock protein 90 = hsp90,
another molecular co-chaperone which interacts with FKBP5. Figure courtesy of Elisabeth
Binder, MD PhD.
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