JOURNAL OF CHILD AND ADOLESCENT PSYCHOPHARMACOLOGY
Volume 23, Number 4, 2013

© Mary Ann Liebert, Inc.

Pp. 236-243

DOI: 10.1089/cap.2012.0072

Original Articles

The Association of a Novel Haplotype
in the Dopamine Transporter with Preschool
Age Posttraumatic Stress Disorder

Stacy S. Drury, MD, PhD, Zoé H. Brett, PhD, Caitlin Henry, BS, and Michael Scheeringa MD, MPH

Abstract

Objective: Significant evidence supports a genetic contribution to the development of posttraumatic stress disorder (PTSD).
Three previous studies have demonstrated an association between PTSD and the nine repeat allele of the 3 untranslated region
(3’UTR) variable number tandem repeat (VNTR) in the dopamine transporter (DAT, rs28363170). Recently a novel, func-
tionally significant C/T single-nucleotide polymorphism (SNP) in the 3’'UTR (rs27072) with putative interactions with the
3’VNTR, has been identified. To provide enhanced support for the role of DAT and striatal dopamine regulation in the
development of PTSD, this study examined the impact of a haplotype defined by the C allele of rs27072 and the nine repeat
allele of the 3’'VNTR on PTSD diagnosis in young trauma-exposed children.

Methods: DAT haplotypes were determined in 150 trauma-exposed 3—6 year-old children. PTSD was assessed with a
semistructured interview. After excluding double heterozygotes, analysis was performed on 143 total subjects. Haplotype
was examined in relation to categorical and continuous measures of PTSD, controlling for trauma type and race. Additional
analysis within the two largest race categories was performed, as other means of controlling for ethnic stratification were not
available.

Results: The number of haplotypes (0, 1, or 2) defined by the presence of the nine repeat allele of rs28363170 (VNTR in the
3’UTR) and the C allele of rs27072 (SNP in the 3’UTR) was significantly associated with both the diagnosis of PTSD and total
PTSD symptoms. Specifically, children with one or two copies of the haplotype had significantly more PTSD symptoms and
were more likely to be diagnosed with PTSD than were children without this haplotype.

Conclusions: These findings extend previous findings associating genetic variation in the DAT with PTSD. The association of
a haplotype in DAT with PTSD provides incremental traction for a model of genetic vulnerability to PTSD, a specific
underlying mechanism implicating striatal dopamine regulation, and insight into potential future personalized interventions.

Introduction associated with the hypothalamic pituitary adrenal axis (HPA),
dopaminergic, and serotonergic neurotransmission (reviewed in
Koenen 2007; Cornelis et al. 2010; Skelton et al. 2012). Replication

l l NFORTUNATELY, EXPOSURES TO TRAUMATIC EVENTS in
studies of the association between PTSD and specific genes have

childhood are not rare, and often not random. It is estimated

that one in four children will experience at least one traumatic event
before adulthood, and that many children experience both multiple
types of trauma as well as repeated exposure to the same traumatic
event (Cohen 2010). Whereas some children seem resilient to trau-
matic experiences, a significant proportion of children, including
very young children, develop posttraumatic stress disorder (PTSD).

Although family and twin studies have established a substantial
genetic contribution to PTSD (True et al. 1993; Sack et al. 1995;
Xian et al. 2000; Yehuda et al. 2001; Stein, et al. 2002) studies
examining the impact of specific genes on the development of
PTSD are limited. The majority of genes examined to date are

been reported with four genes: the serotonin (SLC6A4), forkhead
binding protein 5 (FKBPS5), dopamine receptor 2 (DRD?2), and the
dopamine transporter (SLC6A3) (Comings et al. 1996; Segman
et al. 2002; Lee et al. 2006; Kilpatrick et al. 2007; Binder et al.
2008; Drury et al. 2009; Koenen et al. 2009; Xie, et al. 2009; Voisey
et al. 2009; Kolassa et al. 2010; Xie et al. 2010; Valente et al. 2011;
Wang et al. 2011; Boscarino et al. 2012; Chang et al. 2012; Pietrzak
etal. 2012). Failed replications also exist for these genes (Gelernter
et al. 1999; Bailey et al. 2010; Goenjian et al. 2012) and potential
genetic heterogeneity as a function of trauma type or ethnicity may
exist (Xie et al. 2009).
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Studies involving genes known to regulate dopamine metabo-
lism may represent the strongest empirical candidates, as these
associations are complimented by the evidence documenting al-
terations in dopamine and dopamine metabolism in individuals
with PTSD (Segman, et al. 2000; Goldstein, et al. 2007; Koenen
etal. 2011; Schulz-Heik et al. 2011). Research further suggests that
cognitive processes, associated with dopaminergic function, spe-
cifically attention and executive function, are implicated in PTSD
(Kimble, et al. 2000; Hopper et al. 2006; Gunnar and Quevedo
2007; Geuze et al. 2008; De Bellis et al. 2009; Bar-Haim, et al.
2010; Hauschildt, et al. 2011). Attentional hypervigilance for threat
has been demonstrated experimentally in both adults and youths
with PTSD (Bryant and Harvey 1997; Dalgleish et al. 2001). The
mesocortical/mesoprefrontal dopaminergic system (from midbrain
to prefrontal cortex) is preferentially activated by stress exposure,
and is hypothesized to be related to the symptom of increased
vigilance found in PTSD (Vermetten and Bremner 2002). Taken
together, the evidence linking PTSD symptoms to alterations in
circulating dopamine levels and associated deficits in executive
function and attentional processes, provide a consistent neurogen-
etically informed model that supports further exploration of the
association between PTSD and genes such as DAT that are known
to regulate dopamine neurotransmission and similar neurocognitive
processes (Ehlers and Clark 2000; Meiser-Stedman 2002; Aupperle
et al. 2012).

The dopamine transporter (DAT) regulates the reuptake of do-
pamine into the presynaptic terminals, particularly in mesocorti-
colimbic and nigrostriatal pathways. A variable number tandem
repeat (VNTR) polymorphism (rs28363170) is found in the 3’
untranslated region (3’"UTR) of DAT. Individuals can have alleles
ranging in length from 3 to 12 repeats, although the majority of
individuals have either 9 or 10 repeats (Min Kang et al. 1999). The
nine repeat allele has been associated with increased approach-
avoidance behaviors and it is hypothesized that this allele may
result in an elevated sensitivity, or detection, of emotional con-
textual cues (Enter et al. 2012). Four studies have now demon-
strated an association between PTSD and the nine repeat allele of
the DAT 3’VNTR (Segman et al. 2002; Drury et al. 2009; Valente
et al. 2011; Chang et al. 2012). One additional study failed to
replicate the association with DAT 3’"VNTR; however, genotype
was characterized differently in that study than in previous re-
search, thus limiting the ability to compare results (Bailey et al.
2010).

The single-nucleotide polymorphism (SNP) rs27072 (C/T), with
a minor allele (T) in high linkage disequilibrium with the 10 repeat
allele of the 3'UTR, appears to impact DAT function, both inde-
pendently and in conjunction with the 3’VNTR. Pinsonneault and
colleagues demonstrated that this SNP influenced DAT mRNA
levels in human tissue from the substantia nigra and impacted DAT
mRNA levels in vitro when transfected in cis (i.e., on the same
chromosome) with the 3’VNTR (Pinsonneault et al. 2011). The
T (minor) allele has previously been associated with bipolar dis-
order, and two other studies have examined the rs27072 SNP and
attention-deficit/hyperactivity disorder (ADHD) (Feng et al. 2005;
Ouellet-Morin et al. 2008; Pinsonneault et al. 2011). No previous
studies have examined this SNP, or any DAT haplotypes, in rela-
tion to PTSD. Given the in vitro and in vivo evidence cited, a DAT
haplotype defined by both the 3’VNTR and rs27072 may more
precisely reflect functional differences in DAT than the VNTR
alone. If functional differences in DAT are involved in the patho-
physiology of PTSD, this haplotype would be expected to more
accurately predict PTSD than either variant alone (Heinz et al.
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2000; Cheon et al. 2005), particularly as the functional significance
of VNTR alleles other than the 9 or 10 are unknown.

We tested whether a functional haplotype, defined by the nine
repeat allele of the 3’"VNTR and the C allele of rs27072, is asso-
ciated with PTSD in trauma-exposed, preschool-age children. We
have previously reported an association between the nine repeat
allele and PTSD in a subset of these same children who were ex-
posed to Hurricane Katrina (Drury et al. 2009). In this report, we
extend our findings in two ways. First, we examined whether a
haplotype defined by these two polymorphisms, with putative
functional significance, is associated with PTSD. Specifically, we
hypothesized that individuals with two copies of the 9/C haplotype
(i.e., C/C and 9/9) would have the highest risk for PTSD and the
greatest number of total symptoms. Individuals with one copy of
the haplotype would have an intermediate risk, and those lacking
this haplotype would demonstrate the lowest risk. Second, we in-
cluded children with different types of traumatic experiences (i.e.,
single event injuries and repeated domestic violence exposure), as
our previous study was limited only to children exposed to Hurri-
cane Katrina. We then tested whether the previous associations
between DAT and PTSD, found in preschool-age survivors of
Hurricane Katrina (Drury et al. 2009), adult survivors of combat
(Segman et al. 2002) and adults exposed to urban violence and
other traumas Valente et al. 2011; (Chang et al. 2012) could be
replicated with this haplotype in preschool age children exposed to
different traumatic experiences. The established association of
DAT with increased risk for PTSD in multiple studies, across age
and trauma exposure, combined with increasing evidence that
suggests that genotype-based differences influence treatment re-
sponse, underscores the need for an enhanced understanding of the
role of DAT and dopamine neurotransmission in the etiology and
manifestation, particularly the co-morbidity, of PTSD (Roessner
et al. 2010; Froelich et al. 2011; Abraham et al. 2012).

Methods
Participants and procedure

We recruited 150 3-6 year-old children from an on-going study
(RO1 MH65884-01A1), 1 year after the study began (genetic data
was not originally proposed). DNA was collected on consecutively
enrolled subjects from January 2005 until enrollment ended in
April 2008. Analysis was performed on 143 participants with ap-
propriate haplotype and complete PTSD data (see Genotyping
section for further details).

Inclusion criteria for the entire study were: 1) Having experienced
at least one type of life-threatening trauma. Data were collected on
traumatic exposure using 12 events from the Life Events section of
the Preschool Age Psychiatric Assessment (PAPA) (Egger et al.
2006). Medical events counted if they involved major surgery or
were invasive beyond a blood draw (e.g., voiding cystourethrogram
or lumbar puncture). 2) Age between 36 and 83 months at the time of
most recent trauma and time of enrollment. Exclusion criteria were:
1) Head trauma with Glasgow Coma Scale score <7 in the emer-
gency room. 2) Mental retardation, autistic disorder, blindness,
deafness, and coming from foreign language-speaking families.

Participants had experienced a variety of traumatic events.
Twenty-four were identified from the registry of a level 1 trauma
center and had experienced single trauma events such as motor
vehicle accidents and accidental injuries (single trauma group).
Twenty-two children, recruited from three battered women’s pro-
grams in the New Orleans metropolitan area, had witnessed severe
domestic violence (domestic violence). Ninety-seven children had
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experienced the Hurricane Katrina disaster (Katrina). Many chil-
dren in the study had experienced more than one type of traumatic
event and/or had had multiple exposures to particular types of
trauma. One child had experienced both domestic violence and
Hurricane Katrina; therefore, he was not included in either group.
We had previously reported the association between carriers of the
nine repeat allele of the DAT 3’VNTR and PTSD in subset of 88
children exposed to Hurricane Katrina (Drury et al. 2009).

The study was approved by the Tulane University Committee on
Use of Human Subjects. Written informed consent was obtained
from primary caregivers. Signed assent was not obtained from
children because of their young age. Participants were monetarily
compensated for their participation.

Genotyping

DNA was extracted from MasterAmp buccal swabs using
Epicentre Biotechnologies MasterAmp DNA extraction solution
(Illumina Inc., Madison, WI), following manufacturer’s recom-
mendations. Samples were run in duplicate with known controls.
All genotyping was done blind to all outcomes (Heils et al. 1996).
Genotyping for the DAT 3’VNTR was performed using polymerase
chain reaction (PCR). PCR products were then electrophoresed
through a 2% agarose gel using standard protocols. Allele deter-
mination was made based on the size of fragments compared with
known genotypes and size standards (Michelhaugh et al. 2001).
PCR was performed on a Bio-Rad C1000 thermal cycler (Bio-Rad
Laboratories, Hercules, CA) using the 5’ primer (forward): 5’-
TGTGG TGTAGGGAACGGCCTGAG-3’, 3’ primer (reverse):
5’-CTTCC TGGAGGTCACGGCTCAAGG-3’. PCR was per-
formed in a 50 uL reaction with 10 pmol of each primer, 1.25 U of
Ex Tag™ DNA Polymerase (TaKara Bio Inc., Otsu, Shiga, Japan),
1x Ex Tag™ Buffer, 200 umdNTPs. Thermal cycling conditions
were an initial denaturation for 5 minutes followed by 40 cycles of
94°C for 30 seconds, 58°C for 30 seconds, and 72°C for 45 seconds.
10 pd of the final reaction was size fractionated on a 2% agarose gel
with a standard 1 kb DNA ladder for size determination. Alleles
ranged from 3 repeats to 12 repeats. Samples that failed to amplify
fragment size consistently or failed to amplify were eliminated
from further analysis. Genotype for rs27072 was determined using
TagMan SNP assay c¢__ 2396868_10 (Life Technologies, Carls-
bad, CA). PCR was performed in 10 ul reactions, in triplicate on a
Bio-Rad C1000 thermal cycler (Bio-Rad Laboratories, Hercules,
CA) and thermal cycling conditions were 95°C for 10 minutes then
40 cycles of 92°C for 15 seconds and 60°C for 60 seconds. All
samples were run with known controls. Genotypes were in Hardy—
Weinberg equilibrium and consistent with previous studies.

Haplotypes were constructed based on nine repeat allele status of
the 3’VNTR and C allele of the rs27072 (C/T) because of known
functional interactions. The number of haplotypes was assigned
based on the number of homozygote patterns. Specifically, indi-
viduals who were homozygous for both 9/9 and C/C were cate-
gorized as having two copies of the haplotype. Individuals who
were heterozygous for the nine repeat allele and homozygous C/C
were categorized as having one copy of the haplotype. Individuals
who were heterozygous C/T and homozygous 9/9 were also cate-
gorized as having one copy of the haplotype. Double heterozygotes
(9/* and C/T) were excluded because haplotype status could not be
unambiguously assigned because parental DNA data were lacking
(n=17). This resulted in 143 individuals for the final analysis. All
remaining genotype combinations were categorized as 0 copies of
the haplotype (Min Kang et al. 1999).
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PTSD diagnosis and symptoms

PTSD diagnosis and symptom counts were assessed using the
Preschool Age Psychiatric Assessment (PAPA). Test-retest reli-
ability of the PAPA is comparable to structured psychiatric inter-
views used to assess older children and adults, with an intraclass
correlation coefficient of 0.56 and a k of 0.73 for the PTSD module
(Egger et al. 2006). The PAPA interview was performed by trained
research assistants who were blind to genotyping information. In-
itial interviewers were trained on the content and scoring of the
PAPA by a trainer from Duke University, where the PAPA was
created. Subsequent interviewers were trained on content and
scoring rules by one of the local investigators (MS). New inter-
viewers who joined the study first observed experienced inter-
viewers give three interviews, then observed and coded two
interviews given by experienced interviewers with whom they
compared coding following the interviews. Then, they adminis-
tered their first interview while being observed by a trainer, and
were given immediate feedback. Next, the coding of every symp-
tom of their next three interviews was completed with the advice of
an experienced interviewer. Finally, throughout the study, the lead
investigator (MS) met individually with interviewers weekly to
watch their most symptomatic interviews on videotape in order
to prevent drift, critique technique, and correct coding errors,
with special attention focused on the criterion B, re-experiencing
symptoms, and the two avoidance symptoms.

Data analysis

PTSD diagnosis by haplotype status was tested with »* tests.
Number of PTSD symptoms by haplotype was tested using PROC
GLM in SAS 9.2 (SAS Institute Inc., Cary, NC) controlling for trauma
group and race. Gender, race, and age were examined for association
with genotype. Analysis of variance examining symptoms specific to
each PTSD criterion were also examined for association with hap-
lotype. Post-hoc pairwise analysis was performed comparing the three
haplotype groupings (0, 1, and 2 copies). Further analysis within the
two largest race categories (black and white) was performed to ex-
amine potential confounding resulting from population stratification.
Number of symptoms by genotype within the black and white sub-
groups was tested with nonparametric Wilcoxon rank sum test. Fi-
nally, analysis within the previously unexamined subjects with
non-hurricane-related trauma was explored. Consistent with other
exploratory studies, and the limited by the sample size when stratified
by ethnic group, we did not correct for multiple comparisons.

Results

PTSD diagnosis was not associated with race, trauma group, age,
or gender. Haplotype was not associated with trauma group, age, or
gender. The frequency of the 9 repeat allele was 20% and the
frequency of the 10 repeat allele was 80%. The allele frequency for
the rs27072 was 88% for the C allele and 12% for the T allele.
Haplotype frequencies are presented in Table 1. Race was signifi-
cantly associated with haplotype (5 [df=4, n=143]=11.8, p=.02)
and, therefore, all subsequent analysis controlled for race. Post-hoc
analysis was also performed within each race subgroup, recogniz-
ing the impact on power and the influence of sample size.

Genetic association with PTSD diagnosis
and symptoms

Haplotype status significantly predicted PTSD diagnosis. In-
dividuals with two copies of the haplotype had the highest risk of
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TABLE 1. HAPLOTYPE DISTRIBUTION AND ALLELE
FREQUENCY ACROSS DEMOGRAPHIC CATEGORIES

2 haplotypes 1 haplotype 0 haplotypes

n (%) n (%) n (%) p value
Total, n=143 14 (10%) 31 22%) 98 (69%)
Race
Black 3 (2%) 20 (14%) 64 (45%)  0.02
White 9 (6%) 9 (6%) 23 (16%)
Other/Mixed 2 (1%) 2 (1%) 11 (8%)
Age in years
Mean (SD)  5.39 (1.21) 5.20 (1.15) 5.16 (1.03) ns
Gender
Male 8 (6%) 22 (15%) 56 (39%)
Female 6 (4%) 9 (6%) 42 (29%) ns

diagnosis (79%), individuals with one haplotype had intermediate
risk (58%), and individuals with no copies of the haplotype had the
least risk (38%) (x> [df=2, n=143]=10.47, p=0.005) (Table 2).
Haplotype was also significantly associated with the continuous
measures (number of symptoms) of criterion C (#=0.07,
f141=2.56, p <0.05), criterion D (+* =0.09, f(4)=3.6, p<.008), and
total PTSD symptoms (= .1, f[4]=3.81, p<0.006) (Fig. 1).

As a significant difference in haplotype frequencies was detected
between black and white race categories, analyses were also per-
formed within each race category, black (n=_87) and white (n=41).
Other race categories did not contain sufficient numbers of in-
dividuals for meaningful analysis (n=15). Analysis within the
black race category continued to find a statistically significant re-
lationship between PTSD diagnosis and allele status (> df=2,
n=87=9.02, p=0.01). The diagnosis was present in 100% of those
with two haplotypes, in 65% of those with one haplotype, and in
36% of those with no copies of the haplotype (Table 2). Analysis
within the smaller white race subgroup did not find a statistically
significant association between haplotype and PTSD diagnosis.
Although the rates of diagnosis by haplotype were consistent with a
pattern of increased risk in the white subgroup, with 67% diagnosed
in those with two copies of the haplotype, 44% in those with one
copy, and 35% in those with no haplotypes.

Number of haplotypes significantly predicted the total number of
PTSD symptoms within the black subgroup (% =0.09, f(2)=4.42,
p<0.01) and approached significance with the total number of
PTSD symptoms within the white subgroup (*=0.13, f(2)=2.9,
p<0.07) (Fig. 2). Haplotype was significantly associated with the
number of criterion D symptoms within the white subgroup

TABLE 2. HAPLOTYPE ASSOCIATION WITH PTSD DIAGNOSIS

2 haplotypes 1 haplotype 0 haplotypes

n (%) n (%) n (%) p value
Total, n=143
Yes PTSD 11 (8%) 18 (13%) 37 (26%) 0.005
No PTSD 3 (2%) 13 (9%) 61 (43%)
Black, n=87
Yes PTSD 3 (2%) 13 (9%) 23 (16%) 0.011
No PTSD 0 (0%) 7 (5%) 41 (29%)
White, n=41
Yes PTSD 6 (4%) 4 (3%) 8 (6%) 0.263
No PTSD 3 (2%) 5 (3%) 15 (10%)

PTSD, posttraumatic stress disorder.
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FIG. 1. Posttraumatic stress disorder (PTSD) symptoms by DAT
haplotype dosage. Significance indicated by ***p<0.004,
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(*=0.15, (2)=3.59, p <0.04) and approached significance within
the black subgroup (#=0.07, f(2)=2.75, p<0.06).

As we have previously demonstrated an association between the
DAT 9 repeat allele and PTSD in a subset of this sample exposed
only to Hurricane Katrina (Drury et al. 2009), we sought to deter-
mine if this association would be maintained in children exposed to
other trauma types who were not previously included in our initial
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study. In this subset of children, who were exposed to either re-
peated trauma as a result of witnessing domestic violence or a
single incident traumatic event, we tested the association between
DAT haplotype and PTSD diagnosis, controlling for ethnicity. In
this subset (n=46), PTSD diagnosis continued to be significantly
associated with DAT haplotype (3 [df=2, n=44]=7.5, p=0.02).
In this subsample, 100% of children with two copies of the hap-
lotype had PTSD, 71% of those with one copy had PTSD, and 37%
of those without the haplotype had PTSD. Further stratification by
ethnicity was not performed, because of the limited sample size.

Discussion

In this study, we replicate previous studies finding an association
between allelic variation in DAT and the development of PTSD in
trauma-exposed individuals. Further, the demonstration of this
association with a putative functional haplotype provides increased
evidence implicating functional differences in DAT, and subse-
quent aberrant dopaminergic signaling, in the phenotypic mani-
festations of PTSD. Although four previous studies have reported
associations between the nine repeat allele of the 3’VNTR
(rs28363170) and PTSD, conclusive evidence of the functional
significance of this 3’VNTR remains elusive. Our findings replicate
previous studies in both adults and children linking DAT and PTSD,
extend the genetic relevance by utilizing a haplotype, and confirm
that the association between PTSD and DAT crosses types of
traumatic experiences. The consistency of this association between
genetic variation in DAT and PTSD combined with the link to a
neurobiologically informed hypothesis, represents a novel ap-
proach to countering the prevalence of failed replication studies in
psychiatric genetic research. DAT haplotype accounted for
<10% of the variance in PTSD symptoms consistent with most
genetic studies of psychiatric illnesses, which suggests that single
genes likely account for only a small amount of the variance in the
development of psychopathology. This also suggests, however, that
there remains a considerable amount of unaccounted variance.
More complex models that incorporate cumulative genetic vul-
nerability or intermediate phenotypes may, therefore, be appro-
priate avenues of future exploration (Boscarino et al. 2011, 2012).

The 3’UTR, where both of these polymorphisms reside, is as-
sociated with subcellular localization and posttranslational modi-
fication of mRNA. The regulation of DAT expression levels by the
3’UTR is expected to be regulated in part by microRNAs (miRNA),
noncoding RNAs that serve as rapid modifiers of mRNA function.
Several miRNA seed sites, highly conserved DNA sequences
critical for miRNA function, are located in the sequence sur-
rounding the rs27072 (Pinsonneault et al. 2011). Studies examining
functional differences between the 9 and 10 alleles of the 3’'UTR
VNTR alone have been inconsistent, suggesting that more complex
regulatory processes controlling DAT protein levels and transporter
function may be involved (Heinz et al. 2000, Van Dyck et al. 2005,
van de Giessen et al. 2009). Most recently, Chang et al. demon-
strated an association between PTSD and the 5'methylation status
and nine allele of the 3'UTR VNTR in a large case control study
suggesting that alternative regulatory mechanisms that influence
gene expression may be critical for defining the association be-
tween DAT and PTSD (Chang et al. 2012). As the molecular evi-
dence surrounding the regulation of DAT expression accumulates,
more complex haplotype analysis, and the inclusion of epigenetic
modifications including methylation and miRNA regulation, may
provide even greater insight into this increasingly well-established
relationship between DAT and PTSD.

DRURY ET AL.

Although the association between the number of DAT haplo-
types was significant with total PTSD symptoms and criterion C
symptoms, the association appears strongest with criterion D
symptoms. Criterion D symptoms are conceptualized as increased
arousal phenomena that include hypervigilance, concentration
difficulties, irritability, exaggerated startle, and sleep disturbance.
The underlying disturbance of these symptoms is thought to be due
to individuals’ preoccupations with trauma-related internalizations
that preclude normative orienting, attention-shifting, and self-
regulation. This model is consistent with research that has found
increased attention to threat stimuli in individuals with PTSD
compared to individuals without PTSD in samples of children and
adolescents 9—17 years-old (Dalgleish et al. 2001) and adults
(Bryant and Harvey 1997). As PTSD is associated with heightened
attentional bias to threat, it follows that alterations in striatal do-
pamine levels, as a result of functional DAT polymorphic variants,
would result in increased risk for the development of PTSD.
However, as regulation of attention is caused by pulsatile releases
of dopamine following exposure to a relevant stimuli, it is plausible
that a more accurate model of the dopaminergic deficit in PTSD is
not caused by too high or too low striatal dopamine, but rather by a
deficiency in the control of the fluctuation of dopamine levels,
which is needed as one discriminates between relevant and irrelevant
stimuli. This model is consistent with the dopamine hypothesis in re-
lation to prefrontal cortex functioning (Diamond et al. 2004; Diamond
2007) and is consistent with a model implicating miRNA regulation.

The impact of dopamine and DAT on attentional systems is also
relevant for treatment considerations in PTSD with comorbid
syndromes or problems, specifically ADHD. For example, it has
been shown that ADHD, in which attention difficulties are para-
mount, is comorbid with PTSD in very young children 38% of the
time (Scheeringa et al. 2003), and concern has been expressed that
externalizing disruptive behaviors may often be misdiagnosed as
ADHD when PTSD is the true underlying syndrome (Madras et al.
2006). Interestingly, methylphenidate, through its direct effect on
striatal dopamine, via DAT, combined with the established role of
striatal function in attention orienting and disengaging, may have a
specific role, particularly during exposure treatment, in enhancing
attentional disengagement needed for effective cognitive behav-
ioral therapy (CBT) (Abraham et al. 2012). Further, as recent
studies suggest that the response to stimulants, which primarily act
on DAT, is impacted by genotype (Joober et al. 2006; Szobot et al.
2011), understanding how these genetic variants impact DAT
function, dopamine regulation, and the mechanism of action for
specific stimulants may identify not only a subset of individuals
more likely to respond to a particularly treatment modality but also
identify novel targets for PTSD treatment, including miRNAs.
Whereas genetic studies of psychological disorders have previously
been limited to identifying risk and resilience, the use of genetic
studies to define underlying neurobiological mechanisms and in-
form treatment approaches represents a somewhat underutilized
advantage of genetic studies, particularly those able to leverage
existing pre-clinical and translational molecular genetic studies.

Limitations

Several limitations to this study exist. First, we a priori assigned
haplotype status of the 9 and C alleles. Because we lacked parental
DNA, we were unable to classify double heterozygotes without
ambiguity. To account for this challenge, analysis was performed
excluding double heterozygotes (n=7). Linkage disequilibrium
between the T allele and the 10 repeat allele of the 3’'VNTR does
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exist. Although alternative approaches for estimating haplotype
status exist, we utilized this approach based on the known biolog-
ical interaction, and believe it represents the most conservative
estimation. Future studies with parental DNA that permit the ac-
curate construction of haplotype status, as well as consideration of
haplotypes spanning the entire gene, not simply the 3'UTR, are
needed. A second limitation is the relatively small sample size of
each race subgroup and the existence of statistically significant
differences in haplotype frequency between the white and black
race categories. Statistical analysis to adjust for race stratification
has been performed in past studies to prevent false positive findings
in studies when allele frequencies differ normatively between race
groups. However, we did not detect differences in PTSD diagnosis
or symptoms between our race categories. Additionally, analysis
within the black subgroup continued to demonstrate a significant
association with PTSD diagnosis. Although we did not obtain
significant values with the PTSD diagnosis within the white sub-
group, total symptoms approached significance, and criterion D
symptoms remained significant, even given the small sample size
(Hutchison et al. 2005), offering evidence that our results are not
caused by population stratification. Although the determination of
genetic admixture would have been ideal, additional genotyping
information was not available in this sample. We acknowledge that
stratification by ethnicity significantly decreased our power, but
suggest that the continued significance of our findings strengthens
our conclusions rather than detracting from them. Finally, this
study includes both new children, exposed to single or repeated
trauma, and the sample of preschool children, exposed to Hurricane
Katrina, in which we previously reported an association between
PTSD and only the nine repeat. However, analysis using only the
previously unanalyzed children (n=46) continued to find a sig-
nificant association between DAT haplotype status and PTSD.
Analysis in this small subset did not permit stratification by eth-
nicity, but analysis was performed controlling for ethnicity. Finally,
even though we tested the association between DAT haplotype and
both PTSD diagnosis and symptoms clusters, we did not correct for
multiple comparisons. Had Bonferoni corrections been applied, our
initial findings, not stratified by ethnicity, would remain significant
except for the association with cluster C symptoms. However, the
smaller subsets (i.e., within each race group) would fail to reach
statistical significance. Certainly, larger studies replicating these
findings in preschool children, and those of other ages, is warranted.

Conclusions

A neurogenetic approach to psychiatric illnesses that leverages
the power of replication in other samples, in vitro molecular
studies; structural and functional imaging; and carefully defined
phenotypes, race groups, and developmental ages may answer the
challenges facing psychiatric genetics currently. Additionally,
studies using this approach have significant potential to inform
treatment options and begin to give neurobiological guidance to the
selection of therapies and pharmacological agents.

Clinical Significance

Clinical applications of genetic findings in this early stage are
somewhat remote. However, it is likely that the future of genetic
studies will be found in the ability to ultimately identify vulnerable
individuals and guide targeted interventions or preventive ap-
proaches for those most at risk following trauma exposure. Given
the increasing numbers of studies demonstrating association be-
tween PTSD and DAT, traction is building in at least four areas
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related to PTSD, the underlying mechanisms leading to the de-
velopment of psychopathology, and personalized approaches to
interventions. First, the role of DAT in the regulatory control of
dopamine, and the empirical relations between attentional control
and PTSD, suggests that DAT variants may represent plausible
biological indicators of both PTSD development and treatment
response. Second, DAT is the main site of action of stimulant
medications and the main regulator of dopamine levels in the
striatum. Given the association of the alternative 10/10 genotype of
DAT with ADHD (Shook et al. 2011) and the significant symptom
overlap between ADHD and PTSD (i.e., difficulty concentrating,
sleep disturbances, hypervigilant motor activities), the clarification
of trauma exposure and consideration of the presence of PTSD in
children unresponsive to stimulant treatment for ADHD is prudent,
particularly in young children, in whom differentiating these
symptoms may be most challenging (Heinz et al., 2000; Purper-
QOuakil, et al. 2005; van de Giessen et al. 2009). Third, as stimulant
medications and atomoxetine appear to alter dopamine transmis-
sion via different mechanisms, and may be differentially impacted
by DAT polymorphisms, randomized trials examining differential
response to these medications in children with comorbid PTSD and
ADHD are warranted. Fourth, as DAT variants have the potential to
identify one neurobiological path in the etiology, course, and
treatment response of PTSD, these findings would be expected to
contribute to the eventual development and implementation of
genetically based personalized interventions.
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