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Abstract: Background: Posttraumatic stress disorder (PTSD) is a severe problem among soldiers
with combating experience difficult to treat. The pathogenesis is still not fully understood at the
psychological level. Therefore, genetic research became a focus of interest. The identification of
single nucleotide polymorphisms (SNPs) may help to predict, which persons are at high risk to
develop PTSD as a starting point to develop novel targeted drugs for treatment.

Methods: We conducted a systematic review on SNPs in genes related to PTSD pathology and
development of targeted pharmacological treatment options based on PubMed database searches. We
focused on clinical trials with military personnel.

Results: SNPs in 22 human genes have been linked to PTSD. These genes encode proteins acting as
neurotransmitters and receptors, downstream signal transducers and metabolizing enzymes.
Pharmacological inhibitors may serve as drug candidates for PTSD treatment, e.g. 3, adrenoreceptor
antagonists, dopamine antagonists, partial dopamine D2 receptor agonists, dopamine  hydroxylase
inhibitors, fatty acid amid hydrolase antagonists, glucocorticoid receptor agonists, tropomyosin receptor
kinase B agonists, selective serotonin reuptake inhibitors, catechol-O-methyltransferase inhibitors,
gamma-amino butyric acid receptor agonists, glutamate receptor inhibitors, monoaminoxidase B
inhibitors, N-methyl-d-aspartate receptor antagonists.

Conclusion: The combination of genetic and pharmacological research may lead to novel target-
based drug developments with improved specificity and efficacy to treat PTSD. Specific SNPs may
be identified as reliable biomarkers to assess individual disease risk. Focusing on soldiers suffering
from PTSD will not only help to improve treatment options for this specific group, but for all PTSD

patients and the general population.
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1. INTRODUCTION

Posttraumatic stress disorder (PTSD) may develop after a
person has been exposed to one or more traumatic events,
such as sexual assault, warfare, serious injury, or threats of
imminent death. The diagnosis may be given, if symptoms
such as disturbing recurring flashbacks, avoidance or numbing
of memories of the event, and hyperarousal continue for
more than a month after the occurrence of a traumatic event.
Symptoms may include disturbing thoughts, feelings, or
dreams related to the events, mental or physical distress to
trauma-related cues, attempts to avoid trauma-related cues,
alterations in how a person thinks and feels, and increased
arousal [1].
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PTSD diagnosis is closely associated to people with war
experiences. Indeed, this disease became first aware to a
wider public during the Vietnam War and the anti-war
movement. According to the psychiatrist Jonathan Shay, PTSD
was already mentioned in the literature of the 16™ century.
Lady Percy's monologue in Henry IV, written around 1597,
represents one of the first unusually accurate descriptions of
PTSD symptoms [2]. In 1952, the diagnosis appeared as
“gross stress reaction” in Diagnostic and Statistical Manual of
Mental Disorders-I (DSM-I), a system of psychiatric
classification of the American Psychiatric Association. In the
mid-1970s, the term “posttraumatic stress disorder” was created,
in part through the efforts of anti-Vietnam War activists. Chaim
F. Shatan, who worked with Vietnam Veterans, coined the
term “post-Vietnam Syndrome”. It was added to the DSM-
II1, under the name posttraumatic stress disorder in 1980 [3].

Finding its way into DSM-III and understanding PTSD
as a severe disease was a result of trial and tribulation. In
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World War I, combat-related traumata were described as
"shell shock", "garnet fever" or a dither disease (= war
shakers). At this time, researchers questioned, whether these
symptoms were caused by a physical injury or solely result
from traumatic experiences [4]. Although, it was recognized
by physicians as a distinct disease, the population often greeted
psychologically traumatized war-returnees with profound
contempt. Affected soldiers were declared cowards and
sometimes even killed by the army leadership for cowardice.
Many people supposed organic factors as underlying causes,
such as shrapnel penetrated into the brain or simple
simulation. Only as very similar symptoms appeared again
during World War II, first systematic examinations were
initiated [5].

Independent of the nature of traumatic experience, the
risk for women is two to three times higher than for men,
indicating that traumatic events alone are not sufficient,
whether or not a person will develop PTSD [6]. The U.S.
National Comorbidity Survey (NCS) estimated 7.8% (5% for
males and 10.4% for females) lifetime prevalence for the U.S.
population aged between 15 and 55 years. In Germany, the
PTSD prevalence rate among the entire population is lower
than in the U.S. (between 1% and 3%) [7]. Less economically
developed states show higher PTSD prevalence rates. Many
of these estimates have been derived following wars and
political riots. For example, PTSD rates are about 15.8% and
17.8% in Ethiopia and Gaza [8]. In a Palestine study, PTSD
rates of 21.5% in women and 13.2% in men have been
reported [8].

In general, the chance is lower for victims of accidental
events such as natural or anthropogenic catastrophes [9]. By
contrast, the situation is different for military people. They
are usually under special occupational risk. Recent studies
suggest that an increasing number of soldiers develop PTSD,
depending on the intensity of their mission. PTSD figures
increased to more than 20% among U.S. soldiers in Afghanistan
and Iraq [10]. The number of treated U.S. veterans rose
during 13 years (1997-2010) by approximately 9% per year
and the newly diagnosed cases rose by 19.2% annually. By
contrast, other mental diseases showed an incidence of only
5.4% [11]. These numbers indicate both a growing burden of
war operations and an increased awareness of the disease.

The posttraumatic stress disorder is a specific form of
trauma disorders. Since the release of DSM-5 in May 2013,
PTSD moved from the class of “anxiety disorders” into a
new class of "trauma and stressor-related disorders." All
conditions included in this classification require exposure to
a traumatic or stressful event as diagnostic criterion. The
rationale for the creation of this new class is based upon
clinical recognition of variable expressions of distress as
result of traumatic experience. DSM-5 includes the addition
of two subtypes: PTSD in children younger than 6 years and
PTSD with prominent dissociative symptoms [12].
Depending on the time of onset and the duration of stress
symptoms, PTSD can be divided in the acute form, where
the duration of the symptoms is between 1 to 3 months. In
the chronic form, symptoms last more than 3 months. With
delayed onset, symptoms develop more than 6 months after
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the traumatic event. A trauma-associated stress activation,
caused by chronic PTSD, may influence the course of
physical disorders [13].

Various scales to measure the severity and frequency of
PTSD symptoms exist. Standardized screening tools such as
Trauma Screening Questionnaire and PTSD Symptom Scale
can be used to detect possible symptoms of posttraumatic
stress disorder. The main treatments for people with PTSD
are counselling and medication. Cognitive behavioral therapy
(CBT) is one type of counseling [14], which seems to be the
most effective type of counseling for PTSD. Other types are
exposure therapy and eye movement desensitization and
reprocessing (EMDR). Antidepressants of the selective
serotonin reuptake inhibitor type (e.g. fluoxetine) are first-
line medications for PTSD. The use of benzodiazepines,
however, is controversial [15]. A combination of different
psychotherapies and medication seem to be most useful [16].
Nevertheless, existing treatment options are often not
sufficiant for many people. This is the reason why new
therapies are urgently needed.

Many factors contribute to PTSD development, e.g.
disposing factors and characteristics of traumatic experiences
and protective factors. Protective and disposing factors always
interact with the social environment persons are embedded
in, its self-conception as well as neurobiological factors.

Anatomical features (e.g. lower hippocampus volumes)
as well as genetic factors (e.g. polymorphisms in neuro-
receptors or neurotransmitter transporter genes) influence the
vulnerability towards traumatic situations [17, 18]. Cross-
talk between different brain areas represents an indicator for
emotional dysregulation. Hypoactivity in the prefrontal
cortex and corresponding hyperactivity in the amygdala are
important markers for functional imbalance [19]. Neuro-
imaging studies of PTSD can therefore be used to focus on
elucidating the brain circuits that mediate this disorder. They
reported significant findings in the amygdala, medial prefrontal
cortex, hippocampus and insula. These findings complement
our understanding of the wide-ranging neurobiological changes
in trauma survivors who develop post-traumatic stress
disorder [20, 21].

Traumatic events also cause morphological changes in
brain areas. Epigenetic modifications such as histone
modification [22] occur as result of trauma even affecting
subsequent generations [23].

Twin and heritability studies performed among military
personnel implied that 30%70% variation in PTSD risk may
be determined by genetic factors [24, 25]. The sequencing of
the human genome enabled new approaches to analyze the
disease. In recent years, genetic research has made considerable
progress and important functions of mutations for PTSD here
unraveled. The relations between genetic differences and
treatment outcomes may lead to the identification of new
targets for treatments. Soldiers and military personnel are
interesting research subjects for different reasons. On the one
hand, they generally exert higher risks of developing PTSD,
because they are more frequently exposed to hazardous
situations. On the other hand, sufficiently large numbers of
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Table 1.  Genetic loci and SNPs examined in military veterans.
Gene Protein Function Polymorphism Description of Sex Size Country Refs.
Name or Collective Female/
dbSNP Male
SNPs with strong evidence
BDNF Brain derived Survival of existing 1s6265 US. Army soldiers from Iraq - 461 uU.S. [27]
neurotrophic neurons; encourage and Afghanistan wars
factor growth and 626 C K ) P Croati ”
differentiation of new 1s6265 aucasian male 57 roatia [28]
neurons and synapses.
CcoMT Catechyl-O- Degrades rs4680 Caucasian Iraq War veterans male 236 uU.S. [29]
methyl- catecholamines such K K
. rs4680 Caucasian and non- Caucasian 7/92 99 uU.S. [30]
transferase as dopamine, R .
. - Vietnam and Persian Gulf War
epinephrine, and
. . veterans
norepinephrine.
D2DR Dopamine Dopamine receptor, rs1800497 Caucasian Vietnam combat male 57 Australia [31]
receptor D2 which directly veterans
inhibits the formation 180049 C . . b ) 6 A i -
of cAMP by rs 7 aucasian Vietnam combat male ustralia [32]
inhibiting the enzyme veterans
adenylyl cyclase. 151800497 Non- hispanic white combat - 56 US. [33]
veterans
1s6277, Caucasian combat veterans male 127 Australia [34]
rs1799732,
rs1800497
DRD3 Dopamine D3 Dopamine receptor, 1s2134655, White, non-Hispanic U.S. 172/319 491 uU.S. [35]
receptor which directly 1s201252087, veterans
inhibits the formation rs4646996,
of cAMP by rs9868039
inhibiting the enzyme
adenylyl cyclase.
SLC6A4 Sodium- Transportation of 1s4795541 Veterans from Iraq and - 186 uU.S. [36]
dependent serotonin from the Afghanistan war
serotonin synaptic cleft to the
transporter presynaptic neuron. rs16965628, Combat veterans - 44 U.S. [37]
1s25531
rs25531 OEF/OIF/OND Veterans male 67 U.S. [38]
rs25531 Combat veterans 49/339 388 U.S. [39]
(70% Caucasian)
rs25531, Infantry soldiers (99% Jewish male 1085 Israel [40]
154795541 25% Ashkenazi, 27%
Sephardic, 44% mixed, and 3%
of African- Ethiopian origin])
NR3C1 Glucocorticoid Nuclear receptor for rs10052957, >95% Caucasian veterans male 448 Netherlands [41]
receptor cortisol and other rs6189, rs6190,
glucocorticoids. 1s6195,
rs41423247,
rs6198
rs41423247 74 Iraq or Afghanistan 9/104 113 Australia [42]
veterans, 32 Vietnam veterans
and 7 Gulf War I veterans or
other veterans
rs41423247, Vietnam veterans male 160 Australia [43]
rs6195

(Table 1) contd....
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Gene Protein Function Polymorphism Description of Sex Size Country Refs.
Name or Collective Female/
dbSNP Male
SNPs with strong evidence
CRHR-2 Corticotropin Receptors for corticotropin- 1s8192496, Caucasian non- 172 /319 | 491 uU.S. [44]
releasing hormone releasing hormone (CRH); 1s2190242, Hispanic veterans
receptor- 2 HPA axis activation. 1s2267715,
2284218
SNPs with weak evidence
ADCYS Adenylate cyclase | Membrane bound enzyme that 1s263232 White, non- 170/314 484 uU.S. [45]
8 (brain) catalyzes the formation of Hispanic veterans
cyclic AMP from ATP.
ADRB2 B-2-adrenergic G protein-coupled receptor, 1rs2400707 Active duty Ohio Predomi 810 uU.S. [46]
receptor mediates the catecholamine- National Guard nantly
induced activation of adenylate soldiers male
cyclase through the action
of G proteins.
ANK3 Ankyrin- 3 Ankyrin-G is required for the rs9804190, White, non- - 554 uU.S. [47]
normal clustering of voltage- 1s28932171, Hispanic combat
gated sodium channels. rs11599164, veterans
rs17208576
APOE Apolipoprotein E Lipoproteins are responsible Apo-€2 Korean veterans of male 256 Korea [48]
for packaging cholesterol and the Vietnam War
other fats and carrying them . . o
through the bloodstream. Apo-e4 92.;& White, fl.ZA) male 1237 U.S. [49]
African-American,
and 3.5% “other”
DBH Dopamine - Catalyzes the chemical rs1611115 Croatian- Caucasian - 167 Croatia [50]
hydroxylase reaction from dopamine to
noradrenaline.
DPP6 Dipeptidyl- Binds specific voltage-gated rs71534169 White, non- 170/314 484 uU.S. [45]
peptidase 6 potassium channels and alters Hispanic veterans
their expression and
biophysical properties.
FAAH Fatty acid amide Principal catabolic enzyme for 1s2295633 Caucasian Vietnam male 115 uU.S. [51]
hydrolase a class of bioactive lipids war veterans
called the fatty acid amides.
FKBP5 FK506 binding Co-chaperone of the rs3800373, >95% Caucasian male 448 | Netherlands | [41]
protein 5 glucocorticoid receptor. rs1360780 veterans
GABRB3 GABA, receptor GABA, is an ionotropic dinucleotide Caucasian veterans male 86 Australia [52]
B3 subunit receptor and ligand-gated ion repeat
channel. polymorphisms
MAOB Monoamine Catalyzes the oxidative rs1799836 Croatian Caucasian male 386 Croatia [53]
oxidase B deamination of biogenic and veterans
xenobiotic amines.
NOSIAP Nitric oxide Ligand of neuronal nitric oxide rs4531275, Caucasian veterans male 121 Australia [54]
synthase 1 adaptor synthase protein. rs386231
protein
PRKCA Protein kinase PKC family members rs4790904 Caucasian veterans 15% 428 U.S. [55]
Ca phosphorylate a wide variety Aftican- American female 533
of protein targets and are veterans 31%
known to be involved in female
diverse cellular signaling
pathways.

(Table 1) contd....
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Gene Protein Function Polymorphism Description of Sex Size | Country | Refs.
Name or dbSNP Collective Female/
Male
SNPs with weak evidence
PRTFDCI | Phosphoribosyl Enzyme with GWAS, rs6482463, Marines and Sailors male 3494 U.S. [56]
transferase transferase acticvity. 1s2148269, rs1033962 scheduled for combat
domain deployment to Iraq or
containing 1 Afghanistan,
85.5% white
75.5% non-Hispanic
RORA Retinoic acid Nuclear receptor, rs8042149 African- American - 84 U.S. [57]
receptor-related amongst others veterans
orphan receptor development of the
cerebellum and lymph
nodes, lipid
metabolism, immune
response, maintenance
of bone.
SLCIAI Excitatory Transportation of rs10814987, rs10739062, Caucasian (69.9%) 80.9% 418 U.S. [58]
amino-acid glutamate across rs10758629, rs2228622, male
transporter 3 plasma membranes. rs301435, rs12682807,
(EAAT3) or rs3780412, rs2072657,
high affinity rs301430, rs301979,
glutamate rs301434, rs3087879,
transporter rs301443

PTSD patients are available for research purposes among
soldiers and veterans. Another aim of this kind of studies is
to identify, which persons are at high risk to develop PTSD
in combat situations. In this overview, we focus on genetic
investigations among military personnel and veterans and
refer to scientific and clinical problems specifically related to
soldiers. The impact of genetic research for drug development
represents a central aspect of this review.

1.1. Genes and Society

In public media and the general public, questions are
coming up at times such as: How much are we determined
by our genes and are genes really predictive for our future?
Is there a danger to categorize people according to their
genomic status - especially military personnel? Could genetic
information on predicting PTSD risk be misused by employers,
health insurance companies and other institutions? Do
soldiers returning from war with PTSD symptoms deserve
the same treatment independent of their genetic status? What
are the implications of false negative or false positive genetic
test results? An open discourse between the public and
scientists is necessary to discuss the various aspects in an
unbiased and facts-based manner to foster the development
of novel treatment options for affected patients. Progress in
genetic research has much impact in military and civil health
care. Efforts may lead to improved clinically pragmatic test
systems for risk assessment, diagnosis and prognosis as well
as treatment planning. Such findings may ultimately result in
better prevention and outcome of PTSD - not only in military
but also in civil life.

2. STUDIES ON GENETIC POLYMORPHISMS
AMONG MILITARY PERSONNEL

2.1. Methods
2.1.1. Search Strategy

The electronic database Pubmed was searched on March
15™ 2015 for the search terms: (1) single nucleotide poly-
morphisms/SNP, (2) posttraumatic stress disorder/PTSD and
(3) veterans/soldiers/combat-related. Only English articles
were taken into account. The following inclusion and exclusion
criteria were applied. Inclusion criteria: 1. Studies on SNPs
or gene variants in relation to PTSD. 2. Studies performed
among military personnel (active duty soldiers or veterans).
Exclusion criteria: 1. Studies not conducted among military
personnel. 2. Studies examining only comorbidities in PTSD,
but not PTSD itself. 3. Meta-analyses or reviews.

2.2. Search Results

The search resulted in 32 articles. Twenty-eight met
inclusion criteria. Four additional references were included
by screening reference lists of the initially found 28 studies.
These were not found by entering the search terms in the
databases, probably because the title and abstract included
several of the search terms, but not all.

Table 1 summarizes the studies among military personnel
on single nucleotide polymorphisms published to date.
Twenty-two candidate genes and their PTSD-associated
SNPs have been investigated. If not declared otherwise,
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Fig. (1). (a) Localization of hippocampus in brain, (b) two hippocampal synapses, ¢) pharmacological targets and signaling cascades
contributing to PTSD vulnerability.

SHT= serotonin, 5-HT,= serotonin receptor 2, Ad= adrenaline, AC8= adenylyle cyclase 8, APOE 4= apolipoprotein E 4, ANK3= ankyrin3,
BDNF= brain derived neurotrophic factor, Ca”*= calcium ion, CI= chloride ion, COMT= catechol-=-methyltransferase, CRCHR2= corticotropin
releasing hormone receptor, DA= dopamine, DAT= dopamine transporter, DBH= dopamine beta hydroxylase, D,= dopamine receptor D2,
D;= dopamine receptor D3, EAAT= excitatory amino acid transporter, FAAH= fatty acid amide hydroxylase, DPP6= dipeptidyle peptidase 6
FKBP5= FK560 binding protein 5, Gi= G protein ;, G;= G protein q, Gs= G protein S, GABA= gamma-aminobutyric acid, GABA = gamma-
aminobutyric acid receptor type A, GR= glucocorticoid receptor, HSP90= heat shock protein 90, iNOS= inducible NO synthase, MAO

Fig. (1). contd....
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B= monoamine oxidase B, NA= noradrenaline, NMDA-R= N-methyl-D-aspartate receptor, nNOS= neuronal NO synthase, NO= nitric oxide,
PKC= protein kinase C pathway, RORA= RAR-related orphan receptor A, SERT= serotonin transporter, Trk-R= tyrosine kinase receptor.
Glucocorticoids (e.g. cortisol) from the adrenal cortex bind to receptors in the amygdala, hippocampus and the cortex. Here, differential gene
transcription and repression result in higher levels of dopamine, glutamate and serotonin. Dopamine receptor 2 and 3 are inhibitory receptors
acting via inhibition of adenylyl cyclase. These receptors have been associated with startle reactivity, sensorimotor gating, stress-related
behaviors, memory, social recognition and responding, and cognitive impairment. In the HPA axis, FKBP5 plays a role as a glucocorticoid
receptor (GR)-regulating co-chaperone molecule of heat shock protein 90 by binding to GRs in the cytosol and decreasing GR nuclear
translocation. FKBPS5 thereby inhibits the function of GRs which regulate adrenocortical secretion of glucocorticoids during stress-induced
HPA axis activity [59]. The NMDA receptor is involved in normal memory encoding processes, while overstimulation of the NMDA receptor
leads to strongly ingrained emotional memories via excessive mobilization of free cytosolic Ca?". Glutamatergic stimulation of NMDA
receptors activates various enzymes including NOS. The activity of constitutive NOS depends on Ca®" and calmodulin, whereas inducible
NOS is independent of Ca*". Neuronal nNOS is located in neuronal cells, while inducible iNOS is located in macrophages and glial cells.
Excessive NO release inhibits GABA release and therefore disrupting glutamate GABA balance. NO promotes cellular processes of plasticity
and memory either by itself, or by the synthesis of cGMP as second messenger. SHT released as a consequence of stress acts on 5-HT,
receptors activating constitutive nNOS by the protein kinase C (PKC) pathway [60]. APOE supports injury repair in the brain by transporting
cholesterol and other lipids to neurons [49]. Growth factors like the brain-derived neurotrophic factor (BDNF) regulate cell birth and foster the
cell maturation process and survival, wherefore they are crucial as regulating factors in the neoplastic process. Certain pathways can be
strengthened through the development of new dendrites or additional synapses [61].

structures of the gene have been drawn with Variation
Viewer from NCBI [26].

Fig. 1 shows an overview of the signaling cascades,
which are controlled by these genes. In addition, the drugs
are shown with their targets. Various pre- and postsynaptic
receptors as well as metabolic enzymes have been shown to
be important targets.

In the following chapters, we describe the 22 genes and
their SNPs associated with PTSD among military personnel.
Depending on the number of studies performed and the number
of participants, six genes emphasize a high correlation with
PTSD (BDNF, COMT, DRD2, DRD3, SLC6A44 and NR3CI). We
splitted the following part into two groups emphasizing those
first, where the genetic link is the most robust.

2.3. Brain-Derived Neurotrophic Factor

Brain-derived neurotrophic factor (BDNF) encoded by
the BDNF gene belongs to the group of neurotrophin family
growth factors [62]. These factors are localized in the central
peripheral nervous systems. The receptor of BDNF is the
tropomyosin-related kinase B (TrkB) receptor. BDNF maintains
neuronal survival and fosters outgrowth and differentiation of
new neurons [63]. Brain areas with high BDNF activity are
hippocampus, cortex, and basal forebrain. These areas
are essential for learning, memory, and complex thinking.
BDNF is also important for the shaping of long-term
memory [64].

2.3.1. SNPs

BDNF regulates stress responses. A common SNP in the
BDNF gene is rs6265 (amino acid valine in position 66
replaced by methionine, (Fig. 2)). This SNP causes inefficient
BDNF trafficking and reduced BDNF secretion. It also
influences the hippocampal volume and memory and is
related to a variety of neuropsychiatric disorders, including
PTSD. Moreover, PTSD patients with rs6265 showed
reduced responsivity to exposure-based therapies [65].

Zhang et al. analyzed genetic variations in 461 and
BDNF plasma levels in 68 U.S. Army Special Operations

soldiers deployed during Iraq and Afghanistan wars. PTSD
was diagnosed using DSM-IV criteria. In the PTSD group,
the frequency of the Met/Met genotype was nearly threefold
higher than in control subjects. BDNF plasma levels of
PTSD patients were significantly higher than those in
healthy control persons. These results support a role of
BDNF in PTSD. People carrying the Met allele had smaller
hippocampus volumes and revealed poorer memory tasks
performances than control persons with the wild-type
Val/Val allele. Additionally, veterans with psychotic PTSD
carried more frequently Met alleles than non-psychotic
veterans with or without PTSD [27].

Another study assessed, whether the Met allele was
overrepresented in unrelated Caucasian male veterans with

5

i

— 2700T

*H
156265
158192466°

T

Fig. (2). Schematic representation of the BDNF gene with exons
(black 1-2) and introns (grey). Localization of representative SNPs
in the gene is marked with bolts. * Association with PTSD in general,
# Association with PTSD among military personnel, $ Association
with other diseases.
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psychotic PTSD compared to veteran controls. The rs6265
variants were genotyped in 576 veterans: 206 veterans
without PTSD and 370 veterans with PTSD subdivided into
groups with or without psychotic features. Veterans with
psychotic PTSD were more frequently carriers of one or two
Met alleles of this polymorphism than veterans with PTSD
without psychotic features and veterans without PTSD [28].

2.3.2. Drugs

These findings suggest that BDNF signaling may be an
important common signaling pathway in fear-related
disorders and worthy to target for therapy. The tropomyosin
receptor kinase B (TrkB) agonist 7, 8-dihydroxyflavone
(DHF) can augment fear extinction, which underscores the
potent of the BDNF-TrkB signaling pathway as target for
cognitive enhancing therapy [66]. BDNF injected into rat
brains induced extinction of 14 days old as well as recent
fear memories [67]. Although poor blood-brain-barrier
permeability [68] limits the therapeutic use of BDNF TrkB
receptor agonists such as DHF may be promising candidates
for therapy in anxiety disorders and PTSD.

2.4. Catechol-O-Methyltransferase

Catechol-O-methyltransferase (COMT) methylates various
catecholamines, including natural neurotransmitters and
neuroactive drugs and thereby inactivates them. This enzyme
is part of the xenobiotic metabolism. COMT inactivates neuro-
transmitters such as noradrenaline, adrenaline and dopamine
in sympathetic nerve endings. The inactivation of these
neurotransmitters is mediated by COMT-mediated methyl
group transfer from S-adenosylmethionine (SAM) to a
phenolic hydroxyl group, followed by oxidative deamination
by monoamine oxidase (MAO). Dopamine is one of the
main neurotransmitters inactivated by COMT. It plays a
key role in prefrontal cortical function, including working
memory [69]. Dopamine is also involved in the hippocampal
consolidation of long-term memories [70].

2.4.1. SNPs

The rs4680 or Val'*Met SNP in the COMT gene is well
examined. The replacement of adenine by guanine in the
DNA leads to an amino acid exchange at position 158 in the
protein, resulting in substitution of valine with methionine.
Methionine influences thermostability of the protein at
physiological temPeramres, which leads to reduced COMT
activity [71]. Met"® carriers showed approximate one-third
to one-fourth of the activity compared to Val'*® carries. High
COMT activity leads to low dopamine levels and vice versa.
The Val'® and Met'*® alleles are co-dominant. Hence,
heterozygosity leads to intermediate COMT activity [72].
Dopamine affects cognitive functions of prefrontal inverted-
U-shaped rather than linear Kkinetics, illustrating that the
cognitive functions operate best at moderate levels of dopamine
and are impaired at both high and low levels (Fig. 3) [73].

People with the homozygous Met-allele had levels of
dopamine near the top of the U-shaped curve and perform
better on many cognitive tasks. This seemed to be the
optimal dopamine level for effective cognitive functioning.
However, subjects with the Val/Val genotype showing
lowest dopamine levels appeared to perform better on
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affective tasks and emotional processing [74]. The differing
risks associated with both alleles suggest that people
carrying the heterozygous allele may have a differential risk
profile for PTSD compared to the homozygous group.

A prospective study on Iraq War veterans (n = 236)
examined the interaction between COMT genotype and
traumatic experiences to predict the subsequent development
of PTSD symptoms. The assessments were done before and
during deployment. Interestingly, the interaction between
trauma load and COMT genotype was a significant predictor
of PTSD symptoms. Those patients with heterozygous
genotype (Val/Met) showed fewer symptoms associated with
trauma exposure compared to those with homozygous
(Met/Met and Val/Val) genotypes. This interaction remained
significant even after adjusting for other PTSD risk factors.
The COMT genotype Val/Met clearly increased the risk for
PTSD after trauma exposure [29].

Schulz-Heik et al. conducted a clinical trial among 99
veterans of the U.S. military, who served in the Vietnam War
or the first Persian Gulf War and who experienced substantial
military operational stress. The Val'*Met polymorphism in
the COMT gene, which substantially influences dopamine
inactivation in the frontal lobe in general and in the anterior
cingulate cortex (ACC) in particular, may modulate integrity
in PTSD. This study suggested that Val'>*Met moderates the
relationship between PTSD and ACC volume. Homozygous
Val genotype and presumably the associated decrease in
intrasynaptic dopamine may increase the vulnerability to
dystrophic effects of trauma [30].

Survivors of the Rwandan genocide with homozygous
Met allele were at much higher risk to develop PTSD
independently of the level of trauma exposure compared to
those with Val/Val or Val/Met genotypes [75]. Two other
studies showed similar results, although the stressors were
quite different [76, 77]. These findings are in contrast to the
above mentioned study among Iraq war veterans [29]. The
question arises, how environmental factors such as the type
of trauma interact with SNPs. COMT variations influence
the capability of coping with traumatic memories and fear,
but which of these alleles are risk factors seems to be
dependent on the type of trauma. This aggravated the

Met/Met
Val/Met

Val/val

Function of prefrontal cortex

Dopamine level in prefrontal cortex

Fig. (3). Inverted U-shaped kinetics of dopamine function. Relation
between Val'**Met genotype, dopamine level and function of the
prefrontal cortex [73].
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comparison of studies with different sample cohorts, e.g.
results from a veteran’s cohort are hardly matchable with
results from cohorts with childhood abuse.

Fig. (4) illustrates the location of the SNP described in
the studies above. It is placed in exon 6. SNP rs6267 is
connected to the pathogenesis of schizophrenia [78]. Rs174677
is an example for a non-pathogenic SNP located in an intron
region. Association of the COMT synonymous polymorphism
Leu®Leu and missense variant Val'’®Met with mood
disorders [79].

2.4.2. Drugs

COMT is also relevant for other diseases. COMT
inhibitors are used to treat Parkinson’s disease. This disease
is characterized by a loss of dopaminergic neurons in the
brain. COMT inhibitors (entacapone and tolcapone) can
counteract the progression of dopamine deficiency.
Therefore, the question rises whether COMT may also serve
as target for PTSD therapy. High levels of dopamine and
serotonin upon treatment with selective serotonin reuptake
inhibitors (SSRIs) reduce PTSD symptoms. Therefore, it is
reasonable to address the question whether other classes of
drugs may also inhibit the degradation of catecholamines. In
a rat model of attentional set shifting, tolcapone significantly
improved extradimensional set shifting and potentiated the
increase of extracellular dopamine in the medial prefrontal
cortex. These data suggested a link between COMT activity
and prefrontal cortex function in rats. Tolcapone seems to
ameliorate the availability of dopamine in the prefrontal
cortex [81]. Animal models of depression [82] also suggested
a therapeutic value of tolcapone. A clinical trial with patients
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Fig. (4). Schematic representation of the COMT gene [80] with
exons (black 1-6) and introns (grey). Localization of representative
SNPs in the gene is marked with bolts. * Association with PTSD in
general, # Association with PTSD among military personnel, $
Association with other diseases.
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suffering from major depression confirmed these in vivo
results and showed significant reductions of depression after
tolcapone treatment [83]. In addition to their potential
therapeutic value for Parkinson's disease, COMT inhibitors
might also be an attractive option for PTSD treatment.

2.5. Dopamine Receptor D2

The etiology of PTSD is closely connected to the
dopaminergic system. Dopamine plays an important role as
neurotransmitter in the central nervous system. It binds to
dopamine receptors, which can be divided into five subgroups.
All of them are G protein-coupled receptors exerting their
effects by a complex second messenger systems [84].

2.5.1. SNPs

To date, more than 1500 SNPs in the dopamine D2 receptor
(DRD2) gene are known [86]. DRD?2 polymorphisms affect
DRD?2 protein expression at the surface of neuronal cells,
reduce D2 receptor binding and dopamine synthesis [87].
Hence, DRD?2 polymorphisms may be determinants for PTSD.
Fig. (5) illustrates the structure of DRD?2 including PTSD-
associated SNPs. DRD2 mutations are generally associated
with various behavioral, psychiatric or neurological disease.
For example, the polymorphism rs1079597 is associated
with alcohol dependency and PTSD in military personnel
[88].

Polymorphisms such as 957C>T (rs6277) and the
deletion polymorphism, 141delC (rs1799732) in the DRD?2
gene are associated with schizophrenia, which reveals some
symptoms comparable to PTSD. Specifically, rs1799732
affects mRNA stability and protein translation of the DRD2
receptor and determines striatal dopamine D2 binding in
healthy subjects. The "T' allele in rs6277 was associated
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Fig. (5). Schematic representation of the DRD2 gene [85] with
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with decreased DRD2 mRNA stability, decreased DRD?2
translation and diminished dopamine binding [89]. One
hundred twenty-seven war veterans with PTSD and 228
control individuals without PTSD were investigated for their
mutational DRD2 status. In addition to the two poly-
morphisms mentioned above, a third one has been found, the
TaqlA polymorphism (adenine replaced by thymine;
rs1800497). It is located more than 10,000 bp downstream of
the gene). The authors did not find significant associations of
PTSD to the TaqlA or 141delC polymorphisms, but to the
957C>T polymorphism [34].

Lawford et al. examined the Taql A polymorphism in 63
unrelated male Caucasian patients with PTSD. All subjects
were Vietnam combat veterans, who had served in the
Australian armed forces. The authors compared veterans
with the A1" (adenine positive) allele to veterans with the
A1" (adenine negative) allele. The psychopathology score
was greater in DRD2 Al" than in Al allelic patients. In
particular A1" compared to A1~ allelic individuals showed
significantly higher levels of social dysfunction, anxiety and
depression [32].

2.5.2. Drugs

DRD2 represents an interesting target for PTSD therapy.
In schizophrenia, DRD2 antagonists and partial agonists are
used to reduce disease symptoms. Therefore, these drugs might
also be used for PTSD treatment, because schizophrenia and
PTSD share approximately 60% symptoms. The above
mentioned paper of Lawford et al. also reports on the use of
paroxetine for PTSD treatment. After paroxetine treatment
for 8 weeks, three of the four GHQ-28 subscales showed
significant reductions. GHQ-28 is the General Health-
Questionnaire with subscales measuring somatic symptoms,
anxiety/insomnia, social dysfunction and depression [90].
Furthermore, the social dysfunction subscale showed a
significant allele by time interaction. Social dysfunction was
significantly reduced in Al" allelic patients compared to
those with A1™ allelic status. At the end of treatment, there
were, however, no significant differences between these two
allelic groups in any of the GHQ scores measured [32].

Drugs such as aripiprazole act as partial agonists and are
known as second generation antipsychotics used against
schizophrenia. This class of drugs exerts lower side effects
compared to older antagonists. Aripiprazole was tested
among military personnel as adjunctive therapy, if anti-
depressants were ineffective [91, 92]. The outcomes of these
studies have been positive regarding reduction of overall
symptoms and safety, but have to be supported by further
studies with larger numbers of participants and placebo
controls.

The natural product yohimbine represents another
drug, which could be an option for the treatment of PTSD.
Yohimbine occurs mainly in the leaves and bark of the
yohimbe tree (Pausinystalia yohimbe) and belongs to the
group of indole alkaloids. It was tested in an animal model to
investigate its function on dopaminergic neurotransmission.
Yohimbine had a significant affinity towards DRD2 and
increased dopamine levels, implying that it may be a
possible candidate for pharmacotherapy of depression [93].
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Further investigations should address the translation of these
results to PTSD.

2.6. Dopamine D3 Receptor

Dopamine receptor D3 (DRD3) belongs to the same
subtype of receptors DRD2. Activation of D2-like family
receptors is coupled to the G protein Gg;, which prevents the
formation of cyclic adenosine monophosphate (CAMP) by
inhibiting the enzyme adenylyl cyclase [94].

2.6.1. SNPs

The distribution of SNPs in the DRD3 gene has been
investigated in 852 subjects (590 white, non-Hispanic U.S.
veterans and 262 intimate partners). Four SNPs (Fig. 6) were
significantly associated with lifetime PTSD: rs2134655
(adenine replaced by guanine), rs201252087 (adenine replaced
by guanine), rs4646996 (adenine replaced by guanine), and
rs9868039 (adenine replaced by guanine). For each of these
SNPs, the minor allele was less common among individuals
with PTSD, suggesting a protective effect against risk for
PTSD. The prevalence of lifetime PTSD among participants
with one copy of the protective allele on rs2134655 (the
most significant SNP) was 33.3%. It was 62.0% for those
with no copies of the minor allele (there were no participants
without copies of the minor allele) [35].

2.6.2. Drugs

Abnormal dopamine receptor signaling and dopaminergic
nerve function is implicated in several neuropsychiatric
disorders. Thus, dopamine receptors are important neurologic
drug targets. Antipsychotics are often dopamine receptor
antagonists, while psychostimulants are typically indirect
agonists of dopamine receptors [95]. The prefrontal cortex

5

1

S
—> 156280
—

——> 15324030°

4 .

— 1s3773678°
5 -

— 1201252087%
.|

> 1521346557
;

———> 1546469967

8
}- ——>  159868039"

— 157631540°

Fig. (6). Schematic representation of the DRD3 gene with exons
(black 1-8) and introns (grey). Localization of representative SNPs
in the gene is marked with bolts. # Association with PTSD among
military personnel, $ Association with other diseases.



PTSD Among Soldiers

and DRD3 also play a role in working memory and executive
functions [96]. Moreover, the Ser’Gly DRD3 polymorphism
was associated with perseverative errors [97] and other indices
of executive functioning [98]. PTSD also is associated with
executive function deficits, decreased activation of prefrontal
brain regions, and impaired concentration [99], this raises the
possibility that DRD3 dysfunction at least partially accounts
for cognitive deficits in PTSD. More research is needed to
prove this hypothesis.

Aripiprazole, which possesses a high affinity for DRD3
is used to treat schizophrenia and bipolar disorder. It is also
the most effective antipsychotic drug increasing the response
to second-generation antidepressant drugs in patients with
treatment-resistant depression [95]. Aripiprazole might
also be used to treat PTSD. Polymorphisms in DRD3 are
associated with Tourette (rs6280) [100], alcoholism [101]
and schizophrenia [102].

2.7. Serotonin Transporters

Serotonin transporters (5-HTTLPR) are sodium- and
chloride-dependent members of the solute carrier family 6
(SLC6), which are widely distributed throughout the brain.
They are responsible for re-uptake of serotonin (5-HT) from
the synaptic cleft back into the pre-synaptic terminal for
further reutilization. Serotonin plays an important role in the
regulation of cognitive functions, including memory, learning
and sleep.

2.7.1. SNPs

The genetic structure of SLC6A44 (serotonin transporter
gene) and PTSD-associated SNPs in military personnel are
shown in Fig. (7).

The association of SNPs in the serotonin transporter gene
with PTSD has been controversially discussed in the
literature. Animal models and studies among people with
anxiety disorders (comparable symptoms to PTSD) indicated
some SNPs as risk factors for the disease, but rather seemed
to be protective factors for soldiers in combat situations. A
functional 44-base pair insertion/deletion polymorphism
(rs4795541) of the SLC6A44 gene, located in the promoter
region results in two main alleles, the short 'S” and the long
‘L’ allele. Furthermore, an additional SNP can occur in the
44-base pair region of the 'L’ allele (adenine replaced by
guanine, 1s25531). As a consequence, the 'L allele can be
further divided into 'L," and 'Lg" depending on the base.
The 'L," allele is associated with higher transcriptional rates
of the serotonin transporter, while the 'Lg" and S alleles
reveal equivalent expression levels [103]. The ‘S’ allele
impairs transcriptional activity of SLC644 and reduces the
transporter activity [104], thereby increasing the risk for
depression.  Increased serotonergic  neurotransmission
contributed to the generation of anxiety as a consequence of
reduced 5-HT uptake capacity found in individuals with the
short allele of the 5-HTT polymorphism. Reduced 5-HT
uptake was associated with depression and several anxiety
disorders. These findings seem to be controversial with the
fact that the only approved pharmacotherapy against PTSD
are SSRIs such as sertraline, which selectively inhibit
serotonin reuptake [105]. In a longitudinal prospective study
with 1085 male Israeli defense infantry soldiers, Wald et al.
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Fig. (7). Schematic representation of the SLC644 gene [37] with
exons (black 1-15) and introns (grey). Localization of representative
SNPs in the gene is marked with bolts. * Association with PTSD in
general, # Association with PTSD among military personnel.

examined how threat-related attention and serotonin-related
gene polymorphisms rs4795541 and rs25531 interacted with
combat exposure and predicted PTSD symptoms. The
primary outcome parameters were post-combat symptoms
measured in the combat theater (area for simulation of
military actions) after six months of deployment. Baseline
and pre-deployment symptoms were also measured. The
authors defined three functionally relevant genetic categories
according to the presumed efficacy of serotonin neuro-
transmission: low efficacy of serotonin neurotransmission
('SS’, 'SLg” and 'LgLg’), intermediate efficacy ("SL," and
"LaLg") and high efficacy ('LaLA"). These findings suggest
that military deployment induced shifts in threat-related
attention related to PTSD risk. Low transcription rates of
SLC6A44 may have protected from extreme stress of military
deployment, where vigilance towards minor danger was
crucial for survival. On the other hand, low SLC644 expression
can cause enhanced maladaptive emotional response and
elevated anxiety in a safe environment [40]. A study on the
associations between the "SS” variant of SLC644 and PTSD
among adults with histories of childhood emotional abuse
confirmed this conclusion. The 'SS’ variant of SLC6A44
protected against re-experiencing and arousal symptoms of
PTSD [106].

Kimbrel et al. genotyped 186 returning Iraq and
Afghanistan veterans for the rs4795541 polymorphism.
Typical PTSD symptoms, such as depression, general stress,
and anxiety were assessed along with quality of life. After
controlling for combat exposure, age, sex of the participant,
and race, rs4795541 had a significant effect on post-deployment
adjustment. S' carriers reported more post-deployment
adjustment problems and worse quality of life than veterans
with homozygous L' allele. This effect was even larger, if the
analysis was restricted to veterans of European ancestry [36].
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Wang et al. examined the relationship between the
rs4795541 polymorphism and PTSD diagnostic status and
severity, among a combat exposed sample of veterans. The
hypothesis was that the low transcriptionally efficient variant
(S") of the rs4795541 would be associated with PTSD.
Indeed, each copy of the S’ allele was associated with a 1.77-
fold increased risk of being in the PTSD group. Additionally,
the S'S’ genotype was associated with greater PTSD severity
compared to the L'L’ genotype [39].

SLC6A4 promoter polymorphisms (rs4795541, rs25531)
and several downstream single nucleotide polymorphisms
modulated the activity of brain regions involved in the
cognitive control of emotion in post-9/11 veterans with
PTSD. In patients with PTSD, rs16965628 (associated with
serotonin transporter gene expression) modulated task-
related ventrolateral prefrontal cortex activation, if compared
to trauma-exposed controls. Furthermore, rs4795541 tended
to modulate left amygdala activation [37]. Taken together,
the level of stress in a particular environmental condition
may determine, whether a specific SNP protects from
anxiety disorders or rather represents a risk factor.

SNP rs57098334 (variable number tandem repeat of
several bases) has only been connected to PTSD in the
general population as of yet, but not to PTSD among military
personnel. The study was conducted at an emergency
department in Turkey and the experimental subjects had
experienced mild physical injury [107]. The presence of
different SNPs in diverse cohorts could eventually be
explained by the observations already mentioned above, that
for some SNPs the type of trauma may predict, whether or
not a point mutation is a risk factor for PTSD.

2.7.2. Drugs

Selective serotonin reuptake inhibitors are frequently
prescribed for anxiety disorders, such as social anxiety
disorder, panic disorders, obsessive—compulsive disorder,
eating disorders and chronic pain. As described above,
SSRIs are the first-choice treatment for PTSD. They increase
the level of serotonin in the synaptic cleft by inhibiting its
reuptake into the presynaptic cell leading to increased
postsynaptic receptor activation [108].

2.8. Glucocorticoid Receptor

The glucocorticoid receptor (GR) also known as NR3Cl1
(nuclear receptor subfamily 3, group C, member 1) binds
cortisol and other glucocorticoids. Glucocorticoids are
key molecules in stress adaption [109]. Glucocorticoid is
known to regulate neuronal survival, neuronal excitability,
neurogenesis and memory acquisition [110]. Thus, high
glucocorticoid levels may contribute to depressive symptoms
by impairing these brain functions. Glucocorticoids regulate
the HPA axis through negative feedback inhibition thereby
reducing the production of glucocorticoids [111]. During
depression, impaired GR function has been suggested to lead
to HPA axis hyperactivity. The structure of the NR3CI gene
is illustrated in Fig. 8.

2.8.1. SNPs

Yehuda er al. examined BCLI, a single nucleotide
polymorphism (rs41423247, C>G polymorphism) located in
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intron 2 of the NR3CI gene in response to psychotherapy.
Fifty-two male and female veterans with PTSD were
randomized 2:1 to receive either prolonged exposure therapy
or weekly minimal attention interventions for 12 consecutive
weeks. Psychological and biological assessments were
obtained prior to and following treatment and after 12-week
follow-up. The genotypes were divided into two groups to
designate ‘carriers’ of the G-allele (both homozygous GG
and heterozygous CG) and ‘non-carriers’ (homozygous wild-
type). Responders were more likely to carry the GG or GC
genotype than the CC genotype [42].

Five common polymorphisms of the GR gene
(rs10052957, rs6189/90, rs6195, rs41423247, and rs6198)
have been investigated by van Zuiden et al. Predeployment
GR pathway components were vulnerability factors for the
subsequent development of PTSD symptoms [41].

Another study reported on the N***S and BCII poly-
morphisms in 118 combat-exposed Vietnam veterans from a
nationally accredited inpatient and outpatient PTSD treatment
program in Brisbane, Australia. PTSD patients with the Bcll
GG genotype tended to have higher Clinician Administered
PTSD Scale scores that were significantly negatively
correlated with basal plasma cortisol levels. However, the
number of subjects with the Bcll GG genotype was small
and statistical significance was not reached [43].

2.8.2. Drugs

Antipsychotics, such as clozapine may suppress HPA
activity by reducing cortisol levels [112]. This activity may
be exploited for PTSD treatment.

A novel antidepressant triple reuptake inhibitor (TRI) named
RO-05 (4-[1-[1-(benzoyloxy)cyclohexyl]-2-(dimethylamino)
ethyl]-phenyl benzoate) has been investigated in a mouse tail
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suspension, forced swimming and chronic mild stress tests.
The antidepressant effects of RO-05 may be explained by the
modulation of FKBPS5 expression, GR activation, inhibition
of HPA axis hyperactivity, and increase of BDNF expression
[113]. RO-05 is a promising candidate for PTSD treatment,
because it combines different targets involved in the
development of posttraumatic stress.

2.9. Corticotropin-Releasing Hormone Receptor-2

Corticotropin-releasing hormone receptors (CRHR)
encoded by the CRHRI and CRHR?2 genes (Fig. 9) are type-2
G protein-coupled receptors for corticotropin-releasing hormone
(CRH) that are resident in the plasma membranes of hormone-
sensitive cells. CRH is synthesized in the hypothalamus and
released following exposure to a stressor. It is the principal
neuroregulator of the HPA axis, which modulates the
dopamine, serotonin, glutamate, and norepinephrine systems
[114]. Furthermore, CRH exerts effects on immune and
autonomic processes and plays an important role in
coordinating the physiological and behavioral response to
stressors [115].

2.9.1. SNPs

One study examined 491 trauma-exposed white non-
Hispanic veterans (n=364) and their cohabitating intimate
partners (n=127). Interaction analyses revealed that effects
were specific to women and that rs2267715 (adenine
replaced by guanine) and rs2284218 (cytosine replaced by
thymine) were also significantly associated to PTSD in
women only. The minor allele of these SNPs was associated
with reduced risk and severity of PTSD symptoms. These
findings indicated that the relationship of the CRHR2
genotype to PTSD may be specific to women. This is
consistent with prior observations that women are more
likely to exhibit anxiety, unipolar depressive disorders and
PTSD [44].

Major depressive disorder (MDD) and panic disorder
(PD) are common, disabling disorders with both, stress and
genetic components. Dysregulated stress response by the
HPA axis, including CRHR1- and CRHR2-mediated signaling
is considered to play a major role for onset and recurrence in
MDD and PD (Fig. 9) [116].

2.9.2. Drugs

Neurotransmission of corticotropin-releasing hormone
(CRH) may also be altered in PTSD. CRH levels in
cerebrospinal fluid were higher in PTSD patients compared
to control subjects [117]. Identifying the wunderlying
mechanisms may therefore be necessary to identify suitable
targets for developing novel compounds to treat anxiety
disorders such as PTSD.

Clinical trials focused on CRHRI1. A phase II trial
evaluated the efficacy of a CRHRI1 antagonist (GSK561679)
in the treatment of PTSD. Untreated women with PTSD of at
least three months’ duration, are being enrolled in a parallel-
group, double-blind, placebo-controlled, randomized clinical
trial evaluating the efficacy and safety of GSK561679 [118].
This is an ongoing study and treatment effects remain to be
evaluated.
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Fig. (9). Schematic representation of the CRHR2 gene with exons
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in the gene is marked with bolts. # Association with PTSD among
military personnel, $ Association with other diseases.

2.10. Adenylate Cyclase 8

Adenylate cyclase is a membrane-bound enzyme that
catalyzes the formation of cyclic adenosine monophosphate
(AMP) from adenosine triphosphate (ATP). ADCYS is
presynaptically expressed in many areas of the brain,
including cortex, hippocampus, amygdala, thalamus, hypo-
thalamus, and cerebellum. Cyclic AMP is integral to long-
term potentiation, synaptic plasticity, and hence learning and
memory. In the hippocampus, cyclic AMP determines the
basal balance between silenced and active synapses [119].

2.10.1. SNPs

Examining the genome-wide distribution of SNPs, a
sample of 484 white, non-Hispanic, trauma-exposed veterans
and their partners was assessed for lifetime PTSD and
dissociation using a structured clinical interview. The SNP
with the strongest association to PTSD was rs263232 in the
ADCYS8 gene (G>T), on chromosome 8 [45]. Failure to encode
memories associated with intense emotion or stress is clearly
related to PTSD because of psychogenic amnesia, which has
been uniquely associated with PTSD. One hypothesis is that
dissociation occurs as a neurobiological consequence of
hyperarousal in the context of ADCYS8 deficiency that
prevents encoding and consolidation of contextual information
[45].

2.10.2. Drugs

ADCY8 has also been associated with bipolar disorder
(SNP 137500889, Fig. 10) [120], and depression in connection
with alcohol dependency in women [121]. Although not
available yet, specific ADCY8 antagonists are therefore an
interesting target to treat depression and PTSD. Such an
inhibitory drugs might help to contextualize information and
memory in psychological disorders.
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Fig. (10). Schematic representation of the ADCYS gene with exons
(black 1-17) and introns (grey). Localization of representative SNPs in
the gene is marked with bolts. * Association with PTSD in general,
# Association with PTSD among military personnel, $ Association
with other diseases.

2.11. p2-adrenergic Receptor

The B2 adrenergic receptor (B2 adrenoreceptor), also known
as ADRB2, is an adrenergic receptor in cell membranes
encoded by the ADRB2 gene. The neurotransmitter adrenaline
binds to its extracellular domain which causes multiple
effects in muscles or organs. For example, it increases mass
and contraction speed for fight-or-flight reaction in striated
muscles. Adrenergic and noradrenergic abnormalities have
long been believed to play a key role in PTSD development
contributing to exaggerated physiological reactivity and
hyperarousal symptoms [119].

2.11.1. SNPs

Polymorphisms in ADRB2 have been observed in a study
among soldiers from the Ohio National Guard Study of Risk
and Resilience. The study design was a prospective
longitudinal study of 2616 post deployment psychological
healthy persons recruited from 6514 randomly selected Ohio
National Guard members during predeployment training and
assessed over three annual follow-ups. In total, 72.1% of
soldiers had been deployed to combat zones, including Iraq,
Afghanistan, and other combat zones, such as Bosnia and
Somalia, and 42% of soldiers had been exposed to military
combat [46]. The genetic associations were demonstrated
using a G x E model, which means observation of interaction
of environmental as well as genetic factors. The rs2400707
polymorphism was significantly associated with PTSD
(adenine replaced by guanine, Fig. 11).

The AA (homozygous), AG (heterozygous), or GG
genotypes showed different degrees of PTSD, which
correlated with adverse childhood experiences. Similar
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Fig. (11). Schematic representation of the ADRB2 gene with exon
(black) and introns (grey). Localization of representative SNPs in
the gene is marked with bolts. * Association with PTSD in general,
# Association with PTSD among military personnel, $ Association
with other diseases, UTR Untranslated region.

findings have been found in the replication cohort. These
results suggest that the ADRB2 gene interacts with childhood
adversity, constituting a vulnerability and resilience factor
for the development of PTSD symptoms following adult
trauma. The rs2400707 homozygotes represented the most
resilient group without increase in PTSD symptoms despite
the exposure to several types of childhood adversity, while
the GG homozygotes showed the greatest vulnerability. The
heterozygotes revealed intermediate vulnerability [46].

2.11.2. Drugs

Since the adrenergic system is involved in the etiology of
PTSD, it represents an interesting target for pharmacotherapy.
Animal experiments showed that the f2 adrenergic receptor
blocker propranolol reduced the strength of conditional fear
memories through blockade of reconsolidation, if administered
shortly after reactivation of such memories [122].

Salbutamol is a f2-adrenergic receptor agonist often used
to treat acute asthma attacks and respiratory failure [123].
Interestingly, two SNPs in this gene (rs1800888, rs1042713)
are associated with a higher risk for asthma [124].

Salbutamol improved subsequent posttraumatic stress
symptoms (PTSS) within a few hours after a motor vehicle
accident [125]. Participants receiving salbutamol had less
severe overall PTSS and hyper-arousal symptoms at 6 weeks
and less severe re-experiencing symptoms at 1 year post-
motor vehicle accident than those without salbutamol.

2.12. Ankyrin-3

The ANK3 gene encodes the ankyrin G protein (Fig. 12).
It is found at the axonal initial segment and Ranvier nodes of
neurons in the central and peripheral nervous systems. It
plays an essential role in regulating neuronal activity [126].
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Fig. (12). Schematic representation of the ANK3 gene with exons
(black 1-44) and introns (grey). Localization of representative SNPs
in the gene is marked with bolts. # Association with PTSD among
military personnel, $ Association with other diseases.

2.12.1. SNPs

An association between ANK3 SNPs and PTSD was
observed in a cohort of white non-Hispanic combat veterans
and their intimate partners (n = 554). Rs9804190 (cytosine
replaced by thymine) was associated with PTSD [47]. The
minor T allele, which was related with higher ankyrin G
expression and lower risk of bipolar disorder and
schizophrenia, was significantly correlated with reduced
frequencies of PTSD and externalizing psychopathology.
Conversely, the rs9804190 C allele was linked to lower
ankyrin G expression, higher frequency of PTSD and a
greater degree of externalizing behaviors. This corresponded
to increased reactivity to stressors and increased behavioral
disinhibition as observed in mice with reduced ankyrin G
expression [127]. The association was expected based on
prior results showing an association between rs9804190 and
bipolar disorder and schizophrenia and the behavioral
changes in Ank3 knock-out mice [47].

2.12.2. Drugs

SNPs in the ANK3 gene were, however, also associated
with schizophrenia (rs10761482 and rs10994336) [128]. It is
reasonable to speculate that these findings from schizophrenia
might be transferable to PTSD treatment.

2.13. Apolipoprotein E

The APOE gene encodes apolipoprotein E. The structure
of APOE gene is shown in Fig. 13. This protein associates
with lipids to form lipoproteins, which are responsible for
packaging cholesterol and other fats and carrying them
through the bloodstream. ApoE is important for neuronal
repair. It affects neuronal plasticity through the transport of
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cholesterol and other lipids to neuronal sites undergoing
remodeling [129].

2.13.1. SNPs

APOE is polymorphic, with three major alleles: APOE2
(cys112, cys158), APOE3 (cysl12, argl58), and APOE4
(argl12, argl58) [130]. Although these allelic forms differ
from each other by only one or two amino acids at positions
112 and 158, these differences alter ApoE structure and
function. The rs201672011 polymorphism is associated with
Alzheimer's disease [131] or hyperlipoproteinemia [132].

Kim et al. studied the connection between APOFE
polymorphisms and PTSD and drinking behavior. All
subjects were male veterans serving in the Korean Armed
Forces during the Vietnam War. Compared to the controls,
PTSD patients consumed greater amounts of alcohol. In
addition, there were more &2-allele carriers in the PTSD
group than in the control group. However, no significant
differences were observed between groups with respect to
the numbers of €3- and e4-allele carriers [48].

2.13.2. Drugs

Drug candidates targeting ApoE have been investigated
for the treatment of Alzheimer's disease [133]. However,
data for PTSD are missing as of yet.

2.14. Dopamine f-Hydroxylase

Dopamine B-hydroxylase is encoded by the DBH gene
(Fig. 14). It catalyzes the reaction from dopamine to
norepinephrine. Norepinephrine is an important neuro-
transmitter in normal stress reactions as well as in PTSD
[134]. DBH is expressed in noradrenergic nerve terminals of
the central and peripheral nervous systems [135].
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Fig. (13). Schematic representation of the APOE gene with exons
(black 1-4) and introns (grey). Localization of representative SNPs
in the gene is marked with bolts. # Association with PTSD among
military personnel, $ Association with other diseases.
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2.14.1. SNPs

A study examining DBH polymorphisms included 167
unrelated Croatian Caucasian medication-free subjects from
the same military unit. The study population was divided
into two groups. The first group consisted of 133 war
veterans chronic PTSD, whereas the second group contained
34 combat exposed war veterans with similar traumatic
experiences, but who did not develop PTSD. War veterans
with PTSD revealed lower DBH activity compared to war
veterans without PTSD, which suggests that combat
traumatized soldiers can be divided into subjects adaptable to
trauma (with higher plasma DBH activity after trauma) and
those less resilient and more vulnerable to develop PTSD
(with lower plasma DBH activity after a trauma). Another
finding was that SNP rs1611115 cytosine replaced by
thymine at position 1021 was strongly associated with
plasma DBH activity. In this case the genotype CC was
associated with higher plasma DBH activity, the CT
genotype with intermediate activity and soldiers with TT
genotype with low DBH activity, suggesting a co-dominant
inheritance. Plasma DBH activity was lower in war veterans
with PTSD carrying the CC genotype compared to non-
PTSD veterans of the same genotype [50].

SNP rs1611115 has also been investigated in African-
American civilians with and without PTSD. The genetic
status correlated with the serum activity of DBH and was a
significantly associated with the status of depressions, but
not with PTSD diagnosis itself [136].

2.14.2. Drugs

The DBH inhibitor nepicastat has been assessed as
treatment for PTSD and cocaine dependency [137]. Nepicastat,
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Fig. (14). Schematic representation of the DBH gene with exons
(black 1-12) and introns (grey). Localization of representative SNPs
in the gene is marked with bolts. *Association with PTSD in general,
#Association with PTSD among military personnel, $Association
with other diseases.
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a potent, competitive, and selective DBH inhibitor, was
selected for this study because it decreases norepinephrine.
This was a 6-week randomized, double-blind, multisite,
placebo-controlled study involving 22 veterans with PTSD.
The sample consisted of 14 CC and eight T carriers with
45.5% Caucasian and 54.5% African-American participants.
The purpose of this study was to compare the utility of using
genetics versus functional norepinephrine physiology to
predict, who may respond to nepicastat. The authors found a
significantly probability in carriers of the CC genotype in
PTSD symptomatology than the carriers of the T genotypes.
There was no genotype- related treatment [138].

2.15. Dipeptidyl-Peptidase 6

Dipeptidyl-peptidase 6 is encoded by the DPP6 gene
(Fig. 15). DPP6 is critical for synaptic integration and
excitation. It binds specific voltage-gated potassium channels
and alters their expression and biophysical properties
[139].

2.15.1. SNPs

A total number of 23240 SNPs have been described for
DPP6 [140]. SNP rs71534169 is the only one, which has
been correlated with combat-related PTSD until to date.

SNP rs71534169 was stronger associated to PTSD in
women compared to men, suggesting gender-specific effects
in the development and manifestation of dissociative symptoms
[45].

In contrast to PTSD, DPP6 has been most frequently
studied in multiple sclerosis [141] and association has also
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Fig. (15). Schematic representation of the DPP6 gene with exons
(black 1-27) and introns (grey). Localization of representative SNPs
in the gene is marked with bolts. # Association with PTSD among
military personnel, $ Association with other diseases.
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been reported to autism [142] and amyotrophic lateral
sclerosis (rs10260404) [143].

2.15.2. Drugs

There are no compounds targeting DPP6 as of yet.

2.16. Excitatory Amino Acid Carrier

SLCIAI (solute carrier family 1 (neuronal/epithelial high
affinity glutamate transporter), member 1, (Fig. 16)) is a gene
coding for the excitatory amino acid carrier, a glutamate
transporter [144]. Functions of glutamate transporters include
regulation of excitatory neurotransmission, maintenance
of low ambient extracellular glutamate concentrations (as
protection against neurotoxicity) and provision of glutamate
by the glutamate-glutamine cycle [145]. Glutamate is abundant
in the human body, but particularly in the nervous system
and brain's main excitatory neurotransmitter. Glutamate also
serves as precursor for GABA, the brain's main inhibitory
neurotransmitter [146].

2.16.1. SNPs

Zhang et al. performed a study with 418 combat veterans
and 63.2% (n = 264) of them met criteria for PTSD. The
majority of the participants were males (80.9%) and
Caucasians (69.9%). Male gender and the major allele of
rs10739062 significantly increased the likelihood of PTSD.
Within the sample, the only SNP associated with a PTSD
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Fig. (16). Schematic representation of the SLC/AI gene with exons
(black 1-12) and introns (grey). Localization of representative SNPs
in the gene is marked with bolts. # Association with PTSD among
military personnel, $ Association with other diseases.
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diagnosis was rs10739062, whereas no single SNPs were
associated with symptom severity. However, when considering
variants within the SLC1A41 gene in an additive manner, they
were associated both with the presence of a PTSD diagnosis
as well as the symptom severity. Even the severity of combat
exposure correlated the sum of SNPs. This indicates the
importance of considering multiple SLC/AI polymorphisms
in an additive manner for PTSD [58].

Additionally, SNP rs301430 [147, 148] was associated
with obsessive-compulsive disorder.

2.16.2. Drugs

Clinical investigations among combat veterans
demonstrated that the non-competitive NMDA glutamate
receptor antagonist memantine reduced PTSD symptom
severity [149]. Similarly, ketamine, a non-competitive NMDA
glutamate receptor antagonist, reduced soldiers’ likelihood
of developing PTSD, if provided prior to operations for
burns [150]. This drug reduced the severity of PTSD
symptoms in a randomized, double-blind, placebo-controlled
crossover trial [151]. While recent clinical research mainly
focused on the targeting of NMDA receptors, there remains a
dearth of genetic data may further assist the development of
targeted treatment approaches.

Structure-activity-relationship analyses led to the synthesis
of two potent inhibitors, UCPH-101 and UCPH-102 [152].
Animal experiments have to gain information on their
activity on the excitatory amino acid transporter (EAAT).

2.17. Fatty Acid Amide Hydrolase

Fatty acid amide hydrolase (FAAH) is an integral
membrane hydrolase and is the principal catabolic enzyme
for a class of bioactive lipids called fatty acid amides (FAAs)
and is responsible for the degradation of endogenous
cannabinoids (eCBs) [153]. It is encoded by the FAAH gene
[154].

2.17.1. SNPs

Pardini et al. assessed PTSD frequency male Vietnam War
veterans, who suffered combat-related penetrating traumatic
brain injury (PTBI) and PTSD. Rs2295633 (cytosine replaced
by thymine, (Fig. 17)) was significantly associated with PTSD
diagnosis in subjects without lesions in the ventromedial
prefrontal cortex. Moreover, the presence of the C allele was
associated with more severe re-experiencing of trauma and
more negative reported childhood experiences. FAAH as a
contributor to PTSD after PTBI, possibly through the
modulation of aversive memories by extinction processes.
These data suggest a role for endocannabinoid signaling in
the development and maintenance of PTSD and hint at the
therapeutic potential of endocannabinoid systems-modulating
drugs for PTSD patients [51]. Another SNP in FAAH is
associated with alcoholism (rs324420) [155].

2.17.2. Drugs

Due to the ability of FAAH to regulate nociception, it is
currently viewed as an attractive drug target for the treatment
of pain. FAAH has emerged as promising target for anxiety-
related disorders, since FAAH inhibitors are able to increase
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Fig. (17). Schematic representation of the FA4H gene with exons
(black 1-15) and introns (grey). Localization of representative SNPs
in the gene is marked with bolts. # Association with PTSD among
military personnel, $ Association with other diseases.

the levels of anandamide and thereby induce anxiolytic-like
effects in rodents [153, 156].

2.18. FK506 Binding Protein 5

FK506 binding protein 5, also known as FKBPS, is a
protein which is encoded by the FKBP5 gene (Fig. 18) [157].
The protein encoded by this gene is a member of the
immunophilin protein family, which plays a role in
immunoregulation and basic cellular processes involving
protein folding and trafficking. It is a co-chaperone of the
glucocorticoid receptor (GR). When bound to the complex,
FKBPS5 functions as inhibitor of glucocorticoid binding to
GR. If released, the ligand-bound receptor then translocates
to the nucleus and acts as a transcription factor [158].

2.18.1. SNPs

Van Zuiden et al. investigated whether predeployment
GR and FKBP5 mRNA expression were associated with
SNPs in the GR and FKBP5 genes, either alone or in
interaction with childhood trauma. Four hundred forty-eight
male participants completed the assessments before and 6
months after deployment. The sample had a predominantly
Caucasian background (>95%). Two FKBP5 polymorphisms
(rs3800373 (guanine replaced by thymine), rs1360780
(cytosine replaced by thymine)) were investigated in 448
male soldiers, of whom 35 reported a high level of PTSD
symptoms after return from deployment. Participants in
the PTSD group reported more PTSD symptoms than the
comparison group before and after deployment. More
importantly, the PTSD group revealed a strong increase in
PTSD symptoms in response to deployment, while PTSD
symptoms did not increase in the comparison group. Childhood
trauma was independently associated with increased risk
for high levels of PTSD symptoms. This study revealed that
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Fig. (18). Schematic representation of the FKBP5 gene with exons
(black 1-12) and introns (grey). Localization of representative SNPs in
the gene is marked with bolts. * Association with PTSD in general,
# Association with PTSD among military personnel, $ Association
with other diseases.

multiple GR pathway components measured before deployment
are vulnerability factors for development of high levels of
PTSD symptoms in response to military deployment [41].

FKBP5 polymorphisms have also been investigated
among civilians. Both genetic and environmental factors
are contributory, with child abuse providing significant risk
liability. Four FKBPS5 SNPs (rs9296158, rs3800373, rs1360780,
and rs9470080) interacted with severity of child abuse as a
predictor of adult PTSD symptoms. There were no main
effects of these SNPs on PTSD symptoms and no significant
genetic interactions with severity of non-child abuse trauma as
predictor of adult PTSD symptoms. This suggests a potential
gene-childhood environment interaction for adult PTSD
[159, 160].

2.18.2. Drugs

The FK506 binding protein 5 (FKBP5) is of special
interest, since it modulates HPA axis signaling reactivity
through glucocorticoid receptor [nuclear receptor subfamily
3, group ¢, member 1 (NR3C1)][161].

SNPs in FKBPS5 influence the response to antidepressant
drug. Carriers of rs3800373 and rs1360780 responded better
to treatment. The effect was mainly seen in patients treated
with different drug combinations or with venlafaxine [156].
These findings could be interesting for PTSD treatment too.
SSRIs like venlafaxine and other antidepressants are also
used in the treatment of PTSD. The detection of SNPs could
help to ameliorate treatment efficacy.

2.19. GABA, Receptor B3 Subunit

The GABA, receptor (GABAAR) is an ionotropic receptor
and ligand-gated ion channel. Its endogenous ligand is
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Fig. (19). Schematic representation of the GABRB3 gene with exons
(black 1-9) and introns (grey). Localization of representative SNPs
in the gene is marked with bolts. * Association with PTSD in general,
# Association with PTSD among military personnel, $ Association
with other diseases.

v-aminobutyric acid (GABA), the major inhibitory neuro-
transmitter in the central nervous system. Upon activation,
the GABA, receptor selectively conducts Cl1  through its
pore, resulting in neuronal hyperpolarization. This inhibits
neurotransmission by diminishing the number of action
potentials [162]. There are numerous isoforms of the GABAA
receptor and three B-subunits (GABRB1, GABRB2, GABRB3).
These are characterized by different agonist binding affinities,
their opening and conductance characteristics and other
properties [163].

2.19.1. SNPs

Feusner et al. examined a polymorphism in the GABA 5
receptor beta 3 subunit gene (GABRB3) (Fig. 19). In Caucasian
male PTSD patients, dinucleotide repeat polymorphisms were
compared to GHQ-28 scores. As the major allele at GABRB3
was G1 (guanine), the alleles were divided into G1 and non-
G1 groups. The GHQ-28 score considers somatic symptoms,
anxiety/insomnia, social dysfunction and depression subscales.
Patients with the G1 non-G1 genotype had a significantly
higher score, if compared to both, the G1G1 genotype and
non-G1 non-G1 genotypes. No significant differences were
found between G1G1 and non-G1 non-G1 genotypes. If G1
non-G1 heterozygotes were compared to combined G1G1 and
non-G1 non-G1 homozygotes, significantly higher total GHQ
score was found in the heterozygotes. These observations
suggest a heterosis effect i.e. improved or increased function
in heterozygous individuals. In conclusion, this study
indicates that heterozygosity of the GABRB3 major (G1)
allele conferred more somatic symptoms, anxiety/insomnia,
social dysfunction and depression than found in homozygosity
[52]. SNPs in GABRB3 also increase the risk for other
mental diseases such as the Asperger syndrome [164].

Current Neuropharmacology, 2017, Vol. 15, No. 6 849

2.19.2. Drugs

Anxiety and fear responses are partly modulated by GABAA
receptor-mediated synaptic inhibition. Benzodiazepines
potentiate GABAergic inhibition and are effective anxiolytics.
An animal model with genetically modified mouse lines
tested benzodiazepine activity. Administration of the benzo-
diazepines alprazolam, chlordiazepoxide, and diazepam
significantly reduced fear-potentiated startle (FPS) in mouse
model [165]. FPS represents a conditioned fear test and a
useful preclinical tool to study PTSD-like responses. These
findings are a first valuable hint for further testing of benzo-
diazepines in PTSD patients.

2.20. Monoamine Oxidase B

Monoaminoxidase B encoded by the MAOB gene (Fig. 20)
belongs to the flavin monoamine oxidase family. It is an
enzyme located in the outer mitochondrial membrane. It
catalyzes the oxidative deamination of biogenic and
xenobiotic amines and plays an important role in the
metabolism of neuroactive and vasoactive amines in the
central nervous system and peripheral tissue. MAOB mainly
metabolizes dopamine (DA).

2.20.1. SNPs

Platelet MAOB activity and a MAOB intron 13
polymorphism (G/A substitution) were determined in a study
among male war veterans. The MAORB intron 13 polymorphism
was not functional, and did not affect platelet MAOB
activity. The allele frequencies of the MAOB genotype were
similarly distributed among healthy controls and veterans
with or without PTSD and/or psychotic symptoms. The results
suggest that platelet MAOB activity might be used as marker
for psychotic symptoms in PTSD [53]. Polymorphisms in
MAOB were also associated with Parkinson’s disease [166].

5

1

— 131799836

==L [ 1l

3

Fig. (20). Schematic representation of the MAOB gene with exons
(black 1-15) and introns (grey). Localization of representative SNPs
in the gene is marked with bolts. # Association with PTSD among
military personnel, $ Association with other diseases.
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Other polymorphisms of the MAOB gene have been linked to
negative emotionality, and suspected as an underlying factor
in depression [167].

2.20.2. Drugs

Alzheimer's disease and Parkinson's disease are both
associated with elevated MAOB levels in the brain. The
normal activity of MAOB leads to the generation of reactive
oxygen species, which damage neuronal cells. Selective
MAOB inhibitors such as selegiline and rasagiline are
therefore used for the treatment of early-stage Parkinson's
disease, depression and dementia [168].

2.21. Nitric Oxidase Synthase 1 Adaptor Protein

The NOSIAP gene encodes the nitric oxide synthase 1
adaptor protein that binds to its signaling molecule, neuronal
nitric oxide synthase (nNOS). NOSIAP is involved in
pathways promoting PTSD development. Nitric oxide (NO)
is the product of NO synthase (NOS). This enzyme has three
isoforms, i.e. neuronal (nNOS), endothelial (eNOS), and
inducible NOS (iNOS). NO release activates glutamate N-
methyl-D-aspartate (NMDA) receptors. NOS1AP competes
with postsynaptic density protein-95 (PSD-95) for nNOS
binding. NMDA receptor signaling is reduced via PSD-95
and nNOS. Overexpression of NOSIAP leads to a loss of
PSD-95/nNOS complexes in transfected cells [169] and
results in higher glutamate levels. This neurotransmitter
increases the risk of hippocampal atrophy and is released
during stress by increased sensitivity of hippocampal
glucocorticoid receptors [170]. In animal studies, stress-
mediated glucocorticoid release activated NOS leading to
down-regulation of hippocampal NMDA receptors and total
GABA levels [171]. Furthermore, the NO cascade is
involved in PTSD-related hippocampal volume loss and
cognitive deficits [172].

2.21.1. SNPs

SNPs in the NOS1AP gene have been studied in Vietnam
veterans regarding modulation of stress-evoked NMDA
activity [54]. A correlation between an intronic SNP
(rs386231, replacement of one or both adenosines by
guanine) and manifested PTSD has been observed in these
combat veterans. Individuals carrying the GG genotype were
more than three times likely to have PTSD compared to
those with the AA genotype. The GG genotype is associated
with more PTSD symptoms and severe depression [54].

Fig. (21) illustrates the different SNPs supposed to contribute
to PTSD vulnerability. All these polymorphisms have only
been detected in military personnel as of yet. Investigations
among other groups affected by PTSD are necessary to gain
more information. Additionally, it would be interesting to
investigate if there are hierarchies of polymorphisms
according to the strength of their effect on PTSD.

2.21.2. Drugs

NO is involved in modulating depression [173]. NOS
inhibitors such as NS-nitro-l-arginine and its derivatives
showed antidepressant effects in animal trials [174]. These
findings might be transferable to PTSD. However, the
development of pharmacotherapies targeting NOS1AP is a
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Fig. (21). Schematic representation of the NOS1A4P gene with exons
(black 1-10) and introns (grey). Localization of representative SNPs
in the gene is marked with bolts. # Association with PTSD among
military personnel, $ Association with other diseases.

difficult task, because of its role in diverse molecular
pathways. Many of the first developed arginine-based NOS
inhibitors exhibited potent inhibition of NOS, low toxicity,
and reasonable pharmacokinetics, but a major problem is the
low selectivity between different NOS isoforms. In fact, this
might result in pronounced side effects in vivo such as
hypertension and decreased cardiac output as a result of
unselective inhibition [175].

Another possibility to inhibit NOS is to target glutamate
release, as tested in trials with D-cycloserine (a partial
NMDA receptor agonist) or ADX71743, a selective negative
allosteric modulator of glutamate receptor (see “The impact
of genetic research on drug development”).

2.22. Protein Kinase C o

Protein kinase C o is encoded by the PRKCA gene and
belongs to the protein kinase C (PKC) family, a group of
serine- and threonine-specific protein kinases that are activated
by calcium and the second messenger diacylglycerol. PKC
family members phosphorylate a huge number of proteins
and are involved in diverse cellular signaling pathways.
Protein kinases play an important role in the formation of
emotional memory in animals [176], suggesting a linkage
between PRKCA and PTSD.

2.22.1. SNPs

SNP rs4790904 (adenine replaced by guanine, (Fig. 22)) in
the PRKCA gene was significantly associated with memory
for negative pictures, increased PTSD re-experiencing and
avoidance symptoms, as well as increased risk of current
PTSD diagnosis in genocide survivors from Rwanda [177].

This SNP has also been investigated in U.S. Afghanistan
and Iraq veterans. A significant correlation of rs4790904 to
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Fig. (22). Schematic representation of the PRKCA gene with exons
(black 1-9) and introns (grey). Localization of representative SNPs
in the gene is marked with bolts. * Association with PTSD in
general, # Association with PTSD among military personnel, $
Association with other diseases, UTR Untranslated region.

all three typical PTSD symptoms, but not to current PTSD
diagnosis was found in Caucasian soldiers. This relationships
was observed for the G allele rather than for the A allele. A
significant association of this variant with current PTSD
diagnosis was also detected in African-American veterans
[55].

2.22.2. Drugs

Despite these correlations, PKCA is a less suitable target
for PTSD treatment, as protein kinases occur ubiquitously in
the human body. PKCA inhibition would probably also lead
to inhibition of other protein kinases causing many side
effects.

2.23. Phosphoribosyl Transferase Domain Containing 1

PRTFDC1 (phosphoribosyl transferase domain containing
1, Fig. 23) codes for the phosphoribosyl transferase domain
containing 1 protein, which has its highest expression in the
brain. It is a homolog with 65% identity to the human
hypoxanthine guanine phosphoribosyltransferase (HPRT),
which is an important enzyme in the salvage pathway of
purine nucleotides [178]. The function of PRTFDCI is not
fully understood until to date, but it is involved in several
diseases. A recent study identified this homologue as a gene
potentially involved in the development of cancer [179], but
as well in childhood obesity [180].

2.23.1. SNPs

The Marine Resiliency Study (MRS) was a genome wide
association study (GWAS), including 3494 trauma-exposed
participants. The MRS is a well-characterized, prospective
study of Marines and Sailors scheduled for combat deployment
to Iraq or Afghanistan, with longitudinal follow-up to track
the effect of combat stress. They performed a GWAS across
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Fig. (23). Schematic representation of the PRTFDCI gene with
exons (black 1-9) and introns (grey). Localization of representative
SNPs in the gene is marked with bolts. * Association with PTSD in
general, # Association with PTSD among military personnel, $
Association with other diseases.

ancestral groups, including subjects of European, African,
Hispanic/Native American, and other ancestries. Gene
associations found in MRS were reproducibly also detected
in an independent cohort with 491 veterans. The study led to
the identification of a SNP in the phosphoribosyl transferase
domain containing 1 gene (rs6482463) [56]. Further investiga-
tions are needed to clarify the influence of this polymorphism
on gene function and its role in PTSD.

2.23.2. Drugs

Since the function of PRTFDCI is not fully understood,
pharmacotherapy has not yet been investigated. Until to date
2366 polymorphisms are described for this gene, but
rs6482463 is the only one, which has been linked to PTSD
[181].

2.24. Retinoic Acid Receptor-Related Orphan Receptor

Retinoic Acid Receptor-Related Orphan Receptor
(RORA) plays a role in neuroprotection. The RORA protein
is widely expressed in brain regions affected by PTSD such
as cerebral cortex, thalamus and hypothalamus [182]. It
protects neurons and glial cells from degenerative oxidative
stress.

2.24.1. SNPs

People with RORA mutations have an increased risk for
developing PTSD due to deficits in initiating neuroprotective
processes after trauma [183]. Trauma-exposed white non-
Hispanic veterans and their intimate partners (295 cases
and 196 controls) were examined for several SNPs in the
RORA gene. One SNP (rs8042149, replacement of guanine
by thymine) reached genome-wide significance. A high
incidence of the disorder (more than 60%) was observed
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Fig. (24). Schematic representation of the RORA gene with exons
(black 1-11) and introns (grey). Localization of representative SNPs in
the gene is marked with bolts. * Association with PTSD in general,
# Association with PTSD among military personnel, $ Association
with other diseases, UTR Untranslated region.

among those with limited histories of trauma exposure, who
carried the high-risk allele. PTSD prevalence was elevated in
individuals with the high-risk genotype across all levels of
exposure. Unfortunately, only trauma-exposed individuals
were included into the study and a control group was
missing. Several associations between other RORA SNPs and
PTSD were found in a subset of African-American veterans
in the same study as well as in a second much larger
independent African-American cohort [57], although only
SNP rs17303244 (either cytosine or thymine) from the
African-American cohort was statistically significant after
gene-level multiple testing correction.

Fig. (24) illustrates the localization of RORA SNPs.
Interestingly, rs8042149 elevated the risk for PTSD across all
levels of exposure. This finding is different from SLC6A44
gene, where the impact of polymorphisms on PTSD risk was
connected to the level of stress. This could be an explanation,
why this SNP is widely distributed among PTSD patients.
Rs8042149 and rs17303244 are located in intron regions of
the RORA gene. These polymorphisms may affect gene splicing,
transcription factor binding, messenger RNA degradation, or
sequences of non-coding RNA. Another polymorphism
(rs12912233) is associated with depression [184].

Other SNPs are found in the UTR 3" region. These
polymorphisms are not related to pathomechanisms. This
downstream region seems to have no impact on the receptor
function.

2.24.2. Drugs

It is a matter of discussion, whether or not RORA may be a
suitable target for drug development. There is an association
of high RORA activity and autoimmune disorders by
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activation of CD4" T helper cells [185]. Hence, RORA-
targeting therapies might bear the risk of severe side effects.

2.25. The Million Veteran Program

The Million Veteran Program (MVP) is a national,
voluntary research program funded by the U.S. Department
of Veterans Affairs Office of Research and Development and
represents one of the greatest research efforts in American
military history. Over a time period of 5-7 years, a genomic
database consisting of 1 million veterans is being set up for
users of the Department of Veterans Affairs healthcare
system. MVP intents to facilitate the development of new
diagnostic tests to enable disease prevention and early
treatment as well as personalized therapies based on the
veteran's individual genetic characteristics and conditions.
Furthermore, surveillance is conducted for early detection of
trauma exposure and other deployment-related conditions
and possibly link them to genetic susceptibilities. Another
advantage is that MVP captures information on different
populations and genders as well as different types of trauma.
By identifying gene-health connections, the program aims to
consequent improvement of disease screening, diagnosis,
and prognosis, ultimately fostering the development of more
effective, personalized therapies [186].

2.26. Difficulties and Chances of Genetic Studies Among
Military Personnel

The identification of genetic polymorphisms may facilitate
the drug development process and may help to find
individualized therapy options for patients. For other
complex diseases such as cancer, the identification of genetic
risk factors and biomarkers has been successful [187]. Mood
disorders are complex in nature and are influenced by
multiple diverse factors. Therefore, the determination of
parameters for PTSD risk or prediction of response to
pharmacotherapy is certainly not a trivial task, but would be
of great advantage for PTSD treatment. An advantage of
genetic markers is their presence from birth, which allows
their detection before a person is exposed to any traumatic
event. Genetic testing may help answering the question, why
individuals react differently upon trauma exposure.

A possible problem of genetic testing may be the anxiety
of affected soldiers to be stigmatized and discriminated by
employers and health insurances. This may lead to an
ambivalent view in the society towards genetic testing.
PTSD patients are less ready to agree with genetic testing of
their family members [188]. Furthermore, genetic poly-
morphisms are differently distributed among the human
populations on earth. Hence, it should be taken into account,
whether veterans from different countries might reveal
different probabilities to suffer from PTSD. This aspect has
not been adequately addressed yet, but warrant thorough
attention in the future.

Studies among military personnel yield several
methodological advantages. Due to the fact that large
numbers of patients can be studied, valid information can be
gained. This knowledge may be translated to non-military
PTSD patients, where it may be more difficult to set up
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clinical trials with sufficiently large numbers of participants
for prospective studies. A possible bias is that soldiers may
suffer from PTSD due to experiencing a traumatic event
before they joined the army. Such patients should be excluded
from clinical trials by careful anamnesis [189].

2.27. The Impact of Genetic Research on Drug Development

Without doubt, genetic research will probably lead to
innovative pharmacological treatments of PTSD. The
potential for future drug development can be illustrated by
achievements in the past. Elucidating the role of glutamate-
signaling pathways for PTSD led to a novel orally active
selective negative allosteric modulator of glutamate receptor,
ADX71743. The in vivo efficacy was tested in appropriate
rodent animal models. The substance showed an anti-
anxiolytic-like profile, but no effect against depression.
Further investigations have to clarify the underlying modes
of action of this compound [190].

Another example is d-cycloserine, a partial NMDA
receptor agonist with approved activity against anxiety
symptoms. In combination with exposure therapy, d-
cycloserine significantly ameliorated the treatment outcome
of PTSD patients [191]. In another randomized, double
blind, clinical trial d-cycloserine alleviated numbing and
avoidance in combat-related chronic PTSD. The study was
an 11-week, double-blind, and crossover trial with randomly
selected outpatients with chronic combat-related PTSD.
Seventy-six eligible patients were randomly assigned to two
groups. One group received either an add-on treatment of d-
cycloserine (50 mg daily), or placebo (four weeks). After a
washout phase for two weeks, the groups changed the
treatment for another four weeks. PTSD scales were performed
at baseline and at the end of the 1%, S‘h, and 11" week. The
overall number of avoidance and numbing symptoms,
symptom frequency, and symptom intensity were measured
separately. The outcome of the study showed no significant
differences between d-cycloserine and placebo regarding
overall avoidance and numbing symptom frequency, but
significant reductions of overall symptom intensity and impact
on function. Another positive aspect is that d-cycloserine did
not reveal significant adverse effects and none of the patients
dropped out because of side effects [192].

CONCLUSION

During the past two decades, PTSD became more and
more recognized as mental disease. From former denunciation
of soldiers as dissemblers until the inclusion into the DSM
many years have passed and it was only recently that the
elucidation of pathomechanisms of PTSD came into the
center of interest. Initial psychiatric research has been
complemented in recent years by progresses in genetics and
molecular biology. This enabled us to develop a more
integrative view, how the dysfunction of molecular pathways
caused by genetic mutations relate to psychiatric symptoms.
Even more, some genetic mutations may serve as predictive
factors for the onset of PTSD. Studies with animal models or
patients with anxiety disorders indicate that some SNPs may
be risk factors for the disease, but seem to be protective
factors for soldiers in combat situations. According to these
findings, it can be concluded that the level of stress in a
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particular environmental condition might determine whether
certain types of SNPs protect from or predispose for PTSD.
Further research is warranted to further specify the predictive
character of such polymorphisms.

Genetic mutations associated with higher PTSD risks
have been found in several genes encoding as neuro-
transmitters and their receptors (ADRB2, BDNF, CRHR-2,
DRD2, DRD3, NR3CI and RORA) or downstream signal
transducers and metabolizing enzymes (ADCYS8, ANK3,
APOE, COMT, DBH, DPP6, FAAH, FKBP5, GABRBS3,
MAOB, NOSIAP, PRKCA, PRTFDCI, SLCIAIl, SLC6A4).
Genetic research may identify novel biomarkers to predict
new targets, to better predict the patient’s response to
existing pharmacotherapy and to novel targets for future
drugs. New medications are urgently needed because of the
poor response of many PTSD patients. d-cycloserine, a
NMDA receptor agonist with anxiety reducing effects and
ADX71743, a novel selective negative allosteric modulator
of glutamate receptor with anxiolytic activity have shown
positive effects. UCPH-101 is an inhibitor of the excitatory
amino-acid transporter (EAAT). N@nitro-l-arginine was
developed as an NOS inhibitor and yohimbine inhibited
dopamine D2 receptors. Fatty acid amide hydrolase could be
targeted by a new inhibitor with the preliminary name OL-
135. An agonist of Trk receptor is 7, 8-dihydroxyflavone,
which activates gene transcription.

The knowledge from other diseases with symptoms partly
comparable to PTSD such as depression or schizophrenia
provides the opportunity to test already approved medications
in the context of PTSD. Possible candidates are COMT
inhibitors (e.g. tolcapone) or partial dopamine agonists (e.g.
aripiprazole). Yohimbine may also be an interesting new
drug candidate as dopamine antagonist. Other examples are
the SSRI sertraline or neuroleptic clozapine, which affects
cortisol levels. Salbutamol, a B, adrenergic receptor agonist
normally used to treat asthma has been tested with favorable
results in a group of patients surviving a motor cycle
accident [125]. Further controlled clinical studies are needed
to prove its efficacy and safety for PTSD patients.

One of the biggest research programs among military
personnel is MVP. This emphasizes the relevance of military
as a valuable resource for basic and clinical studies to gain
fundamental knowledge on PTSD.

Despite progress in drug research, challenges remain
especially to develop effective, target-oriented drugs.
Furthermore, measures for disease prevention should be
improved and tests for the assessment of individual PTSD
risks have to be implemented in the primary health care of
soldiers. Further research on soldiers will improve the health
care requirements of traumatized soldiers and other PTSD
patients.

LIST OF ABBREVIATIONS

5-HT = 5-Hydroxytryptophan = serotonin
5-HT, = Serotonin receptor 2

5-HTT = 5-Hydroxytryptamintransporter = serotonin

transporter
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CBT
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DRD2
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receptor 2

Dopamine receptor 2
Dopamine receptor 3
Dopamine

Dopamine transporter
Dopamine B-hydroxylase
7, 8-Dihydroxyflavone
Deoxyribonucleic acid
Dopamine receptor D2
Dopamine receptor D3

Diagnostic and Statistical Manual of
Mental Disorders

Endogenous cannabinoids

Eye movement desensitization and
reprocessing

Endothelial nitric oxide synthase
Fatty acid amide hydrolase
FK506 binding protein 5

Guanine

Y-Aminobutyric acid
Y-Aminobutyric acid receptor type A

Y-Aminobutyric acid receptor subunit
B-3
General health questionnaire

Glucocorticoid receptor

Naf and Efferth

GWAS Genome wide association study

HPA axis Hypothalamic—pituitary—adrenal axis

HSP90 Heat shock protein 90

iNOS Inducible nitric oxide synthase

MAOB Monoaminoxidase B

Met Methionine

MRS Marine resiliency study

MVP Million veteran program

NA Noradrenaline

NCS United States National comorbidity
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NMDA-R N-methyl-d-aspartic acid receptor

NO Nitric oxide = nitrogen monoxide

NOS1AP Nitric oxide synthase 1 adaptor protein

nNOS Neuronal nitric oxide synthase
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RNA Ribonucleic acid
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SERT Serotonin transporter

SLC6 Solute carrier 6
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SLC6A4 Serotonin transporter gene
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SSRI Selective serotonin reuptake inhibitor
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