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Abstract

In the last decade, the number of publications in psychiatric genetics has nearly tripled but little
attention has been paid to the role of genetic factors in the etiology of posttraumatic stress disorder
(PTSD). The present review summarizes the current state of genetic research on PTSD. First, we
outline information regarding genetic influences provided by family investigations and by twin
studies. Second, we propose the fear-conditioning model of PTSD as a framework for the nomination
of candidate genes that may be related to the disorder. Third, we review lines of evidence from three
neurobiological systems involved in fear conditioning, and we summarize published investigations
of genetic variants studied in association with PTSD in these three systems. Finally, we review gene-
by-environment interaction research, a promising novel approach to genetic research in PTSD.
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Although epidemiological studies reveal that the majority of individuals have been exposed to
at least one potentially-traumatic event (PTE) during their lifetime, a minority of trauma-
exposed individuals develop posttraumatic stress disorder (PTSD) 1. Genetic research has the
potential to inform our understanding of why some individuals are vulnerable and others
resilient to the effect of PTEs. The present paper provides an overview of genetic factors in
the etiology of PTSD, with a focus on how our understanding of underlying neurobiologic
alterations in patients with PTSD 2 should inform future research in this area.

PTSD is Heritable

If genetic factors play an etiological role in PTSD, family members of individuals with PTSD
should have a higher prevalence of PTSD than similarly trauma-exposed family members who
did not develop PTSD. This pattern has been shown in trauma-exposed adult children of
Holocaust survivors; specifically, adult children of survivors with PTSD were more likely
following trauma exposure to develop PTSD than were adult children of survivors without
PTSD 3 This familial association has also been found in Cambodian refugees 4. However, since
family members frequently share important environmental experiences, family studies cannot
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tell us whether a disorder runs in families for genetic or environmental reasons. Twin studies
have been used to distinguish between genetic and environmental contributions to risk for
PTSD.

Twin studies have made three important contributions to our understanding of the genetic
etiology of PTSD. First, and perhaps most notably, they indicate that genetic factors influence
exposure to PTEs. This is referred to as gene-environment correlation, whereby selection of
environment, and subsequently potential for exposure to trauma, is partly determined by
genetic factors °. For example, twin studies have demonstrated that genetic factors influence
exposure to PTES. Lyons et al. © included members of the Vietnam Era Twin Registry (VET)
and studied variables indicative of war-related trauma (e.g., volunteering for service in Southest
Asia, service in Southeast Asia, combat exposure, being awarded a combat medal). Heritability
estimates ranged from 35% for Southeast Asia service to 54% for being awarded a combat
medal. Additionally, a civilian study found evidence for a gene-environment correlation for
assaultive violence 7. Second, twin studies suggest genetic influences explain a substantial
proportion of vulnerability to PTSD even after accounting for genetic influences on PTE
exposure. An early examination of the Vietnam Era Twin (VET) Registry reported that 30%
of the variance in PTSD was accounted for by genetic factors, even after controlling for combat
exposure 8. Similarly, a twin study of male and female civilian volunteers identified similar
heritability of PTSD, with further variance accounted for by non-shared environmental factors
7. The findings from these two twin studies suggest that genetic factors play an important role
in vulnerability to developing PTSD. Third, data from twin studies on PTSD indicate some
degree of distinctness of genetic influences on PTSD, and some degree of overlap in genetic
contributions with other mental disorders. For example, genetic influences on major depression
account for the majority of the genetic variance in PTSD 9: 10, Genetic influences common to
generalized anxiety disorder and panic disorder symptoms account for approximately 60% of
the genetic variance in PTSD 1! and those common to alcohol and drug dependence 12 and
nicotine dependence 13 account for over 40% of the variance associated with PTSD. Thus, the
majority of genes that affect risk for PTSD also influence risk for other psychiatric disorders
and vice versa.

The twin studies cannot tell us which genes are important in PTSD etiology. Molecular genetic
studies that seek to identify specific genes implicated PTSD are needed to achieve that goal.

Translational Research and Molecular Studies of PTSD

Molecular genetic investigations seek to identify specific genes that may confer increased risk
or resilience for a phenotype. Identification of such genes can inform our understanding of
neurobiologic factors that may influence the development, maintenance, or treatment of a
disorder. It should be noted that although molecular genetic research has the potential to inform
knowledge of disorder etiology, this methodology is not without its drawbacks (e.g., difficulties
in interpretation of findings, determination of functional variants). Nonetheless, one promising
approach to molecular genetic research, the candidate-gene association methodology, uses
knowledge of the underlying biology of a disorder to inform selection of potential candidate
genes. We propose that the fear conditioning model of PTSD offers a promising framework
for selecting candidate genes for association studies, thereby nominating candidate genes for
PTSD, beyond those that have been previously studied.

Fear Conditioning Model of PTSD

Given the critical role of PTE exposure in subsequent development of PTSD, the acute stress
response to PTE exposure provides a helpful framework for understanding the pathogenesis
of PTSD. Typically, exposure to an acute stressor triggers the “fight-or-flight” response,
initiating activity in the hypothalamic-pituitary-adrenal (HPA) axis, the locus coreruleus and
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noradrenergic systems, and the neuro-circuitry of fear system. From an evolutionary
perspective, activation of this stress response in potentially dangerous circumstances may allow
an individual to identify danger, mobilize resources for escape or defense 14 and may also
permit encoding of information to promote rapid identification of similar danger in the future
15 However, this adaptive response has also been implicated in fear conditioning models of
PTSD etiology. Pitman 16 hypothesized that elevations in catecholamines during and
immediately following PTE exposure may serve as a mechanism through which memories can
be “over-consolidated,” resulting in the intrusive recollections and re-experiencing symptoms
of PTSD. Subsequent repetitive reliving and re-encoding of the traumatic event following the
PTE exposure may reinforce aberrant memory formation 7. Furthermore, individuals with
PTSD show difficulties with extinction; initial fear conditioned responses are particularly
intractable 18, Since the neurobiologic processes underlying the fear-conditioning in animal
models and human correlational studies of PTSD are well-characterized, the fear-conditioning
model provides a promising guide for the selection of candidate genes; however, it should be
noted that these circuits potentially involve thousands of genes that may or may not be
implicated in the disorder. Further, PTSD is a complex disorder, meaning it likely is developed
and maintained by many genetic and environmental factors. Below, we review the lines of
evidence for the three neurobiologic systems implicated in the fear-conditioning model (i.e.,
HPA axis, locus coeruleus and noradrenergic system, limbic-frontal neuro-circuitry of fear),
suggesting a partial list of candidate genes for future molecular genetic PTSD studies (see
Table 1). We include a review of all published molecular genetic studies of PTSD within each
section (see Table 2).

The HPA axis regulates the release of stress hormones and is activated by corticotrophin-
releasing hormone (CRH) which in turn activates the noradrenergic system 1°. Variation in
CRH system genes and binding proteins (CRH-BP) are hypothesized to mediate a highly stress
reactive temperament which may be particularly vulnerable to HPA axis dysregulation when
faced with a PTE. Lines of evidence from transgenic 20, primate 21, and human studies 22
support this notion. Therefore, it is likely that variants in the CRH and its receptors (CRH-R1,
CRH-R2), and CRH-BP may be associated with risk of PTSD.

Modulation of CRH response to threat relies on a complex feedback system involving the
glucocorticoid receptors (GCCR, GCR2) and regulating genes (e.g., FKBP5). Increased
sensitivity of glucocorticoid receptors have been posited to mediate HPA axis dysregulation
in PTSD 23, and genetic variation in this feedback system is also thought to contribute to HPA
axis dysregulation 24. This increased glucocorticoid sensitivity has been found to be negatively
correlated with age at first PTE exposure, suggesting early adversity may magnify the effect
of GCCR genetic variation 2°. Given evidence that PTSD patients hypersuppress cortisol in
response to low-dose dexamethasone treatment 26, fear conditioning models have been
expanded to incorporate altered posttrauma cortisol response. Yehuda and colleagues proposed
that exaggerated catecholamine increases during traumatic stress without the regulatory
influence of accompanying cortisol increases could lead to inappropriate memory formation
(either over-salient or fragmented memories) and result in the intrusion symptoms that
characterize PTSD 2. Low peritrauma cortisol levels may fail to contain the noradrenergic
stress response, leading to consequent prolonged increases in levels in norepinephrine in the
brain 28, and altered consolidation and retrieval of traumatic memories 2°. Research has also
implicated glucocorticoids in modulation of extinction of fear memories 30. Nonetheless, the
only published investigation of glucocorticoid genes in PTSD reported no association between
two glucocorticoid receptor polymorphisms (N363S and Bcll) and PTSD 31,
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One key regulating gene of this system is FKPB5. A recent study revealed that polymorphisms
in FKBP5 moderate PTSD given exposure to childhood sexual abuse 32. Further,
dexamethasone suppression test data also demonstrated a GXE interaction between FKBP5
polymorphisms and PTSD status, suggesting that these polymorphisms have functional
consequences on glucocorticoid response system sensitivity. Polymorphisms in FKBP5 were
also found to be associated with peri-traumatic dissociation 33 which predicts the development
of PTSD 34. Thus, variation in the glucocorticoid receptor genes (GCCR, GCR2[GRLL1]) and
glucocorticoid regulating genes (e.g., FKBP5) may be related to increased risk of PTSD.

Yet another system that may play a key role in regulation of the HPA axis is the
endocannabinoid system 3°. Endocannabinoids, endogenous ligands for cannabinoid type 1
receptors, appear to constrain corticosterone release 3° 36 and play a key homeostatic role in
HPA axis activity. A recent family-based sample of trios (youth and biological parents recruited
for youth ADHD diagnosis), examined associations between the cannabinoid receptor gene
(CNR1) and numerous psychiatric diagnoses in both youth and parents 3. Two variants (C-A
and C-G) were associated with PTSD in a sample of Caucasian parents recruited from Los
Angeles, California with a similar but nonsignificant trend observed in a Finnish sample.
However, no differences were observed in the Los Angeles trios, though comorbid PTSD was
uncommon (n = 6) in the youth. Beyond the potential effects of endocannabinoids on HPA
axis function, endocannabinoid signialing has also been implicated in learning and memory
processes, including extinction of fear memory 3.

Locus coeruleus/noradrenergic system

Noradrenergic hyperactivity in the basolateral amygdala is hypothesized to mediate the
overconsoliation of fear memory in PTSD 34, Emotional arousal is associated with enhanced
norepinephrine (NE) release in limbic areas 39. Several genes are involved in synaptic
availability of NE including the NE transporter gene (SLC6A2, also called NET1), the
dopamine beta hydroxylase gene (DBH), and the catechol O-methytransferase gene (COMT).
The only genetic study of these NE-related genes investigated polymorphisms within DBH in
a study of combat-related PTSD, and reported no difference in genotype frequency for the
-1021C/T polymorphism of the DBH gene and PTSD, but did find that PTSD cases with the
‘CC’ genotype had lower DBH activity than non-PTSD cases with the same genotype 0.
Variation in the alpha2C adrenergic receptor (ADRA2C), a terminal autoreceptor for NE, may
also be associated with the altered NE feedback implicated in PTSD, as ADRA2C agonists
(e.g., opioids), administered shortly after traumatic exposure reduce risk of developing PTSD
41 Beta-1 (ADRB1) and beta-2 (ADRB2) adrenergic receptors also appear to mediate memory
overconsolidation 7, and administration of beta-adrenergic antagonists (e.g., propranolol), in
the acute aftermath of PTE exposure reduces risk of developing PTSD 42; following, ADRB1
is implicated, as polymorphisms in ADRB1 influence responsiveness to beta-blockers 43.
Neuropeptide Y (NPY) is co-localized with norepinephrine, and released in association with
burst firing of noradrenergic neurons, and has been found to be lower in those with PTSD 44,
Through its receptors (NPY1R, NPY2R), NPY may attenuate the release of norepinephrine
and acetylcholine in the hypothalamus, medulla, and sympathetic nervous system and moderate
the fight-flight response 2. Leu7Pro SNP in the NPY gene may influence circulating levels of
NPY'; however, in the one association study of this loci, no significant association was found
45 Variation in noradrenergic system genes, such as SLC6A2 (NET1), DBH, COMT,
ADRA2C, ADRB1, ADRB2, NPY, NPY1R, and NPY2R may therefore be associated with
risk for PTSD.

Neuro-circuitry of Fear

Neuro-circuitry models of PTSD implicate exaggerated amygdala responsiveness, deficient
frontal cortical function, and deficient hippocampal function in the pathogenesis of the disorder
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46_Both the GRP gene, which encodes gastrin-releasing peptide, and stathmin, which inhibits
microtubule formation, are highly expressed in the amygdala’s lateral nucleus. The GRP and
stathmin genes appear to be required for the regulation of fear conditioning in mice 47.
Examination of the homologous genes in humans, GRP and STMN1, with PTSD may be
warranted.

Dopamine (DA) 48, serotonin 49, and opioid neurotransmitter systems °° are involved in
modulation of traumatic memories. Animal models have demonstrated stress-related
responsivity of DA enervation in the amygdala, with findings suggesting that response to stress
may be modulated by genetically-determined DA receptors °1. DA system genes have received
the most attention in molecular genetic studies of PTSD; five out of the six gene association
studies of DA system genes studied the association between marker alleles at the D2 DA
receptor gene (DRD2) and PTSD. Whereas initial investigations found a positive association
with the DRD2A1 allele %2: 53, a subsequent investigation found no association with the
DRD2A1 allele or with any combination of alleles for the DRD2 locus. °* However, it is
important to note that Gelernter and colleagues did not assess for trauma exposure in the control
group, and following, it is possible that, following trauma exposure, the control participants
might have developed PTSD, thereby limiting the utility of this comparison group. A recent
investigation of three polymorphisms of the DRD2 region revealed a significant association
between the 957C>T polymorphism (‘C’ risk allele) and PTSD in war veterans; the two other
polymorphisms (TaglA, -141delC) were not associated with PTSD °°. An additional study
found a positive association between DRD2A1 and PTSD only in the subset of PTSD cases
who engaged in harmful drinking 6. The final study examined a slightly different facet of DA
transmission in patients with chronic PTSD and PTE-exposed healthy controls, reporting a
positive association between of the DA transporter SLC6A3 (DAT1) 3’polymorphism and
chronic PTSD 7.

Serotonin (5-HT) has also been tied inhibition of amygdala-modulated development of fear
memories #°. Surprisingly few studies have examined serotonergic system genes and PTSD.
One investigation examined an insertion/deletion polymorphism in the promoter region of the
serotonin transporter (SLC6A4, locus 5-HTTLPR), with the short (s) variant less
transcriptionally efficient than the long (1) allele 8. Of note, given evidence for extinction
deficits in individuals with PTSD 18, individuals with the s allele show decoupling of the
amygdala-frontal brain feedback circuit responsible for extinction of fear conditioning °°. A
candidate gene investigation study of 5-HTTLPR reported an excess of s/s genotypes in Korean
PTSD patients compared with normal controls 0. The serotonin 2A receptor gene
polymorphism has also been studied in related to PTSD in a case-control design 6. A trend
was found for higher frequency of ‘G/G’ genotype in PTSD cases, and this association was
significant among female participants. Of note, although the control group did not meet criteria
for “major psychiatric problems,” it was not reported if these individuals were assessed for
trauma history.

Brain imaging studies in PTSD also support a role for the hippocampus, with PTSD reported
to be associated with reduced hippocampal volume and function 62. A twin study suggested
that differences in hippocampal volume represent familial vulnerability to developing PTSD
63, A polymorphism in the coding region (V66M) that reduces trafficking and release of brain-
derived neurotrophic factor (BDNF) has been associated with hippocampal deficits and
reduced hippocampal volume 4. However, both published molecular genetic studies of BDNF
and PTSD failed to identify and association between PTSD and BDNF variants. 6% 6, The
effects of the V66M polymorphism in BDNF on vulnerability to PTSD may be mediated by
its roles in hippocampal neurogenesis in adulthood and in moderating downstream events in
monaminergic signal transduction and cAMP response element binding protein 1 (CREB1)
gene expression %7, and CREB1 gene expression in the acute aftermath of PTE exposure has
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been associated with risk of developing PTSD 8. Therefore it is possible that genes implicated
in the neuro-circuitry of fear (e.g, GRP, STMN1, SLC6A3 (DAT1), DRD2, SLC6A4
(BHTTLPR), OPRM1, BDNF, CREB1) will be associated with PTSD.

GXE in PTSD: Environment in PTSD

A number of psychosocial risk factors for PTSD (e.g., low social support, female gender) have
been demonstrated 9. Further, aspects of the PTE (e.g., PTE severity, duration, interpersonal
victimization) have been related to increased risk for the disorder 9. However, similar to the
genetics literature, the psychosocial literature has yet to account for the majority of variance
in PTSD, thereby underscoring the need for novel methodological approaches. As reviewed
above, most extant genetic research is guided by a “main effects” model that examines effects
of either genotype or environment upon manifestation of psychiatric phenotypes; in fact, out
of the 17 case-control candidate gene studies conducted to date on PTSD, all but three have
used this model, with mixed success 0. Stated wisely by Moffitt and colleagues “ ... it seems
reasonable to suggest that whenever there is variation among human’s psychological reactions
to a major environmental pathogen for mental disorder, [gene-environment interactions] must
be expected to some degree (p.473) 1.” The GXE model proposes that the effects of
environmental stressors on psychiatric disorder phenotypes are moderated by genotype. In
contrast to the “main effect” model, the interaction model proposed by Moffitt and colleagues
1 provides a new paradigm for the study of phenotypic expression that is highly fitting for
PTSD research, given that the key criteria of the disorder is exposure to an environmental
stressor.

Two GXxE studies of PTSD have been published and one is in press. A recent examination of
adults recruited from an inner-city mental health clinic found polymorphisms in FKBP5
moderated the association between PTSD symptoms and childhood abuse 32, Notably, this
interaction remained significant even after controlling for depression severity, age, sex, levels
of non-child abuse PTE exposure, and genetic ancestry. Studying adults exposed to the 2004
Florida hurricanes, Kilpatrick and colleagues’ 72 found that the ‘s/s” genotype of the 5-
HTTLPR polymorphism was associated with increased risk of PTSD, but only under conditions
of high environmental stress exposure (i.e., high hurricane exposure and low social support).
Also using data from the 2004 Hurricane study, Amstadter and colleagues 72 found the ‘C’
allele of rs4606 in RGS2 to be associated with increased risk of both lifetime and post-hurricane
PTSD under high stress conditions (low social support and prior PTE exposure for lifetime
PTSD; low social support and high hurricane exposure for post-hurricane PTSD). These studies
suggest GXE studies of PTSD may be a fruitful area of future research.

Concluding Statements

PTSD is a chronic and debilitating condition that often leads to the accumulation of disabilities
and various physiological and psychological disturbances. Compared to the body of
genetically-informed literature on other psychiatric phenotypes, the literature on PTSD is in
its infancy and there is a significant need for the expansion and development of this area of
science. Identification of risk genes for PTSD has clear public health significance with respect
to a) primary prevention of disorder among at risk populations, b) secondary prevention of
disorder development among exposed individuals, and c) the allocation of limited treatment
resources to those who are most likely to be affected. Once the risk or protective gene variants
are confirmed, individuals with the risk variants who are PTE exposed may be targeted for
early intervention and treatment strategies, such as pharmaceutical interventions designed to
mimic the more protective profile. This area of research, if focused not only on risk models,
but also on resilience factors may provide further understanding of the discrepancy in the
prevalence of those exposed to a PTE versus those who develop PTSD. The identification of
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modifiable environmental factors (e.g., social support) that buffer the effects of environmental
pathogens and genetic vulnerability to stress will have important clinical implications. We refer
readers to other publications for more detailed recommendations for genetic research in PTSD

74

and for gene-environment interaction in PTSD 70,

Acknowledgments

Dr

. Amstadter is supported by US-NIMH 083469. Dr. Nugent is supported by US-NIMH T32 MH078788. Dr. Koenen

is supported by US-NIMH K08 MH070627 and MH078928.

References
1

10

11.

12.

13.

. Kessler RC, Sonnega A, Bromet E, Hughes M, Nelson CB. Posttraumatic stress disorder in the National

Comorbidity Survey. Archives of General Psychiatry 1995;52(12):1048-1060. [PubMed: 7492257]

. Charney DS. Psychobiological mechanisms of resilience and vulnerability: implications for successful

adaptation to extreme stress. Am J Psychiatry 2004;161(2):195-216. [PubMed: 14754765]

. Yehuda R, Halligan SL, Bierer LM. Relationship of parental trauma exposure and PTSD to PTSD,

depressive and anxiety disorders in offspring. Journal of Psychiatric Research 2001;35(5):261-270.
[PubMed: 11591428]

. Sack WH, Clarke GN, Seeley J. Posttraumatic stress disorder across two generations of Cambodian

refugees. Journal of the American Academy of Child and Adolescent Psychiatry 1995;34(9):1160—
1166. [PubMed: 7559310]

. Kendler KS, Eaves LJ. Models for the joint effects of genotype and environment on liability to

psychiatric illness. American Journal of Psychiatry 1986;143(33):279-289. [PubMed: 3953861]

. Lyons MJ, Goldberg J, Eisen SA, True W, Tsuang MT, Meyer JM. Do genes influence exposure to

trauma? A twin study of combat. American Journal of Medical Genetics 1993;48(1):22-27. [PubMed:
8357033]

. Stein MB, Jang KJ, Taylor S, Vernon PA, Livesley WJ. Genetic and environmental influences on

trauma exposure and posttraumatic stress disorder: A twin study. American Journal of Psychiatry
2002;159(10):1675-1681. [PubMed: 12359672]

. True WJ, Rice J, Eisen SA, Heath AC, Goldberg J, Lyons MJ, Nowak J. A twin study of genetic and

environmental contributions to liability for posttraumatic stress symptoms. Archives of General
Psychiatry 1993;50(4):257-264. [PubMed: 8466386]

. Fu Q, Koenen KC, Miller MW, Heath AC, Bucholz KK, Lyons MJ, Eisen SA, True WR, Goldberg J,

Tsuang MT. Differential etiology of posttraumatic stress disorder with conduct disorder and major
depression in male veterans. Biological Psychiatry 2007;62(10):1088-1094. [PubMed: 17617384]

. Koenen KC, Fu QJ, Ertel K, Lyons MJ, Eisen SA, True WR, Goldberg J, Tsuang MT. Common
genetic liability to major depression and posttraumatic stress disorder in men. Journal of Affective
Disorders 2008;105(13):109-115. [PubMed: 17540456]

Chantarujikapong SI, Scherrer JF, Xian H, Eisen SA, Lyons MJ, Goldberg J, Tsuang M, True WR.
Atwin study of generalized anxiety disorder symptoms, panic disorder symptoms and post-traumatic
stress disorder in men. Psychiatry Research 2001;103(23):133-145. [PubMed: 11549402]

Xian H, Chantarujikapong SI, Shrerrer JF, Eisen SA, Lyons MJ, Goldberg J, Tsuang M, True W.
Genetic and environmental influences on posttraumatic stress disorder, alcohol, and drug dependence
in twin pairs. Drug and Alcohol Dependence 2000;61(1):95-102. [PubMed: 11064187]

Koenen KC, Hitsman B, Lyons MJ, Niaura R, McCaffery J, Goldberg J, Eisen SA, True W, Tsuang
M. A twin registry study of the relationship between posttraumatic stress disorder and nicotine
dependence in men. Arch Gen Psychiatry 2005;62(11):1258-1265. [PubMed: 16275813]

14. Charney, DS.; Deutch, AY.; Southwick, SM.; Krystal, JH. Neural circuits and mechanisms of post-

traumatic stress disorder. In: Friedman, MJ.; Charney, DS.; Deutch, AY ., editors. Neurobiological
and Clinical Consequences of Stress: From Normal Adaptation to Post Traumatic Stress Disorder.
Philadelphia: Lippencott-Raven; 1995. p. 271-287.

Psychiatr Ann. Author manuscript; available in PMC 2009 September 23.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Amstadter et al.

15.

16.

17.

18.

19.

20.

21.

22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Page 8

McGaugh JL. Peripheral and central adrenergic influences on brain systems involved in the
modulation of memory storage. Annals of the New York Academy of Sciences 1985;444(1):150-
161. [PubMed: 2990288]

Pitman RK. Editorial: Post-traumatic stress disorder, hormones, and memory. Biological Psychiatry
1989;26(3):221-223. [PubMed: 2545287]

Pitman RK, Delahanty DL. Conceptually driven pharmacologic approaches to acute trauma. CNS
Spectr 2005;10(2):99-106. [PubMed: 15685120]

Blechert J, Michael T, Vriends N, Margraf J, Wilhelm F. Fear conditioning in posttraumatic stress
disorder: Evidence for delayed extinction of autonomic, experiential, and behavioural responses.
Behaviour Research and Therapy 2007;45(9):2019-2033. [PubMed: 17442266]

Claes SJ. Corticotropin-releasing hormone (CRH) in psychiatry: from stress to psychopathology. Ann
Med 2004;36(1):50-61. [PubMed: 15000347]

van Gaalen MM, Stenzel-Poore MP, Holshoer F, Steckler T. Effects of transgenic overproduction of
CRH on anxiety-like behaviour. Eur J Neurosci 2002;15(12):2007-2015. [PubMed: 12099906]
Baker DG, Ekhator NN, Kasckow JW, Dashevsky B, Horn PS, Bednarik L, Geracioti TD Jr. Higher
Levels of Basal Serial CSF Cortisol in Combat Veterans With Posttraumatic Stress Disorder. Am J
Psychiatry 2005;162(5):992-994. [PubMed: 15863803]

. Smoller JW, Yamaki LH, Fagerness JA, Biederman J, Racette S, Laird NM, Kagan J, Snidman N, F

SV, Hirshfeld-Becker D, Tsuang MT, Slaugenhaupt SA, Rosenbaum JF, Sklar P. The corticotropin
releasing hormone gene and behavioral inhibition in children at risk for panic disorder. Biological
Psychiatry 2005;57(12):1485-1492. [PubMed: 15953484]

Raison CL, Miller AH. When not enough is too much: the role of insufficient glucocorticoid signaling
in the pathophysiology of stress-related disorders. American Journal of Psychiatry 2003;160(9):
1554-1565. [PubMed: 12944327]

Woust S, Federenko IS, van Rossum EF, Koper JW, Kumsta R, Entringer S, Hellhammer DH. A
psychobiological perspective on genetic determinants of hypothalamus-pituitary-adrenal axis
activity. Ann N Y Acad Sci 2004;1032(1):52-62. [PubMed: 15677395]

Yehuda R, Golier JA, Yang RK, Tischler L. Enhanced sensitivity to glucocorticoids in peripheral
mononuclear leukocytes in posttraumatic stress disorder. Biol Psychiatry 2004;55(11):1110-1116.
[PubMed: 15158431]

Yehuda R, Boisoneau D, Lowry MT, Giller EL. Dose response changes in plasma cortisol and
lymphocyte glucocorticoid receptors following dexamethasone administration in combat veterans
with and without PTSD. Archives of General Psychiatry 1995;52(7):583-593. [PubMed: 7598635]
Yehuda R, McFarlane AC, Shalev AY. Predicting the development of posttraumatic stress disorder
from the acute response to a traumatic event. Biol Psychiatry 1998;44(12):1305-1313. [PubMed:
9861473]

Pacak K, Palkovits M, Kopin I, Goldstein D. Stress-induced norepinephrine release in the
hypothalamic paraventricular nucleus and pituitary-adrenocortical and sympathoadrenal activity: In
vivo mocrodialysis studies. Frontiers in Neuroendocrinology 1995;16(2):89-150. [PubMed:
7621982]

Yehuda R. Current status of cortisol findings in post-traumatic stress disorder. Psychiatric Clinics of
North America 2002;25(2):341-368. [PubMed: 12136504]

Yang Y, Chao P, Lu K. Systemic and intra-amygdala administration of glucocorticoid agonist and
antagonist modulate extinction of conditioned fear. Neuropsychopharmacology 2006;31(5):912—
924. [PubMed: 16205786]

Bachmann AW, Sedgley TL, Jackson RV, Gibson JN, Young RM, Torpy DJ. Glucocorticoid receptor
polymorphisms and post-traumatic stress disorder. Psychoneuroendocrinology 2005;30(3):297-306.
[PubMed: 15511603]

Binder EB, Bradley RG, Liu W, Epstein MP, Deveau TC, Mercer KB, Tang Y, Gillespie CF, Heim
CM, Nemeroff CB, Schwartz AC, Cubells JF, Ressler KJ. Association of FKBP5 polymorphisms
and childhood abuse with risk of posttraumatic stress disorder symptoms in adults. Journal of the
American Medical Association 2008;299(11):1291-1305. [PubMed: 18349090]

Psychiatr Ann. Author manuscript; available in PMC 2009 September 23.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Amstadter et al.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 9

Koenen KC, Saxe G, Purcell S, Smoller JW, Bartholomew D, Miller A, Hall E, Kaplow J, Bosquet
M, Moulton S, Baldwin C. Polymorphisms in FKBP5 are associated with peritraumatic dissociation
in medically injured children. Molecular Psychiatry 2005;10(12):1058-1059. [PubMed: 16088328]

Ozer EJ, Best SR, Lipsey TL, Weiss DS. Predictors of posttraumatic stress disorder and symptoms
in adults: A meta-analysis. Psychological Bulletin 2003;129(1):52-73. [PubMed: 12555794]

Steiner MA, Wotjak CT. Role of the endocannabinoid system in regulation of the hypothalamic-
pituitary-adrenocortical axis. Progress in Brain Research 2008;170(33):397-432. [PubMed:
18655899]

Patel S, Roelke CT, Rademacher DJ, Cullinan WE, Hillard CJ. Endocannabinoid signaling negatively
modulates stress-induced activation of the hypothalamic-pituitary-adrenal axis. Endocrinology
2004;145(12):5431-5438. [PubMed: 15331569]

Lu AT, Ogdie MN, Jarvelin M, Moilanen IK, Loo SK, McCracken JT, McGough JJ, Yang MH,
Peltonen L, Nelson SF, Cantor RM, Smalley SL. Association of the cannabinoid receptor gene
(CNR1) with ADHD and post-traumatic stress disorder. American Journal of Medical Genetics Part
B: Neuropsychiatric Genetics 2008;147B(8):1488-1494.

Lutz B. The endocannabinoid system and extinction learning. Molecular Neurobiology 2007;36(1):
92-101. [PubMed: 17952654]

Cahill L, Prins B, Weber M, McGaugh JL. Beta-adrenergic activation and memory for emotional
events. Nature 1994;371(6499):702-704. [PubMed: 7935815]

Mustapic M, Pivac N, Kozaric-Kovacic D, Dezeljin M, Cubells JF, Muck-Seler D. Dopamine beta-
hydroxylase (DBH) activity and -1021C/T polymorphism of DBH gene in combat-related
posttraumatic stress disorder. American Journal of Medical Genetics Part B: Neuropsychiatric
Genetics 2007;144B:1087-1089.

Saxe G, Geary M, Bedard K, Bosquest M, Miller A, Koenen KC. Separation anxiety as a mediator
between acute morphine administration and PTSD symptoms in injured children. Annals of the New
York Academy of Science 2006;1071(1):41-45.

Pitman RK, Sanders KM, Zusman RM, Healy A, Cheema F, Lasko N, Cahill L, Orr S. Pilot study of
secondary prevention of posttraumatic stress disorder with propranolol. Biological Psychiatry
2002;51(2):189-192. [PubMed: 11822998]

Liggett SB, Mialet-Perez J, Thaneemit-Chen S, Weber SA, Greene SM, Hodne D, Nelson B, Morrison
J, Domanski MJ, Wagoner LE, Abraham WT, Anderson JL, Carlquist JF, Krause-Steinrauf HJ,
Lazzeroni LC, Port JD, Lavori PW, Bristow MR. A polymorphism within a conserved beta(1)-
adrenergic receptor motif alters cardiac function and beta-blocker response in human heart failure.
Proc Natl Acad Sci U S A 2006;103(30):11288-11293. [PubMed: 16844790]

Morgan CA 3rd, Wang S, Southwick SM, Rasmusson A, Hazlett G, Hauger RL, Charney DS. Plasma
neuropeptide-Y concentrations in humans exposed to military survival training. Biol Psychiatry
2000;47(10):902-909. [PubMed: 10807963]

Lappalainen J, Kranzler HR, Malison R, Price LH, VVan Dyck D, Krystal JH, Gelernter J. A functional
neuropeptide Y Leu7Pro polymorphism associated with alcohol dependence in a large population
sample from the United States. Arch Gen Psychiatry 2002;59(9):825-831. [PubMed: 12215082]
Rauch SL, Shin LM, Phelps EA. Neurcircuitry models of posttraumatic stress disorder and extinction:
human neuroimaging--past, present, and future. Biological Psychiatry 2006;60(4):376-382.
[PubMed: 16919525]

Shumyatsky GP, Malleret G, Shin RM, Takizawa S, Tully K, Tsvetkov E, Zakharenko SS, Joseph J,
Vronskaya S, Yin D, Schubart UK, Kandel ER, Bolshakov VY. stathmin, a gene enriched in the
amygdala, controls both learned and innate fear. Cell 2005;123(4):697-709. [PubMed: 16286011]
Davis M. Pharmacological analysis of fear-potentiated startle. Braz J Med Biol Res 1993;26(3):235-
260. [PubMed: 8257926]

Rainnie DG. Serotonergic modulation of neurotransmission in the rat basolateral amygdala. J
Neurophysiol 1999;82(1):69-85. [PubMed: 10400936]

Liberzon I, Taylor SF, Phan KL, Britton JC, Fig LM, Bueller JA, Koeppe RA, Zubieta JK. Altered
central muopioid receptor binding after psychological trauma. Biological Psychiatry 2006;61(9):
1030-1038. [PubMed: 16945349]

Psychiatr Ann. Author manuscript; available in PMC 2009 September 23.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Amstadter et al.

Page 10

51. Puglisi-Allegra S, Cabib S. Psychopharmacology of dopamine: the contribution of comparative
studies in inbred strains of mice. Prog Neurobiol 1997;51(6):637—661. [PubMed: 9175160]

52. Comings DE, Comings BG, Muhleman D, Dietz G, Shabbahrami B, Tast D. The dopamine D2
receptor locus as a modifying gene in neuropsychiatric disorder. JAMA 1991;266(13):1793-1800.
[PubMed: 1832466]

53. Comings DE, Muhleman D, Gysin R. Dopamine D2 receptor (DRD2) gene and susceptibility to
posttraumatic stress disorder: A study and replication. Biological Psychiatry 1996;40(5):368-372.
[PubMed: 8874837]

54. Gelernter J, Southwick S, Goodson S, Morgan A, Nagy L, Charney DS. No association between D2
dopamine receptor (DRD2) ‘A’ system alleles, or DRD2 haplotypes, and posttraumatic stress
disorder. Biological Psychiatry 1999;45(5):620-625. [PubMed: 10088049]

55. Voisey J, Swagell CD, Hughes IP, Morris P, van Daal A, Nobel EP, Kann B, Heslop KA, Young RM,
Lawford BR. The DRD2 gene 957C>T polymorphism is associated with posttraumatic stress disorder
in war veterans. Depression and Anxiety. in press

56. Young BR, Lawford BR, Noble EP, Kanin B, Wilkie A, Ritchie T, Arnold L, Shadforth S. Harmful
drinking in military veterans with posttraumatic stress disorder: Association with the D2 dopamine
receptor Al allele. Alcohol & Alcoholism 2002;37(5):451-456. [PubMed: 12217937]

57. Segman RH, Cooper-Kazaz R, Macciardi F, Goltser T, Halfon Y, Dobroborski T, Shalev AY.
Association between the dopamine transporter gene and posttraumatic stress disorder. Molecular
Psychiatry 2002;7(8):903-907. [PubMed: 12232785]

58. Lesch KP, Bengel D, Heils A, Sabol SZ, Greenberg BD, Petri S, Benjamin J, M|ller CR, Hamer DH,
Murphy DL. Association of anxiety-related traits with a polymorphism in the serotonin transporter
gene regulatory region. Science 1996;274(5292):1527-1531. [PubMed: 8929413]

59. Pezawas L, Meyer-Lindenberg A, Drabant EM, Verchinski BA, Munoz KE, Kolachana BS, Egan
MF, Mattay VS, Hariri AR, Weinberger DR. 5-HTTLPR polymorphism impacts human cingulate-
amygdala interactions: a genetic susceptibility mechanism for depression. Nature Neuroscience
2005;8(6):828-834.

60. Lee HJ, Lee MS, Kang RH, Kim H, Kim SD, Kee BS, Kim YH, Kim YK, Kim JB, Yeon BK, Oh
KS, Oh BH, Yoon JS, Lee C, Jung HY, Chee IS, Paik IH. Influence of the serotonin transporter
promoter gene polymorphism on susceptibility to posttraumatic stress disorder. Depress Anxiety
2005;21(3):135-139. [PubMed: 15965993]

61. Lee H, Kwak S, Paik J, Kang R, Lee M. Association between serotonin 2A receptor gene
polymorphism and posttraumatic stress disorder. Psychiatry Investigations 2007;4(2):104-108.

62. Kitayama N, Vaccarino V, Kutner M, Weiss P, Bremner JD. Magnetic resonance imaging (MRI)
measurement of hippocampal volume in posttraumatic stress disorder: a meta-analysis. J Affect
Disord 2005;88(1):79-86. [PubMed: 16033700]

63. Gilbertson MW, Shenton ME, Ciszewski A, Kasai K, Lasko NB, Orr SP, Pitman RK. Smaller
hippocampal volume predicts pathologic vulnerability to psychological trauma. Nature Neuroscience
2002;5(11):1242-1247.

64. Pezawas L, Verchinski BA, Mattay VS, Callicott JH, Kolachana BS, Straub RE, Egan MF, Meyer-
Lindenberg A, Weinberger DR. The brain-derived neurotrophic factor val66met polymorphism and
variation in human cortical morphology. J Neurosci 2004;24(45):10099-10102. [PubMed:
15537879]

65. Lee H, Kang R, Lim S, Paik J, Coi M, Lee M. No association between the brain-derived nurotrophic
factor gene Val66Met polymorphism and post-traumatic stress disorder. Stress and Health 2006;22
(2):115-1109.

66. Zhang H, Ozbay F, Lappalainen J, Kranzler HR, van Dyck CH, Charney DS, Price LH, Southwick
S, Yang BZ, Rasmussen A, Gelernter J. Brain derived neurotrophic factor (BDNF) gene variants and
Alzheimer’s disease, affective disorders, posttraumatic stress disorder, schizophrenia, and substance
dependence. Am J Med Genet B Neuropsychiatr Genet 2006;141(4):387-393. [PubMed: 16649215]

67. Duman RS. Pathophysiology of depression: the concept of synaptic plasticity. Eur Psychiatry 2002;17
(Suppl 3):306-310. [PubMed: 15177086]

Psychiatr Ann. Author manuscript; available in PMC 2009 September 23.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Amstadter et al.

68.

69.

70.

71.

72.

73.

74.

Page 11

Segman RH, Shefi N, Goltser-Dubner T, Friedman N, Kaminski N, Shalev AY. Peripheral blood
mononuclear cell gene expression profiles identify emergent post-traumatic stress disorder among
trauma survivors. Mol Psychiatry 2005;10(5):500-513. 425. [PubMed: 15685253]

Brewin CR, Andrews B, Valentine JD. Meta-analysis of risk factors for posttraumatic stress disorder
in trauma-exposed adults. Journal of Consulting and Clinical Psychology 2000;68(5):748-766.
[PubMed: 11068961]

Koenen KC, Nugent NR, Amstadter AB. Posttraumatic stress disorder: A review and agenda for gene-
environment interaction research in trauma. European Archives of Psychiatry and Clinical
Neuroscience 2008;258(2):82-96. [PubMed: 18297420]

Moffitt TE, Caspi A, Rutter M. Strategy for investigating interactions between measured genes and
measured environments. Arch Gen Psychiatry 2005;62(5):473-481. [PubMed: 15867100]
Kilpatrick DG, Koenen KC, Ruggiero KJ, Acierno R, Galea S, Resnick HS, Roitzsch J, Boyle J,
Gelernter J. Serotonin transporter genotype and social support and moderation of posttraumatic stress
disorder and depression in hurricane-exposed adults. American Journal of Psychiatry 2007;164(11):
1-7. [PubMed: 17202533]

Amstadter AB, Koenen KC, Ruggiero KJ, Acierno R, Galea S, Kilpatrick DG, Gelernter J. Variant
in RGS2 moderates posttraumatic stress symptoms following potentially traumatic event exposure.
Journal of Anxiety Disorders. in press

Koenen KC. Genetics of posttraumatic stress disorder: review and recommendations for future
studies. Journal of Traumatic Stress 2007;20(5):737-750. [PubMed: 17955543]

Psychiatr Ann. Author manuscript; available in PMC 2009 September 23.



Page 12

Amstadter et al.

79340 UZAdN "YTAdN
4Nag AdN Sdaid
TINYdO zgdav (17149) 2409
(Y4d1LLHS) ¥V901S 194av 4009
zaya Jzvdav dg-Hio
(TLvaQ) £v90T1S 1INOD 2Y-HYO
TNIWLS Haa TY-HYO
dyo (TL3N) 2v901S HYO
Jed} Jo AJ3IN2412-04N3U [RIUOA-OIquIlT] Wa)ISAS 91648U1PBIOU/SNBINI802 SN0 SIXe VdH

1apJosiq Ssai1S d11ewWneINsod Jo [apolA Buluonipuo)-iesH Ag paisslibing sauss s1epipue)
TalqelL

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Psychiatr Ann. Author manuscript; available in PMC 2009 September 23.



Page 13

Amstadter et al.

zto=d
$9SBI (0S1d Ul 3]9]|e 1eadal-g SS90X3 (T1vQ) Jeuodsuel] suiwedoq snoLeA SOA 2002 uewbas
DI9PTHT- 10 YTheL Ul S30uaIalIp
0u'dSLd Ul 1<D/G6 Ul 3|9|[e O SS8dx3 (zaya) zq@ 1oidsosy suiwedoq Jeqwiod SBA 800¢ Kasion
T00">d BurjuLIp [Njwiey YIM Sased
Aas.Ld ut Ajuo s|a|[e T\/ZQ $s9x3 (zayq) za 101deday aurwedoq fequiod ON 2002 BunoA
as.id
pue sadAjojdey zayayeiplle Tved
UdaM19q UOIIRId0SS. Juedifiubis oN (zaya) za Joxdaoay suiwedoq Jequio) ON 666T IEIETELSY
200
"=d $3580 gS1d U1 3J3||B T2 SS90X3 (2aya) zq 10dsosy surwedog equiod SOA 9667
70
'=d sased dS.1d Ul 3]9]1e TZd $S89x3 (zaya) za 101dagay auiwredoq 1equio) SOA 966T sbuiwo)
L00
'=d sased gS.1d Ul 3]9]1e T\Zd Ss89x3 (zaya) z@ 101dagay suiwedoqg Jequiod ON 166T sbBuiwo)
Jea4 JO A111N2419-04N3N [BIU0IS-01qWIT]
100">d s8sed 90 AS.Ld
-uou uey} AlAIROe HGQ Jamo| pey
sased adAlouab DD AdS.Ld ‘dS.Lld yum
JUeLIRA 1/DTZ0T- 4O UOIRID0SSE ON (HgQ) aselAxoipAH-r12g auiwredoq 1equio) SOA 1002 aideisniy
as.d pue wsiydiowAjod 0id/na]
UaamIaq uolre10sse Juediyiubils oN (AdN) A apndadoinaN Jequiod ON 2002 uaurejedde]
Wia)sAS 21618Ua1peION/SN9INI80D SNJ0T
as.Ld vodas oym gHAV
Yum yinoA Jo syuased ueiseaned
Ul SJUBLIBA ©-0 pUB /-0 SS90X] (TYND) sus9 J01dsday pioulqeuue) paij10ads 10N ON 8002 n
¥000">sd
swoldwAs ds.d }npe jo uonaipaid ui
asnge p1yo Jo AILISASS Y)IM pajoeIaiul
Apueonyiubis G4y ul SdNS v SdaMd snoueA SBA 800¢ ool
as.Ld pue swsiydiowAjod Y909
UdaM19q UOIIRId0SS. Juediiubis oN (4009) 101da2ay p1021110202N|D Jequio) sak 5002 uewyoeqg
SIXY VdH
Buipuiq (JoquiAs) awreN auss adA] ewneu ] ¢510431u0D pasodx3 ewned | Jes A Joyine isai4

wasAs [ea1bojolqoinau Aq S d JO SaIpnis SUOIRIJ0SSE auab 81epIpued |01U02-3seD Paysiignd JO MaINaY

NIH-PA Author Manuscript

¢ dlqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Psychiatr Ann. Author manuscript; available in PMC 2009 September 23.



Page 14

Amstadter et al.

‘wisiydiowAjod Jsjowoud

Janlodsuel) UIu0J0Ias ay} Jo (BUO| SNSIBA) UOISIBA LOYS = 3]9][e s ‘aush @y 40 aJ3|[e duo | = TvAza ‘swsiydiowAjod apnosjonu a|Buls = SYNS ‘4apIosip ssans onrewnensod = St d Apnis Ix9 =

¥

1oddns

[e190S MO| pue 81nsodxa ewnes}

Joud yym synpe ul as.Ld awnay|
pue adAlouab DD usamiaq uoleIdoSse
jueoiubis ‘uoddns [e100s moj pue
ainsodxa auearuny ybiy yum synpe
Ul as.1d auearuny-isod pue adAjoush

(zs9Y)

0D Usam1aq uole1oosse uealiubis Z Bujeubis uigoid-9 Jo Jore|nbey SNOLIRA ‘BUedLLNH SOA 6002 JapeISWY
yoddns
[e120s MO| pue ainsodxa aurdLLINy
ubiy ynm synpe ur s d pue adAjoush
/S U99MIBQ UOITRID0SSE JURdIIUBIS ($w9D71S) Jarlodsuel ] UIU0I0IeS aueILLINH SOA 1002 N_u_:&__v_
Aas.Ld pue 1BIN99IA INAd (anag)
U23M13q UOIIeI100SSe JUuedlIubIS ON 1019e4 21ydos10InaN paALisp utelg paiy1oads 10N SOA 9002 997
aS.Ld pue sjueLeA INAg seiu (dNnas)
U29M18( UOIIRI00SS. 1UuedlyIubis oN 10108 21ydoa10INaN paALa urelg paty1oads 10N pai10ads 10N 9002 Bueyz
v0 =d
as.1d arewsy ui adAloush 99 ssaax3 (WZH1H-S) J01dadal gz uluojolss paiy10ads 10N SOA 1002 997
0" = d saseo S.1d Ul 8Ja]e S $$89X3 ($w9D71S) Jauiodsuel ] uIu010JeS SNoOLIEA OoN 5002 997
Buipuiq (JoquiAS) aweN auss) adA ewnea) £51041u0D pasodx3 ewned | Jea A Joyine 1sa14

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Psychiatr Ann. Author manuscript; available in PMC 2009 September 23.



