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Task 1b: Cohort 4 extended post-deployment data collection
« Subtask 1: Organize materials for data collection
« Subtask 2: Data collection
« Subtask 3: Data entry and cleaning
« Subtask 4: Data integration and analysis

Current status of Task 1a and 1b:

Task 1a: Data gathering for MRS-II Project 1, (Extension Study), is complete, and data entry and cleaning
have also been completed. 97 subjects were successfully enrolled into this part of the project in January of
2012. Primary analysis for this task has been completed and data has been reported in manuscripts. (subtask
4),

Task 1b: Assessments for MRS-II, Project 1, (Extension Study) were not collected, since 3/5 and 1st CEB unit
did not go on a deployment.

Summary of Task 1a and 1b; All IRB approvals (UCSD, VA, and NHRC) for MRS-II, Project 1,(Extension)
remain current and Core analysis has been completed reported in manuscripts. Additional ancillary analysis is
ongoing and all papers and data will be shared with NMLC and Marine Corps Headquarters.

Task 2: Tao identify biomarker predictors of PTSD and suicide vulnerability in newly enrolled Marines, pre- and
post- deployment, using measures that can be designed to coordinate with those used in Army STARRS.
Specifics of these experimental designs will be developed in concert with NIMH, HQMC and Army STARRS.

These tasks are dictated by DOD and USMC leadership in that the dates that the project can be executed
based on deployment and training dates of currently participating battalions and potential battalions. Data
collection timeframes are subject to change based on these schedules.

Task 2a: Novel pre-post-deployment research design, coordinated with Army STARRS, 1stbattalion
« Subtask 1: Development of experimental design

Subtask 2: Regulatory approval; amendment or new IRB

Subtask 3: Data collection

Subtask 4: Data entry and cleaning

Subtask 5: Data integration and analysis

* & » @

Task 2b: Novel post-deployment research design, coordination with Army STARRS, 2« battalion
¢ Subtask 1: Development of experimental design

Subtask 2: Regulatory approval; amendment or new IRB

Subtask 3: Data collection

Subtask 4: Data entry and cleaning

Subtask 5: Data integration and analysis

Current status of Task 2a and 2b:

Task 2a: For MRS-Il, Project 2a (Neuro-cognition Study) deploying Marines from 1/7 were assessed during the
allotted 2012 timeframe. In total 570 Marines were available and consented with cohort 1 (Task 2a). Seven
Marines declined study participation. Of enrolled Marines, 569 completed the pre-deployment study
assessments. 428 Marines completed their post-deployment assessment for a total retention rate of 75.1% of
all subjects participating in this portion of the study.

Task 2b: The MRS-II military liaison and MRS staff identified a second battalion of deploying Marines (2/7) to
complete study recruitment goals. Assessments of these deploying Marines took place at 29 Palms Marine
Base. 625 Marines were available and consented. 34 Marines declined study participation. Of enrolled
Marines, 458 Marines completed their post-deployment assessment for a total retention rate of 73.3% of all
subjects participating in this portion of the study.
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Conclusions and Recommendations:

1. TBIl is a risk factor for development of post-deployment mental health problems, such as depression
and PTSD, as well as tinnitus. A small group of multiply exposed Marines may also show cognitive
decline.

Thus, policy recommendations might be 1) Employment of methods to document and record intensity of (e.g,
blast sensors) of blast exposure(s); 2) Screening for likely consequences (e.g. mental health problems,
tinnitus, cognitive decline), and 3) Additional training for Marines about the potential consequences of TBI
encouragement to seek early medical assessment for symptoms.

2. Inflammation may be a risk factor for development of PTSD

Thus, policy recommendations might be to reduce likely sources of inflammation prior to and during
deployment of military personnel. Such action might include 1) attention to when vaccinations are given; and
2) to the extent possible encourage good sleep hygiene, as sleeplessness increases inflammation. Further
research into the mechanisms of the association between inflammation and PTSD would be of value.
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There have been several presentations and pending abstracts on MRS [, MRSII, and related topics.
Study associated presentations:
1. MRS Il has provided an informational slide for the Army STARRS/NIH briefing (appendix 1).

2. Dr. Dewleen Baker presented data on the NPY in PTSD, combat control subjects and healthy civilians,
as well as prospective plasma NPY concentration trajectory at its relation to combat exposure at the 10th
Catecholamine Meeting, Pacific Grove, California on September 10th, 2012 (appendix 2 and 3).

3. Dr. Victoria Risbrough presented an early description and preliminary findings of the fear extinction task
at the International Society for Psychoneuroendocrinology Conference in New York, NY on Sept. 12th, 2012
(appendix 4).

4. Dr. Dewleen Baker also contributed to a Panel 1 (Defining optimal biomarkers(s) for the military) of
a satellite session of the International Society for Psychoneuroendocrinology Conference entitled “The Use of
Biomarkers in the Military: Theory to Practice”, led by Colonel Carl Castro and Rachel Yehuda. The session
was held in New York, NY on Sept. 14th, 2012

5. Dr. Susan Powell presented data describing the effects of childhood trauma on physiological responses
in active duty marines on April 5th, 2013 at the Anxiety and Depression Association of American Annual
Conference in La Jolla, CA. and Dr. Risbrough presented a description of the MRS-II study methods and
masures on October 31st, 2012 at the BIOS PTSD conference in Los Angeles, CA.

6. Dr. Mingxiong Huang presented data describing “Magnetoencephalography (MEG) source imaging
markers for mTBI and PTSD" on August 22, 2013 at the Military Biomarker Conference held in Amsterdam,
Netherlands, a satellite conference of the 43rd Annual Meeting of the International Society of
Psychoneuroendocrinology, Leiden, Netherlands (appendix 5).

7. Dr. Robert Naviaux presented data on “NextGen Metabolomics for Determining the Predeployment
Risk and Postdeployment Diagnosis of PTSD and TBI” on August 22, 2013 at the Military Biomarker
conference held in Amsterdam Netherlands, a satellite conference of the 43rd Annual Meeting of the
International Society of Psychoneuroendocrinology, Leiden, Netherlands (appendix 6).

8. Dr. Dewleen Baker presented data describing “CRP as a Predictor of PTSD Risk” and “Genetic Risk for
PTSD in the Marine Resiliency Study: Interrogation of the Entire Genome" on August 22, 2013 at the 43rd
Annual Meeting of the International Society of Psychoneuroendocrinology held in Leiden. Netherlands. Dr.
Baker also presented “Military Biomarkers”on August 23th, 2013 at the Satellite Symposium to ISPNE; The
Use of Biomarkers in the Military: From PTSD Susceptibility to Disease at the Military Biomarker Conference



held in Amsterdam (appendix 7 and B). A special issue of Psychoneuroendocrinology is anticipated, entitled:
‘Biomarkers in the Military' edited by Drs. Vermetten, Baker and Yehuda. Talks presented (above) will be
written up as manuscripts for this issue (appendix 7 and 8).

9. Dr. Dewleen Baker presented data describing “CRP as a Predictor of PTSD Risk” at the 52nd Annual
Meeting of the American College of Neuropsycholopharmacology (ACMP) held in Hollywood, FL from
December 8-12, 2013 (appendix 7).

10. Dr. Dean T. Acheson presented “Is Deficient Sensorimotor Gating a Pre-Existing Factor in Those That
Develop PTSD After Combat Deployment?” at the 52nd Annual Meeting of the American College of
Neuropsycholopharmacology (ACMP) held in Hollywood, FL from December 8-12, 2013 (appendix 9),

11. A poster entitled "Prospective Examination of Prepulse Inhibition in OIF/OEF Marines Suggests
Reduced Sensorimotor Gating is a Pre-Existing Factor in Those That Develop PTSD After Combat
Deployment” (Risbrough VR, Acheson DT, Baker DG, Nievergelt CM, Yurgil KA) was presented at the 52nd
Annual Meeting of the American College of Neuropsycholopharmacology (ACMP) held in Hollywood, FL from
December 8-12, 2013 (appendix 10).

12. Dr. Baker presented a MRS-I| Brief to the 1st MEF Surgeon and staff with an MRS-II update on
February 13th, 2014 (appendix 11).

13. A paper entitled “Conditioned Fear and Extinction Learning Performance and its Association with
Psychiatric Symptoms in a Sample of Active Duty Marine” (Acheson, DT, Geyer, M, Baker, DG, Neivergel,
CM, Yurgil, KA, Risbrough, VB, & MRS Team) was presented at the 34th annual meeting of the Anxiety
Disorders Association of America, Chicago, IL from March 27-March 30th, 2014 (appendix 12).

14. A paper entitled “Genome-Wide Association Study in Combat-Exposed Marines Identifies a Novel Risk
Factor for PTSD” (Nievergelt CM, Maihofer AX, Mustapic M, Breen MS, Woelk CH, Whitaker JA, Geyer MA,
Risbrough VB, O'Connor DT, Baker DG) was presented at the 69th Annual Scientific Meeting of the Society of
Biological Psychiatry, New York, NY on May 8-10th, 2014 (appendix 13).

15. Symposium Entitled New Research Initiatives on Biomarkers in Combat-Related PTSD (Baker,
Nievergelt, O'Connor, Risbrough, Maihofer, Cook), with Col. E. Vermetten (Netherlands) and Col. R. Jetly
(Canada) Annual Meeting of the International Society for Psychoneuroendocrinology, Montreal, August 22,
2014 (appendix 14).

16. Dr. Mingxiong Huang presented “Developing MEG and DTI markers for PTSD" in a symposium "MEG
as a diagnostic tool for post-traumatic stress disorders in military combatants” at the 19th International
Conference on Biomagnetism, Biomag2014, Halifax, Canada on August 25, 2014 (appendix 15).

17. Dr. Mingxiong Huang presented “MEG and mild traumatic brain injury” in a symposium “Emerging
clinical indications” at the 19th International Conference on Biomagnetism, Biomag2014, Halifax, Canada on
August 25, 2014 (appendix 16).

18. A paper entitled “First GWAS in Dopamine Beta Hydroxylase confirms strong cis-acting variants and
lends support for its role as an intermediate phenotype in post-traumatic stress disorder” was presented at the
64th Annual Meeting of the American Society of Human Genetics at the San Diego Convention Center (SDCC)
in San Diego, California, from October 18-22, 2014 (appendix 17).

19. A poster entitled “Impact of Childhood Maltreatment of Physical Health Related Quality of Life in U.S.
Active Duty Servicemen and Veterans” (Aversa L, Lemmer J, Nunnik S, McLay R, Baker DG) was presented at
the 30th Annual Meeting of the International Society for Traumatic Stress Studies held in Miami, Florida from
November 6-8, 2014 (appendix 18).

20. A poster entitled “Conditioned Fear and Extinction Learning Performance and its Association with
Psychiatric Symptoms in a Sample of Active Duty Marines” (Acheson DT, Geyer M, Baker DG, Nievergelt CM,
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of Excellence for Stress and Mental Health (DGB, VBR, MAG).
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(Anjana Patel, Andrew De La Rosa, and Elin Olsson) as well
as the numerous clinician-interviewers and data collection
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Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.
1016/j.psyneuen.2014,09.030.
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1. Introduction

Neuropeptide Y (NPY) acts centrally and peripherally to
regulate diverse, endocrine, metabolic, cardiovascular,
and immune functions, binding to cloned NPY receptor
subtypes (Y1, Y2, Y4, ¥5), members of the A1 subgroup of
rhodopsin-like G protein-coupled receptors (Hirsch and
Zukowska, 2012; Michel et al., 1998). In the central nervous
system (CNS), NPY is the most abundant neuropeptide, and is
expressed across multiple neuronal systems from the brain-
stem to the cerebral cortex, including regions that regulate
anxiety and fear responses (Michel et al., 1998). Moreover,
preclinical pharmacological and transgenic studies have
established that NPY promotes anxiolytic behavioral effects,
reduces stress respanses, fosters recovery from stress, and
regulates fear extinction by activating Y1 receptors in amyg-
dala (see Bowersetal., 2012, and Sah and Geracioti, 2012 for
review). Human research has provided strong support for the
importance of NPY in regulating emotional responses to
stress and trauma as well (Bowers et al., 2012). Taken
together, these findings indicate that NPY may be a critical
regulator of fear and anxiety of relevance to stress asso-
ciated pathophysiclogy.

Notwithstanding an interest in NPY as a moderator of
stress, and an accumulating literature showing lower con-
centrations of NPY in plasma or CSF in association with
chronic stress, anxiety, and depression, studies of plasma
NPY (pNPY) and CSF NPY (cNPY) concentration relationships
are few, despite common use of pNPY as a proxy for central
NPY activity (see Sah and Geracioti, 2012 for review). Evi-
dence so far indicates that pNPY levels in humans correlate
poorly with those in the CNS (Datsch et al., 1997; Grouzmann
et al., 2000; Nam et al., 2001).

Objectives: The objective of this study is to better char-
acterize pNPY/cNPY concentration relationships and bio-
rhythmicity by concurrent measurement of pNPY and cNPY
levels in healthy males over a 24-h timeframe.

2. Methods
2.1. Participants

Twelve healthy male civilian study volunteers participated ina
serial CSF and plasma sampling study approved by the Institu-
tional Review Board (IRB) of the University of California, San
Diego (UCSD) Medical Center and the Research Committee of
the San Diego Veterans Affairs Medical Center. One of the
volunteers had only a single CSF sample so was excluded from
analysis. The 11 remaining participants were mentally healthy,
having met study exclusion criteria, which prohibited presence
or history of any DSM-[V Axis | mental health disorder or abuse/
dependency of alcohol, tobacco or other illicit substances.
Likewise, based on a thorough physical examination the volun-
teers, including blood laboratory tests, chest X-ray and elec-
trocardiogram, all were confirmed to be physically healthy, No
subject had weight diverging from the norm (18 < BMI < 30),
or had a positive urine toxicology screen. None were using
any prescribed medications, nor had used either prescribed
or over the counter medications for at least five half-lives
prior to admission to the clinical research center (CRC). A
brief physical examination the afternoon of CRC admission

also provided assurance that no subject had acute medical
symptoms.

2.2. Procedures

Study volunteers were recruited by verbal, electronic or
printed advertisement. Eligible volunteers were invited to
the laboratory for an introduction to the study. Following
signing of informed consent, the mental and physical health
examination procedures described above were administered.
Participants who met study criteria were scheduled for
admission to the CRC at approximately 5 p.m. the day prior
to CSF catheter insertion. From the time of admission until
CSF catheter removal, participants remained on a controlled
low monoamine diet receiving only standard meals (each 666
calories: 20% protein, 24% fat and 56% carbohydrates) at 7
a.m., 12 p.m. and 6 p.m., in addition to an evening snack of
300 caloriesat 9 p.m. At 8 p.m. the evening of CRC admission,
an indwelling intra-venous (1V) catheter was placed for blood
draw. A standard meal was provided, and lights were turned
off at 10 p.m. Participants fasted overnight, until approxi-
mately 8 a.m., when a 20-gauge catheter was placed in the
lumbar subarachnoid space at the L4/5 level, and a second IV
line was placed in the antecubital vein of the non-dominant
arm for delivery of normal saline solution, infused (100 mL/h)
throughout the experiment. At 11:00 a.m., approximately
3 h after CSF catheter placement, the indwelling catheter
was attached to an infusion pump for continuous CSF with-
drawal at a constant rate of approximately 2 mL/h (48 mL/
24 h) into test tubes resting in ice for 24-h. The test tubes
were processed each half-hour for storage at —80°C until
immediately before assay. Blood was withdrawn into EDTA-
coated tubes at the same intervals and immediately pro-
cessed in a refrigerated centrifuge prior to storage. Vital
signs were monitored hourly during the CSF and plasma
sampling, while each subject was awake. Subjects were
encouraged to maintain a regular sleep time at around 10
p.m. during each night of study participation, while relative
silence (no radio, electronic media, or disturbing conversa-
tion) was maintained in the study room.

2.3, Measures

2.3.1. Mental health assessments

Documentation of mental status was completed by a trained
clinician supervised by Dr. Baker. Information obtained
included basic demographic information, family history psy-
chiatric and physical illness, and via unstructured and struc-
tured clinical interviews, history and presence of psychiatric
diagnoses or co-morbidities. Structured interviews included
the Structured Clinician Interview for the DSM-IV-TR Axis |
Disorders (SCID-I) and Hamilton-Depression Scale (HDRS)
(Hamilton, 1960).

2.3.2. Neuropeptide Y assays

CSF and plasma were stored at —80 “C until assay of available
(hourly) samples. Of the 11 volunteers, 10 had (hourly)
samples sufficient for analysis of circadian variation and 8
had a sufficient number of common pNPY and cNPY data
points for analysis of pNPY/cNPY correlations. Concentration
ratios were calculated from the 7 subjects with at least 12












Assessment

http://asm.sagepub.com/

Diagnostic Utility of the Posttraumatic Stress Disorder (PTSD) Checklist for Identifying Full and Partial
PTSD in Active-Duty Military
Benjamin D. Dickstein, Frank W. Weathers, Abigail C. Angkaw, Caroline M. Nievergelt, Kate Yurgil, William P. Nash,
Dewleen G. Baker, Brett T. Litz and the Marine Resiliency Study Team
Assessment published online 1 September 2014
DOI: 10.1177/1073191114548683

The online version of this article can be found at:
http://asm.sagepub.com/content/early/2014/08/31/1073191114548683

Published by:
®SAGE

hitp://www.sagepublications.com

Additional services and information for Assessment can be found at:
Email Alerts: http://asm.sagepub.com/cgilalerts
Subscriptions: hitp://asm.sagepub.com/subscriptions
Reprints: http://www.sagepub.com/journalsReprints.nav
Permissions: http://www.sagepub.com/journalsPermissions.nav

Citations: hitp:/asm.sagepub.com/content/early/2014/08/31/1073191114548683 refs html

>> OnlineFirst Version of Record - Sep 1, 2014
What is This?

Downloadsd from asm.sagensub.com at US DEPT OF VETERAN AFFAIRS on October 9, 2014






Assessment

and veteran samples. They collected PCL data from active-
duty soldiers 3 months after participants returned from serv-
ing in OIF and OEF and validated them against the structured
clinical PTSD assessment module of the Mini International
Neuropsychiatric Interview (MINI; Sheehan et al.. 1998).
Their diagnostic utility analyses showed that cutofT values
between 30 and 34 were the most efficient for detecting
MINI-based PTSD cases, an important finding given the sub-
stantially higher cutoff of 50 found to be optimally efficient
in previous studies with Vietnam War veterans (Forbes,
Creamer, & Biddle, 2001; Weathers et al,, 1993).

However, two methodological aspects of Bliese ct al.’s
(2008) study may limit the generalizability of their findings.
First, the use of the MINI as the diagnostic criterion is a
potential limitation because it is not widely employed as a
measure of PTSD and has not been validated against the
Clinician-Administered PTSD Scale (CAPS; Blake et al.,
1995), which has excellent psychometric properties and is
considered the gold standard for PTSD assessment (Keane,
Street, & Stafford, 2004; Weathers, Keane, & Davidson,
2001; Weiss, 2004), Second, Bliese et al. validated the PCL
in a sample of soldiers who screened positive for possible
behavioral health problems during a first-stage assessment.
Nearly half (49.5%) of potential participants screened nega-
tive and as a result were not administered the MINI or
included in utility analyses. Thus, it is unclear whether the
cutofT scores identified are useful for identifying cases of
PTSD i unrestricted samples of active-duty personnel
(e.g.. in screening contexts or epidemiological studies).

In this study, we sought to expand on the findings reported
by Bliese ct al. (2008) and fill gaps in the associated litera-
ture. To do so, we evaluated the diagnostic utility of the PCL
in a large cohort of active-duty Marines and Sailors who
were deployed to OIF/OEF. Using the CAPS for DSM-11"as
the criterion, our aim was to determine optimally efficient
cutoff scores for diagnosing PTSD. We chose to focus pri-
marily on diagnostic efficiency, as it is a measure of test per-
formance that represents a balance between high sensitivity
(which minimizes the likelihood of false negatives) and high
specificity (which minimizes the likelihood of false posi-
tives) and can be interpreted as the extent to which test
results are accurate overall. Whereas a highly sensitive test
is most appropriate for screening purposes (100% sensitivity
ensures that all positive cases are identified), and a highly
specific test is most appropriate for diagnostic confirmation
(100% specificity ensures that a posifive test is never wrong),
a highly efficient test maximizes the overall accuracy and is
thus optimal for differential diagnosis. Given service mem-
bers’ concerns about reporting mental health problems, as
well as the relatively low cutoffs found by Bliese et al.
(2008), we hypothesized that the optimally efficient cutoffs
identified in our study would fall below 50.

In addition to determining PCL cutoffs for full PTSD,
we also were interested in determining cutoffs for partial

PTSD (P-PTSD). Also referred to as subthreshold or sub-
syndromal PTSD (Mylle & Maes, 2004; Zlotnick,
Franklin, & Zimmerman, 2002), P-PTSD is associated
with increased risk for delayed PTSD and comorbid disor-
ders (Marshall et al., 2001: Pietrzak, Goldstein, Malley.
Johnson, & Southwick, 2009), as well as higher levels of
functional impairment, including occupational, relation-
ship, and health problems (Breslau, Lucia, & Davis, 2004;
Mylle & Maes. 2004; Pietrzak et al., 2009; Zlotnick et al.,
2002). Furthermore, returning veterans with P-PTSD
report similar rates of suicidal ideation, hopelessness, and
aggressive acts as those with full PTSD (Jakupeak et al.,
2007). Given the functional impairments associated with
P-PTSD, the military considers it a stress injury, a psycho-
logical state falling between normal levels of stress reac-
tions and stress-related illnesses such as PTSD (e.g.. the
Navy-Marine Corps Stress Continuum Model; Nash,
2011). It is assumed that if stress injuries are not ade-
quately addressed, performance and mission-readiness are
compromised. Because satisfactory recovery requires a
combination of institutional support, social support, and
formal intervention, it is critical that P-PTSD be accu-
rately identified among service members (Litz, Steenkamp,
& Nash, in press). To date. however, there is no consensus
definition for P-PTSD. Thus, to examine the impact of
adopting different definitions of P-PTSD, we employed
lenient and stringent definitions and conducted separate
diagnostic utility analyses for each.

Method

Procedure

Data were collected as part of the Marine Resiliency Study
(MRS), a longitudinal project examining risk and resiliency
factors among active-duty U.S. Marines and Sailors deploy-
ing to OIF/OEF, Assessments were conducted prospectively
at one of two Manne bases located in southern California.
Participation entailed completing a comprehensive battery of
biopsychosocial measures, including self-report forms and
structured diagnostic interviews (see Baker et al., 2012, for
an overview of study procedures). Interviews were adminis-
tered by master’s and doctoral level clinicians with extensive
psychological assessment training, and a subset of interviews
were independently rated by a second study clinician to eval-
uate interrater reliability. The data analyzed in the present
study were collected from four separate cohorts of Marines
and Sailors who completed assessments at approximately 3
months postdeployment (i.e., 3 months afler participants
returned to the United States). Data collection took place
between June, 2009 and September, 2011, Written informed
consent was obtained from all study participants, and the
Institutional Review Boards at the University of California,
San Diego, the San Diego and Boston VA Healthcare
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Table |. Characteristics of the Study Sample.

Measure n % M SD
Age (years) 23.36 3.40
Race/ethnicity
American Indian/ 15 1.5
Alaskan
Asian American 26 2.6
Blacl/African American 37 37
Hawaiian/Pacific Islander 13 1.3
Hispanic/Latino 233 23.1
White 653 64.8
Multiracial/other 3l 3.1
Military rank
EI-E3 664 65.5
E4-E5 283 279
E6-E9 42 4.1
01-03 20 2.0
Warrant or field officer 4 0.4
Education
Some high school 26 26
GED 20 20
High school diploma 621 61.5
Some college 284 28.1
Associates degree 20 20
4-year college degree 33 33
Master's degree 5 0.5
Marital status
Never married 588 58.0
Married 389 384
Divorced/separated 36 36
Time in military (years) 3.14 275
Previously deployed 440 435
MNumber of deployments 1.46 0.96

Note. N = |,016. Valid percentages reported.

Systems, and the Naval Health Research Center, San Diego
approved all study procedures and materials.

Participants

Participants were 1,016 male, active-duty U.S. Marines and
Sailors who had recently returned from serving in OIF/OEF
(women were not included in our sample as all participants
were members of infantry battalions). Assessments were
conducted at approximately 3 months postdeployment; on
average, participants had been back in the United States
98.58 days (§D = 14.50). Participant demographics are pre-
sented in Table |.

Measures

Self-reported PTSD symptoms were assessed immediately
following completion of the CAPS interview using the

PTSD Checklist-Specific Version (PCL-S; Weathers, Litz,
Herman, Huska, & Keane, 1993), a 17-item measure assess-
ing each symptom of PTSD contained in the DSM-IV. The
PCL-S is one of three versions of the PCL, which differ
only in terms of the index event to which symptoms are
linked. Unlike the PCL civilian and military versions
(PCL-C and PCL-M), which instruct individuals to link
symptoms to “stressful experiences™ and “stressful military
experiences” respectively, the PCL-S is linked to a specific
index event (in this case, the same index event that was used
during participants’ CAPS interviews). Consequently, the
PCL-S may be more likely to capture PTSD and discrimi-
nate it from other forms of psychopathology than the PCL-C
and PCL-M (Wilkins et al., 2011). The PCL-S has strong
psychometric properties and is widely used by trauma
researchers and clinicians (c.g., Wilkins et al., 2011).
Internal consistency was high in the current sample, with a
Cronbach’s alpha of .90.

In addition, anxiety and depressive symptoms were
assessed using the Beck Anxiety Inventory (BAI; Beck,
Epstein, Brown, & Steer, 1988) and Beck Depression
Inventory-I1 (BDI-II; Beck, Steer, & Brown, 1996). These
measures were included in the diagnostic utility analyses to
provide a comparison for the performance of the PCL. The
BAI and BDI-II are widely used and have been extensively
tested and validated (e.g., Beck & Steer, 1991; Beck &
Steer, 1993; Dozois, Dobson, & Ahnberg, 1998; Hewitt &
Norton, 1993; Osman, Kopper, Barrios, Osman, & Wade,
1997). Both the BAI and BDI-II demonstrated high internal
consistency in the current sample, each with an alpha of 92,
To examine levels of functioning across diagnostic groups
(i.e., full PTSD and lenient and stringent P-PTSD), we
administered the World Health Organization-Disability
Assessment Schedule IT-Short Version (WHODAS-IT Short
Version; Smith & Epping-Jordan, 2000), a 12-item measure
assessing a wide range of functional domains, including
social and occupational functioning. Internal consistency
was high, with an alpha of .91,

PTSD symptoms were also measured using the CAPS
(Blake et al., 1995), a structured diagnostic interview
assessing all DSM-/V criteria for PTSD. The CAPS assesses
the frequency and intensity of PTSD symptoms on separate
5-point (0-4) rating scales. Consistent with previous recom-
mendations (e.g.. Weathers, Ruscio, & Keane, 1999), symp-
toms were considered present if they had occurred at least
once within the past month and with at least moderate inten-
sity (i.c., the “Frequency 1/Intensity 27 rule). Internal con-
sistency, based on item severity scores (frequency plus
intensity), was high, with an alpha of .81. Interrater reliabil-
ity was previously evaluated in another MRS study using
intraclass correlation coefficients and found to be high (sce
Yurgil et al., 2014).

Three criterion variables were computed for the pur-
poses of this study, full PTSD and stringent and lenient
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P-PTSD. For full PTSD, participants needed to endorse a
sufficient number of symptoms to satisfy all DSM-IV crite-
ria, that is, one criterion B symptom (re-experiencing),
three criterion C symptoms (avoidance and numbing), and
two criterion D symptoms (hyperarousal). For stringent
P-PTSD, participants needed to endorse a minimum of one
criterion B, two criterion C, and two criterion D symptoms
(i.e.. the same criteria as full PTSD save one criterion C
symptom). For lenient P-PTSD, participants needed to
endorse a minimum of one eriterion B symptom plus three
eriterion C or two eriterion D symptoms (i.e., participants
did not need to endorse symptoms in all three clusters).
Although numerous scoring rules have previously been
used to operationalize P-PTSD, the current rules were
selected based on their past use in the research literature, as
well as their documented association with functional
impairment (e.g., Adams, Boscarino, & Galea, 2006; Mylle
& Maes, 2004; Pietrzak et al., 2009; Schnyder, Moergeli,
Klaghofer. & Buddeberg, 2001). Given evidence that fear,
helplessness, or horror are variably reported, and are less
commonly endorsed by males in response to traumatic
events (Creamer, McFarlane, & Burgess, 2005; O’ Donnell,
Creamer, McFarlane, Silove, & Bryant, 2010; Karam et al.,
2010; Pereda & Forero, 2012), criterion A2 was not fac-
tored into the computation of our PTSD variables (criteria
Al, E, and F were met by all participants assigned a
diagnosis).

Data Analysis

A series of preliminary analyses were conducted to (a)
determine the prevalence associated with each diagnos-
tic scoring rule (full PTSD, lenient P-PTSD, stringent
P-PTSD) and examine differences in functional impair-
ment across groups; (b) obtain descriptive information
for self-report measures (i.e., the PCL-S, BDI-II, and
BAI) for purposes of comparison with other populations
(i.e., to determine if symptom underreporting may be an
issue in the current sample): and (c) obtain a nonpara-
metric smoothing regression curve (i.e., a loess curve;
Jacoby, 2000) to examine the relationship between par-
ticipants’ PCL-S scores and their total number of CAPS
symptoms met (i.e., determine the extent to which this
relationship is continuous). Loess (locally weighted
scatterplot smoothing) can be used to fit a regression
curve to scatterplot data without a priori specification of
shape. SPSS defaults were used for smoothing parame-
ters (an Epanechnikov kernel, 50% of data points incor-
porated). SPSS version 21.0 was used for all preliminary
analyses. No participants were missing data on the PCL,
BDI-II, BAI, or CAPS. Kraemer’s signal detection
methodology (Kraemer, 1987, 1992) was then used to
evaluate the utility of the PCL in predicting full and
partial PTSD.

Kraemer’s approach involves calculation of measures of
test performance, including sensitivity, specificity, effi-
ciency, and positive and negative predictive values, as well
as corresponding measures of test quality, which are
weighted kappa coefficients that adjust for chance agree-
ment between the test and criterion. Measures of test quality
are unambiguous, calibrated indicators with endpoints
ranging from .00, reflecting chance agreement between test
and criterion, to 1.00, indicating perfect agreement. They
allow identification of optimally sensitive cutoff scores,
which minimize false negatives and thus are ideal for
screening; optimally specific cutoffs, which minimize false
positive and thus are ideal for confirmatory tests: and opti-
mally efficient cutoff scores, which maximize agreement
between test and criterion and thus are ideal for differential
diagnosis. In the present study the focus was on optimally
efficient tests. Because there are no absolute standards
regarding acceptable test efficiency, the BDI-II and BAI
were included to provide a basis of comparison. Following
Kraemer’s (1987) recommend-dation, all cutoffs examined
were observed in at [east 10 participants.

Results

Prevalence of full PTSD was 4.1% (n = 42). As expected,
prevalence was higher for stringent P-PTSD (6.2%; n = 63)
and highest for lenient P-PTSD (11.1%:; n= 113). To exam-
ine differences in functioning across diagnostic groups, we
conducted a one-way analysis of variance with Tukey post
hoc comparisons. Post hoc comparisons revealed that, rela-
tive to participants with no diagnosis, Marines and Sailors
in the lenient P-PTSD, stringent P-PTSD, and full PTSD
groups scored significantly higher on the WHODAS-II
(according to both ANOVA and Kruskal-Wallis tests), sug-
gesting that the diagnostic scoring rules used in the current
study are associated with significant functional impairment
(see Table 2).

Descriptive information for the PCL-S, BDI-II, and BAI
was as follows: participants’ mean score on these measures
was 22,37 (SD = 8.00; range = 17-67), 4.72 (SD = 6.73;
range = 0-50), and 4.51 (SD = 7.04; range = 0-57), respec-
tively. With regards to the frequency of minimum scores.
365 (35.9 %), 366 (36.0%), and 429 (42.2 %) participants
reported the lowest possible score on each measure, respec-
tively. Results from a nonparametric smoothing regression
curve (Figure 1) demonstrate a continuous, positive rela-
tionship between participants’ PCL-S scores and the num-
ber of PTSD symptoms met on the CAPS.

Signal detection results are presented in Table 3. Across
all three diagnostic criteria the PCL demonstrated substan-
tially higher quality of efficiency than did the BDI-II and
BAI With regards to cutoffs, PCL scores of 39, 38, and 33
were found to be optimally efficient for detecting full
PTSD, stringent P-PTSD, and lenient P-PTSD, respectively.
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Table 2. Means and Standard Deviations of Functioning According to Diagnostic Scoring Rule.

No PTSD/P-FTSD, Lenient P-PTSD, Stringent P-PTSD, Full PTSD,
M (SD) M (SD) M (5D) M (SD) F (df)
n (%) 903 (88.9) 50 (4.9) 21 (2.1) 42 (4.1)
WHODAS 13.76 (4.04) 15.93 (5.56), (B.43 (8.85), 17.67 (6.75), 20.58 (3, [012)++*

Note. PTSD = posttraumatic stress disorder; P-PTSD = partial posttraumatic stress disorder; WHODAS = World Health Organization Disability
Assessment Schedule—l Short Version. Means with different subscripts differ significantly at p < .01. Valid percentages reported.

= p< 001
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Figure |. A nonparametric loess smoothing curve depicting
the relationship between participants' scores on the PTSD
Checklist—Specific Version (PCL-S) and their total number of
PTSD symptoms, as determined using the Clinician Administered
PTSD Scale (CAPS). Symptoms were considered present on the
CAPS if they had occurred at least once within the past month
and with at least moderate intensity.

Measures of test performance and quality for PCL cutofls
ranging from 30 ta S0 for predicting full PTSD are pre-
sented in Table 4.

Discussion

Signal detection analysis was used to examine the diagnos-
tic utility of the PCL among 1,016 MRS participants
assessed at 3 months following return from deployment to
OIF/OEF. To our knowledge, only one previous study
(Bliese et al., 2008) has tested the diagnostic utility of the
PCL in an active-duty population. Analyses revealed that a
PCL cutoff score of 39 was optimally efficient for identify-
ing full PTSD. Although this score is somewhat higher than
the optimally efficient cutoffs (30-34) identified by Bliese
et al., it is substantially lower than the cutoff of 50 found in

(¥ fram azm

previous studies conducted with Vietnam War veterans
(Forbes et al., 2001; Weathers et al., 1993) and reaffirms
that different cutoff values are indicated for identifying
PTSD among active-duty versus veteran populations.

The lower diagnostic cutoff found in this study may
reflect an unwillingness on the part of active-duty service
members to report mental health problems due to concems
such as being stigmatized or being denied opportunities for
advancement (Gorman, Blow. Ames, & Reed, 2011; Hoge
et al., 2004; Kim et al., 2010). Such a response bias could
affect scores on both the PCL and CAPS, lowering test
scores and prevalence and thereby lowering the optimally
efficient cutoff. Consistent with this hypothesis, self-report
scores were highly positively skewed, and there was a pre-
ponderance of minimum values. Whereas the mean PCL-S
score in our sample was 22.37, higher PCL means have
been found in other published unrestricted samples, includ-
ing in Persian Gulf War veterans (M = 34.77; Weathers
et al., 1993).

Regardless of the reasons for the lower test scores in this
sample, it appears that a PCL cutoff of 50 is too high for
identifying PTSD among active-duty service members
returning from combat, We found a cutoff of 50 to have
markedly lower quality of sensitivity relative to other cut-
offs (Table 4), indicating that its use would result in a high
rate of false negatives (i.c., a large number of unidentified
cascs). Based on these findings and the findings of Blicse
et al. (2008), it appears that a self-reported PCL score in the
mid- to upper-thirties is more appropriate for identifying
PTSD in this population. It is noteworthy, however, that the
level of sensitivity associated with a cutoff score of 39
(Sens = .60) was still relatively low, indicating that its use
could result in a considerable number of false negatives,
Thus, for screening purposes, a lower cutoff appears
indicated.

In addition to identifying optimally cfficient cutoff
scores for detecting full PTSD, we also sought to identify
cutoffs indicative of P-PTSD, a condition associated with
functional impairment and increased risk for suicidal ide-
ation (e.g., Marshall et al., 2001). To achieve this, we used
two P-PTSD classifications, lenient P-PTSD and stringent
P-PTSD, which meaningfully differentiated participants’
functional impairment. Cutoffs of 33 and 38 were oplimally
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preferred that false positives be minimized, higher cutoffs
are recommended. Additionally, individuals wishing to use
cutoffs for screening or diagnostic confirmation purposes
should be mindful that optimally efficient cutoffs may have
relatively poor sensitivity or specificity. As no absolute
standards exist regarding “acceptable™ sensitivity, it is nec-
essary to adjust cutoffs to meet the needs of particular popu-
lations in particular contexts.

There are several important limitations to our study.
Although our sample is large and likely representative of
Marine Corps and Navy personnel, it is not a stratified ran-
dom subgroup of Marines and Sailors and does not include
female service members, which may affect generalizability,
Similarly, our results are based on cutoff scores on the
PTSD Checklist-Specific Version (PCL-S), which although
highly similar to other versions of the PCL, may be better
able to discriminate PTSD from other forms of psychopa-
thology due to differences in instruction set (Wilkins et al.,
2011). Of note, administration of the CAPS and PCL was
not counter-balanced, and administering the PCL immedi-
ately following the CAPS may partly explain why it outper-
formed the BDI-IT and BAI across all diagnostic utility
analyses. In addition, a relatively low base rate of PTSD
was observed in the current sample, which may have
affected diagnostic utility results. Finally, it is important to
note that, due to time constraints, comprehensive diagnostic
interviews could not be administered, precluding assess-
ment of comorbid psychological conditions.

Limitations notwithstanding, our study makes several
important contributions. Most notably, this is only the scc-
ond study to examine the diagnostic utility of the PCL in an
active-duty population, and the first to validate the PCL
among active-duty Marines and Sailors. In addition, this is
the first study to examine the diagnostic utility of the PCL
in any active-duty population using the CAPS, widely con-
sidered the gold standard for PTSD assessment, as the diag-
nostic criterion. As hypothesized, active-duty personnel
appeared more likely to underreport PTSD symptoms on
the PCL, thus making it important to use lower diagnostic
cutoff scores. These findings will help guide indicated pre-
vention efforts within the military and assist rescarchers and
epidemiologists more accurately estimate rates of PTSD
and P-PTSD, particularly when conducting archival analy-
sis of data collected from active-duty service members prior
to DSM-5. Study findings also have important implications
for the validation and use of the PCL-5, namely that it be
evaluated separately in active-duty and Veteran populations
and that screening cfforts take into account the possibility
of underreporting by using cutoffs demonstrating high sen-
sitivity. Last, while beyond the scope of this article, these
findings call attention to the impact of active-duty status on
the diagnostic utility of self-report assessment more gener-
ally and the extent to which self-report screeners can ade-
quately differentiate service members™ diagnostic status.

L d d from ssm

Further research is needed to address these concerns and
generate recommendations for optimizing the efficiency of
early PTSD and P-PTSD detection.
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readily assessable peripheral blood cells; and (3) a predictive
panel based on expression of individual exons would surpass
the accuracy of a model based on expression of full-length gene
transcripts. Gene-expression levels were assayed in peripheral
blood samples from 50 U.S. Marines (25 eventual PTSD cases and
25 non-PTSD comparison subjects) prior to their deployment
overseas to war-zones in Iraq or Afghanistan. The panel of
biomarkers dysregulated in peripheral blood cells of eventual
PTSD cases prior to deployment was significantly enriched for
immune genes, achieved 70% prediction accuracy in an inde-
pendent sample based on the expression of 23 full-length tran-
scripts, and attained 80% accuracy in an independent sample
based on the expression of one exon from each of five genes.
If the observed profiles of pre-deployment mRNA-expression in
eventual PTSD cases can be further refined and replicated, they
could suggest avenues for early intervention and prevention
among individuals at high risk for trauma exposure. = 2013 Wiley

Perindicals: Inc

Key words: alternative splicing; mRNA; peripheral blood
mononuclear cells; transcriptome; trauma

'INTRODUCTION

Previous research on post-traumatic stress disorder (PTSD) has
identified numerous factors that put individuals at greater risk of
developing the disorder, such as family history, childhood or early
adulthood experiences, personality and cognitive traits, and pre-
existing mental disorders [ Koenen etal., 2005; Kremen et al., 2007];
however, no easily assessed biological markers of PTSD have yet
been validated. The biological factors associated with the risk for
(and resilience to) PTSD are also poorly understood. Although
susceptibility to PTSD appears to be moderately heritable, non-
genetic factors (most prominently the type and extent of the
precipitating trauma, and social support) and gene-environment
interactions likely also contribute to each individual’s overall
susceptibility to the disorder [True er al., 1993; Stein et al,, 2002;
Kremen et al., 2012].

Given the less-than-absolute heritability of PTSD, pursuit of
genetic markers alone (e.g., single nucleotide polymorphisms
and copy-number variations) will leave much of the variance
in vulnerability unexplained [Yehuda et al., 2011; Mehta and
Binder, 2012]. Gene expression (i.e., mRNA) levels, which poten-
tially reflect the effects of both heredity and environment, may be
better indicators of the aberrant biology underlying PTSD, as well as
its premorbid risk state. PTSD clearly is a brain disorder, but
assaying gene-expression levels—either acutely or longitudinally—
in the brains of living human subjects at risk for PTSD is impossible.
Yet, as demonstrated by Sullivan et al. [2006] and, more recently,
Rollins et al. [2010] and Kohane and Valtchinov [2012], peripheral
blood expression levels of many genes are moderately correlated
with the expression levels of those genes in other tissues, including
postmortem brain, suggesting the possibility that peripheral blood
gene expression can be harnessed to construct useful profiles of
brain disorders |Woelk et al., 2011]. Indeed, we and others have
capitalized on this proxy phenomenon to identify promising

peripheral blood-based biomarkers for a number of neuropsychi-
atric disorders, including schizophrenia, bipolar disorder, and
autism spectrum disorders [Glatt et al,, 2005, 2009, 2011a,b,
2012; Tsuang et al., 2005; Lee et al., 2012].

In the context of PTSD, several prior studies identified differ-
ences in peripheral blood gene-expression levels between individ-
uals with PTSD and similarly exposed comparison subjects without
PTSD. First, Segman et al. [2005] described a longitudinal analysis
of gene expression in peripheral blood mononuclear cells (PBMCs)
from trauma survivors at the emergency room immediately after
their trauma and again 4 months later when a diagnosis of PTSD
could be definitively established. Predictably, this study found that
the expression of many genes previously implicated in mediating
the stress response (e.g., genes associated with hypothalamic—
pituitary—adrenal [HPA] axis function) were significantly dysregu-
lated in subjects with PTSD relative to those who fully recovered
from their trauma. These changes in gene expression also showed a
linear relationship with the severity of three different clusters of
PTSD symptoms. In addition to changes in stress-response genes,
the PBMCs from subjects with full persistent PTSD were marked by
significant down-regulation of transcriptional activators, suggest-
ing that subjects with PTSD may experience a global deficiency in
the production of mRNAs (and, thus, proteins) of key genes at
critical times. Subsequently, Zieker et al. [2007] replicated dysre-
gulation of stress-response genes in whole blood from a sample of
subjects with long-persistent PTSD resulting from the same envi-
ronmental trigger (the Ramstein air show catastrophe, 1989). In
addition, Zieker et al., extended earlier work by demonstrating
changes in several immune-related genes among PTSD sufferers. In
2009, Yehuda et al. [2009] identified a profile of dysregulated genes
in peripheral blood of survivors of the World Trade Center attacks
that also was enriched with genes involved in HPA axis and immune
cell functions., Most recently, Neylan et al. [2011] found global
down-regulation of genes in CD 144 monocytes from male PTSD
sufferers, but some evidence of increased activation of immune-
system genes in female PTSD patients.

Consolidating thisevidence with the results from epidemiologic,
genomic, and neurobiological studies of the disorder [e.g., Uddin
etal., 2010] led us to recently propose a theory of PTSD predicated
on dysregulation of immune and inflammatory processes in gen-
eral, and cellular immunity in particular [Baker et al., 2012b].
However, it was not clear from any of this work whether dysregu-
lation of these processes occurs only in response to trauma exposure
or if; in fact, gene-expression abnormalities in peripheral blood of
individuals exist “pre-trauma™ and signal a heightened susceptibility
1o developing the disorder once trauma is experienced. Recent work
by van Zuiden et al. [2012] supports the assertion that pre-trauma
disturbances in peripheral blood gene expression (at least in the
realm of glucocorticoid signaling and regulation of cell-mediated
immune and inflammatory processes) may predict post-trauma
onset of PTSD and depressive symptoms.

We virtually never know about exposure to a traumatic event in
advance, so the next best alternative in the pursuit of PTSD
biomarkers has historically been studies of people who have re-
cently experienced a trauma. But the critical limitation in such
studies is that it is not possible to differentiate pre-existing risk
factors from the consequences of trauma exposure or of develop-
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TABLE [l. Genes Significantly Dysregulated [P < 0.01] in Peripheral Blood Mononuclear Cells from the Full Sample of Eventual PTSD

Transcript
cluster 1D
8040080
7902541
7958835
79712386
8050102

8071155
7921434
8046124
7958884
7958913
8004184
7976443
7953924
8121532
8107094

8043375
8060294
8127234
BO18315

8060897
8118345
8162884
8061847
8178115
7963386
7990391
BOBS503
8139721

7993146

8027824
8142685
B0B5252

8030002
8118455
7945498
8179389
8100523

8152812
8024816
8137962
8060339
7920264
8018646
8051061
8129095

8122699

Gene symbol
RSADZ
IF144L

0AS3
EPSTI1
CMPKZ

USP18
AlM2
DHRSS
0AS1
OASZ2
XAF1
IF127
CLECYA
WISP3
ENSTO00D0442824

TRNK
POCDI
pnst
Sumo2

SPTLL3
CFB
ALDOB
L200rf70
CFB
KRT82
CYP1A1
LOC441956
ENSTO0000462918

ENSTO0000475032

MAG
TMEMZ229A
ENSTD0DOD432334

ZNF114
44
SCT
C4A

SPINKZ

FAM84B
Fs01
LOC100129484
NRSNZ
S100AS
FOXJ1
UCN
ENSTOODD0435100

RPS18P3

Gene product

Radical S-adenosyl methionine domain containing 2

Interferon-induced protein 44-like

2',5"-oligoadenylate synthetase 3, 100 kDa

Epithelial stromal interaction 1 [breast)

Cytidine monophosphate (UMP-CMP) kinase 2,
mitochondrial

Ubiquitin specific peptidase 18

Absent in melanoma 2

Dehydrogenase

2',5"-oligoadenylate synthetase 1, 40

2'.5'-oligoadenylate synthetase 2, 69

XIAP associated factor 1

Interferon, alpha-inducible protein 27

C-type lectin domain family 9, member A

WNT1 inducible signaling pathway protein 3

Cdna:pseudogene chromosome:
GRCh3¢:5:97549106:97549825:

Mitochondrially encoded tRNA lysine

Programmed cell death 1

Dystonin

SMT3 suppressor of mif two 3 homolog 2
[S. cerevisiae)

Serine palmitayltransferase, long chain base subunit 3

Complement factor B

Aldolase B, fructose-bisphosphate

Chromosome 20 open reading frame 70

Complement factor B

Keratin 82

Cytochrome P450, family 1, subfamily A, polypeptide 1

Similar 1o cONA sequence BC021523

ncrna pseudogene:miRNA pseudogene chromosome:
GRCh37:7:55713765:55713874

ncrna pseudogene:scRNA pseudogene chromosome:
GRCh37:16:8777112:8777408

Muyelin associated glycoprotein

Transmembrane protein 229A

cdna:known chromosome:
GRCh37:20:19738352:19780320

Zinc finger protein 114

Complement component 4A [Rodgers blood group)

Secretin

Complement component 4A [Rodgers blood group)

Serine peptidase inhibitor, Kazal type 2 (acrosin-
trypsin inhibitor]

Family with sequence similarity 84, member B

Fibronectin type Ill and SPRY domain containing 1

Hypothetical LOC100129484

Neurensin 2

5100 calcium binding protein AS

Forkhead box J1

Urocortin

Cdna:pseudogene chromosome:
GRCh37:6:116579656:116580278

Ribosomal protein S18 pseudogene 9

Cases at Pre-Deployment and Used In Predictive SVM Classifiers

Diagnostic group main effect

Fold-change
in cases F
2.14 8.9
1.77 7.8
1.72 7.5
1.68 11.7
1.54 9.2
1.49 74
1.46 8.8
1.44 8.9
1.39 10.6
1.38 8.5
1.29 8.7
1.26 116
122 74
1.22 8.6
1.20 .9
1.19 7.4
1.18 8.2
145 9.0
114 99
143 8.0
1.12 B.1
1.11 105
1.11 B.5
141 99
1.10 92
1.09 10,0
1.09 19.0
1.07 7.5
—1.05 8.2
—1.08 7.6
—1.08 8.8
—1.08 86
—1.09 9.6
—1.09 01
—-1.09 116
—1.09 .7
—1.10 8.4
—1-10 10.3
—1.13 9.3
—1.%1 92
—1.12 96
—1:13 7.9
—1.14 10.5
—1.14 94
—1.15 7.6
—-1.15 B.9

P-value
4 6E-03
7.9E—03
8.86—03
1.4E-03
4,1E—-03

9.5e-03
4.9E-03
4.7E-03
2.2E-03
5.7E-03
5.2E-03
1.4E-03
9.5e-03
5.3E-03
7.5E-03

9.3E-03
6.5E-03
44E-03
29E-03

7.2E—03
6.8E—03
2.3E-03
5.6E—-03
3.0E-03
4.1E-03
2.9e—-03
8.0E-05
9.0E-03

6.4E-03

8.5E-03
4.9E-03
5.4E-03

3.4E-03
4.3E-03
1.4E-03
B3E-03
S5.8E-03

2.6E-03
4.0E-03
4.1E-03
3.5E-03
ZaE=l3
2.3E-03
3.86-03
8.7E—-03

4.6E-03
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TABLE Il Annotations Enriched at Bonferrani-Corrected Significant Levels Among Genes Dysregulated [P

Category

GOTERM BP FAT GD:000B955 ~ immune response

INTERPRO

INTERPRO

INTERPRO

Mononuciear Cells From the Full Sample of Eventual PTSD Cases at Pre-Deployment

Term

IPROD6117:2",5 -0ligoadenylate

synthetase, conserved site

IPRD18952:2', 5 -oligoadenylate

synthetase 1, domain 2/C-terminal

IPRO06116:2',5"-oligoadenylate

Fold
Count (%) enrichment P-value
10 (2.2) 56  3.7E=D5
3{07] 2777  4.1E—05
3 (0.7] 2rre.? 4.1E-05
3 (0.7) 222.1 6.8E—05

synthetase, ubiquitin-like region

“Rows are sorted by increasing Pvalue for the enrichment of annotations.

Bonferroni
corrected P in

1.8E—-02

5.7E—-03

5.7E—-03

9.5E-03

0.01) In Peripheral Blood

Dysregulated genes

(direction of dysregulation

eventual PTSD cases)
0AS1(1), 0AS2(1),
AIM2(1), PDCOI(1)

DAS3(1), DAS1(1), 0AS2(1)
DAS3(1), DAS1(1), 0452(1)

0AS3(1), 0As1(1), 0As2(1)

TABLE IV. Genes Significantly Dysregulated (P < 0.01) in Peripheral Blood Mononuclear Cells From a Subset of Eventual PTSD
Cases at Pre-Deployment and Used in Predjctive SVM Ciassifiers

Transcript
cluster 1D*
8040080
7958895
7902541
8064716
7958913
8165682
8102127
7971191

8043375
8165684
8165667
7896752
8055594

7903203
7938561

B087433
8060997
8031680

7953697

8141423
8091099

8146643
8027824
7911941
7955211

Gene
symbol
RSAD2
DAS3
1FI44L
SIGLEC1
DAS2
TRNSZ
TACR3
SUGT1P3

TRNK
TRNLZ
TRNK
TRNK
ENSEMBL

SNX7
ENSTOOD00487144

NICN1
SPTLL3
ENSTO0000432303

CENSCANDODODOZ0682

MIR106B
ENSTO0000450435

MIR124-2
MAG
CHDS

DNAJLZ2

Gene product

Radical S-adenosyl methionine domain containing 2

2' .5 -oligoadenylate synthetase 3, 100 kDa

Interferon-induced protein 44-like

Sialic acid binding Ig-like lectin 1, sialoadhesin

2' 5'-0ligoadenylate synthetase 2, 69

Mitochondrially encoded tRNA serine 2

Tachykinin receptor 3

Suppressor of G2 allele of SKP1 [S. cerevisiae]
pseudogene 3

Mitochondrially encoded tRNA lysine

Mitochondrially encoded tRNAleucine 2

Mitochondrially encoded tRNA lysine

Mitochondrially encoded tRNA lysine

ncrna pseudogene:Mt IRNA pseudogene chromosome:
GRCh37:2:1

sorting nexin 7

ncrna pseudogene:rRNA pseudogene chromosome:
GRCh37:11:132

Nicolin 1

Serine palmitoyltransferase, long chain base subunit 3

ncrna pseudogene:Mt tRNA pseudogene chromosome:
GRCh37:19:

cdna:Genscan chromosome:
GRCh37:12:8090472:8168935:1

microRNA 106b

cdna:known chromosome:
GRCh37:3:141583848:141584121:-1 gen

microRNA 124-2

Myelin associated glycoprotein

Chromodomain helicase DNA binding protein 5

DnaJ [Hsp40] homolog, subfamily C,
member 22

Diagnostic group main effect

Fold-change
in cases
2.33
2.01
1.99
1.48
145
138
1.35
1.27

125
1,25
1.25
1.25
123

121
1.16

1.16
115
1.13

1.07

—~1.05
—1.06

—1.07
—1.08
—1.08
—1.08

F P-value
93 46E—-03
11.0 2.3E—03
110 2.3E—03
10.4 2.9E—-03
8.0 B8.2E—-03
8.2 7.5E—-03
7.6 9.6E—03
8.4 6.7E—03
8.4 6.8E—03
8.6 6.2E—03
8.1 7.5E—-03
8.1 7.5E—03
8.2 7.3E—03
9.4 4.4E-03
10.8 2.4E—-03
2.9 8.3E—03
9.0 5.1E—-03
8.3 7.1E—03
8.1 7.5E—03
93 4 5E—03
8.7 6.0E—03
8.3 7.0E—03
8.2 7.3E—03
83 6.9E—-03
9.4 44E-03
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sensitivity, specificity, positive predictive, and negative predictive
values of 60%, 100%, 100%, and 71%, respectively.

DISCUSSION

A fairly consistent picture of PTSD-induced or -associated changes
in peripheral blood gene expression is emerging, with immunity-
related genes among the most reliably implicated biomarkers. To
this picture we add new and compelling pilot data suggesting that
dysregulation of immunity-related genes not only accompanies the
emergence of PTSD, but precedes it. This result strongly suggests
that this dysregulation is a risk factor and not simply a consequence
of PTSD. Yet, immune-gene dysregulation may be only one piece of
the biological puzzle of PTSD susceptibility, as many genes com-
prising the best-performing PTSD-predictive classifiers were not
immune-system genes, and these other genes had highly disparate
functions,

Collectively, profiles of dysregulated genes in immune and other
pathways may serve as potent risk indicators upon which early
interventionand prevention efforts may ultimately be based. Towit,
we were able to construct and validate two panels of blood-based
PTSD risk-predictive biomarkers that ranged in accuracy from 70%
to 80% in independent (albeit small) replication samples. Despite
our relatively small sample size and the additional levels of correc-
tion for multiple-testing required for exon analyses, a number of
differentially expressed exons surpassed stringent criteria for de-
claring statistical significance. Additionally, the exon-based pre-
dictive classifier appeared to perform better than the gene-based
predictive classifier. Taken together, these findings suggest that
exon expression may be more reliable and biologically informative
than gene expression (which reflects the average expression of all
transcript isoforms of a particular cluster).

It is important to note that these classifiers employed decision-
rules based solely on mRNA expression levels. Possibly, more
accurate classification models can be constructed in the future
by taking into account additional known predictors of PTSD, such
as family history, personality traits, pre-existing mental disorders
[Koenen etal., 2003a,b], and other factors not necessarily related 1o
gene expression. Alternatively, risk factors such as childhood
exposure 1o trauma [van Zuiden et al., 2012] might actually be
associated with or interact with alterations in pre-deployment
mRNA-expression profiles. The present study was unable to ac-
count for childhood exposure to trauma or other such factors, but
future efforts to construct predictive models should seek to incor-
porate such data. Further precision in measuring the amounts and
types of mRNA isoforms present in peripheral blood (e.g., by
further analyses of exon-level expression, or by quantitation of
distinct alternatively spliced isoforms through RNAseq or exon—
exon junction-probing microarrays) will undoubtedly also facili-
tate the construction of more accurate classifiers, Nevertheless, a
single predictive classifier of PTSD (no matter how precisely
constructed) may never perform with 100% accuracy, which is
why it will be essential to pursue (in larger samples) those character-
istics of either the subjects or the data that would determine for
whom such a classifier works. Of equal interest is the possibility that,
despite similar phenotypic manifestations of PTSD, there are two or
more unique biomarker profiles that predict the same phenotypic

outcome. In fact, etiologic heterogeneity may be a hallmark of
complex disorders including PTSD, so it may not be possible to
identify a single “one-size-fits-all” biomarker profile of the suscep-
tibility toward the disorder. Thus, in the future, distinct predictive
biomarker classifiers may be required to account for disorder
stratification and correctly classify biologically or phenotypically
separatesets of subjects at highest risk of developing PTSD. Another
distinct possibility is that for some eventual cases of PTSD there is
no blood-based pre-trauma biomarker signature of increased
susceptibility to be found. We are currently investigating each of
these possibilities further.,

Because of our relatively small sample size and the severe
corrections for multiple-testing required when examining the
entire transcriptome, we did not detect individual gene-expression
differences in eventual PTSD cases that surpassed stringent criteria
for declaring statistical significance. As such, the focus of our efforts
and inlerpretations has been on groups of genes, either in regard to
their biological annotations or their collective ability to identify
PTSD cases. Nevertheless, one gene identified here as predictive of
PTSD emergence ( RPL24) is notable in that it wasalso identified asa
diagnostic biomarker of PTSD in a prior blood-based gene expres-
sion study by Mehta and Binder [2012]. Interestingly, we found that
this gene was significantly down-regulated at pre-deployment
among Marines who would later go on to develop PTSD, whereas
Mehta et al., found this gene to be up-regulated in current PTSD
sufferers. Ifthis observation can be confirmed by additional wark, it
suggests that the down-regulation of RPL24 at baseline may signal
heightened susceptibility for the disorder which is then accompa-
nied by a concomitant increase and over-expression of this gene
after exposure to the precipitating trauma and subsequent devel-
opment of PTSD symptoms, The majority of genes that we found to
be dysregulated at baseline in eventual PTSD cases do not appear in
other post-trauma studies to be either significantly up- or down-
regulated in established PTSD cases, suggesting that the expression
levels of these genes simply signify a risk state but do not necessarily
bear on the presentation of the disorder once trauma has been
experienced. Our results must be validated using another more
sensitive mRNA-quantification technique such as gRT-PCR, but
beyond this, replication in other well-powered longitudinal studies
of subjects at high risk for trauma will prove crucial for more
definitively implicating particular genes as risk indicators.

The present pilot study broadens the search for pre-deployment
biomarkers for PTSD vulnerability beyond that of previous work
[e.g., van Zuiden et al., 2012]. To our knowledge, this was the first
study to search transcriptome-wide for patterns of gene- and exon-
expression that distinguished future PTSD cases from non-PTSD
comparison subjects, The present study is also unique because it
employed a data-driven machine-learning approach for identifying
the transcripts that, collectively, were most predictive of future
PTSD status, many of which had not previously been associated
with PTSD. Taken together, these two strategies are useful for
identifying exons, genes, and pathways that potentially serve as
biomarkers and play a role in the etiology of PTSD, but that may
have been overlooked by other approaches focusing on well-estab-
lished candidate genes.

This work must be considered in the context of its limitations.
Foremost among these may be the observation of an increased pre-
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deployment CAPS score among future PTSD cases. A closer exam-
ination of this finding revealed that this difference was driven by the
“D” subscale ofthe CAPS measure, reflecting an increased reporting
of symptoms of hyper-arousal among future cases. Because of this
limitation, it cannot be determined unequivocally whether the
present study has detected true biological vulnerability, pre-clinical
changes associated with PTSD, or (more likely) some combination
of these factors. Conclusions about the origins of the blood-based
biomarker signals (vulnerability vs. preclinical state) could be
strengthened in future studies by controlling for the severity of
prior trauma exposure, or better yet, by examining pre-deployment
gene expression in trauma-naive subjects. Nevertheless, we main-
tain that the design of our study lends itself to the potential
development of a predictive biomarker with some clinical utility;
one that potentially can be used to determine who isatincreased risk
for emergent PTSD among a group of real-world service members
who will undoubtedly have mixed and incomplete records of
trauma exposure and may even manifest signs of pre-clinical
disorder.

Regardless of the preliminary state of our conclusions regarding
individual genes, our work makes clear that genes involved in
cellular immunity are reliably and disproportionately represented
among those that are dysregulated (mostly up-regulated) in our
sample of eventual PTSD cases. This finding is consistent with
evidence for dysfunctional cellular immune processes in individu-
als with PTSD, which we recently reviewed in depth [Baker
et al,, 2012b]. Our review of the collective evidence suggests that
systemic inflaimmation and deleterious health consequences in
PTSD are strongly linked. Given this evidence, treatment strategies
to reduce inflammation that target biobehavioral factors may be of
value to pursue.

In conclusion, as the development of PTSD following initial
trauma exposure is quite variable and unpredictable, we sought 1o
identify readily assessable biomarkers of risk and resilience based on
evaluations of blood-based gene expression among soon-to-be-
deployed Marines participating in the MRS, Our analyses con-
verged on the immune-system as the most reliably dysregulated
biological process characterizing high-risk individuals; however,
numerous other genes not strictly related to cellular immunity also
appear 1o be differentially expressed at baseline in individuals who
develop PTSD, and these genes contribute much to our blood-
based prediction models of the disorder’s emergence. If biomarkers
related to PTSD risk and resilience (such as the panels of genes and
exons identified here) can be validated in additional cohorts and
prospective studies, they may help to confidently identify which
individuals are at the highest risk in real-world scenarios, These
efforts may lead to more effective primary prevention protocols,
which would be particularly important in groups such as these
Marines for whom it is known in advance that exposure to serious
trauma is highly likely. This may also prove highly relevant for first-
responders, such as police, fire, and emergency medical teams, for
whom a regular part of their job is also exposure to potentially
traumatic situations. Further work correlating pre- and post-
deployment differences in gene expression among PTSD cases
and unaffected comparison subjects would also constitute a major
advance in the effort to identify the biological mechanisms of this
disorder and potentially develop diagnostic biomarkers that can

serve as useful adjuncts to the prevailing gold-standard behavioral
diagnostic systems |Brewin et al., 2000; Ozer et al., 2003].
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in some patients, is associated with the development of psychiatric dis-
orders (for reviews, see Bryant et al, 2010; Schwarzbold et al., 2008).

Present findings are also consistent with knowledge that damage to
the prefrontal areas may affect executive functions, emotion, mood, as
well social behavior regulation (Carlson, 2013; Kandel et al., 2000),
This may be because these areas have rich connections ta many cortical
and subcortical areas. For example, the vimPFC is connected to and re-
ceives input from the ventral tegmental area, amygdala, temporal
labe, olfactory system, and dorsomedial thalamus. In turn, the vimPFC
sends signals to amygdala, temporal lobe, lateral hypothalamus, hippo-
campal formation, cingulate cortex, and other regions of the prefrontal
cortex (Carlson, 2013). On the other hand, the OFC shares extensive re-
ciprocal connections with primary and associated somatosensory, audi-
tory, and visual cortices, as well as areas in the limbic system (e.g.,
hippocampus, amygdala, thalamus, hypothalamus, and cngulate
gyrus), and projects to the motor areas reflecting integration for execu-
tive motar control {Carlson, 2013). The abnormal slow-wave generation
from the OFC that was associated with trouble concentrating may sug-
gest a deficit of sensory integration due to mTEI In addition, the associ-
ation between slow-wave generation from the right fusiform gyrus and
the symptoms of blurred vision or other visual difficulties in the hlast
mTEBI group is consistent with studies showing that the fusiform gyrus
is important in face, object, and body recognition and processing
(Downing et al., 2001; Kanwisher et al., 1997; Sergent er al,, 1992;
Weiner and Grill-Spector, 2010). A meta-analysis showing that facial af-
fect recognition difficulty is common after TBI (Babbage et al, 2011) is
also consistent with present findings.

Using the dipole location density method, Wienbruch (2007 ) exam-
ined healthy subjects and reported that male subjects had significantly
higher frontal-central MEG slow-wave generation near ACC than female
subjects. The present study corrected for both age and gender when cal-
culating the Fast-VESTAL source-magnitude Z scores. As such, our find-
ing of ACC MEG slow-wave activity positively correlation with
depression in the non-blast mTBI group was controlled for gender and
age. Nevertheless, there were more males than females (67 versus 12)
in our healthy control group (same for the two mTBI groups) when con-
structing our normative database. This was because we needed to bal-
ance our blast mTBI group which contained all males by using the
same normative database for assessing patients in both the blast and
non-blast mTBI groups. Future study with symmetrical design (more fe-
males) in all three groups will be needed ro thoroughly address if and
how gender modulates these findings.

Using the same dipole location density method, Rockstroh and cal-
leagues examined MEG slow-waves in inpatients with schizophrenia
and affective disorders (Rockstroh et al.,, 2007). They found that inpa-
tients with schizophrenia had more slow-wave generators with maxi-
ma in frontal and central areas, whereas inpatients with affective
disorder had fewer slow-wave generators in similar frontal and central
regions. In the present study, MEG slow-wave activity in ACC positively
correlated with depression symptoms in the non-blast mTBI patients.
Although depression is a common symptom across schizophrenia, affec-
tive disorders, and mTBI, direct comparison between findings from the
study by Rockstroh and colleagues and the present study is difficult
due to the following two factors: 1) these are three different brain dis-
orders; 2) all subjects with schizophrenia and affective disorder in the
study by Rockstroh and colleagues were inpatients treated by a variety
of medications including the neuroleptics, whereas all of our mTB| out-
patients were free of sedative, neuroleptic, and hypnotic medications
(see exclusion criteria). Future studies in which the effects of medica-
tions are controlled will be needed to address the correlation between
abnormal slow-wave generation and common symptomology (such as
depression) across different disarders.

Itis not clear what accounts for the different correlation patterns be-
tween MEG slow-wave source imaging and TBI symptomatology in the
blast versus non-blast mTBI groups (Fig. 5). In particular, it is not clear
why more brain areas showed a significant correlation between MEG

and mTBI symptoms in the blast mTBI group than in the non-blast
mTBI group. We speculate that as a common cause in the former
group, blast may contribute to our findings. However, future study 1s
needed to confirm or disprove this hypothesis.

4.3 . Diffused nature and “vulnerable” regions for mTBI

The present study also revealed the diffuse nature of the nevronal in-
juries in TBI patients (Figs. 3 and 4). Such findings are consistent with
the mechanism of diffuse axonal injury in TBI due to a combination of
linear and rotational acceleration and deceleration (Adams et al.,
1989:; Arfanakis et al., 2002; Basser, 1995; Huisman et al., 2004; Niogi
and Mukherjee, 2010; Niogi et al., 2008a; Xu et al., 2007). The results
are also consistent with our previous findings that abnormal MEG
slow-waves are generated from cortical gray-matter areas that connect
to white-matter fibers with reduced DT fractional anisotropy due to ax-
onal injury in patients with mTBI (Huang et al., 2009). The diffuse nature
of MEG slow-wave generation is also consistent with a DT] study in blast
mTBI subjects which showed reduced FA in a diffuse, widespread, and
spatially variable pattern (Davenport et al., 2012).

Although the location of slow-wave generation is highly variable
across mTBI patients (see Fig. 3), in the present study analysis was per-
formed to identify common brain areas that likely generate abnormal
MEG slow-waves in mTBI (see Fig. 4). Multiple regions in the frontal
lobes (ie., DLPFC, VLPFC, FP, and OFC) were maore likely than other
brain regions to generate abnormal MEG slow-waves, which suggested
that the frontal lobe is probably the mest vulnerable lobe fo head trau-
ma. In addition, the posterior parietal lobe, inferior temporal lobes, hip-
pocampus, and cerebella also have a relatively higher likelihood for
generating abnormal MEG slow-waves than other brain areas, indicat-
ing that these regions are also particularly vulnerable to head trauma.
A forthcoming study that correlates the MEG slow-wave with cognitive
functions in mTBI will examine the connection of slow-wave generation
and abnormal brain function (Robb et al., in preparation).

4.4, Neuronul mechanisms of abnormal slow-waves

Neurophysiological studies in animals have shown that cortical deaf-
ferentation caused by axonal lesions in WM is an important factor in
pathological delta-wave production in GW (Ball et al, 1977: Gloor
et al, 1977). We believe that the cortical deafferentation caused by ax-
onal injury is the main mechanism for abnormal MEG slow-wave gener-
ation in mTBI. However, pathological delta-wave production can also be
induced by deafferentation following the administration of atropine in
WM in animals {Schaul et al., 1978). It is known that atropine is a com-
petitive antagonist of acetylcholine receptors and can block and/or limit
the cholinergic pathway. So the electrophysiological similarity of lesion-
induced and atropine-induced slow waves raises the possibility that a
defect in cholinergic pathways plays a role in pathological slow-wave
generation (Schaul, 1998). It is possible that the abnormal MEG slow-
waves in mTBI from the present study were partially due to blockage
and/or limitation of cholinergic transmission after TBI, in addition to ax-
onal injury in WM. In the human brain, the projections of cholinergic
pathways highly overlap with the WM fiber tracts (Selden et al.,
1998), which make the cholinergic pathways similarly susceptible as
WM tracts to rotational forces during head trauma. Like axonal injury,
blockage and/or limitation of cholinergic transmission may result in
cortical deafferentation and pathological slow waves that are expected
to affect human brain function in mTBI patients.

Abnormal slow waves are not the only abnormal findings in TBL A
recent MEG study in a group with mixing mild, moderate, and severe
TBI patients showed reduced functional connectivity primarily in bilat-
eral frontal and left greater than right parieto-temporo-occipital regions
as well as the right thalamus (Tarapore et al., 2013). Another recent
MEG study in sensor space also showed a reduced level of complexity
in mild TBI patients { Luo et al., 2013). In a future study, we will examine
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the relationships between MEG slow-wave generation and functional
connectvity in different frequency bands in mTBL

4.5 . Voxel-bused versus ROl approaches

The MEG results using the new voxel-based Fast-VESTAL approach
were similar to our previous ROIl-approach frequency-domain VESTAL
which showed positive detection rate of 87% (Huang et al., 2012), how-
ever larger groups of mTBI patients were examined in the present study.
Furthermore, the voxel-based Fast-VESTAL approach overcomes the
main limitations of variable sensitivity associated with our previous
ROI-based approach using frequency-domain VESTAL (Huang et al.,
2012). The spatial-sensitivity of the voxel-based approach is more uni-
formly distributed across the brain volume whereas the sizes of 96 cor-
tical ROIs in previous ROI-based approach varied substantially from one
RO1 to another. Second, as shown in Fig. 3, the voxel-based MEG source
images can be informative, with good spatial resolution, in assessing the
abnormal slow-waves on a single-subject-basis. In mTBI patients, it was
common that multiple regions generated abnormal slow-waves. It has
been shown that VESTAL and Fast-VESTAL approaches can localize
neuronal sources with a variety of spatial profiles (e.g., focal, multi-
focal, dipolar, and distributed) and a variety of temporal profiles (e.g.,
uncorrelated, partially-correlated, and 100% correlated source time-
courses) (Huang et al,, 2006; Huang et al,, 2014). Generators of abnor-
mal slow-waves in mTBI patients can be in one or mare of the above
spatial-and-temporal profiles (Huang et al,, 2009), and Fast-VESTAL
based MEG source imaging is ideal to handle such variability. Third,
the voxel-based framework of MEG source imaging using Fast-VESTAL
{Huang et al, 2014) allows us to implement many imaging-processing
and statistical-analysis tools from existing software packages (FSL,
AFNI, Freesurfer, etc.) that were previously designed for other function-
al (e.g., IMRLand PET) or structural neuroimaging techniques.

4.6 . Effect of sputial-smoothing factor

In the present study we have shown that the spatial smoothing fac-
torin MEG source imaging plays an important role in the positive detec-
tion rate of abnormal slow waves. Although group differences were
preserved, high spatial smoothing using 8 mm FWHM kernel markedly
reduced the positive detection rate of abnormal slow waves compared
with the result using the 3 mm smoothing kernel. This finding suggests
that the abnormal MEG slow-wave generation may be more of a local
effect, and MEG source analysis methods with high spatial reselution
may be essential in detecting abnormal slow waves in mTBI. In the pres-
ent study. a MEG source imaging method with high spatial resolution
(i.e., Fast-VESTAL) was used to analyze resting-state MEG data in
mTBI. Previous MEG studies by Lewine and colleagues used dipole
modeling (another MEG source analysis with focal source modeling)
and found abnormal slow waves in 65%-86% of mTBI patients (Lewine
ecral, 1999; Lewine et al., 2007). Despite the robust group differences
in scalp EEG, the positive detection rate of abnormal slow-waves using
scalp EEG was substantially lower than that with MEG (Lewine et al.,
1999). Differences in positive detection rates may be due to the
smearing effect of the skull tissue, which with its poor conductivity sub-
stantially distorted the electric fields and reduced the spatial resolution
of the EEG signal during scalp recording; whereas, head tissues are es-
sentially transparent to MEG signals,

4.7 . MEG source imaging with Fast-VESTAL versus other approaches

In the present study, Fast-VESTAL method plays an essential role in
assessing the source magnitude differences in mTBL It was shown that
Fast-VESTAL can: 1) provide high resolution source images for multiple
correlated sources; 2) faithfully recover source time-courses; 3) per-
form robustly in poor SNR conditions; 4) handle correlated brain
noise; and 5) effectively create resting-state MEG source images that

are highly consistent with known neurophysiology findings (Huang
et al, 2014). We have also shown that for resting-state MEG signals,
the source magnitude images obtained with beamformer technique (a
popular MEG source analysis method ) were not as consistent with neu-
rophysiology findings as those from Fast-VESTAL (Huang et al,, 2014).
This is likely due to beamformer's intrinsic limitation which assumes
that the neuronal sources are uncarrelated (Robinson and Vrba, 1999:
Sekihara et al., 2001; Van Veen et al.. 1997), a questionable assumption
when dealing with resting-state MEG signals.

Wienbruch introduced a different voxel-based resting-state MEG
source analysis approach, in which a sequential single dipole model
was used to fit MEG signal for each time point (i.e., single equivalent
current dipoles were fitted for each time point). The dipales with
goodness-of-fit (GoF) > 0.9 were kept. Then, voxel-based dipole loca-
tion density measure was used to establish a normative database, and
a Z-score statistics was used to assess abnormalities. Our Fast-VESTAL
source imaging approach improves upon the seminal work in this area
by Wienbruch (2007) in two ways. First, the approach by Wienbruch
is less able to handle time points where multiple sources contribute si-
multaneously to the MEG measures. For example, in many such cases,
the GoF with a single sequential dipole model would be less than the
0.9 threshold, and such that these time points would be discarded
from further analysis in Wienbruch's approach. With the Fast-VESTAL
approach, all time points free of artifacts are used in the analysis since
Fast-VESTAL is designed to model multiple highly correlated sources si-
multaneously. Second, the dipole location density measure from
Wienbruch's approach does not directly take into consideration of the
strength differences in the sequential dipoles. For example, two dipoles
with different strengths (e.g., one is twice as strong as the other) that
both meet the GoF threshold would contribute equally to the dipole lo-
cation density measure. ln contrast, Fast-VESTAL directly assesses the
source magnitude differences at all grid locations, which is also a key
feature that differentiates the MEG signals from one subject to another.

In the dipole-fitting approach, the basic assumption is that the neu-
ronal generators of MEG signals are focal and can be modeled by one or
a few dipoles. The dipole location and dipole moment parameters are
determined by an over-determined non-linear optimization procedure.
In fact, an automated multi-dipole approach "multi-start spatio-
temporal” method was developed in our lab in the past to model multi-
ple dipoles without the requirements of the initial guess of the dipole
locations (Huang et al, 1998; Huang et al, 2005). However, all
dipole modeling techniques require the number of dipoles ta be pre-
estimated, and the non-linear optimization procedure becomes ex-
tremely high in computational cost and may be trapped into local min-
ima when the number of dipoles increases. Usually, 810 dipoles are the
upper limit that the dipole-fitting methods can handle (Huang et al.,
2005).

In the Fast-VESTAL approach, the brain volume, or just the cortex is
pre-divided into a source grid with several thousand nodes, and a dipole
is assigned to each grid node. Fast-VESTAL fits the MEG sensor wave-
forms while minimizing the total current across all grid nodes to reduce
the ambiguity of the multiple plausible solutions. Fast-VESTAL identifies
the grid nodes with neuronal activity with high resolution, and sup-
presses the magnitude at the grid nodes without neuronal activity to es-
sentially zero (Huang et al, 2014). The Fast-VESTAL procedure js
efficient in computational cost, can handle many correlated as well as
uncorrelated dipolar sources, and is not trapped in the “local minima”.
Robust control mechanisms were built into the Fast-VESTAL algorithm
to fit the brain signal and to prevent the algorithm from fitting correlat-
ed and/or uncorrelated noise (Huang et al., 2014).

In the MEG responses that are known to contain a few focal neuronal
generators (e.g., in the case of human somatosensory responses evoked
by median-nerve stimuli), both Fast-VESTAL and multiple-dipole fitting
approaches produced sparse solutions that are very similar in location
and source time-course, and both solutions are consistent with previous
neurophysiological findings (Huang et al,, 2005; Huangetal,, 2014).Ina
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fear conditioning and extinction learning, whereas the vmPEC is thought
to mediate memory storage and retrieval during extinction leaming. Hip-
pocampal connections to the amygdala and vmPFC may support process-
ing contextual information of threat-related stimuli.

Amygdala, vinPFC, and hippocampal regions implicated in pre-
clinical fear processing are thought to be dysfunctional in PTSD (Rauch
et al, 1998, 2006). Functional neuroimaging findings using positron
emission topography (PET) and functional magnetic resonance imaging
{fMRI) suggest that individuals with PTSD exhibit hyperresponsive
amygdala activity to trauma or fear-related stimuli (Shin and Liberzon,
2010), during emotionally neutral tasks (Bryant et al, 2005; Shin
et al., 2004b), and even at rest (Chung et al., 2006; Semple et al.,
2000). A hyperresponsive amygdala contributes to the exaggerated
fear response characteristic of PTSD (Anderson et al,, 2003 ), Conversely,
PTSD has been associated with a hyporesponsive vPFC (Hughes and
Shin, 2011). A hyporesponsive PFC, as well as reduced connectivity to
the amygdala (Jin et al., 2013; Shin et al,, 2004a) may indicate insuffi-
cient inhibitory control over exaggerated fear responses. Lastly, abnor-
mal hippocampal function (Corcoran and Maren, 2001) and reduced
connectivity to the amygdala (Daolcos et al., 2004; McGaugh, 2004)
may be associated impairments in contextual memory processing and
the ability to inhibit intrusive memories (Shin et al., 2004a), although
findings have been mixed (Hughes and Shin, 2011). A recent resting-
state fMRI study showed increased activity in amygdala and reduced
spontaneous neural activity in the dIPFC, but no abnormal decrease of
resting-state fMRI activity in the vimPFC (Yan et al, 2013).

Neuroimaging studies using PET and fMRI have contributed greatly
to understanding PTSD neurocircuitry in humans; however, these tech-
niques measure metabolic and hemodynamic changes which reflect
neuronal activity indirectly (Logothetis, 2003). In addition, PET and
fMRI technigues have limited temporal resolution (minutes to seconds)
and consequently limited coverage and resolution in the frequency do-
main. Since neurons communicate to each other via exchanging electric
current signals, direct electrophysiological measures are required to
study neurophysiological processes that are associated with rhese he-
modynamic signals (Scholvinck et al,, 2013). PET and fMRI studies also
have implicated different neural pathways thar may be hyporesponsive
in PTSD; thus, there is some remaining discrepancy whether PTSD is as-
sociated with reduced activity in the viPFC or dIPFC pathways. Further-
more, although the orbitofrontal cortex (OFC) is usually considered ta
be part of the extended limbic system, the contribution of OFC to PTSD
has not been fully elucidated.

Electromagnetic measures such as magnetoencephalography (MEG)
provide direct measurements of neuronal activity with millisecond
temporal resolution. Using a single dipole model, Kolassa and colleagues
reported elevated production of focally generated slow waves (1-4 Hz)
in PTSD, particularly in left temporal brain regions, with peak activities
in the region of the insula. Using a MEG sensor-space synchronous neu-
ral interactions analysis, Georgopoulos, Engdahl, and their colleagues
correctly classified individuals with PTSD and healthy control subjects
with >90% overall accuracy of classification (Georgopoulos et al,, 2010).
They also found differences in MEG communication measures between
temporal and parietal and/or parieto-occipital right hemispheric areas
with other brain areas in PTSD (Engdahl et al., 2010). However in sensor
space, it is difficult to determine whether the structures identified by PET
and fMRI in PTSD neurocircuitry generate abnormal electromagnetic ac-
tivity, Namely, whether electromagnetic-based source imaging tech-
niques will lead to similar or different findings from those obtained in
PET and fIMRI in PTSD neurocircuitry has largely been unexplored.

In the current study, we examined neural activity associated with
PTSD using resting-state MEG. MEG is a non-invasive functional imaging
technique that directly measures magnetic signals generated by neuro-
nal current in gray matter with high temporal resolution (<1 ms) and
spatial localization accuracy (2-3 mm at cortical level) (Leahy et al.,
1998). MEG's high temporal resolution directly translates into a wide
range of coverage for the neuronal magnetic signals in the frequency

domain, which is usually divided into different frequency bands. MEG's
insensitivity to the electric conductivity profile of rhe head tissue
makes it a better technique than electroencephalography (EEG) in lo-
calizing neuronal sources. Our newly developed high-resolution MEG
source imaging method called Fast-VESTAL allowed us to perform
voxel-wise whole-brain source imaging of human brain rhythms in
healthy volunteers (Huang et al., 2014a), and makes MEG source imag-
ing a good candidate for localizing abnormal electromagnetic signals in
disorders such as PTSD. The primary goal for this study was to examine
if the existing PTSD neurocircuitry medel including the amygdala,
vmPFC, and hippocampus can account for abnormalities detected di-
rectly by electromagnetic-based source imaging techniques in resting-
state. To achieve this goal, we used high-resolution MEG source imaging
technique for direct examination of neuronal activity in PTSD, especially
in the areas that we think to be abnormal, i.e. amygdala, vimPFC, OFC,
hippocampus, dIPFC, dmPFC including dorsal anterior cingulate cortex
(dACC), insular cortex, and precuneous. In addition, using MEG, we
are able to explore potential MEG abnormalities in different frequency
bands which are associated with different neuronal mechanisms (see
Discussion ), and compare MEG findings with previously published re-
sults from other functional imaging techniques that have been used to
study PTSD.

2. Materials and methods

2.1. Research participants

Twenty-five participants (24 males, 1 female; mean [SD] age: 31.0
[5.5]) with PTSD took part in this study. Amaong these participants, 10
were active-duty Marines and Sailors from Camp Pendleton and Naval
Medical Center in San Diego, and 15 were adult outpatient OEF/OIF Ver-
erans recruited from VA San Diego Healthcare System. Mean [SD| years
of education for the participants with PTSD were 13.2 [ 1.4]. All partici-
pants gave written informed consent for study procedures, which
were reviewed and approved by institutional review boards of the VA
San Diego Healthcare System and Naval Health Research Center at San
Diego. The informed consent followed the ethical guidelines of the Dec-
larations of Helsinki (1975) and additional research requirements for
active-duty military personnel and veterans.

Symptoms of PTSD were assessed using the Clinician Administered
PTSD Scale (CAPS) (Blake et al., 1995) or the Post-traumatic Stress Dis-
order Checklist (PCL) (Weathers et al., 1999) in accordance with the
criteria from the Diagnostic and Statistical Manual of Mental Disorders
IV-TR (American Psychiatric Association, 2000). A total of 18 partici-
pants met the criteria for PTSD and 7 met the criteria for partial PTSD.
Participants who completed the CAPS met the criteria for PTSD (n =
14) if they reported at least 1 re-experiencing symptom, 3 avoidance
symptoms, and 2 hyperarousal symptoms; patients met the criteria
for partial PTSD (n = 5) if they reported at least 1 re-experiencing
symptom and either 3 avoidance symptoms or 2 hyperarousal symp-
toms (Blanchard et al., 1995). Symptoms must have occurred at least
once within the past month (frequency = 1) and have caused a moder-
ate amount of distress (intensity = 2) (Weathers et al., 1999, 2001 ). Par-
ticipants who completed the PCL questionnaire and had a minimum
total score of 50 met the criteria for PTSD (n = 3), and those with scores
from 39 to 49 met the criteria for partial PTSD (n = 2) (Hoge et al., 2008;
Iversen et al., 2008; Renshaw, 2011; Weathers et al,, 1993). Study par-
ticipants with partial PTSD and PTSD were analyzed together (n = 25)
to maintain statistical power and to examine broad group differences
in PTSD neurocircuitry. The PTSD patients were not on medications at
the time of the MEG exam. All had discontinued any psychotropic med-
ications prior to the scan, and at least at 5-day wash-out.

We recruited thirty healthy volunteers (29 male, 1 female; mean
[SD} age: 29.8 [6.4]) with no history of neurological or psychiatric disor-
ders assessed by Structured Clinical Interview for DSM-IV. Among these
healthy volunteers, 12 were active-duty military personnel and 18 were
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civilians. Mean [SD] years of education were 13.4 [1.7]. There were no
statistically significant differences in age or education between the
healthy volunteer and PTSD groups.

Exclusion criteria for study participation were as follows: 1) other
neurological, developmental or psychiatric disorders (e.g., brain
tumor, stroke, epilepsy, Alzheimer's disease, or schizophrenia, bipolar
disorder, history of learning disability, or lesions visible in structural
MRI}; 2) substance or alcohol abuse according to DSM-1V criteria within
the 6 months prior to the study; 3) history of metabolic or other diseases
known to affect the central nervous system (Dikmen et al., 1995); and 4)
extensive metal dental hardware (e.g., braces and large metal dentures;
fillings are permitted) or other metal objects in the head, neck, or face
areas that cause non-removable MEG artifacts.

2.2. MEG data acquisition and signal pre-processing o remove artifacts

Resting-state MEG data (spontaneous recording for detecting MEG
slow-wave signals) were collected at the UCSD MEG Center using the
VectorView™ whole-head MEG system (Elekta-Neuromag, Helsinki,
Finland) with 306 MEG channels. Participants sat inside a multi-layer
magnetically-shielded room (IMEDCO-AG) (Cohen et al., 2002). Precau-
tions were taken to ensure head stability; foam wedges were inserted
between the participant’s head and the inside of the unit, and a Velcro
strap was placed under the participant’s chin and anchored in superior
and posterior axes. Head movement across different sessions was about
2-3 mm. MEG recording was divided into two S-minute blocks with
eyes closed, alternating with two 5-minute blocks with eyes open. In
the eyes-closed condition, the participant was instructed to keep his/
her eyes closed and empty his/her mind. In the eyes-open condition,
the participant was instructed to fix his/her eyes on a fixation point
and empty his/her mind. The order of blocks was counter-balanced
between participants. Data were sampled atr 1000 Hz and were run
through a high-pass filter with a 0.1 Hz cut-off, and a low-pass filter
with a 300 Hz cut-off. The filter associated with MEG data acquisition
is a first-order time-domain filter with 3 dB around the cut-off points.
Eye blinks, eye movements, and heart signals were monitored. Since
the MEG eyes-open data were contaminated with eye-blinks in many
participants, we focused on analyzing the eyes-closed data in the present
study.

Substantial efforts were taken to help ensure that participants were
alert during the MEG recordings. Participants were scheduled early in
the day to avoid fatigue from performing daily activities. Prior to all of
the study sessions, participants completed a questionnaire about the
number of hours they slept the previous night, how rested they felt,
and if there was any reason that they might not be attentive and per-
form to the best of their abilities (due to headache, pain, etc.). Sessions
alternated between eyes-closed and eyes-open conditions, and eye
blinking and movement were monitored. During MEG recording, partic-
ipants were viewed on camera while technicians also monitored alpha
band oscillations, which are consistently associated with tonic alertness
(Oken et al., 2006).

Eyes-closed MEG data were first run through MaxFilter, also known
as signal space separation (Song et al., 2008; Taulu et al., 2004a,b) to re-
move external sources of interference (e.g., magnetic artifacts due to
metal objects, strong cardiac signals, environment noises), and to co-
register the MEG data by removing the small head movements across
the two 5-minute eyes-closed sessions. Next, residual artifacts due to
eye movements and residual cardiac signals were removed using Inde-
pendent Component Analysis using our customized version of ICALAB
software (www.bsp.brain.riken.jp/ICALAB/).

2.3, Structural MRI, MEG-MRI registration, BEM forward calculation
Structural MRI of the participant’s head was collected using a

General Electric 1.5 T Excite MRI scanner, The acquisition contains
a standard high-resolution anatomical volume with a resolution of

0.94 x 0.94 x 1.2 mm? using a T1-weighted 3D-IR-FSPGR pulse se-
quence. To co-register the MEG with MRI coordinate systems, three
anatomical landmarks (i.e., left and right pre-auricular points, and
nasion) were measured for each participant using the Probe Position
Identification system (Polhemus, USA). By using MRILAB (Elekta/
Neuromag) to identify the same three points on the participant’s
MR images, a transformation matrix involving both rotation and
translation between the MEG and MR coordinate systems was generated.
To increase the reliability of the MEG-MR co-registration, approximarely
80 points on the scalp were digitized with the Polhemus system, in addi-
tion to the three landmarks, and those points were co-registered onto the
scalp surface of the MR images. The T1-weighted images were also used
to extract the brain volume and innermost skull surface (SEGLAB software
developed by Elekta/Neuromag). Realistic Boundary Element Method
(BEM) head model was used for MEG forward calculation (Huang et al,,
2007; Mosher et al., 1999). The BEM mesh was constructed by tessellating
the inner skull surface from the T1-weighted MR into ~6000 triangular
elements with -5 mm size. A cubic source grid with 5 mm size was
used for calculating the MEG gain (i.e., lead-field) matrix, which leads 1o
a grid with ~10,000 nodes covering the whole brain. Other conventional
MRI sequences typical for identifying structural lesions were also
performed: 1) Axial T2*-weighted; 2) Axial fast spin-echo T2-weighted,;
and 3) Axial FLAIR. These conventional MRIs were carefully reviewed by
a Board-certified neuroradiologist (R.R. Lee) to determine if the partici-
pant had visible lesions on MRI. Subjects with lesions visible in MRI
were excluded from the study (see exclusion criteria).

2.4. MEG slow-wave source magnitude imaging using fast-VESTAL

The voxel-wise MEG source magnitude images were obtained using
our recent high-resolution Fast-VESTAL MEG source imaging method
(Huang et al., 2014a). This approach requires the sensor waveform co-
variance matrix. Here, the second 5-minute resting-state MEG sensor-
waveform dataset was registered to the first 5-minute resting-state
dataset using MaxFilter. The artifact-free, eyes-closed, resting-state
MEG sensor-waveform datasets were divided into 2.5 s epochs. The
data in each epoch were first DC-corrected and then run through
band-pass filters for the following frequency bands: alpha band
(8-12 Hz), beta band (15-30 Hz), gamma band (30-80 Hz), high-
gamma band (80-150 Hz), and low-frequency band (1-7 Hz) that
combined delta (1-4 Hz) and theta bands (4-7 Hz). Norch filters at
60 Hz and 120 Hz were applied to remove the power line signals and
their second harmonics, Frequency-domain band-pass filter with zero
phase-shift via discrete Fourier transform was used. At each end of the
band-pass filter, the transition of the Hanning window in the filter
was selected to be at 10% of the associated cut-off frequency.

Waveforms from all 306 sensors including 204 planar-gradiometers
and 102 magnetometers were used in the analysis. For each frequency
band, sensor-waveform covariance matrices were calculated for individ-
ual epochs after the band-pass filtering, then, the final sensor-waveform
covariance matrix was obtained by averaging the covariance matrices
across individual epochs for the 10-minute resting-state data. Using
such a covariance matrix, MEG slow-wave source magnitude images
that cover the whole brain were obtained for each participant following
the Fast-VESTAL procedure (Huang et al, 2014a) for a given frequency
band.

The brain volume is pre-divided into a grid of dipoles with P nodes.
Let R be the M »x M sensor-waveform MEG covariance matrix where
M is the number of MEG sensors for a given frequency band (e.g., beta
band) and time-window (e.g., length of an epoch); and G be the
M x 2P gain (lead-field) matrix calculated from MEG forward modeling
for the pre-defined source grid with P dipole locations, with each dipole
location having two orthogonal orientations (l.e., & and &). In the spherical
MEG forward head model, 6 and ¢ represent the two tangential orienta-
tions for each dipole location, whereas in a realistic MEG forward model
using the Boundary Element Method (BEM), the f§ and d-orientations
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are obtained as the two dominant orientations from the singular-value
decomposition (SVD) of the M «x 3 lead-field matrix for each dipole, as
previously documented (Huang et al., 2006).

Eigen-value decomposition is performed for the sensor-waveform
covariance matrix:

R=UpSgly' = UySySy Ug' m

where the diagonal elements in Sgare simply the square root (SQRT)
of the corresponding eigenvalues of R which are the diagonal elements
in X Next, SVD is performed for the gain matrix G:

G = USeViE (2)

The dimensions for Ug, S, and V_are M x M, M « 2P, and ZP = 2P, re-
spectively. Following the procedure in (Huang et al,, 2014a), a distribut-
ed source solution for Eq. 2 can be expressed as:

UBSB = UGS‘TV;‘;H :3}

The 2P = M matrix H is called the distributed source spatial map
matrix. The goal of MEG inverse source imaging is to obtain H for
given R in Eq. 3. However, Eq. 3 is under-determined, with the number
of unknown variables in each column of H = [hyhy,... ... hy)
(Le., 2P) much larger than the number of measurements in each col-
umn of UgSg = [51u,5:up,... 54u,,.-..5,u,,] (i.e., M), so additional
constraint(s) are needed to obtain a unique solution for Eq. 3. Here,
the number of signal (dominant) spatial modes k is usually much
smaller than the number of MEG sensor measurements M. After mul-
tiplying from the left side with UGT, for individual dominant spatial
maodes of Eq. 3, Eq. 3 can be written as:

Ugus; = SeVih,i =12, ...k (4)

where | = 1.2,....k are the indices of spatial modes in sensor space.
By introducing additional minimum L1-norm constraints (Huang
et al., 2014a) to Eq. 4, one can obtain the Fast-VESTAL solution for hy;

min(w' [l]), subject to constraints SV h=Ulws, i=1.2,...k  (5)

where the 2P x 1 vector hy is the source imaging map associated with
the dominant spatial mode vector u (dimension M = 1) of the sensor-

domain. In Eq. 5, w = ‘;diag(V(.VE) isa 2P x 1 weighting vector chosen
to remove potential bias towards grid nodes at the superficial layer
(Huang er al., 2014a). After solving for h and hence H using Eq. 5, the
Fast-VESTAL source imaging result can be obtained on the source grid
as;

A = \/diag(HH") (6)

which is the 2P x 1 source magnitude value across grid nodes. The
main feature of A, the Fast-VESTAL-based distributed source solution,
is that it is highly sparse, with many of its elements being either zero
or close to zero, as a direct consequence of L1-norm minimization. An
Objective Pre-whitening Method was applied to remove correlated en-
vironmental noise and objectively select the dominant eigen-modes
(ie., k) of sensor-waveform covariance matrix (Huang et al., 2014a).

2.5. Statistical analysis of MEG source magnitude images

Statistical analysis was performed separately for each frequency
band. MEG source magnitude imaging volumes obtained from Fast-
VESTAL that cover the whole brain from all healthy control and PTSD
participants were first spatially smoothed using a Gaussian kernel
with 3 mm full width half maximum (FWHM), and then co-registered

to an MNI-152 brain-atlas template using FLIRT program in FSL software
package (http://www.fmrib.ox.ac.uk/fsl/). For each voxel in the MN]
space, the MEC source magnitude data were run through a logarithm
transformation. A two-tailed t-test was performed to assess the group
difference for each voxel of the brain volume in the MNI space. False dis-
covery rate (FDR) was used to control the family-wise error (Benjamini
and Hochberg, 1995) with g < .05. The above procedure was performed
for each of the frequency bands separately.

2.6. Correlation with symptem scores in PISD

For brain areas that showed group differences within a specific fre-
quency band, regions of interest (ROIs) were obtained by grouping the
voxels together. We were specifically interested in the ROIs that covered
amygdala, vmPFC, OFC, precuneous, and dIPFC. Within each ROI, we
performed a correlational analysis between MEG source magnitude
and PTSD symptom score. The analyses were performed in the 20 par-
ticipants with PTSD or partial PTSD as measured by CAPS Total score.
The remaining 5 participants with FTSD or partial PTSD as measured
by PCL were not included in this correlational analysis.

3. Results

3.1. Beta-band MEG source magnitude imaging results

Fig. 1 shows group differences between participants with PTSD and
healthy volunteers in resting-state MEG source magnitude for the
beta-band (15-30 Hz). Increased beta-band activity in PTSD (hyperac-
tivity, PTSD > controls) was generated from bilateral amygdala and
left anterior hippocampus (white arrows), left and right posterolateral
OFC (magenta arrows), several regions within the right insular cortex,
bilateral middle temporal gyri, right posterior cingulate cortex (PCC,
brown arrow), bilateral junctions of PCC and lingual gyri, and left
occipito-temporal-parietal junction, In addition, Fig. 1 shows decreased
beta-band activity in PTSD (hypoactivity, PTSD < controls) from vmPFC
(green arrows) including rostral anterior cingulate cortex (rACC) and
medial OFC, bilateral FPs (more R than L), bilateral caudate, bilateral
dIPFC (more R than L), right superior frontal gyrus, mid-line supple-
mentary motor areas (SMA), right anterior aspect of superior temporal
gyrus, bilateral precuneous cortices, and bilateral sensorimotor cortices
(more R than L). For a region, an asymmetry is reported when one
hemisphere has twice or more voxels being significant than the equiva-
lent region in the opposite hemisphere,

3.2. Gamma and high-gamma-bands MEG source magnitude imaging
results

The upper panel of Fig. 2 shows increased gamma-band (30-80 Hz)
activity in PTSD compared to the healthy control group that was gener-
ated from left and right posterolateral OFC { magenta arrows, more L
than R), bilateral dmPFC including the dorsal paracingulate cortices
and dorsal anterior cingulate cortex (dACC) (more L than R), several re-
gions within the bilateral insular cortices, bilateral occipito-temporal-
parietal junctions (more L than R), bilateral temporal—occipital fusiform
cortices (more R than L), left occipital fusiform gyrus and right lingual
gyrus, and right dorsomedial occipital cortex. The upper panel of Fig. 2
also shows decreased gamma-band activity in PTSD compared to the
control group from vmPFC (green arrows) including rACC and medial
OFC, bilateral FPs (more R than L), right dIPFC, mid-line SMA, and
right sensorimotor cortices.

The lower panel of Fig. 2 shows increased high-gamma-band
(80-150 Hz) activity in PTSD from left amygdala and hippocampus
(white arrows), left posterolateral OFC (magenta arrows), right dACC,
left FP, several regions within the bilateral insular cortices, bilateral
occipito-temporal-parietal junctions (more L than R), and right
dorsomedial occipital cortex. The lower panel of Fig. 2 alsa shows
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Overall, the beta-band MEG source imaging maps are similar to the
fMRI maps of Yan and colleagues, except for the activity in vmPFC.
Such a degree of similarity across two different imaging modalities
(Le., electromagnetic measures from MEG and hemodynamic measures
from fMRI) is likely due to beta-band synchronization over long conduc-
tion delays, which corresponds to signals traveling a significant distance
across brain regions. Electrophysiological studies of the rat hippocam-
pus have shown that the beta rhythm allows neuronal synchrony at
large time delays, while the gamma band allows such synchrony at
short delays. Thus, beta synchrony promotes communication between
remote structures, whereas gamma synchrony promotes local compu-
tations (Kopell et al., 2000: Singer, 1999). Interestingly, more recent
work in identifying MEG correlates of fMRI resting-state networks has
found that power fluctuations in the beta band produce spatial net-
works very similar to fMRI resting-state networks (Brookes et al,
2011b). Our findings suggest that abnormal beta-band neuronal activity
in PTSD is likely a candidate for the abnormal IMRI signal observed by
Yan and colleagues (Yan et al,, 2013).

The consistent finding of decreases of resting-state activity in
precuneous and dIPFC associated with PTSD in the present MEG study
(in beta, alpha, and low-frequency bands) and in the fMRI study by
Yan et al. (Yan et al., 2013) highlight the contribution of these regions
in PTSD neurocircuitry. The precuneous is a key region of the “default-
mode network (DMN}" in resting brain which has been detected by
fMRI (Fransson and Marrelec, 2008) and MEG (Brookes et al., 2011h).
Furthermore, the precuneous plays a pivotal role in how intrinsic activ-
ity is mediated throughout the DMN, and helps sustain a sense of seli-
consciousness in self-referential mental thoughts during rest (Cavanna
and Trimble, 2006; Fransson and Marrelec, 2008), Non-trauma related
words elicit decreased precuneous fMRI activity in PTSD, and the de-
crease in precuneous activity is correlated with CAPS scores (CGeuze
et al, 2008). Dissociative symptoms of patients with PTSD may play a
role in the decreased activation of precuneous (Geuze et al, 2008).
The dIPFC is a key region for a variety uf executive brain functions
such as working memory, attention, and other executive functions. It fa-
cilitates goal-directed behavior through indirect modulation of the
amygdala response to threat, possibly through connections with the
temporal cortex (Bishop, 2008; Gald et al., 2014; Mitchell, 2011). In
the present study, MEG hyperactivity in both right diPFC and anterior
temporal lobe in alpha, beta, gamma, and low-frequency (Figs. 1-3) is
consistent with the modulation deficit of the dIPFC-anterior temporal-
amygdala pathway in PTSD. Using a task involving cognitive regulation
of negative affect via reappraisal, Rabinak and colleagues found that
PTSD patients engaged the dIPFC during cognitive reappraisal, albeit to
a lesser extent than the control participants (Rabinak et al, 2014). In a
longitudinal cortical thickness study, individuals with PTSD showed
greater dIPFC thickness in a follow-up exam about 1 year after the trau-
ma than in the acute exam, and greater dIPFC thickness was associated
with greater PTSD symptom reductions and better recovery (Lyoo et al.,
2011). On the other hand, healthy volunteers showed greater dIPFC ac-
tivation and increased amygdala connectivity to threats compared to
non-threat condition (Gold et al,, 2014). Elevated activity in dIPFC was
also observed in PTSD during a maintenance period of working memory
in an fMRI test (Moores et al,, 2008). Future functional imaging studies
of PTSD are needed to examine the association between resting-state
dIPFC activity and dIPFC responses to different types of working memo-
ry and/or attention stimuli.

In an event related potential (ERP) study of combat veterans with
PTSD after mild TBI by Shu and colleagues, PCC and precuneous areas
exhibit greater ERPs evoked by emotional facial stimuli (Shu et al,,
2014). In the present study, PCC also showed hyperactivity in the
beta-band resting-state MEG source image (brown arrow in Fig. 1), a
finding consistent with the above ERP study. However, the hypoactive
precuneous is seen in our resting-state MEG source image across
many frequency bands, also observed in resting-state fMRI by Yan and
colleagues (Yan et al,, 2013), seems to be different from the greater

ERPs in precuneous found by Shu and colleagues using emotional stim-
uli. Additional studies are needed to directly examine the association
between resting-state electromagnetic signal and evoked responses,
as well as the impact of mild TBI on PTSD.

4.5, MEG findings in OFC

Another interesting finding from the present study is the increased
activity from the posterolateral OFC areas in beta, gamma, and high
gamma bands. Our finding is consistent with fMRI findings of increased
resting-state activity in PTSD (Yan et al,, 2013). The OFC is closely con-
nected to the limbic system, especially the amygdala, and is sometimes
regarded as part of the expanded limbic system (Nauta, 1979), While
regions known to be part of the existing neurocircuitry model of PTSD
(Le, amygdala, vimPFC, and insular cortex) have been studied extensive-
ly (Rauch et al., 1998, 2006; Shin et al., 2006), the role of the posterolat-
eral OFC in PTSD is unclear and should be examined further. Based on
our MEG findings, posterolateral OFC activity increased with PTSD
symptom severity, thus OFC and its interactions with the amygdala
may be added to the existing neurocircuitry model of PTSD. This idea
is supported by studies that show that OFC has direct anatomical projec-
tions to the amygdala and hippocampus via the uncinate fasciculus in
humans (Bach et al,, 2011; Talairach and Tournoux, 1988) as well as
in non-human primates (Carmichael and Price, 1995), It was also
shown that such projections were abnormal in some psychiatric disor-
ders such as conduct disorder (Passamonti et al., 2012), bipolar disorder
(Benedetti et al,, 2011), and schizophrenia (Jackowski et al, 2012). Fur-
ther studies are needed to confirm whether disrupted interactions be-
tween OFC-amygdala may be implicated in PTSD.

4.6. Decreased MEG alpho-band activity in PTSD

Individuals with PTSD showed extensive MEG alpha-band
hypoactivity from dIPFC, FP, anterior temporal lobes, precuneous cor-
tex, and sensorimotor cortex. Neuronal modeling studies showed that
thalamo-cortical interactions are essential to the generation of alpha
rhythms (Freyer et al., 2011; Hindriks and van Putten, 2013; Lopes da
Silva et al.,, 1997). Combined EEG and fMRI studies have also shown
that increased alpha-band power in a brain area is associated with re-
duced functional connectivity with other brain areas, suggesting that
alpha-band activity is associated with functional inhibition (De Munck
et al.,, 2009; Scheeringa et al,, 2012). The observed MEG alpha-band
hypoactivity may suggest a deficit in thalamo-cortical interactions,
which possibly leads to reduced functional inhibition in the above cor-
tical areas in PTSD. In general, a normal amount of alpha activity is pre-
ferred in the resting-state, and reduced alpha-band power has also been
observed in individuals with Alzheimer's disease (Babiloni et al,, 2013;
Tartaglione et al, 2012), and schizophrenia (Hinkley et al., 2011;
Sponheim et al., 2000).

4.7, MEG sovrce imaging with fast-VESTAL

Our method plays an essential role in obtaining the source magni-
tude images for the neurocircuitry in PTSD (Figs. 1-3). It was shown
that Fast-VESTAL can effectively create resting-state MEG source images
that are highly consistent with known neurophysiology findings (Huang
et al., 2014a). We have shown that for resting-state MEG signal, the
source magnitude images obtained using a beamformer technique
(a popular MEG source analysis method) are less consistent with
neurophysiology findings (Huang et al., 2014a). This is likely due to
beamformer’s intrinsic limitation which assumes the neuronal sources
are uncorrelated (Robinson and Vrba, 1999; Sekihara et al., 2001; Van
Veen et al., 1997), a questionable assumption when dealing with
resting-state MEG signals.

In the present study, we focus on MEG source magnitude images in
PISD. No results were presented regarding the MEG-based connectivity
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analyses. This is because we are in the process of finalizing the
Fast-VESTAL based voxel-wise MEG connectivity method {Huang
et al., in preparation). Although MEG-based connectivity study is
a hot topic in literature, with most published approaches used
Beamformer or minimum L2-norm based techniques to obtain the
source time-courses (Brookes ef al,, 2011a,b, 2012; Ghuman et al.,
2011; Gramfort et al,, 2014). It was known that source time-courses ob-
tain by Beamformer are distorted when multiple correlated neuronal
sources contribute to the sensor-waveforms even at noiseless cases
(Huang et al., 2014a), and across-talk between source time-courses
from minimum L2-norm approaches can also be a serious issue.
However, even though many researchers were aware of the issues
associated with distorted source time-courses, the impact on a vari-
ety of connectivity measures using the distorted source fime-courses
has not been examined thoroughly in resting-state data, at least to
our knowledge. Before we publish our method for Fast-VESTAL
based connectivity analysis, we believe that it would be beyond the
scope of the present study to include MEG connectivity results for
the PTSD population.

There are several limitations of the present study that warrant con-
sideration. First, the spatial resolution and localization accuracy of MEG
are expected to be limited for amygdala, hippocampus, and vmPFC,
which may explain some minor location discrepancies between our
findings and those of previous IMRI or PET studies. Second, although
we acquired resting-state MEG signal in the eyes-closed condition,
eye-movements and micro-eye-blinks may be confounding factors. Al-
though we pre-processed the MEG data through both MaxFilter and
ICA to remove the eye-movement and micro-eye-blinks, the impact of
residual eye-activity-related artifacts may not be totally negligible.
Third, despite substantial efforts to ensure and monitor alertness during
the eyes-closed condition (see Materials and methods), drowsiness may
still have had an impact on the MEG recording. Fourth, since the active-
duty and veteran PTSD patients are mostly males, the present study is
dominated by male subjects, with just one woman in each of the two
groups.

Despite these limitations, the present study showed that our MEG
source imaging technique revealed new abnormalities in the resting-
state electromagnetic signals from PTSD neurocircuitry. Abnormal
resting-state electromagnetic signals in PTSD neurocircuitry can be ef-
fectively imaged by MEG source imaging technique for different fre-
quency bands. In high frequency bands (i.e., beta, gamma, and high
gamma bands ), PTSD was associated with 1) MEG hyperactivity from
amygdala, hippocampus, posterolateral OFC, dmPFC, and insular cortex;
and 2) MEG hypoactivity from vmPFC, FP, and dIPFC. In alpha and low-
frequency bands, PTSD was associated with extensive MEG hypoactivity
from dIPFC, FP, anterior temporal lobes, precuneous cortex, and sensori-
motor cortex. Lastly, PTSD symptom scores correlated positively with
resting-state MEG activity in left amygdala and posterolateral OFC and
negatively with MEG activity in vimPFC and precuneous, Particularly,
posterolateral OFC and precuneous may play important roles in the
PTSD neurocircuitry model.

Acknowledgments

This work was supported in part by Headquarters Marine Corps and
Navy BUMED to D.G. Baker, M.A. Geyer, M.X. Huang and V.B, Risbrough
(MRS-1I; Navy BUMED contract # N62645-11-C-4037) and Merit Re-
view Grants from the Department of Veterans Affairs to M.X. Huang
(101-CX000499, NURC-022-10F, NEUC-044-06S). We acknowledge the
MRS-Il administrative core, Anjana Patel, Andrew De La Rosa, and mem-
bers of the MRS-1I Team, including logistic coordinators, clinician-
interviewers, and data collection staff. We thank staff at the Veterans
Medical Research Foundation (VRMF). We also thank the Marine,
Navy and veteran volunteers for their military service and participation
in this study.

References

American Psychiatric Association, 2000, Diagnostic and Statistical Manual of Mental Dis-
orders IV, Text RevisiomAmerican Psychiatric Association,

American Psychiatric Association, 2004, Practice Guideline for the Treatment of Patients
With Aciite Stress Disorder and PISDAmerican Psychiatric Association, Arlington, VA.

Anderson, ALK, Christoff, K, Panitz, D, De Rosa, E., Gabreli, L1, 2003, Neural correlates of
the automatic processing of threat facial signals, Jonmal of Neurosaence: the Official
Journal of the Society lor Neurosoence 23, 5627-5633 12843265,

Baayen, |.C.de Jongh, A.Stam. C).. De Munck, |.C. Jonkman, JJ. Trenté, D.G. Berepdse, H.
W, van Walsum, AM., Heimans, ||, Puligheddu, M., Castelijns, | A, Vanderiop, W.P,
2003. Localization of slow wave achivity in patients with tumor-associared epilepsy.
Brain Topography 16, 85-93 14977201.

Babiloni, C..Del Percio, C,Bordet, K. Bourriez, |.L., Bentivoglio, M., Payoux. P, Derambure, ',
Dix. S, Infarinato, F, Lizio, R, Triggani, A, Richardson, |.C. Rossini, P.M,, 2013, Effects
of acetylcholinesterase inhibitors and memantine on resting-state electroencephalo-
graphic rhythms in Alzheimer's disease patients. Clinical Neurophysiology: Official
Joumnal of the International Federation of Clinical Newtrophysiology 124, §37-850.
hog:/dxdoiorg/10.1016/.clinph.2012.09.01723098644,

Rach, [LR., Behrens, T.E, Garndo, L., Weiskopl, N, Dolan, &), 201 1. Deep and superficial
amygdala nuclei projections revealed in vivo by probabilistic tractography. Jowrnal
of Nedroscience: the Official Journal of the Society for Neuroscience 31, 618-623.
hirp:y/dedovorg/ 101523 INEUROSCLZ744-10201121228170.

Ball, G.J., Gloor, I, Schaul, N, 1977. The cortical electromicrophysiology of pathological
delta waves in the electroencephalogram of cats. Electroencephalography and Clini-
cal Neurophysiology 43, 346-361 70336,

Benedett, F.Absinta, M., Rocea, MA, Radaelli, D, Poletti, 5. Bernasconi, A Dallaspezia, 5.,
Pagam, E., Falini, A, Copetti, M., Colombe, C.,Comi, G, Smeraldi, E. Filippi, M., 2011,
Tract-specific white matter structural disruption in patients with bipolar disorder, Bi-
polar Disorders 13, 414424, hitp:/ dx.doiorg/10.11111.1399-5618.2011.00938,
*Z1843281,

Benjamimi, Y. Hochberg, Y., 19495, Controlling the false positive rate: a practical and pow-
erul approach o multiple testing. joumal of the Royal Statistical Soclety, Senes B57.
289-300,

Bishop, 5., 2008, Neural mechanisms underlying selective attention to threat, Annals of
the New York Academy of Sciences 11249, 141-152, hitp://dx.doi.org/10.1196/
annals. 1417 01618591476,

Blake, 0.0 Weathers, EW..Nagy, LM. Kaloupek, D.G.Gusman, F.D.Charney, 0.5, Keane, T.
M, 1995, The development of a Clinician-Administered TS0 Scale. Journal of Trau-
matic Siress 8, 75-90 7712061,

Blanchard, E.B, Hickling, EJ. Taylor, AE. Formeris, CA, Loos, W, Jaccard, |, 1995, Effects of
varying sconng rules of the Clinican-Administered PTSD Scale (CAPS) for the diagno-
518 0f post-travmatic stress disorder in motor vehicle accident victims. Behaviour Re-
search and Therapy 33, 471-475 7755537,

Bremner, } 0. Narayan, M. Staib, LH. Southwick, 5.M. McGlashan, T, Chamey, DS, 1999. Neu-
ral correlates of memories of childhood sexual abuse in women with and without post-
traumatic stress disorder. American Journal of Psychiatry 156, 1787-1795 10553744,

Brookes, M), Hale, |.R, Zumer, .M., Stevenson, CM,, Francts, 5.T, Barnes, G.R, Owen, |.F,,
Morns, I'G. Nagarajan, 5.5, 201 la, Measuring functional connectivity using MEG:
methodology and comparison with fcMRL Neurolmage 56, 1082-1104. http://dx,
dotorg/10.1016/f.neuroimage.2011.02.05421352925,

Brookes, M.J.. Woolrich, M., Luckhoo, H..Price, D, Hale, |.R. Stephenson, M.C, Barnes, GR.,
Smith, 5.M.. Moris, F.G., 201 1b. Investigating the electrophysiological basis of resting
state networks using magnetoencephalography. Proceedings of the National Acade-
my of Sciences of the United States of America 108, 1678316788, hrtp://dx.doi,
org/ 10,1073 /pnas,1 11268510821930901,

Brookes, M.J.. Woolrich, MW, Barnes, G.R., 2012, Measuring functional connectivity in
MEG: a multivariate approach insensitive to linear source leakage. Neuroimage 63,
910-920, http:/ idxdoi.org/10.1016/j.nenroimage.2012.03.04822484306,

Bryant. RA, Felmingham, K.L, Kemp, AH, Barton, M., Peduto, AS., Rennie, C, Gordon, E.,
Williams, LM., 2005, Neural networks of information processing in posttraumatic
stress disorder; a functional magnetic resonance imaging study, Biological Psychiatry
58, 111-118. httpy//dx.doi org/10.1016/.biopsych 2005.03,02 1 16038681,

Carlson, N.R., 2013, Physiology of BehaviOreleventh edition. Pearsan, Boston,

Carrnichael, 5.7, Price, L., 19495, Limbic connections of the orbital and medial prefrontal
cortex in macaque monkeys. Joumal of Comparative Neurology 363, 615-641.
hntp: dx.doiorg/ 10,1002 /cne 8036304088847421.

Cavanna, AE, [rimble, M.R., 2006. The precuneus: a review of its functional anatomy and
behavioural correlates. Brain! A Journal of Neurology 129, 564-583. htrp://dxdoiorg/
10.1093 /brain/awli(4 16399806,

Chung, Y.A. Kim, SH., Chung, 5.K.Chae, | H..Yang, DWW, Sohn, HS. Jeong, |, 2006, Alter-
ations in cerebral perfusion in posttraumatic stress disorder patients without re-
exposure to accident-related stimuli. Clinical Neurophysiology: Official Journal of
the International Federation of Clinical Neurophysiology 117, 637-642. http://dx,
dotorg/10.1016/.clinph.2005.10,020164 26890,

Cohen, D, Schidpfer, U., Ahlfors, S, Himalainen, M., Halgren, E., 2002, New six-layer
magnerically-shielded room for MEG. In: Nowak, HH.J., GieRler, F. (Eds. ), Proceedings
of the 13th International Conference on Biamagnetism, Vide Verlag, Jena, Germany.

Corcoran, KA., Maren, 5, 2001, Hippocampal inactivation disrupts contextual retrieval of
fear memory after extinction. Journal of Neurosciepce: the Official Journal of the So-
ciety for Neuroscience 21, 1720-1726 11222661,

Czervionke, LF. Daniels, D.L . Wehrll, EW, Mark, LP.Hendrix, LE Strandt, A, Williams, A.
L. Haughton, V.M., 1988, Magnetic susceptibility artifacts in gradient-recalled echo
MR imaging. American joumal of Neuroradiology 9, 1149-1155 3143237,

Davis, M., Whalen, P.j, 2001, The amygdala: vigilance and emotion. Molecular Psychiatry
B, 13-34 11244481,









M.-X. Huang et ol { Neurolmage: Clinical 5 (2014) 408-419 419

Transactions on Bio-Medical Engineening 44, B67-880. hrtp://dx.dolorg/10.0109/10.
6230564282479,

Vieth, |.B.,Kober, H.Grummich, P., 1996, Sources of spontaneous slow waves associated with
brain lesions, localized by using the MEG. Brain Topography 8, 215-221 B728406,
Weathers, FW. Keane, T.M., Davidson, |.R., 2001, Clinican-administered PTSD scale: a re-

view of the first ten years of research. Depression and Anxiety 13, 132156, 11387733.
Weathers, FW,, Litz, B.T, Herman, D.S., Huska, A, Keane, TM,, 1993, The PTSD checklist:
reliability, validity, & diagnostic utility. Paper Presented at the Annual Meering of
the International Society for Traumatic Stress Studies,
Weathers, F.W., Ruscio, AM., Keane, TM., 1998, Psychometric properties of nine scoring
rules for the clinidan-administered postiraumatic siress disorder scale. Psychological
Assessment 11, 124-133,

Whalen, P.)., Rauch, S.L, Etcoff, NL, McInerney, 5.C. Lee, MB,, Jenike, M.A., 1998, Masked
presentations of emotional facial expressions modulate amygdala activity without
explicit knowledge, Journal of Neuroscience: The Official journal of the Society for
Neuroscience 18, 411-418 9412517,

Whalen, PJ,, Shin, LM, Mclnemey, 5.C, Fischer, H,, Wright, CL,Rauch, 5.1, 2001, A func-
tional MRI study of human amygdala responses to facial expressions of fear versus
anger. Emotion (Washington, D.C.) 1, 70-83 12894812,

Yan, X, Brown, A.D,, Lazar, M., Cressman, V.L., Henn-Haase, C., Neylan, T.C., Shalev,
A Wolkowitz, O.M., Hamilton, 5.P., Yehuda, R., Sodickson, D.K., Weiner, MW,,
Marmar, C.R.,, 2013. Spoulancous brain activity in combar related PTS0.
Neuroscience Letters 547, 1-5, http.//dx.dol.org/10.1016/j.neulet.2013.04,
03223643995.

















































































2 Human Molecular Genetics, 2014

In family and twin studies plasma DBI1 (pDBIH) activity is
highly heritable, relatively stable over time in the same person,
and only minimally susceptible to environmental factors such as
physical stress or drugs (16). Furthermore DBH activity shows
highly variable inter-individual differences which are likely
the result of genetic factors (5.17), with heritability estimates
accounting for ~80-90% of the variation.

Linkage analysis with non-DNA markers has identified a
single quantitative trait locus (QTL) for DBH activity in a
region on chromosome 9 (9q34) (18,19) and the DBH gene
was later mapped to that region (20,21). Sequencing analyses
by Zabetian et al. (22,23) further characterized the molecular
structure of DBH and identified a SNP in the promoter region
(rs1611115/C-970T/formerly C-1021T), which explained a
large ~35-52% inter-individual variation in pDBH activity,
while functional polymorphisms (A197T in exon 3, A304S in
exon 5 and R535C in exon 1) in the gene did only show a
modest putative effect for R535C in these studies (see review
in 16). Extended sequencing in the promoter region identified
six common SNPs in the proximal promoter and showed func-
tional properties in in vitro and in vive experiments for
rs1611115 and rs1989787 (C-2073T). A newer linkage study
in families confirmed DBH as a major contributor of pDBH
activity, but also suggested two additional loci, one in close prox-
imity to DBH and the second on chromosome 20p12 (24).

Analysis of DBH levels in clinical populations reported racial
differences in pDBH activities, with Blacks having lower levels
than Whites (25). Genetic studies on the DBIT locus, initially per-
formed in populations of European ancestry, have then been
extended 1o include subjects of African and Asian descent and
confirmed rs1611115 as the polymorphism with the strongest
effect (22,26).

Here, we performed the first genome-wide association study
(GWAS), with goals to: (1) replicate and extend previous findings
on DB locus variation and its effect on pDBH activity. (2) extend
the search to identify additional, trans-QTLs for pDBII activity
levels and (3) expand ancestry studies to include subjects of
Native American descent and Hispanic ethnicity. In addition, we
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further examined functional properties of genetic markers in the
DBH promoter region displaying peak-association with plasma
DBH activity, in transfected chromaffin cells as well as in vivo.
We show that DBH vanants with strong effects may be used in a
Mendelian randomization (MR) approach to test causal effects
of this intermediate trait on disease, such as cardiovascular and
neuropsychiatric symptoms and disorders.

RESULTS

Genome-wide association study in subjects of European
ancestry

An initial GWAS for plasma DBH activity was performed with
genotypes of 341 subjects of European ancestry (European
Americans, EAs). The mean pDBH level in the 341 EAs was
11.44 TU/L [standard deviation (SD) = 6.95] (Supplementary
Material, Fig. S1). Genotypes underwent rigorous quality
control and included a final set of 7 871 575 markers obtained
by genotyping and imputation, Linear regression under an addi-
tive genetic model, incorporating appropriate covariates,
resulted in a low genomic control inflation factor of Age =
1.002. A quantile—quantile (QQ) plot is shown in Supplemen-
tary Material, Figure S2A. A table with all GWAS results is
available in the Supplementary Material, Table S1.

Our analyses identified the DBH locus as genome-wide sig-
nificant with the top hit for a directly genotyped SNP rs1611115
at P=7.2 x 10" (Fig. IA and Table I). A regional association
plot of the DBH locus showed 34 genome-wide significant DBH
SNPs within the same linkage disequilibrium (LD) block
(Fig. 1B). Of these, one SNP was found in an exon (synonymous
SNP exm793933, P = 1.023 x 10~%), 22 were intronic and 11
were located upstream of DBH, including 3 common SNPs
within a 3 kb region of the promoter (rs1076150, rs1989787 and
rs1611115. shown indetail in Table 1. top part). Two of these pro-
moter SNPs (rs1989787 and rs1611115) were known to be func-
tional (see 14 and 15) and the functionality of re1076150 was
investigated below. The proportion of variability explained (R*)
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Figure 1. Results of the GWAS of plasma DBH activity in 341 subjects of European origin. ( A) Manhattan plot showing the —log,, (P-values) for SNP associations
with plasma DBH activity across the senome. The red horizontal line represents the genome-wide significance threshold at 2 < 5 % 10~ and the dashed line repre-
sents suggestive evidence forassociationat 2 < 5 % 107", (B) Regional association plot, showing significant regions in DBH on chromosome 9. Directly genotyped
SNPs are indicated by an asterisk (*). The SNPs are color coded based on the linkage disequilibrium with the most significant SNP rs1611115,
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Table 1. Most significant hits in the genome-wide association study

Allele EA GWAS NA descent GWAS Meta-analysis®
SNP CHR BP Gene Location 12 Allele 1 freq.  Effectsize SE P Allele | freq,  Elfectsize SE P (@] Effect size P
rs1076150° 9 136498761 DBH Upstream e 8812 —0.947 0.072 2.74E-32 0710 —0.779 0.163 7.67E—06 035 —0.920 1.38E—44
51989787 9 136499412 DBH Upstream T/IC 0312 0.924 0.079 213E-26 0.196 0,747 0.191 192E—04 0.39 (.898 LS0E~34
rs1611115° 9 136500515 DBH Upstream TIC  0.248 —1.265 0.070 7.20E-51 0.317 —1.195 0,125 40E-15 0.63 —1.248 4.60E-92
57540659 1 100196119 FRRSI Intron T/A 0341 —0.024 0.095 0801 (1.462 —0,793 0,160 3.64E=D6 0.00 =0.398 0,301
560674788 2 35027196 CR617033  Downstream C/G  0.257 —0.403 0,101 B.IIE—-05 0.354 —(.536 0.179 0.004 0,52 —=0.435 7.64E—07
rs4459781 2 134204665 NCKAPS Intron C/T  0.28] - 0,499 0,094 2.15E-07 0.215 —0.098 0.209 0.641 0.08  —0.431 S.12E-07
rs7751R496 2 143629286 KYNU Upstream G/A 0032 —0.012 0.232 0.959 0115 1.252 0,253 3.88E—=06 0.00 0.616 0,330
152351772 2 204079313 NBEALI Intron C/T D418 0.346 0.091 1.7IE-04 0.527 0.44] 0,149 0.004 0.58 0.372 L.61E—-U6
rs1 12239800 2 232517876 BCO6Y004  Downstream G/A  0.102 0.509 0.149 7.38E-04 0.115 1.079 0,268 1.33E—04 0.06 0.643 7.6TE—07
rs13095328 3 15226050 DIVA Intran /T 0.100 —0.669 0,143 397E=06 0.059 0.634 0.354 0077 0.00  —0.058 0,929
rs3774729° 3 H39R20R2  ATXNT Exon NG (1323 0.000 (.086  0.996 (0.290 .86 0.164 960E—07 0.00 0,424 0.329
rs36030924 B 63995563 AKO023371  Intron A/G 0.286 0.017 0,090 0,848 ),269 0,885 0.164 6.39E—07 0.00 0.440 0310
rsB31692 3 (4003983 PSMD6 Intron AIG 0310 0.031 0.089 0.731 ().288 0.893 0.166 6.65E—07 .00 0451 0.296
rs56237630 3 64049375 PRICKLE2 Downstream A/C  0.145 =0.002 0,119 0.988 0.214 0.941 0,182 LS2ZE—=06 0.00 0.460 0.320
1512639432° 3 134770520 EPHBI Intron T/C 0.302 0.339 0,091 244E-04 0,462 0.546 0.150 4.71E—-04 0.24 0.395 4.16E-07
577179937 7 10971712 NDUFA4 Downstream A/G  0.048 —0.922 (0.198 4.7T4E—06 0016 0,643 0.660 0.333 0.02 -0.266 0.731
5] 3242648 7 35777951 CR595224  Downstream T/A 0,196 0.554 (1,107 3.92E—-07 0,136 —0.456 0.231 0.051 0.00 0.070 0.890
rs12701456 7 35827802 SEPT7 Upstream CIT  0.196 0.547 0.107 S.03E—07 (132 —0,389 0,231 0,096 0.00 0.101 0.828
rs1 3255006 8 1989315 MYOM2 Upstream C/G 0319 0.500 0.093 L52E-07 (.172 —0.034 0216 0876 0.02 0.268 0.310
rs1338730 9 103520981 MURC Downstream  C/T  0.402 —0.419 0.085 LISE—D6 (.253 —(.404 0,193 0.039 094  =0417 TAO0E—08
rsR23919 9 104662606 GRIN3A Upstream ANG 0.124 (.582 0127 6.56E-06 0,172 0.283 0.215 0.19] 0.23 0.505 3.98E—06
57857468 9 136585380 SARDH Intron AIC Q195 (.544 0,099 8.09E—-08 0,170 0.142 0.236 0.549 0,12 0.484 L1I9E=07
rs1 0795764 10 10238394 BC032%914  Downstream C/T 0,434 0.093 0.0B3 0.265 (1.539 0.750 0,133 233E-07 0.00 0413 0.208
rsB 70553 10 133970542 JAKMIP3 Intron G/IA 0.010 —1.210 0,417 0.004 1,059 —1.262 0.332 275E—-04 092 ~1242 1.77E=06
sl 12825992 10 134008371 DPYSL4 Intron TC 0.009 ~1.252 (.450 0.006 1).055 —1.209 0320 292E—-04 0424 —1.223 1.65E—06
rsd255618 12 131837477 LOC338797 Intron C/A 0353 0,388 0,088 1.26E-05 0,322 0.502 0.154  0.002 0.52 0416 4.62E—08
rs8013529° 14 23649792 SLCTAB Intron /A D139 —[.566 0.118 2.37E-06 0.059 0.320 0.328 0332 001 =076 0.689
rs1 2595689 15 86009293 AKAPI3 Intron C/IG  0.085 0.010 0,158 D0.952 0.102 —1.198 0.222 S58BE—-07 0.00 —0.584 0.333
rs117711052 17 74305308 QRICH2 Upstream c/iG 0.024 1.155 (b278 4.02E-05 0.016 1.567 0,627 0.014 0.55 1.223 LABE—06
rs115172145 17 74310984 PRPSAPI Intron /T 0,024 1144 (Ll278 4.77E-05 0016 1.567 0.627 0.014 0.54 1.213 1LT4E~06
57228140 18 45907244 ZBTRBTC Intron C/T 0046 = (L9941 0,194 L.BBE—=06 0.071 0.439 0313 0.165 0.00  —=0.273 0.692
Conditional analysis?

rsT8574068 4 136585380 SARDH Imron AIC 0,195 0.500 0.065 2.38E-13 0.170 0.489 0.155 0.002 0.946 0498 1LISE—16

57040170 9 136586367 SARDH Intron G/A D221 0.439 0.062 7.82E-12 (177 0456 0.153  0.004 0.918 0.442 1LIE-14

"Random-effects models were used for SNPs with significant heterogeneity @ values (bold), otherwise fixed-effects models,

"Allele | is the coding allele,
“Directly genotyped SNP,
"IchTESSiDn analyses including DBI SNPs rs1076150, rs1989787 and rs1611115 as covariates,
P-values in bold meet suggestive (P < 5.0E—06) or genome-wide signmificance (P < 5.0E—08),
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and CSF. The effects of this cis-QTL on plasma, serum and/or
CSF DBH activity have been previously investigated inisolation
(14,22.24), but to date no genome-wide association studies have
been reported on DBH activity. Here, we present the first GWAS
of plasma DBH levels and further characterize transcriptional
control of the DBH gene.

Our GWAS was first performed in subjects of EA ancestry,
We replicated the DB locus as major contributor to pDBI
activity, explaining ~57% of the variability in EAs. As found
by others. rsl611115 was the most significant polymorphism
in this gene (22), witha P < 7.2 x 107", by far exceeding the
genome-wide significance threshold of P <5 x 107% and
another 33 SNPs (some of them with independent effects) at this
locus met genome-wide significance. No other loci were found to
be genome-wide significant in this relatively small sample of 341
EAs, but 10 loci reached suggestive evidence of association with
pDBH at P < 5 x 107" and await further replication in larger
datasets. However, none of these loci were located on 20p12, a
trans-QTL suggested ina linkage study by (24). The often poorcor-
respondence hetween the susceptibility loci identified in genetic
linkage and genome-wide association studies may be due in
part to allelic heterogeneity, which reduces power in GWAS
compared to linkage analyses (27).

Genetic association studies on the DBH locus have compared
the three main ancestry groups from Europe, Africa and Asia.
EAs were reported to have higher mean pDBH levels as com-
pared to Japanese (22) and Africans from Nigeria (14,25). The
promoter SNP rs1611115 was consistently reported as the
most significant candidate SNP in 2B/ across studies and ances-
tral groups (14,22,23.28). Here, we extend this work to include
subjects of genetically determined Native American descent,
typically self-identifying as either Native American or Iispanic
in our study. We found no difference in pDBH activity levels
between our EA and NA subjects. The GWAS replicated the
DBH locus with the same top hit (rs1611115at P=4.1 x 107")
and consistent effect size estimates (R* = 0.59 and 0.57 in EAs,
respectively) in this even smaller sample of 93 subjects,

Increasing our power to detect additional loci by combining
the relatively small number of EA and NA subjects in a
meta-analysis, we identified LOC338797 (rs4255618) on
chromosome 12q at P=4.62 x 10~ ", meeting the traditional
genome-wide significance threshold of 5 x 10™% However,
genotype imputations based on 1000 Genomes Project reference
data are increasing the effective number of independent tests and
more stringent thresholds have recently been suggested (e.g. 1 x
10™* for all common SNPs) (29). Irrespective of the specific
threshold selected. the relevance of LOC338797 and all findings
showing suggestive evidence of association have to be con-
firmed through independent replication of these results.
LOC338797 seems to encode a 4-exon, previously uncharacter-
ized 1794-base IncRNA, but the RNA-coding region bears no
homology to DBH itself, and its role in DBH remains to be deter-

mined. However, adding LOC338797 to our genetic model of

DBII only marginally increased the percent trait variability
explained (from 57 to 59% in the combined analysis).

An additional analysis conditioned on the DBH locus pro-
moter SNPs, to mask its strong effect on trait, identified sarcosine
dehydrogenase SARDH, a gene adjacent to DB/, as an apparently
independent. genome-wide significant hit in EAs. Its top hit
rs7857468 was nominally replicated in NAs, leading to an

overall P-value of 1.15 x 107", and further improving our
model to explain 65% of overall varability in pDBI activity.
SARDI encodes an enzyme localized to the mitochondrial
matrix that catalyzes the oxidative demethylation of sarcosine.
Even though adjacent to (and within 86.6 kb of) DBH. the con-
ditional peak SARDH markers displayed litile LD with the
DBI promoter, as judged by marker-on-marker LD (R® <
0.2) as well as a cM/Mb recombination boundary peak (Supple-
mentary Material, Fig. S6B and D). lHowever, analysis of the
local chromosomal region by Chromatin conformation capture
(or Hi-C, (30)) in human ES cells as well IMR-90 fibroblasts
revealed that both DBH and 54 RDH inhabit the same topological
domain, bounded by insulator/barrier (CTCF motif) elements.
Thus, it is conceivable that the SARDH region harbors a 3’ tran-
scriptional enhancer for DB expression.

Mechanisms underlying DBH expression and secretion into
plasma and CSF have invoked continuing interest among a
broad range of investigators. One genetic variant in particular
(rs1611115) has been widely investigated and ultimately docu-
mented (14) as a functional vamant in the DBH promoter
(14,22). We previously conducted systematic polymorphism
discovery across the human DBH locus, and probed the func-
tional consequences of two promoter variants (rs1989787 and
rsl6L1115). We showed that rs1611115 disrupted consensus
transcriptional motifs for #-MYC and MEF-2 (14) and
rs1989787 for ¢-F'0OS (15), and that trans-activation of these var-
iants by the corresponding transcription factors resulted in
changes in DBH expression. The effects of variant rs1076150
on transcription reported here are novel, and allowed us to
evaluate the effects upon gene expression of all three functional
variants simultaneously. Here, we present an overview of prop-
erties of all three major functional vaniants in the proximal DB/I1
promoter (Supplementary Matenal, Fig. S8). We found additive
effects of each functional SNP upon DBH secretion into plasma
(Supplementary Material, Fig. S5), and noted that the activity of
contributory SNP alleles summated to give rise to a spectrum of
promaoter haplotype activities (Fig. 3A and B).

Genetic variants in DB/ and/or pDBH activity have been
directly implicated in mechanisms leading to increased suscep-
tibility to disease. Asthe final enzyme in norepinephrine biosyn-
thesis, DBH plays a role in differential availability of dopamine
and norepinephrine. Consequently, DBH is involved in mechan-
isms underlying disorders associated with changes in the nora-
drenergic system (31-35). For example, our most significant
DBH variant (rs1611115) is influencing heritable ‘intermediate
phenotypes’ (e.g. autonomic and renal traits) as physiological
risk traits in later development of hypertension (e.g. the T allele
was found to decrease urine epinephrine excretion and basal
blood pressure) (14,15) and progressive renal discase (36). In
addition, biological and genetic studies suggest associations of
low DBH levels with psychotic symptoms, and with mental dis-
orders such as schizophrenia, depression, attention deficit hyper-
activity disorder and alcoholism (see review 16). [However, large
(GWAS on cardiovascular and psychiatric disorders (e.g. as
reported by Ricopili) did not replicate strong effects for genetic
variants in DBH.

The large proportion of DBH heritability that can be explained
by a small number of genetic markers, in combination with the
potentially important role of this intermediate phenotype for
both psychiatric and cardiovascular disorders is unique and
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proportions is typical for subjects of self-reported Hispanic and
Nafive American ethnicity/race (e.g. (48,49). Subjects with
other ancestral backgrounds were not analyzed here (N = 98).

GWAS was performed separately in 341 EAs and 93 NAs. To
control for additional genetic background heterogeneity within
the two ancestral groups, and varying degrees of EA admixture
within the NAs, principal component analyses (PCA) implemen-
ted in the EIGENSTRAT software (50) based on 10 000 random,
autosomal SNPs were performed. The first 3 Eigenstrat-derived
PCAs were included each as covariates in the association
analyses.

Functional effects of trait-associated DBH promoter
variants (rs1076150, rs1989787, rs1611115): promoter/
luciferase reporter activily assays

Human DBH promoter/reporter plasmids were constructed from
BAC genomic clone (RP11-317B10) obtained from CHORI
(http://bacpac.chori.org) as described before. The DBI pro-
moter region (extending distally from —3000 to +51 bp)
containing six common polymorphic siles was excised from
the BAC clone and inserted into the upstream/polylinker region
of firefly luciferase reporter plasmid pGL3-Basic (Promega:
Madison, W1, USA). Common naturally occurring haplotypes
and additional variants were made by site-directed mutagenesis
(QuikChange. Stratagene (Agilent), Santa Clara, CA, USA),
verified by dideoxy sequencing, and co-transfected with
Renilla luciferase expression plasmid pRL-TK (Herpes
simplex virus thymidine kinase promoter driving Renilla luci-
ferase, Promega) as a transfection efficiency control, into PC12
pheochromocytoma cells (at ~50-60% confluence, | day after
1:4 splitting) as previously described (14). Firefly and Renilla
luciferase activities in cell lysates were measured 16 h post-
transtection, and results were presented as Firefly/Renilla
luciferase activity ratio (*Stop & Glo’; Promega, Madison, W1,
USA).

Biochemical properties of plasma DBH

Plasma DBH activity was measured in 25 pl of heparinized
plasma by a modified Nagatsu/Udenfriend spectrophotometric
method (51), and reported as U/l (TU/l1=pwmol/min/l plasma at
37°C, protocol available online at htip://hypertension.ucsd.
edu/). This method is based on a conversion of the synthetic
DBH substrate tyramine by DBH (in the presence of Cu™",
N-ethylmaleimide and fumarate) to octopamine, which is then
oxidized to parahydroxybenzaldehyde by sodium periodate.
The oxidation is terminated by sodium metabisulfite, and the
end product parahydroxybenzaldehyde is quantified by its
absorbance at 330 nm in the ultraviolet spectrum. The mean
plasma DBH activity inter-assay coefficient of variation was
12.8%. The mean plasma DBH level in 532 subjects was
10.86 TU/1{SD = 6.77) and ranged from 0.01 t0 37.41 TU/I (Sup-
plementary Material, Fig. S1).

Bioinformatic analyses

Computational prediction and motif discovery for transcrip-
tion factors in the promoter region of DBH where candidate
SNPs were positioned was made using web interface tools

CONSITE (52)and graphical interface MotifLab (53). available
at (http://asp.ii.uib.no:B090/cgi-bin/CONSITE/consite/) and (http://
tare.medisin.ntnu.no/motiflab/), respectively. For both tools,
predictions were based on position weight matrices for binding
sites annotated in JASPAR and TRANSFAC databases. Motifs
from consensus sequences, whose score was higher than 80%
for binding to a motif containing a target SNP, were considered
candidates.

Statistical analyses

Plasma DBH levels were square-rool transformed to conform to
normality (P > 0.74, Kolmogorov—Smirnov test). GWAS of
transformed plasma DBH levels was performed in EA (N =
341) and NAs (N=93) separately using linear regression
under an additive genetic model with covanates age, cohort
(three duminy coded variables), and three PCAs as implemented
in PLINK. SNPs were pruned to a minor allele frequency (MAF)
=>0.01 inthe combined dataset, which resulted in the inclusion of
7 871 575 SNPs. Genome-wide significance was set to P << 5 %
10~ and suggestive evidence for association was considered at
P <5 x 10", Meta-analyses on the EA and NA results were
performed in PLINK. using a fixed-effects model for SNPs
with no significant heterogeneity (/) and a random-effects
model when heterogeneity was significant (Cochrane's O sta-
tistic). Conditional analyses on the DBH locus were performed
to identify additional genetic associations by including the
three DBII peak promoter SNPs rs1076150, rs1989787 and
rs1 611115 as additive covariates. Percent variability explained
(R*) by a SNP or multiple SNPs in a gene were calculated
using a linear regression in R 3.0.0, using the—clump function
in PLINK to generate a list of highly significant SNPs in low
LD for each gene with genome-wide significant SNPs. QQ
plots and Manhattan plots were made using R 3.0.0. LocusZoom
1.2 (54) was used to construct regional association plots, includ-
ing recombination information from HapMap phase I1 CEU.
SG-ADVISER (http:/genomics.scripps.eduw/ADVISER/) was
used for SNP annotations.

Analysis of variance (ANOV A) was used to compare lucifer-
ase reporter activity between different DBH haplotypes in vitro,
and linear regression models and ANOVA based on an additive
genetic model, with age. cohort and three PCAs as covariates
were used for in vive experiments to test for associations of hap-
lotypes with DBH enzymatic activity in plasma using IBM SPSS
Statistics. v.20.

Associations between pDBII levels, CAPS total score and
symptom cluster B were tested in the combined EA (N = 341)
and NA (N = 93) sample. To account for the non-normal dis-
tribution of CAPS scores, a zero-inflated negative binomial
distribution (ZINB) regression was used (35), with additional
covariates age, cohort (three dummy coded variables), and three
PCAs based on continental ancestry. Associations between
DBI1 SNPs and CAPS scores were tested under an additive
genetic model.

Instrumental vanable analysis. To demonstrate the utility of
strong genetic effects on intermediate phenotypes for applica-
tion 1o a MR approach, an association of pDBH with post-
deployment PTSD re-experiencing symptoms was tested,
using a ZINB regression (35), with additional covariates age,
cohort and PCs. Following the determination of a significant
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sequencing studies that may identify many likely neutral variants. Sec-
ond, if coding variants identified via sequencing are easily imputable
from varants genotyped on standard GWAS platforms, then the need
for directly genotyping these coding regions would be minimized and
greater attention could be given to more reliable imputation strategies.
Third, many coding variants, whether they are functional or amenable
to imputation or not, are very rare and hence likely ta be absent in
many global populations. Thus, direct genotyping certain coding
variants may only be useful for specific populations.

Here we assessed the potential benefits of directly genotyping rare
coding variants on the lllumina Human Exome (HE) array by addressing
these issues. As such, our assessment includes an examination of the
functional content of variants included on the array. We also evaluated
the amenability of the HE markers to imputation from the [llumina
Human Omni Express (HOE). And lastly, we evaluated the allele
frequency spectrum of the variants included on the HE chip. We find
that, overall, the HE chip does not suffer severe drawbacks in the
context of these issues, but of course is limited to assessments of
known (i.e., previously identified) variants. Our analyses and results
have important implications for future studies seeking to identify
associations with coding variants.

2. Material and methods
2.1. Subjects and genotyping

Participants were recruited from two southern Californian military
personnel cohorts: 1. the Marine Resiliency Study (MRS), a prospective
study of post-traumatic stress disorder (PTSD) involving United States
Marines bound for deployment to Iraq or Afghanistan (Baker et al.,
2012); and 2. a cross-sectional study of active duty service members
and veterans of Operation Enduring Freedom/Operation Iraqi Freedom
(DEF/OIF) (Pittman et al., 2012). The protocols for these studies were
approved by the University of Galifornia-San Diego Institutional Review
Board (IRB Protocols #110770, #070533, and #080851), and all subjects
provided written informed consent to participate.

DNA samiples from 2585 study participants were acquired, and
genotyping was carried out by lHlumina (http://www.illumina.com/)
using the HOEE version 12v1.0. Initial allele calling was performed by
lllumina in Genome Studio (htrp:/ /www.illumina.com) and the overall
data quality was high: sample success rate was 99.95% (9 samples
failed), locus success rate was 99.86%, and genotype call rate was
99.88%. Twenty-eight replicate pairs of samples undergoing genotyping
were assessed for consistency and ultimately reproducibility of the
assay and agreement of genotyping calls was achieved for >99.99%
over all genotypes across these 28 pairs. Additional data cleaning was
performed in PLINK v1.07 (Purcell et al..2007) and included the remav-
al of 224 markers with heterozygous haploid genotypes on the X, Y, or
mitochondrial chromosome. The final dataset included 949,469
markers genotyped in 2548 individuals (2538 males and 10 females)
with a genotyping rate greater than 99.8%.

22, Ancestry determination

We estimated each individual's degree of European, African, Native
American, Central Asian, East Asian and Oceanic admixture by compar-
ing the individual's genotypes to allele frequencies of 10,079 SNPs in
common with a large set of reference individuals (Libiger and Schork,
2013). In short, the reference sample consisted of genotype data for
2513 individuals of known ancestry who originated from 83 popula-
tions from around the world. These data were assembled from publicly
available sources including the Human Genome Diversity Project
(HGDP) (Cann er al. 2002), the Population Reference (POPRES)
(Nelson et al., 2008), HapMap3 (Altshuler et al., 2010), and the
University of Utah dataset (Xing et al., 2009). Admixture estimates
were obtained in two steps using a supervised analysis implemented

in the ADMIXTURE software (Alexander et al,, 2009). In the first step,
we computed initial admixture estimates for all individuals associated
with each world population using the entire set of reference individuals
and determined the estimates' standard errors via bootstrapping. A
subset of reference individuals from populations that exhibited
evidence of contributing to an individual's ancestry based on 95%
confidence intervals was then used to refine the initial admixture
estimates in a subsequent supervised ADMIXTURE analysis.

Final ancestry calling was based first on sell-reported race and eth-
nicity information and second within each of these main population
groups. Essentially, subjects were placed into 5 groups: European
Americans (subjects with >95% European ancestry; N =1476), Asian
Americans (>95% East Asian ancestry; N = 43); African-American (sub-
Jjects with >5% African ancestry and < 5% Native Amencan, Central Asian,
East Asian and Oceanic ancestry; N = 109), Hispanic Americans (sub-
jects with >5% Native American and <10% African, Central Asian, East
Asian and Oceanic ancestry; N = 321), and Other (all others; N =
599). Thus, our ancestry assignments provide initial assignments con-
sistent with the often-used admixture program except that they have
been refined by removing noise and leveraging comparisons to self-
reported ancestries.

2.3. Genotype imputations

Imputations were conducted using markers available on the HOE
platform. Prior to imputation, mitochondrial and unmapped SNPs were
removed from each set. Markers that were individually rare (minor allele
frequency MAF < 0.0002), showed a large number of missing genotypes
(>5%), or failed Hardy-Weinberg equilibrium (p< 1 = 10™%) were alsa
removed (Supplemental Table 1). Imputations were performed using
the default parameters in IMPUTE2 v2.2.2, using 1000 Genomes Phase
1 integrated variant set haplotypes for the autosomes and the interim
set for the X chromosome (Howie et al,, 2009). IMPUTE2 is well suited
for imputarions on genetically diverse and admixed populations such
das that of the present study as the algorithm is robust to ancestral genetic
variation within the reference panel and study datasets (Howie et al.,
2011). Genomes were divided into approximately 5 Mb segments (min-
imum 2.5 Mb, maximum 7.5 Mb to avoid chromosome and centromere
boundaries), and phasing and imputed genotypes were calculated for
each. Imputed markers with low imputation quality values (Info < 0.5)
were dropped. GTOOL v0.7.0 was used to convert genotype probabilities
into calls, Individual genotype probabilities exceeding 90% were assigned
genotype calls and probabilities <90% were treated as missing geno-
Lypes. Agreement between the imputation results and markers exclusive
to HOEE (i.e, HE markers) was examined by calculating the correlation
coefficient, I, between calls on a per marker level. Missing genotypes
were assigned an allelic dosage representing the mean genotype at
that particular locus for all calculations. Imputation was also performed
based on genotype data from the HOEE platform. A comparison of the
agreement between the HOE and HOEE to impute markers that were
not genotyped on either platform was, likewise, conducted.

2.4, Variant functional annotations

We mapped all variants to the closest gene from the UCSC Genome
Browser known gene database (Fujita eral., 2011). Full details of our an-
notation pipeline are described in a previous publication (Torkamani
etal.2012) and the Supplemental Methods. In brief, variants were asso-
ciated with all transcripts of the nearest gene(s), with functional impact
predictions made independently for each transcript. If the variant fell
within a known gene, its position within gene elements (e.g. exons,
introns, untranslated regions, etc.) was recorded for functional impact
predictions depending on the impacted gene element. All variants
falling within an exon were analyzed for their impact on the amino
acid sequence (e.g. Synonymous, nonsynonymeus, nonsense, frame-
shift, in-frame, intercodon etc.).
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3. Results
3.1. Characterization of the cohort

Table 1 provides a description of the cohort based on self-reported
race and ethnicity information and includes the number of subjects,
gender, and age of the subjects and the number of individuals removed
from the study because of failed genotyping quality control (see
Methods). Individual ancestry and admixture proportions were
assessed within these self-reported race and ethnicity groups using ge-
notype information (see also Methods) and a graphical representation
of the ancestry/admixture among the subjects in the study is provided
in Fig. 1. We ultimately identified 1476 individuals with predominantly
European ancestry, 109 African-American individuals, 43 with predom-
inantly East Asian ancestry, 321 with predominantly Hispanic American
ancestry (i.e., with significant Native American admixture), and 599
with predominant ancestry from any other geoethnic population. We
used these combined self-reported and genetically-determined
ancestries in subsequent analyses.

32 Imputability of the HE markers

We explored the possibility that the markers which were exclusive
to the HOEE array (i.e., the HE content) could be imputed from markers
on the HOE array. If these markers are amenable to imputation, it would
call into question the utility of the additional content on the HOEE chip.
Only a modest proportion of the markers exclusive to the HOEE array
were imputable from the HOE content and passed imputation quality
control thresholds (N = 80,205; 32.9%). Among these, markers with
common variants (MAF > 0.05; N = 27,250) were imputed accurately
across all ethnicities: 76.4% of common markers had r* > 0.95 and
90.6% had r* = 0.80. However, markers with moderately common
(0.01 < MAF < 0.05; N = 9777) and rare (MAF < 0.01; N = 43,178)
variants were imputed more poorly: 46.8% and 22.9% with r* > 0.80, re-
spectively. Overall, only 50.6% (N = 40,620) of all imputable markers
were accurately imputed across ethnicities (Fig. 2A). Considering the
HE included 158,878 non-monomorphic markers in this sample
(among 243,783 rotal genotyped markers), only approximately
one-quarter of variable HE content — and one-sixth of the total HE
content - could be recapitulated from imputation via the HOE content.
Note that we did not consider the small number of Y-chromosome
(N = 180) and mtDNA markers (N = 245) available on the HE chip.

Imputation accuracy was also assessed separately for European
Americans (N = 1476, Fig. 2B). We found a trend towards decreasing
imputation accuracy with decreasing minor allele frequency. The
proportion of markers which could be imputed accurately (> 0.80)
was 65%. The small numbers of subjects in the other ancestry groups
precluded statistical comparisons.

Finally, the total number of markers that could be imputed based on
the HOE and HOEE, but not present on either platform, were considered.,
A large number of markers were successfully imputed at an acceptable
quality (i.e.. information threshold greater than 0.5) on both platforms
(Supplemental Table 2). The total counts and overlap between HOE
and HOEE were very similar. Only slightly more markers were imputed
accurately using HOEE compared to HOE (22,961,598 and 22,898,511,
respectively). Markers with rare variants (MAF < 0.01) accounted for
roughly 54% of the approximately 23 million accurately imputed
markers, while markers with common variants (MAF > 0.05) accounted
for 30%. In general, there was high concordance of imputed genotypes
between the HOE and HOEE (Supplemental Fig. 51). Approximately
17 million markers had r* > 0.8, Thus, the performance of the HOE and
HOEE to impute markers not present on either platform was deter-
mined to be roughly equivalent.

3.3. Functional content for markers interrogated by the HE array

Of the 949,469 markers that passed genotyping QC (see Methods),
the known or likely functional significance of 931,570 markers could
be assessed using a suite of bioinformatics and computational proce-
dures as described in (Torkamani et al., 2012) (see Methods). Of the
237.627 markers interrogated on the HE chip, there were 237,489
single-nucleotide variants (SNVs). 43 insertions, and 95 deletions. The
classification of these markers into 9 functional groups is shown in
Table 2 (left columns). Overall, 117,678 variants (49.5%) on the HE
were predicted to be functional. When compared to the content on
the more comprehensive HOEE array, we found that of the 122,668
HOEE functional variants, 117,678 (95.9%) were contributed by the
HE. We also compared the contribution of functional content of the HE
to the HOEE array after imputation (HOEEi; N = 22,961,598 markers
amenable to imputation). We found that only approximately 0.7% of
all variants capable of interrogation were likely to be functional (right
columns of Table 2), suggesting that the HE chip is indeed substantially
adding to the functional content available when using the HOE array,
even after imputation. We note that some variants (N = 1143 or
0.12%) that were either interrogated on the HOEE chip or amenable to
imputation were not amenable to functional prediction based on our
computational procedures due to, for example, location inconsistencies
in relevant databases.

3.4. Overall and functional variant frequencies

‘The majority of markers interrogated on the HE platform have very
low minor allele frequencies. For example, 85% of markers exhibited
minor allele frequency of 0.01 or less in our multi-ethnic cohort and
similar trends were observed within each population. This observation
has obvious implications on the utility of the HE in GWAS initiatives

Table 1
Descripnive statistics for the coharts studied based on self-reported race and ethniaty.
Measure Number of subjects Mates females Average age #Poor genotype QC
Self-reported race:
Black/African American 128 1280 2538 1
American Indian/Alaska 35 3540 22.66 0
Asian 80 791 2494 1
Pacific Island Hawaiian 39 EL A 2296 a
White 2104 2086/8 23.25 7
Multiple races 125 125/0 22,50 a
Linknown 46 46/0 23.19 0
Self-reported ethnicity:
Non-Hispanic 1951 1946/5 23.42 8
Hispanic 601 596/5 2318 1
Unknown ] 5/0 22.00 o
Total: 2557 2547110 2336 a
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readily assessable peripheral blood cells; and (3) a predictive
panel based on expression of individual exons would surpass
the accuracy of a model based on expression of full-length gene
transcripts. Gene-expression levels were assayed in peripheral
blood samples from 50 U.S. Marines (25 eventual PTSD cases and
25 non-PTSD comparison subjects) prior to their deployment
overseas to war-zones in Iraq or Afghanistan. The panel of
biomarkers dysregulated in peripheral blood cells of eventual
PTSD cases prior to deployment was significantly enriched for
immune genes, achieved 70% prediction accuracy in an inde-
pendent sample based on the expression of 23 full-length tran-
scripts, and attained 80% accuracy in an independent sample
based on the expression of one exon from each of five genes,
If the observed profiles of pre-deployment mRNA-expression in
eventual PTSD cases can be further refined and replicated, they
could suggest avenues for early intervention and prevention
among individuals at high risk for trauma exposure.

© 2013 Wiley Periodicals, Inc.

Key words: alternative splicing; mRNA; peripheral blood
mononuclear cells; transcriptome; trauma

'INTRODUCTION

Previous research on post-traumatic stress disorder (PTSD) has
identified numerous factors that put individuals at greater risk of
developing the disorder, such as family history, childhood or early
adulthood experiences, personality and cognitive traits, and pre-
existing mental disorders [ Koenen et al., 2005; Kremen et al., 2007];
however, no easily assessed biological markers of PTSD have yet
been validated. The biological factors associated with the risk for
(and resilience to) PTSD are also poorly understood. Although
susceptibility to PTSD appears to be moderately heritable, non-
genetic factors (most prominently the type and extent of the
precipitating trauma, and social support) and gene—environment
interactions likely also contribute to each individual’s overall
susceptibility to the disorder [True et al., 1993; Stein et al., 2002;
Kremen et al., 2012].

Given the less-than-absolute heritability of PTSD, pursuit of
genetic markers alone (e.g., single nucleotide polymorphisms
and copy-number variations) will leave much of the variance
in vulnerability unexplained [Yehuda et al,, 2011; Mehta and
Binder, 2012]. Gene expression (i.e., mRNA) levels, which poten-
tially reflect the effects of both heredity and environment, may be
better indicators of the aberrant biology underlying PTSD, as well as
its premorbid risk state, PTSD clearly is a brain disorder, but
assaying gene-expression levels—either acutely or longitudinally—
in the brains of living human subjects at risk for PTSD is impossible.
Yet, as demonstrated by Sullivan et al. [2006] and, more recently,
Rollins et al. [2010] and Kohane and Valtchinoy [2012], peripheral
blood expression levels of many genes are moderately correlated
with the expression levels of those genes in other tissues, including
postmorten brain, suggesting the possibility that peripheral blood
gene expression can be harnessed to construct useful profiles of
brain disorders [Woelk et al., 2011]. Indeed, we and others have
capitalized on this proxy phenomenon to identify promising

peripheral blood-based biomarkers for a number of neuropsychi-
atric disorders, including schizophrenia, bipolar disorder, and
autism spectrum disorders [Glatt et al, 2005, 2009, 2011a,b,
2012; Tsuang et al., 2005; Lee et al,, 2012].

In the context of PTSD, several prior studies identified differ-
ences in peripheral blood gene-expression levels between individ-
uals with PTSD and similarly exposed comparison subjects without
PTSD, First, Segman et al. [2005] described a longitudinal analysis
of gene expression in peripheral blood mononuclear cells (PBMCs)
from trauma survivors at the emergency room immediately after
their trauma and again 4 months later when a diagnosis of PTSD
could be definitively established. Predictably, this study found that
the expression of many genes previously implicated in mediating
the stress response (e.g., genes associated with hypothalamic—
pituitary—adrenal [HPA] axis function) were significantly dysregu-
lated in subjects with PTSD relative to those who fully recovered
from their trauma. These changes in gene expression also showed a
linear relationship with the severity of three different clusters of
PTSD symptoms. In addition to changes in stress-response genes,
the PBMCs from subjects with full persistent PTSD were marked by
significant down-regulation of transcriptional activators, suggest-
ing that subjects with PTSD may experience a global deficiency in
the production of mRNAs (and, thus, proteins) of key genes at
critical times. Subsequently, Zieker et al. [2007] replicated dysre-
gulation of stress-response genes in whole blood from a sample of
subjects with long-persistent PTSD resulting from the same envi-
ronmental trigger (the Ramstein air show catastrophe, 1989). In
addition, Zieker et al., extended earlier work by demonstrating
changes in several immune-related genes among PTSD sufferers. In
2009, Yehuda et al. [2009] identified a profile of dysregulated genes
in peripheral blood of survivors of the World Trade Center attacks
thatalso was enriched with genesinvolved in HPA axisand immune
cell functions. Most recently, Neylan et al. [2011] found global
down-regulation of genes in CD14+ monocytes from male PTSD
sufferers, but some evidence of increased activation of immune-
system genes in female PTSD patients.

Consolidating this evidence with the results from epidemiologic,
genomic, and neurobiological studies of the disorder [e.g., Uddin
etal., 2010 led us to recently propose a theory of PTSD predicated
on dysregulation of immune and inflammatory processes in gen-
eral, and cellular immunity in particular [Baker et al.,, 2012b].
However, it was not clear from any of this work whether dysregu-
lation of these processes occurs only in response to trauma exposure
or if, in fact, gene-expression abnormalities in peripheral blood of
individuals exist “pre-traunia” and signal a heightened susceptibility
to developing the disorder once trauma is experienced. Recent work
by van Zuiden et al. [2012] supports the assertion that pre-trauma
disturbances in peripheral blood gene expression (at least in the
realm of glucocorticoid signaling and regulation of cell-mediated
immune and inflammatory processes) may predict post-trauma
onset of PTSD and depressive symptoms.

We virtually never know about exposure to a traumatic event in
advance, so the next best alternative in the pursuit of PTSD
biomarkers has historically been studies of people who have re-
cently experienced a trauma. But the critical limitation in such
studies is that it is not possible to differentiate pre-existing risk
factors from the consequences of trauma exposure or of develop-
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times), there was no difference between the two groups in the
proportion of multiply deployed individuals or in the average
number of deployments. Although no subject met diagnostic
threshold for PTSD at pre-deployment as determined by either
clinician ratings on the CAPS or self-ratings on the PCL, the
eventual PTSD cases did have significantly higher clinician ratings
on the CAPS at pre-deployment, whereas no significant difference
in pre-deployment self-ratings on the PCL were observed. As
expected, the eventual PTSD cases also had significantly higher
clinician- and self-rated symptoms of PTSD at all post-deployment
evaluations.

mRNA Sample Acquisition, Stabilization,
Isolation, and Storage

Close collaboration with the Marine Corps and the Navy, which
provides health support for the Marine Corps, enabled compre-
hensive on-site data collection. The clinical interview and sample
blood draw (10 ml) were both collected within4 hrofeach otheron
the same day. Each blood sample was collected into an EDTA-
coated collection tube and immediately transferred to an RNase-
free laboratory, where all subsequent procedures took place. The
blood sample was passed over a LeukoLOCK filter, which was
flushed with PBS and then fully saturated with RNAlater [Gonzales
et al., 2005]. Each LeukoLOCK filter, containing bound, isolated,
stabilized, and purified white blood cells, was sealed and stored in a
sterile box at —20°C. Once mRNA samples were acquired from all
subjects, the entire batch of samples was processed to isolate mRNA.
Eluted mRNA samples were stored at —80"C until transferred to the
SUNY MicroArray Core (SUNYMAC, Syracuse, NY) Facility at
SUNY Upstate Medical University for quality assurance and micro-
array hybridization. LeukoLOCK filters, RNAlater, and TRI reagent
were obtained from Applied Biosystems, Inc. (Foster City, CA),
while all other reagents and supplies were obtained from VWR
International, LLC (West Chester, PA) unless otherwise specified.

mRNA Quantitation, Quality Control, and
Hybridization

The concentration of mRNA in each DNA-free sample was quan-
tified by the absorption of ultraviolet light at two wavelengths (260
and 280 nm), which was measured on a NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific; Wilmington, DE).
The quantity of mRNA in each of the 50 samples far exceeded the
minimally sufficient amount required for microarray hybridiza-
tion. The purity of each mRNA sample was estimated by the
260:280 nm absorbance ratio, with an acceptable range designated
apriorias 1.7-2.1. The quality of each mRNA sample was quantified
by the RNA Integrity Number (RIN) |Schroeder et al., 2006], which
was determined on an RNA 6000 Labchip Kit on an Agilent 2100
Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA). Accord-
ing to convention [Schroeder et al., 2006], a RIN of 6.0 or greater
was deemed to be indicative of acceptable quality, and no samples
were removed based on this criterion. Two batches of 25 samples
each (balanced with PTSD cases and controls) were then assayed
on GeneChip Human Exon 1.0 ST Arrays (Affymetrix, Inc,, Santa

Clara, CA) per the “Whole Transcript Sense Target Labeling Assay™
protocol [Affymetrix, 2006 using 1 g of total RNA from each
sample.

Microarray Data Import, Normalization,
Transformation, Summarization,
and Quality Control

Partek Genomics Suite software, version 6.6 © 2012 (Partek
Incorporated, St. Louis, MO), was utilized for all apalytic proce-
dures performed on microarray scan data, Interrogating probes
were imported, and corrections for background signal were applied
using the robust multi-array average (RMA) method [lrizarry
etal., 2003 |, with additional corrections applied for the GC-content
of probes. The set of GeneChips was standardized using quantile
normalization and expression levels ofeach probe underwent log-2
transformation to yield distributions of data that more dosely
approximated normality, As most genes were measured by multiple
probe sets (typically one probe set per exon, but sometimes more),
summarization of probes took place al two levels: first, probes
tagging the same exon were summarized by median polish to arrive
at one expression value per exon; second, exons tagging the same
gene were summarized by median polish to arrive at one expression
value per gene. All probesets were expressed with a signal:noise ratio
>3; thus, no probesets were excluded from analyses of differential
expression, A total of 257,106 probesets were analyzed, mapping to
20,224 whole transcripts and 209,826 exons.

Unsupervised clustering of subjects revealed no evidence of
batch effects based on scan date. Principal components analysis
(PCA) of the 50 pre-deployment data points identified two outliers
(one case and one comparison subject) whose component values
were beyond four standard deviations (SD) in each of the first three
dimensions of the PCA plot, suggesting that the fundamental gene-
expression pattern measured in these subjects (as evidenced by
correlations among expression levels of probes) was inconsistent
with that of the majority of other subjects. Both outlier samples
exhibited high levels of average deviation among redundant probes
located within a given chip, as well as high levels of average deviation
in comparison with the median expression levels across all chips,
suggesting either physical defects or hybridization problems with
these chips. Removal of these two samples resulted in all 48
remaining subjects’ data being well within the four-SD ellipsoid
on each of the first three PCA dimensions.

Microarray Data Analyses

We performed four independent sets of analyses on the microarray
data, as described below.

Identification of differentially expressed genes and their asso-
ciated biological terms. We utilized analyses of covariance
(ANCOVAs) to determine which full-length genetic transcripts
were differentially expressed at pre-deployment in peripheral blood
cells between PTSD cases and comparison subjects. We performed
ANCOVAs of each gene’s expression level as a function of
PTSD status (case or control), deployment cohort (three levels
corresponding to three platoons deployed at different times), age
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(continuously measured in years), ancestry (dichotomized as Cau-
casian or not, as most subjects were Caucasian), and prior deploy-
ment status (first or subsequent deployment). Prior deployment
accounted for less global variation in the expression dataset than did
error, and prior deployment rates did not differ significantly
between cases and comparison subjects, so it was removed from
the model and subsequent analyses to preserve degrees of freedom.

To generate a relatively large candidate-gene list for functional
profiling and construction of classifiers, we set the uncorrected
type-l-error rate for diagnosis in these analyses at 0.01. We then
reduced the dimensionality of the resulting list of candidate bio-
markers through analysis of annotation-enrichment using the
DAVID algorithm [Dennis et al,, 2003] to determine if the gene
list disproportionately represented any biological “terms.” Specifi-
cally, we evaluated whether the list was enriched with genes that
aggregated in the same functional categories, represented similar
ontologies, participated in the same biological pathways, or exhib-
ited common protein domains. The evaluated terms included: (1)
ontologies from Gene Ontology Consortium (GOC) [Ashburner
et al, 2000] and Clusters of Orthologous Groups (COG) [Tatusov
et al., 2000]; (2) keywords from the Protein Information Resource
(PIR) [Wu et al., 2003]; (3) features from the Universal Protein
Resource (UniProt) [Apweiler et al., 2004]; (4) biological pathways
from BioCarta and the Kyoto Encyclopedia of Genes and Genomes
(KEGG) | Kanehisa and Goto, 2000]; and (5) protein domains from
PIR, the Integrative Protein Signature database (InterPro) [Hunter
et al., 2009], the Simple Modular Architecture Research Tool
(SMART) [Schultz et al., 1998], and the University of California
at Santa Cruz’s Transcription Factor Binding Site (TFBS) database.
Bonferroni-correction was applied to the P-values obtained in the
enrichment analyses of these annotation terms, and we only con-
sidered significant those tests that exceeded a threshold of
P = (0.05/the number of terms evaluated in a particular category).

Discovery and replication of gene-based diagnostic predic-
tors. We utilized a machine-learning technique (support vector
machine, SVM) to construct, evaluate, optimize, and cross-validate
classification algorithms predicting eventual PTSD status based on
gene-expression levels at pre-deployment for a subset of our full
sample. To accomplish this, we generated a large list of differentially
expressed candidate genes (nominal P < 0.01) in a subset of the
sample (19 cases and 19 comparison subjects) using ANCOVA and
the same panel of factors and covariates described abave. The
probes on this list were then supplied as potential predictors in
an SVM, as various model parameters and predictor combinations
were evaluated to identify the model with the highest accuracy in
identifying cases and comparison subjects based solely on the
expression levels of a minimal gene set identified by shrinking
centroids after two-level nested (ie., two-level) 10-fold cross-
validation. The top-performing model was then deployed on a
fully independent test sample (five cases and five comparison
subjects) to determine its generalizability in accurately predicting
case status based on gene-expression levels (the 10 subjects used for
model validation were not significantly different from those in the
training set in terms of demographic, gene-expression QC, experi-
ential, or clinical factors; data not shown).

Identification of differentially expressed exons and their asso-
ciated biological terms. We examined exon-expression levels

utilizing ANCOVASs to identify putative alternative splicing differ-
ences between individuals who would go on to develop PTSD and
those who would not. The same factors evaluated in gene-based
analyses (PTSD status, cohort, age, and ancestry) were assessed for
their main effects and their interaction with exon 1D as predictors of
exon-expression levels, c.f, [Glatt et al., 2009]; however, due to Lthe
stronger effects of diagnosis on exon-specific expression observed
relative to the earlier gene-based analyses, we restricted the candi-
date-gene list to transcripts with P < 0.0001 for the interaction of
diagnosis and exon ID, This yielded a gene list still suthciently large
for the construction of classifiers (see below) and enrichment
analyses, which we again performed using the DAVID algorithm.
Enrichments were evaluated against a Bonferroni-corrected
P-value accounting for the number of terms evaluated.

Discovery and replication of exon-based diagnostic predic-
tors. As outlined above for full-length transcripts under Methods
Section, we used SVMs to construct, evaluate, optimize, and cross-
validate classification algorithms predicting eventual PTSD status
based on exon-expression levels at pre-deployment for the same
subset of our full sample. We first generated a large candidate list of
putatively alternatively spliced genes (nominal P < 0.0001 for the
interaction of PTSD status and exon [D) in a subset of the sample
(19 cases and 19 comparison subjects) using ANCOVA and the
same panel of factors, covariates, and interaction terms described
above. For each gene on the list, the most significantly dysregulated
exon was identified and supplied asa potential predictor in the SVM
classifiers. Various model parameters and predictor combinations
then were evaluated to identify the model with the highest accuracy
in identifying cases and comparison subjects based solely on the
expression levels of a minimal exon set identified by shrinking
centroids after two-level nested 10-fold cross-validation. The top-
performing model was then deployed on the fully independent test
sample (five cases and five comparison subjects) to determine
its generalizability in accurately predicting case status based on
exon-expression levels.

RESULTS
Identification of Differentially Expressed Genes
and Their Associated Biological Terms

No gene's expression level was related to future PTSD status at a
Bonferroni-corrected level of significance, which is not surprising
given the relatively small sample size and large number of tran-
scripts tested. We did, however, identify 67 probes dysregulated
with a nominally significant P < 0.01 in Marines who were later
diagnosed with PTSD (Table I1). Thirty-nine of these 67 probes
were down-regulated, whereas 28 were up-regulated. While the
direction of this pattern is consistent with prior work identifying
transcriptional down-regulation in PTSD [Segman et al., 2005;
Neylan et al., 2011], the ratio of down-regulated to up-regulated
probes was not significantly different from chance expectation
(one-tailed sign-test, P = 0.11). Log 2 fold-change (FC) of these
probes in eventual PTSD cases ranged from 1.8-fold down-
regulation to 2.1-fold up-regulation. Annotations significantly
enriched in the list of 59 genes tagged by the 67 dysregulated
probes—after Bonferroni correction for the number of terms
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sensitivity, specificity, positive predictive, and negative predictive
values of 60%, 100%, 100%, and 71%, respectively.

DISCUSSION

A fairly consistent picture of PTSD-induced or -associated changes
in peripheral blood gene expression is emerging, with immunity-
related genes among the most reliably implicated biomarkers. To
this picture we add new and compelling pilot data suggesting that
dysregulation of immunity-related genes not only accompanies the
emergence ol PTSD, but precedes it. This result strongly suggests
that this dysregulation is a risk factor and not simply a consequence
of PTSD. Yet, immune-gene dysregulation may be only one piece of
the biological puzzle of PTSD susceptibility, as many genes com-
prising the best-performing PTSD-predictive classifiers were not
immune-system genes, and these other genes had highly disparate
functions.

Collectively, profiles of dysregulated genes in immune and other
pathways may serve as potent risk indicators upon which early
intervention and prevention efforts may ultimately be based. Towit,
we were able to construct and validate two panels of blood-based
PTSD risk-predictive biomarkers that ranged in accuracy from 70%
to 80% in independent (albeit small) replication samples. Despite
our relatively small sample size and the additional levels of correc-
tion for multiple-testing required for exon analyses, a number of
differentially expressed exons surpassed stringent criteria for de-
claring statistical significance. Additionally, the exon-based pre-
dictive classifier appeared to perform better than the gene-based
predictive classifier. Taken together, these findings suggest that
exon expression may be more reliable and biologically informative
than gene expression (which reflects the average expression of all
transcript isoforms of a particular cluster),

It is important to note that these classifiers employed decision-
rules based solely on mRNA expression levels. Possibly, more
accurate classification models can be constructed in the future
by taking into account additional known predictors of PTSD, such
as family history, personality traits, pre-existing mental disorders
[Koenen etal., 2003a,b], and other factors not necessarily related to
gene expression. Alternatively, risk factors such as childhood
exposure to trauma [van Zuiden et al., 2012] might actually be
associated with or interact with alterations in pre-deployment
mRNA-expression profiles. The present study was unable to ac-
count for childhood exposure to trauma or other such factors, but
future efforts to construct predictive models should seek to incor-
porate such data, Further precision in measuring the amounts and
fypes of mRNA isoforms present in peripheral blood (e.g., by
further analyses of exon-level expression, or by quantitation of
distinct alternatively spliced isoforms through RNAseq or exon—
exon junction-probing microarrays) will undoubtedly also facili-
tate the construction of more accurate dlassifiers. Nevertheless, a
single predictive classifier of PTSD (no matter how precisely
constructed) may never perform with 100% accuracy, which is
why it will be essential to pursue (in larger samples) those character-
istics of either the subjects or the data that would determine for
whom such a classifier works. Of equal interest is the possibility that,
despite similar phenotypic manifestations of PTSD, thereare two or
more unique biomarker profiles that predict the same phenotypic

outcome. In fact, etiologic heterogeneity may be a hallmark of
complex disorders including PTSD, so it may not be possible to
identify a single “one-size-fits-all” biomarker profile of the suscep-
tibility toward the disorder. Thus, in the future, distinct predictive
biomarker classifiers may be required to account for disorder
stratification and correctly classify biologically or phenotypically
separate sets of subjects at highest risk of developing PTSD. Another
distinct possibility is that for some eventual cases of PTSD there is
no blood-based pre-trauma biomarker signature of increased
susceptibility to be found. We are currently investigating each of
these possibilities further.

Because of our relatively small sample size and the severe
corrections for multiple-testing required when examining the
entire transcriptome, we did not detect individual gene-expression
differences in eventual PTSD cases that surpassed stringent criteria
for declaring statistical significance. As such, the focus of our efforts
and interpretations has been on groups of genes, either in regard to
their biological annotations or their collective ability to identify
PTSD cases. Nevertheless, one gene identified here as predictive of
PTSD emergence (RPL24) is notable in that it wasalso identified asa
diagnostic biomarker of PTSD in a prior blood-based gene expres-
sion study by Mehta and Binder [2012], Interestingly, we found that
this gene was significantly down-regulated at pre-deployment
among Marines who would later go on to develop PTSD, whereas
Mehta et al., found this gene to be up-regulated in current PTSD
sufferers. Ifthis observation can be confirmed by additional work, it
suggests that the down-regulation of RPL24 at baseline may signal
heightened susceptibility for the disorder which is then accompa-
nied by a concomitant increase and over-expression of this gene
after exposure to the precipitating trauma and subsequent devel-
opment of PTSD symptoms. The majority of genes that we found to
be dysregulated at baseline in eventual PTSD cases do not appear in
other post-trauma studies to be either significantly up- or down-
regulated in established PTSI) cases, suggesting that the expression
levels of these genes simply signify a risk state but do not necessarily
bear on the presentation of the disorder once trauma has been
experienced. Our results must be validated using another more
sensitive mRNA-quantification technique such as qRT-PCR, but
beyond this, replication in other well-powered longitudinal studies
of subjects at high risk for trauma will prove crucial for more
definitively implicating particular genes as risk indicators.

The present pilot study broadens the search for pre-deployment
biomarkers for PTSD vulnerability beyond that of previous work
[e.g., van Zuiden et al., 2012]. To our knowledge, this was the first
study to search transcriptome-wide for patterns of gene- and exon-
expression that distinguished future PTSD cases from non-PTSD
comparison subjects. The present study is also unique because it
employed a data-driven machine-learning approach for identifying
the transcripts that, collectively, were most predictive of future
PTSD status, many of which had not previously been associated
with PTSD. Taken together, these two strategies are useful for
identifying exons, genes, and pathways that potentially serve as
biomarkers and play a role in the etiology of PTSD, but that may
have been overlooked by other approaches focusing on well-estab-
lished candidate genes.

This work must be considered in the context of its limitations.
Foremost among these may be the observation of an increased pre-
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deployment CAPS score among future PTSD cases. A closer exam-
ination of this finding revealed that this difference was driven by the
“D" subscale ofthe CAPS measure, reflecting an increased reporting
of symptoms of hyper-arousal among future cases. Because of this
limitation, it cannot be determined unequivocally whether the
present study has detected true biological vulnerability, pre-clinical
changes associated with PTSD, or {(more likely) some combination
of these factors, Conclusions about the origins of the blood-based
biomarker signals (vulnerability vs. preclinical state) could be
strengthened in future studies by controlling for the severity of
prior trauma exposure, or better yet, by examining pre-deployment
gene expression in trauma-naive subjects. Nevertheless, we main-
tain that the design of our study lends itself to the potential
development of a predictive biomarker with some clinical utility;
one that potentially can be used to determine who is at increased risk
for emergent PTSD among a group of real-world service members
who will undoubtedly have mixed and incomplete records of
trauma exposure and may even manifest signs of pre-clinical
disorder.

Regardless of the preliminary state of our conclusions regarding
individual genes, our work makes clear that genes involved in
cellular immunity are reliably and disproportionately represented
among those that are dysregulated (mostly up-regulated) in our
sample of eventual PTSD cases. This finding is consistent with
evidence for dysfunctional cellular immune processes in individu-
als with PTSD, which we recently reviewed in depth [Baker
et al., 2012b]. Our review of the collective evidence suggests that
systemic inflammation and deleterious health consequences in
PTSD are strongly linked. Given this evidence, treatment strategies
to reduce inflammation that target biobehavioral factors may be of
value to pursue.

In conclusion, as the development of PTSD following initial
trauma exposure is quite variable and unpredictable, we sought to
identify readily assessable biomarkers of risk and resilience based on
evaluations of blood-based gene expression among soon-to-be-
deployed Marines participating in the MRS, Our analyses con-
verged on the immune-system as the most reliably dysregulated
biological process characterizing high-risk individuals; however,
numerous other genes not strictly related to cellular immunity also
appear to be differentially expressed at baseline in individuals who
develop PTSD, and these genes contribute much to our blood-
based prediction models of the disorder’s emergence. [f biomarkers
related to PTSD risk and resilience (such as the panels of genes and
exons identified here) can be validated in additional cohorts and
prospective studies, they may help to confidently identify which
individuals are at the highest risk in real-world scenarios. These
efforts may lead to more effective primary prevention protocols,
which would be particularly important in groups such as these
Marines for whom it is known in advance that exposure to serious
trauma is highly likely. This may also prove highly relevant for first-
responders, such as police, fire, and emergency medical teams, for
whom a regular part of their job is also exposure to potentially
traumatic situations. Further work correlating pre- and post-
deployment differences in gene expression among PTSD cases
and unaffected comparison subjects would also constitute a major
advance in the effort to identify the biological mechanisms of this
disorder and potentially develop diagnostic biomarkers that can

serve as useful adjuncts to the prevailing gold-standard behavioral
diagnostic systems |Brewin et al., 2000; Ozer et al., 2003].
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Until recently, the genetic contribution to PTSD has been
investigated largely via candidate gene association studies
(reviewed in Almli et al., 2014; Amstadter et al., 2009;
Norrholm and Resster, 2009). Most research has focused
on: (1) the hypothalamic—pituitary-adrenal (HPA) axis,
(2) the ascending brainstem locus coeruleus noradrener-
gic system, and (3) the limbic amygdalar frontal pathway
mediating fear processing. Among the over 25 PTSD can-
didate genes currently reported (Amstadter et al., 2009,
2011; Binder et al., 2008; Boscarino et al., 2011; Cao et al.,
2013; Comings et al., 1996; Dragan and Oniszczenko, 2009;
Gillespie et al., 2013; Goenjian et al., 2012; Grabe et al.,
2009; Guffanti et al., 2013; Hauer et al., 2011; Kolassa
et al., 2010; Logue et al., 2013a,b; Lyons et al., 2013;
Mellman et al., 2009; Nelson et al., 2009; Ressler et al.,
2011; Segman et al., 2002; Solovieff et al., 2014; Voisey
et al., 2010; Wilker et al., 2013; Xie et al., 2013), promis-
ing findings include associations of PTSD symptoms with
the serotonin transporter gene (SERT, SLC6A4) (Xie et al.,
2009), which is linked to depression and anxiety disor-
ders, as well as differential acquisition of conditioned fear
and increased amygdala excitability in humans. In addi-
tion, FKBP5, a co-chaperone of the glucocorticoid receptor
involved in the HPA axis, has a significant interaction with
severity of child abuse in the prediction of adult PTSD
symptoms, indicating a gene by environment (GxE) interac-
tion (Binder et al., 2008). Interestingly, the ankyrin-3 gene
(ANK3), a known BPD and SCZ gene, was nominally associ-
ated with PTSD (Logue et al., 2013b). Although candidate
gene studies have not conclusively identified a genetic basis
of PTSD, and await replication in independent studies, they
suggest a likely polygenic contribution ta PTSD develop-
ment, where a substantial overall genetic effect aggregates
over many common variants which individually contribute
only minimal effects, further complicated by complex GxE
interactions. These findings are in line with the genetic
architecture of many psychiatric disorders investigated to
date.

To date, only 3 GWASs in PTSD have been published with
results implicating several novel loci. The first study on Euro-
pean American (EA) military veterans and their intimate
partners identified the retinoid-related orphan receptor
alpha (RORA) as a potential PTSD gene (Logue et al.,
2013a). The second study, including EAs recruited for sub-
stance abuse, identified the Tolloid-Like 1 gene (TLLT) (Xig
et al., 2013), and the third, a study in primarily African
American women, implicated a lincRNA (LINCO7090, alias
AC068718.1) as a risk factor for PTSD (Guffanti et al.,
2013).

In this study we present results from a GWAS on PTSD in
the Marine Resiliency Study (MRS), including 3494 trauma-
exposed participants. The MRS is a well-characterized,
prospective study of Marines and Sailors scheduled for
combat deployment to Irag or Afghanistan, with longitudi-
nal follow-up to track the effect of combat stress (Baker
et al., 2012). This young, all-male military cohort is among
the largest and most homogenous of PTSD studies avail-
able and presents a unigue resource to test mechanisms
of risk that mediate the link between stressor exposure
and outcome, or that moderate or synergize with exposure
to mitigate or exacerbate its effect over time. We per-
formed the first GWAS across ancestral groups, including

subjects of European, African, Hispanic/Native American,
and other ancestries. In addition, we attempted to repli-
cate significant associations in 25 putative PTSD genes
from the literature, and tested for main effects and GxE
interactions in the MRS. Lastly, we tested for a genetic
overlap of PTSD with other psychiatric disorders using
polygenic risk profiles from Psychiatric Genomics Consor-
tium (PGC) BPD, MDD, and SCZ GWAS (Purcell et al.,
2009).

2. Methods
2.1. Study subjects

Participants were recruited from two studies including
military personnel: (1) the Marine Resiliency Study, a
prospective PTSD study with longitudinal follow-up (pre- and
post-exposure to combat stress) of U.S. Marines bound for
deployment to lraq or Afghanistan (Baker et al., 2012) (here
referred to as MRS-1), and (2) the Marine Resiliency Study-1I
(MRS-11), which followed a very similar protocol. The pro-
tocols were approved by the University of California — San
Diego Institutional Review Board, and all participants pro-
vided written informed consent to participate. Subjects with
available genotypes included a total of 3494 unrelated males
(MRS-I: N=2376; MRS-Il: N=1118) from 6 different battal-
ions. Based on self-reported race and ethnicity, the cohort
was racially 85.5% white and was ethnically 75.5% non-
Hispanic. Participant age ranged from 18 to 48 years, with a
mean of 23.1 years. Descriptive statistics of the cohort are
shown in Table 1.

2.2, Phenotype assessments

Details of phenotype assessments are described in Supple-
mental methods. In brief, participants were assessed far
PTSD diagnosis up to 3 times, once before deployment and
3 and/or 6 month post deployment. Post-traumatic stress
(PTS) symptoms were assessed using a structured diagnos-
tic interview, the Clinician Administered PTSD Scale (CAPS),
and PTSD diagnosis followed the DSM-IV criteria for par-
tial and full PTSD. All participants (N=3494) included in
this study met the DSM-IV criteria A1 event; 38% of them
had 2 assessments and 39% had 3 assessments, respectively.
For participants assessed at multiple timepaints (i.e. pre-
and post-deployments; N=2689), the timepoint with the
highest CAPS score was used (54% of the CAPS came from pre-
deployment, and 46% from post-deployment assessments).
Participants meeting criteria for partial or full PTSD diag-
nosis were designated as cases (N=940, including 324 with
a full PTSD diagnosis), all other participants were desig-
nated controls (N=2554). Childhood trauma was assessed
in 3385 subjects using a modified version of the Childhood
Trauma Questionnaire Short Form (CTQ), and general life-
time trauma was assessed at the time of CAPS assessment
in 3494 participants using the Life Events Checklist (LEC), a
self-report inventory that inquires about exposure to 16 dif-
ferent potentially traumatic events known to increase risk
for PTSD.






GWAS in the Marine Resiliency Study

463

Asians, were grouped as Others (N =470) (see Supplemental
Fig. 1 for details).

GWAS was performed separately in each of the 4 main
ancestral groups. To control for additional genetic back-
ground heterogeneity within the 4 ancestral groups, and
varying degrees of EA admixture within the HNAs, AAs and
others, a principal component analysis (PCA) implemented
in EIGENSTRAT (Price et al., 2006) was performed based on
10,000 random, autosomal SNPs separately for each of the
4 groups. Scree plots (data not shown) of the Eigenvalues of
the principal components (PC's) indicated that the first five
PC's substantially accounted for genetic variability within
EA (0.69% cumulative of 5 PC’s), AA (6.70% for 5 PCs), HNA
(2.81% for 5 PCs), and Others (8.44% for 5 PC’s), respec-
tively and were included as covariates in the association
analyses.,

2.6. Statistical analyses

To test for association of SNPs (at a minor allele frequency
MAF>0.01, N=10,446,675 SNPs) with PTSD status logistic
regressions were performed in PLINK for each of the 4 ances-
try groups, including battalion, GWAS platform, and the first
5 PC's as covariates. Alleles were coded additively in the
GWAS and alternative genetic models were tested post hoc
for top hits. To account for uncertainty in SNP imputation,
SNP dosages were used rather than allele calls. Resulting
p-values were adjusted using genomic control (GC) to cor-
rect for genome wide inflation and significance was declared
at p<5x 108, A fixed-effects meta-analysis across ances-
try groups was performed based on GC corrected standard
errors (SE) using the inverse-variance weighted method in
METAL (Willer et al., 2010). Regional association plots were
constructed using LocusZoom (Pruim et al., 2010), using
the 1000 Genomes project Europeans as reference pop-
ulation and R? as the measure for linkage disequilibrium
(LD).

Candidate gene analyses: associations for single gene
analyses selected from the literature are reported at a nom-
inal p-value of 0.05. Gene-wide significance was estimated
using the set-based permutations in PLINK with default
parameters. Gene by environment (GxE) interactions were
calculated using a robust SE method (Voorman et al., 2011)
as implemented in the R-package rms (Harrell, 2014).

Polygenic risk score analyses: risk score analyses were
performed in EA MRS participants based on data down-
loaded from the PGC website for bipolar disorder (BPD),
major depressive disorder (MDD), and Schizophrenia (5CZ).
LD-pruned SNP sets for the 3 disorders were filtered at vary-
ing p-value thresholds (Py) (at p<0.01, <0.05, <0.10, <0.20,
<0.30, <0.40, and <0.50). A risk score for each MRS partici-
pant was computed by the number of risk alleles weighted
by the log of the odds ratios (ORs). To test if the polygenic
risk scores for these disorders could predict PTSD status in
MRS, logistic regressions with the specific SNP sets were per-
formed, including battalion, GWAS platform, and the first 5
PC's as covariates.

Power calculations for the association analysis were per-
formed using the case—control module for discrete traits
(Purcell et al., 2003) at D'=1 and parameters derived from
the MRS.

2.7. VA replication sample

GWAS hits in the discovery sample were tested for repli-
cation in an independent cohort including 491 VA samples.
Sample ascertainment, characterization, genotyping, and
data cleaning methods used have been described elsewhere
in detail (Logue et al., 2013a), Briefly, the sample is a subset
of a cohort of military veterans and their intimate partners
ascertained from two studies performed at U.S. Department
of Veterans Affairs (VA) medical centers. All participants
were assessed using the CAPs with excellent inter-rater reli-
ability (kappa=0.87). Genotyping was performed using the
Illumina HumanOmniZ.5-8 array and samples were excluded
if they had a call rate of <95% or if their reported sex did not
match their inferred sex based on X-chromosome genotypes.
Only white non-Hispanic subjects (based on a STRUCTURE
(Falush et al., 2003; Pritchard et al., 2000) analysis of 10,000
markers) with a DSM-1V defined PTSD Criterion-A traumatic
event were included in the analysis. The sample analyzed
includes 491 white non-Hispanic veterans and their intimate
partners including 313 lifetime-PTSD cases and 178 trauma-
exposed controls. Association between the SNP and lifetime
PTSD was tested using PLINK (v. 1.07). First, the sample was
analyzed using a logistic model adjusting for the top 3 PC's
computed in EIGENSTRAT based on 10,000 randomly chosen
markers.

3. Results

Meta-analysis of GWASs with PTSD in subjects of Euro-
pean (EA), African (AA), Hispanic/Native American (HNA),
and other descents, Genome-wide association studies for
PTSD were performed with genotypes of 2179 EA's, 640
HNA's, 205 AA’s, and 470 subjects of other or mixed ances-
tral descent. The genomic control (GC) inflation factor
lambda was close to 1.0 in all analyses (see Supplemental
Fig. 2 for QQ-plots). GC-corrected p-values were com-
bined in a meta-analysis and resulted in a genome-wide
significant association for a SNP in the phasphoribosyl trans-
ferase domain containing 1 gene (rs6482463 in PRTFDCT;
OR=1.47, SE=0.06, p=2.04 x 10"?) (Fig. 1A and Supple-
mental Table 1A). PRTFDCT is a 104kb long gene on
chromosome 10, including 9 exons. The top SNP rs6482463
(imputed based on the genotyped proxy SNP rs6482463,
R?=0.995, imputation info score=0.99) is located in a
~40kb LD-block spanning most of intron 3 (Fig. 1B). An
analysis of the large EA subgroup identified a different SNP
(rs2148269, imputed) as top hit in this gene. SNP rs2148269
is located in the same LD-block as rs6482463 (R*=0.27)
(see Supplemental Fig. 3A and B for the EA Manhattan
and regional association plots). However, the meta-analysis
top SNP rs6482463 shows consistent odds ratios (OR)
across all 4 ancestry groups, and a test for heterogeneity
between studies was not significant (p=0.9 for Cochran's
Q; Table 2A). Given the parameters from the meta-analysis
of rs6482463 (MAF=0.27, relative risk=1.324), a power
calculation indicated that the study was sufficiently pow-
ered (~80%) to detect an effect size of this magnitude
(OR=1,47).

Replication of the PRTFDCT association with PTSD was
attempted in an independent military cohort (VA replication









Table 3  Top hits from genome-wide association studies with PTSD in subjects of European (EA), African (AA), Hispanic/Native American (HNA), and other descents, and
meta-analysis across ancestry groups.

SNP CHR Gene Location Mlele 1/2 EA AA HNA Other Meta-analysis
Prmain P Prnatn Poie Prain Poue Prmain Poue Q OR Pirain Direction

rs13B8384996 1 UBE2U Downstream G/a 1.6E-05 0.08 0.686 0.99% 0.1 0.17 0.022 0.16 0.82 0.24 4,1E-07 ——
rs4916008* 1 JAK1 Intron cIT 4.0E-06 1.00 0.49 0.26 0.58 0.34 0.50 0.06 0.033 1.40 2.6E-D4 —
1574939664 1 LPHNZ Downstream TG 2.0E-06 0.33 0.66 0.05 0,43 0.81 0.27 0.13 0.06 1.73 3.5E-05 h—t
1s2312236" 1 POGK Upstream TIC 0.99 0.47 0.94 0.30 2.9e-06 0.93 0.1 0.62 4.4E-05 1.13 0.204 T
rs6681010 1 FASLG Downstream G/A 0.0 0.66 0.010 0.06 0.19 0.74 0.08 0.27 0.83 0.46 2.0E-06 — i
rs4511180 1 PTPRV Exon A/G 0.16 0.37 7.7E-07 0.81 0.65 0.98 0.30 0.80 2.8E-05 1.12 0.049 HHr—
rs3100127 1 LGR6 Upstream C/A 0.14 0.26 1.3E-06 0.58 0.55 0.91 0.19 0.81 2.5E-05 0.89 0.05 ———+
rs10737854 1 RGS7 Intron G/A 4.6E-06 0.53 0.93 0.96 0.83 0.11 0.036 0.82 0.07 0.78 1.7E-05 —d—
rs187093517 2 UBEZE3 Upstream AIG 2,BE-07 0.61 0.26 0.72 0.84 0.29 0.77 0.73 0.038 0.51 1.1E-05 -t
rsb2275374 4 LRPAPT Upstream G/A 4,5E-06 0,006 0.88 0.76 0,13 0.27 0.62 0.95 0.004 0.73 1.3E-03 ——
rs1380630 4 BCD31238 Upstream T/IC 1.8E-05 (.54 1.00 D.55 0.1 0.14 0.029 0.49 0.56 0.69 1.9E-06 —t——
510457838 [ usT Intron CIT 0.004 0.65 2.2E-06 0.B3 0.84 1.00 0.27 0.53 4.3E-06 0.88 0.039 —t——
5115028822 6 SERACT Intron C/A 1.6E-04 0.44 0.09 0.42 0.08 0.09 0.08 0.23 0.99 .45 1.6E-06 _—
rs79485117 7 KDM7A Intron c/T 1.5E-05 0.92 0.36 0.027 0.14 0.94 0.036 0.19 0.89 0.58 4.4E-07 —_—
rs2471320* 7 JHDM1D-AS1 Downstream T/C 2,0E-05 0.69 0.80 0.003 0.22 0.18 0.19 D.16 0.96 0.55 4.2E-06 ——
rs2616978 B CSMD1 Intran TIE 0.12 on 0.014 0.050 2.BE-06 0,77 0.40 0.87 1.0E-06 1.04 0.46 —t—
rs142570922 8 CYPT1B1 Upstream A/C 2.2E-04 0.27 0.82 0.82 0.003 0.036 0.15 0.027 0.40 1.34 3.8E-06 e
rs10511822 9 LINGOZ Intron CiT 3.1E-06 0.15 0.80 0.77 0.79 0.94 0.73 D.38 0.05 0.73 1.6E-04 _—
558649573 9 LHX2 Downstream T/C 0.37 0.70 9.0E-07 0.25 0.8 0.06 0.94 0.7 B.4E-06 1.04 0.48 —tas
rs2148269 10 PRTFDC1 Intron A/G 4.6E-06 0.90 0.93 0.66 0.007 0.74 0.653 0.36 0.25 0.69 8.0E-07 _———
rs6482463 10 PRTFDCT Intron G/A 3.0E-05 D0.98 0.12 0.73 0.001 0.91 0.012 0.30 0.90 0.68 2.0E-09 _—
1573220799 12 PLXNC1 Upstream c/T 4.3E-06 0.9 0.046 0.09 0.47 0,05 0.12 0,38 0.48 1.96 4,4E-07 $14e
rs9545302* 13 LINCOTDBO Dawnstream AIC 1.4E-06 0.88 0.22 0.92 0.66 0,46 0.40 0.79 6.3E-04 0.84 0.004 —t4t
rs78826942 15 FRMDS Intron TIC 3.1E-05 0.18 0.14 0.34 0.024 0.69 0.60 0.18 0.32 0.52 3.8E-06 —+——
rs148952004 19 PPMIN Intron AlG 3.BE-06 0.87 0.38 0.57 0.10 o 0.75 0.020 0.56 0.23 1.BE-D6 ———
rs199563271 20 PTPRT Intron CACAT/C 1.4E-06 D0.24 0.65 0.020 0.B2 0.24 0.85 0.59 0.028 0.47 1.4E-04 ———
56528940 X MAGECT Downstream TIC 1.3E-06  0.09 0.28 0.68 0.033 0.23 0,44 0.49 1.1E-04 1.13 0.003 ——

Gene by environment (GxE) analyses are based on Childhood trauma. p-Values for the main analysis (Prsin) in bold meet suggestive (p<5 x 10~%) or genome-wide significance (p <5 x 107%),
GxE interaction p-values (Pgye) and Q values (p-value for Cochran's Q statistic) in bold meet nominal significance (p<0.05). * Genotyped SNPs, all other SNPs listed are imputed.
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4. Discussion

We present the first multi-ethnic GWAS of PTSD to date,
including subjects of European, African, Native Ameri-
can/Hispanic, and other ancestry, typically found in U.S.
military cohorts. Participants were recruited from the MRS,
a large, prospectively assessed cohort of Marines and Sailors
with index deployments to Irag or Afghanistan (Baker et al.,
2012). This all-male study included 3494 subjects exposed to
a DSM-IV criteria A1 traumatic event and represents one of
the largest and most homogenous PTSD GWAS to date. Due
to the military culture and training of the participants we
did not require the endorsement of the A2 criteria i.e. that
the traumatic experience is accompanied by intense fear,
helplessness, or horror. However, removal of AZ from the
DSM-1V criterion set does not seem to substantially increase
the number of people whao qualify for PTSD diagnosis (Karam
et al., 2010), and A2 has been dropped entirely in the new
DSM-V PTSD definition.

The GWAS meta-analysis across ancestry groups iden-
tified the phasphoribosyl transferase domain containing 1
gene (PRTFDCT) as a potential PTSD gene meeting genome-
wide significance. This finding was supported by a smaller,
independent YA cohort including 491 EA veterans and their
intimate partners with 313 lifetime-PTSD cases {Logue et al.,
2013a). PRTFDCT is a ~100kb lang gene located on chro-
masome 10p12. It encodes the phosphoribosyltransferase
domain-containing protein 1, a relatively small protein with
highest expression in the brain. PRTFDC1 belongs to the
purine/pyrimidine phosphoribosyltransferase family and is
a paralog of HPRT1, but may have lost its ancestral HPRT
activity (Keebaugh et al., 2007). However, PRTFDC1 has been
reported as a possible tumor-suppressor gene that is fre-
quently silenced by aberrant promoter hypermethylation
(Suzuki et al., 2007). To our knowledge PRTFDC1 has not yet
been implicated in GWAS of PTSD or other psychiatric disor-
ders and 1ts potential role in the etiology of PTSD remains
to be determined.

As expected from a meta-analysis across ancestries, the
PRTFDC1 top hit from the meta-analysis was a SNP with
a similar effect across multiple ancestry groups. This SNP
(rs6482463) is located in a ~40 kb LD block spanning most of
intron 3. The GWAS for the largest subgroup, including 2179
EAs, identified a different top hit in the same LD block, com-
plicating a functional analysis of these findings. However,
based on the UCSD genome browser annotations the whole
region of the LD block shows enrichment in H3K27Ac and
H3K4Me3 histone marks, indicative of high transcriptional
activity (see Supplemental Fig. 4).

A hallmark of PTSD association studies are frequent
findings of GxE interactions, where the effect of a gene on
PTSD risk is exaggerated in the presence of a high trauma
burden (Keenen et al., Z00B). For example, this has been
found for childhood trauma (Binder et al., 2008) as well as
adult trauma such as combat exposure (Lyons et al., 2013).
The thoroughly characterized MRS includes pre- and post-
combat exposure trauma assessments, allowing for detailed
testing of GxE interactions. We found that, while the overall
model to predict PTSD status improved when we included
trauma exposure into the madel (from a madel with baseline
covariates and the SNP alone explaining ~4% of the vari-
ability to the complete model including trauma exposure

explaining a cumulative ~20% of the variability), GxE
interactions for childhood trauma, adult life events, or
previous combat deployments were not significant. Since
our cohorts experienced a relatively large trauma burden,
with significantly more trauma of all types reported by
participants diagnosed with PTSD compared to Marines
with low PTS symptoms (see Table 1), we conclude that
power in MRS was similar to other studies that reported
significant interactions. However, GxE interactions have
been difficult to replicate and have a high potential to be
false positives (Duncan and Keller, 2011), Recent methods
based on model-robust estimates of standard errors are
promising, especially in the context of genome-wide GxE
analyses (Voorman et al., 2011).

In addition to the genome-wide significant PRTFDCT we
found SNPs in 25 genes with suggestive evidence for associ-
ation with PTSD. These results stem from specific ancestry
groups and/or from the meta-analysis across groups. A com-
parison of findings between the different ancestry groups is
limited by the much smaller size of the non-EA subgroups.
Interesting genes with suggestive evidence for association
include CSMD1, a gene previously implicated in large GWAS
of other psychiatric disorders (Schizophrenia Psychiatric
Genome-Wide Association Study, 2011), genes (JAK1, FASLG)
related to immune response, a pathway that has previously
been implicated for PTSD by GWAS (Guffanti et al., 2013)
as well as gene expression studies (Glatt et al., 2013), and
genes (UBEZE3, UBEZU) from the ubiquitin system, which
has been implicated in the etiology of schizophrenia and
bipolar disorder (Bousman et al., 2010). Before conclusions
can be drawn however these genes must be replicated in
larger GWASs and meta-analyses currently planned by the
PGC PTSD working group (Koenen et al., 2013).

We also compiled a list of genes that have been reported
in the literature to be significantly associated with PTSD,
either showing a main effect for the genetic marker, and/or
a significant GxE interaction (Amstadter et al., 2009, 2011;
Binder et al., 2008; Boscarino et al., 2011; Cao et al.,
2013; Comings et al., 1996; Dragan and Oniszczenko, 2009;
Gillespie et al., 2013; Goenjian et al., 2012; Grabe et al.,
2009; Guffanti et al., 2013; Hauer et al., 2011; Kolassa et al.,
2010; Logue et al., 2013a,b; Lyons et al., 2013; Mellman
et al., 2009; Nelson et al., 2009; Ressler et al., 2011; Segman
et al., 200Z; Solovieff et al., 2014; Voisey et al., 2010; Wilker
et al., 2013; Xie et al., 2013). Since most studies were per-
formed in subjects of either European or African descent, we
used these specific ancestry groups for comparison with MRS.
We found that most of the 25 candidate genes showed nom-
inally significant associations in MRS for at least one of the
SNPs tested. However, none of these results remained signif-
icant after appropriate Bonferroni corrections. Comparing
the number of PTSD cases and overall study sizes between
MRS and other studies indicated that we were adequately
powered to detect many of the reported effects at least for
the EA studies. A similar, well-powered study recently failed
to replicate findings for 20 PTSD candidate genes after
appropriate adjusting for multiple testing (Solovieff et al.,
2014). This lack of replication may be due to a relatively
large heterogeneity between PTSD studies, which are
complicated by the requirement of exposure to a traumatic
event, leading to potential differences in type, timing of,
and time since trauma, and the observed GxE interactions.
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However, it has been demonstrated that reports from
candidate gene association studies (Sullivan, 2007), and
especially GxE interactions (Duncan and Keller, 2011), have
a high false discovery rate and a robust replication of
findings is now a policy required by many journals.

In regards to our inability to replicate previous findings
from GWASs, which met the stringent genome-wide signifi-
cant thresholds, power calculations indicated that MRS was
sufficiently powered for a replication of rs8042149 in RORA
(Logue et al,, 2013a) for EA's (OR 2.1 in original study and
1.22 in MRS; data not shown). However, the association of
rs6812849 in TLLT (Xie et al., 2013) was originally detected
in a larger study, and rs10170218 in LINCO1090 (Guffanti
etal., 2013) was originally found in an all-female AA cohort,
which was also larger than the all-male MRS AA cohort, and
MRS findings for these genes remain inconclusive.

On the other hand, the large MRS GWAS was able to repli-
cate a recent finding from a candidate gene study including
300 genes (Solovieff et al., 2014) that demonstrated for
the first time the existence of common SNPs between PTSD
severity and bipolar disorder based on cross-disorder poly-
genic risk score analyses. We used the standard polygenic
scoring approach (Purcell et al., 2009) with results from
the PGC for MDD, BP, and SCZ (Cross-Disorder Group of the
Psychiatric Genomics Consortium and Genetic Risk Qutcome
of Psychosis Consortium, 2013) and found that PTSD diag-
nosis was predicted by risk scores derived from BPD, but
not from MDD or SCZ. Our results for BPD reached signif-
icance at p-value thresholds =0.3 from the original GWAS,
similar to the PTSD candidate gene study (Solovieff et al.,
2014), Pleiotropic effects across a range of psychiatric dis-
orders have recently been reported (Cross-Disorder Group
and Genetic Risk Outcome, 2013) and provide exciting new
insights into the genetic architecture of PTSD and other psy-
chopathologies.

Power analyses for the population-based MRS cohort
GWAS indicated increased power using a broad definition
for PTSD, including 616 subjects with partial, and 324 sub-
jects with a full DSM-1V based diagnosis (data not shown),
compared to confining the sample to subjects with full
PTSD diagnosis only. For example, the smaller size of the
full PTSD case group would diminish the significance of our
top finding for rs6482463 in PRTFDC1 (OR=1.47, SE=0.06,
p=2.04 ¥ 10°?) to below genome-wide significance, despite
similar effect size (OR=1.46, SE=0.096, p=7.64 = 107°). As
an alternative to using a specific disease cut-off we have
considered quantitative analyses of PTSD symptoms. How-
ever, population-based studies require careful consideration
of PTSD symptom distributions (e.g. CAPS symptoms in MRS
are best characterized by a zero-inflated negative bino-
mial distribution; Yurgil et al., 2014), which may lead to
increased rates of false positives if not modeled appropri-
ately. The broad PTSD definition used in this study may
potentially limit a direct comparison with findings from
other PTSD studies. In addition, our findings stem from a
very homogenous all-male military cohort and generalizabil-
ity into other population groups may be limited.

In summary, this first multi-ethnic PTSD GWAS high-
lights the potential to increase power of GWAS through
meta-analyses of multi-ethnic association analyses for
SNPs with consistent effects across ancestries. We found
evidence for PRTFDC1 as a novel PTSD gene, a finding

that awaits further replication. And lastly, the genetic
architecture of PTSD may be determined by many SNPs
with small effects, and overlap with other neuropsychiatric
disorders, consistent with current findings from large GWAS
of other psychiatric disorders, suggesting that genetic
contributions to psychiatric disorders may not completely
map to present diagnostic categories (Cross-Disorder Group
of the Psychiatric Genomics Consortium and Genetic Risk
Outcome of Psychosis Consortium, 2013).
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Although typically associated with hearing loss, tin-
nitus may occur in the absence of hearing difficulty."
In the general population, 20.7% of those with high
exposure to noise complain of tinnitus compared with
7.5% of adults with little or no noise exposure."” In the
US military population, more than 60% report tinnitus
several months following a blast event.'® Contact with
detonations caused by improvised explosive devices has
been one of the leading causes of traumatic brain in-
jury (TBI) in the Iraq and Afghanistan battle zones.!”"!?
Rates of blast-related hearing loss and tinnitus have risen
significantly since the onset of the war in Iraq.?’ Patients
with blast injuries are at least 2.5 times more likely to
sustain tinnitus than those with a TBI from nondeto-
nation incidents,?! and at least 60% to 75% of veterans
with a history of mild TBI report tinnitus.”* Roughly
1.4 million civilians sustain TBI per year in the United
States,”® and a separate survey from Oregon noted that
5% of those with tinnitus list an explosion as the prox-
imate cause of tinnitus,* Thus, it may be prudent to
screen for tinnitus among US civilians as well as mili-
tary personnel.

Although the intracranial mechanism of blast-related
tinnitus is unclear, the initial cochlear injury may be
traced to a generalized central neural syndrome. The
cochlea is uniquely vulnerable to primary blast injury
since the air-liquid interface of the round window can
be subject to direct overpressure through the exquisitely
thin and elastic tympanic membrane. In contrast, the
brain is somewhat protected by absorption of the pres-
sure wave by the skull. The initial shock wave from a
blast leads to shearing of tissues due to differential pres-
sures acting on liquid versus more rigid structures such as
blood vessels.®® This shearing force directly injures the
brain and cochlea, causing an inflammatory response,
oxidative stress-induced neural degeneration,?® and sub-
sequent neural alteration both within the cochlea and
its auditory pathway.?’

Establishing a direct, causal link between blast ex-
posure and tinnitus has been limited by the retrospec-
tive, cross-sectional nature of available accounts?®? and
the existence of comorbid psychiatric disorders such as
posttraumatic stress disorder (PTSD).*!+32 Failure to dif-
ferentiate tinnitus symptoms from these comorbidities
further hinders the identification of tinnitus-specific
treatment modalities, This prospective study examines
the effects of blast-related TBI and injury severity on
tinnitus while accounting for comorbid and preexisting
symptoms, including PTSD symptoms, prior TBI, and
tinnitus.

METHODS

Approval for human participants was obtained from
University of California San Diego, VA San Diego

Research Service, and Naval Health Research Center
(VA R&D and UCSD institutional review board ap-
proval #070533), All participants gave written informed
consent before participation,™

Study design and participants

Participants were a subset of the 2600 active-duty
Marine and Navy servicemen enrolled in the Marine
Resiliency Study (MRS),* a prospective, longitudinal
investigation of 4 infantry battalions stationed in south-
ern California, Servicemen were deployed to Iraq or
Afghanistan between July 2008 and May 2012 for ap-
proximately 7 months (the “index deployment”) and
were assessed approximately 1 month before deploy-
ment, 1 week postdeployment (only self-report question-
naires), and 3 and 6 months postdeployment. Data col-
lected at 6 months postdeployment were not analyzed
here because of reduced follow-up rates and insufficient
number of symptom cases. A priori exclusions were 34
participants without an index deployment and 66 of-
ficers who were significantly older (P < .001) and had
lower combat experience scores (P < .001) than enlisted
participants. Of the remaining 2500, 1829 completed
the 3-month postdeployment assessment and were eli-
gible for analysis.

Data from these remaining participants were exam-
ined for any hearing difficulty at 3 months postde-
ployment. Tones of 500, 1000, 3000, and 6000 Hz
were presented at 35 dB (Grayson Stadler Audiometer,
Eden Prairie, Minnesota). This screening test was per-
formed to ensure participants would be able to hear
and understand study assessments. Preliminary analy-
ses showed that the 6000-Hz frequency was most com-
monly missed; however, x? tests revealed no difference
in rates of tinnitus for this group compared with those
who missed other frequencies. To ensure our sample
included only those with serviceable hearing within con-
versational frequency range, we excluded 116 participants
who failed to hear frequencies at or below 3000 Hz
at 3 months postdeployment. Of the remaining 1713,
66 were missing relevant data and were excluded from
analysis. The final sample for this study included 1647
participants.

Measures

Complete MRS methodology has been reported
previously.” Descriptions of measures relevant to this
study follow. Demographic information (age, ethnicity,
race, battalion) was collected via self-report surveys be-
fore deployment and was included in analysis as poten-
tial covariates. 347

Presence of tinnitus was assessed before deployment
and 3 months postdeployment with a single *yes/no”
item on an interview-assisted questionnaire, “Do you

Copyright © 2015 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited,
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have ringing in the ears?” Participants who responded
“yes” as having ringing in the ears at the time of assess-
ment were categorized as having tinnitus. Participants
were also asked whether or not they had an ear infection
at the time of assessment. To account for any influence
on tinnitus outcome, the presence of an ear infection at
the 3-month postdeployment assessment was tested for
any significant univariate associations with postdeploy-
ment tinnitus.

Head injury events were assessed via interview before
deployment and 3 months postdeployment. Interview-
ers gathered details of each reported injury, including
injury cause or mechanism and symptom severity. Trau-
matic brain injury was defined as any head injury that
resulted in loss of consciousness or altered mental status
(1e, dazed, confused, or seeing stars, and/or posttrau-
matic amnesia).”**® Mild TBI was any TBI resulting
in a loss of consciousness of less than 30 minutes and
posttraumatic amnesia for less than 24 hours.*” Because
the time between predeployment and postdeployment
assessments was broader than the duration of the de-
ployment, nondeployment TBIs sustained between as-
sessment visits (7 = 34) were included in analyses to ac-
count for potential effects on tinnitus.™ ! As these were
a small minornty, for succinct communication, all TBIs
sustained between predeployment and 3-month postde-
ployment assessments are labeled “deployment-related”
for this article.

Posttraumatic stress symptoms were assessed before
deployment and 3 months postdeployment using the
Clinician-Administered PTSD Scale*” in accordance
with symptom criteria from the Diagnostic and Statis-
tical Manual of Mental Disorders (Fourth Edition, Text
Revision).* PTSD/partial PTSD group classification re-
quired exposure toa traumatic event (ie, actual or threat-
ened death or serious injury, or threat to physical in-
tegrity to self or others) but did not require a response
of extreme fear, helplessness, or horror.*+* In addition,
PTSD classification required at least 1 reexperiencing
symptom, 3 avoidance symptoms, and 2 hyperarousal
symptoms; partial PTSD classification required at least 1
reexperiencing symptom and either 3 avoidance symp-
toms or 2 hyperarousal symptoms.* Symptoms must
have occurred at least once within the past month (fre-
quency >1), causing at least moderate distress (intensity
>2).%7 Participants with partial PTSD and PTSD were
evaluated together (n = 200 at predeployment; » = 341
at postdeployment) to examine the effects of clinically
significant symptoms on tnnitus.

A modified 16-item version of the Combat Experi-
ences Scale from the Deployment Risk and Resilience
Inventory**? was used to assess combat intensity 1
week after deployment. [tem responses were measured
on a 5-point Likert scale, ranging from 0 (never) to
4 (daily or almost daily). Total scores ranged from

0 to 64, with higher scores indicating greater combat
intensity.,

Analysis

Continuous predictors were centered prior to analysis.
A priori analysis of variance and x? tests revealed battal-
1on differences in predeployment demographic and psy-
chological characteristics, shown in Table 1. Thus, we
included battalion as a covariate to correct for these and
any other unknown battalion differences such as train-
ing schedules, battalion leadership and cohesion, and
timing of study assessments. Categorical demographic
predictors were dummy-coded with the following ref-
erence groups: battalion 1, white, and non-Hispanic.
Reference groups for categorical diagnostic predictors
were participants with no prior tinnitus, no PTSD, and
no TBL

Presence of tinnitus at 3 months postdeployment was
the dependent variable for all analyses. Predictor vari-
able selection was conducted via univariate logistic re-
gression analysis of each predictor variable.™ Variables
with P < .2 associations were included as predictors in
the full multvanate analysis. The multivanate analy-
sis tested all main effects and all 2-way interactions be-
tween clinical diagnostic and combat exposure variables.
Sensitivity analyses tested effects of TBI characteristics,
including injury mechanism (blast vs nonblast), sever-
ity (mild vs moderate/severe), and frequency (single vs
multiple). Significance levels for 3 sensitivity analyses
were Bonferroni adjusted with an @« level of .017. All
data analyses were performed using Statistical Package
for Social Sciences (SPSS; version 21.0).%

RESULTS
Sample characteristics

Battalion differences in demographic and psychoso-
cial variables have been published previously.** Mean
(SD) age of participants was 22.4 (3.36) years. Roughly
84.7% of participants were white, 4.5% were African
American, and 10.9% were of mixed or other racial de-
scent. The majority (78.5%) was non-Hispanic. Approx-
imately 74.3% were junior enlisted (E1-E3), and 44.6%
were deployed prior to the index deployment. Mean
(SD) combat intensity score was 13.0 (11.1).

Of the 1647 participants, 219 (13.2%) had tinnitus
before the index deployment and 250 (15.1%) had tin-
nitus after deployment. Of the 250 participants with
postdeployment tinnitus, 141 (56.4%) had new-onset
tinnitus and 109 (43.6%) had tinnitus both before and
after the index deployment. Observed prevalence of
deployment-related TBI was 34.8% for those with new-
onset postdeployment tnnitus compared with 17.4%
for those with no pre- or postdeployment tinnitus

www.headtraumarehab.com
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WLCINRY  Battalion differences in predeployment characteristics

Battalion 1 Battalion 2 Battalion 3 Battalion 4
(n=232) (n= 469) (n=501) (n = 445)
Predeployment charactenstic”
Age, mean (SD), v 21.4(2.6) 221 (3.5) 22.9 (3.3} 22.8(3.5)
% Non-Hispanic 78 81.4 733 76.3
% White 845 87.4 83.4 83.2
% Rank E1-E3 8156 818 73.6 62.5
% Prior deployed 50.4 439 42.9 43.6
% TBI 62.8 60.3 556.9 48.5
% Tinnitus 339 16.2 22.0 54
Assessment scores, mean (SD)
CAPS 15.8 (14.8) 15.0 (13.6) 14.7 (15.3) 13.6 (14.6)
Childhood trauma 40.0 (13.0) 38.9(12.5) 38.4 (12.0) 421 (14.8)
SF-12 Physical Health 54.6 (5.6) 53.7 (6.8) 542 (6.0 53.7 (6.2)
SF-12 Mental Health 49,2 (8.4) 48.9 (9.4) 49.9 (8.4) 50.5 (8.1)

Abbreviations: CAPS, Clinician-Administered PTSD Scale; E1-E3, junior enlisted; PTSD, posttraumatic stress disorder; SF-12, 12-item

Short Form Health Survey; TBI, traumatic brain injury.

8Small but significant differences in age (F3 = 13.5; P < 001; yp” = 0,02), ethnicity (¥ =9.4; P< 05; ¢ = 0.08), rank tx§ =541
P < .001; ¢ = 0.12), predeployment TBI (x = 18.2; P < .001; ¢ = 0.10), predeployment tinnitus (x§ = 78.0; P < .001; ¢ = 0.22),
childhood trauma score (F3 = 7.4; P < .001; yp? = 0.01), and SF-12 Physical Health score (F3 = 1.5; P < .01; yp® = 0.003) and Mental
Health score (F3 = 2.9; P < .05; gp® = 0.005). There were no significant battalion differences for the current sample in race, prior

deployments, or predeployment CAPS total symptom score,

(x7 = 24.7; P < .0001; ¢ = 0.13). Before deploy-
ment, 195 (11.8%) had partial PTSD or PTSD and 907
(55.1%) had previously sustained TBI. After predeploy-
ment, 336 (20.4%) had partial PTSD or PTSD at their
3-month postdeployment assessment and 316 (19.2%)
sustained deployment-related TBIL. Prevalence of TBI-
related characteristics before and after the index deploy-
ment is shown in Table 2. Of the 1015 participants who
reported TBI at either assessment visit, 825 (81.3%) had
mild TBI, 648 (63.8%) sustained injuries from nonblast
events, and 415 (40.9%) sustained only 1 TBI across
assessment visits.

Univariate predictor selection

Univariate test results are shown in Table 3. Post-
deployment tinnitus was significantly associated with
battalion membership (P < .01), and those with tin-
nitus were more likely to be non-Hispanic (81.2% vs
76.4%) and white (88.6% vs 84%) than those without
tinnitus. Participants with postdeployment tinnitus were
more likely to have had prior tinnitus (43.6% vs 7.9%),
prior TBI (63.6% vs 54.8%), and prior partial PTSD
or PTSD (9.6% vs 5.4%). Those with postdeployment
tinnitus also had higher combat intensity scores (mean
[SD] =15.9 [12.7] vs 12.5 [10.7]) and had higher rates of

Rates of TBI reported pre- and postdeployment

Predeployment Postdeployment?® Total®

TBI characteristic (n=907) {h=316) (N = 1015)
% Mechanism

Nonblast 824 209 63.8

Blast 17.6 79.1 36.2
% Seventy®

Mild 822 88.0 81.3

Moderate/severe 13.8 1.1 155
% Frequency

Single 447 66.8 40.9

Multiple 55.3 332 59.1

Abbrewviation: TBI, traumatic brain injury.

#Postdeployment reports of TBI include all deployment-related TBIs (n = 282) and nondeployment TEls sustained between pre- and
postdeployment assessments (0 = 34). There were no significant differences between deployment and nondeployment TBls; thus,
nondeployment TBls were included in the analysis to account for any potential effects on tinnitus.

bTotal number of participants with TBI characteristic across pre- and postdeployment visits,

“Percentages may not sum to 100% due to missing data.

Copyright @ 2015 Wolters Kluwer Health, Inc. Unautharized reproduction of this article is prohibited.
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Neural changes following cochlear trauma have
been demonstrated using acoustically evoked dis-
charge, otoacoustic emissions, protein expression, and
neuroimaging.?”%" ® The initial shock wave from a
blast leads to shearing of tissues,”® directly injuring the
cochlea and leading to an inflammatory response with
subsequent neural degeneration.?® Animal models of
TBI demonstrate loss of nbbon synapses from inner
hair cells to the auditory nerve in mild cases and then
deterioration of outer hair cells of the cochlea, lead-
ing to altered auditory nerve activity.®® Upregulation of
BDNF (brain-derived nerve growth factor), a modula-
tor of neuronal plasticity, is noted in spiral ganglion
neurons and intracranially, and the spontaneous dis-
charge rate of auditory fibers increases as a result of
acoustic trauma.*? These changes accompany enhanced
subcortical disinhibition in the brainstem and inferior
colliculus.%” Disinhibition and prolonged excitation oc-
cur along the tonotopic map of the auditory cortex im-
mediately following a loud sound.”® Neural activity of
the central auditory system, including reorganization of
the cortical tonotopic map, is associated with an imbal-
ance between excitation and inhibition in the auditory
pathway.®® These studies suggest immediate changes in
expression of excitatory and inhibitory neurotransmit-
ters and mcreased spontaneous signal transmission to
the dorsal cochlear nucleus in the brainstem. Along with
multiple biomarkers of neural plasticity in the cochlea
and auditory tract and nuclei, there is a reorganization
of frequency representation in the dorsal cochlear nu-
clei and inferior colliculus and a long-term change in
the temporal pattern of neural activity. [n animal stud-
ies, these neural alterations continue for at least 1 month
following acute noise injury.”+¢7

In addition, functional magnetic resonance imag-
ing and positron emission tomography studies show
that tinnitus 1s associated with increased activity in the
frontal lobe, limbic system, and auditory association cor-
tex and show asymmetry in the primary auditory cor-
tex and metabolic asymmetry between hemispheres.®
Magnetoencephalography, which measures spatial and
temporal neural activity, has identified activity between
the anterior cingulum and right frontal cortex corre-
lating with tinnitus distress,” although it is unclear
whether differences in patterns are more related to
hearing loss or tinnitus.”” Puture studies should ad-
dress the specific pathophysiology of TBI-induced tin-
nitus to ascertain any differences from noise-induced
injury.

Several study limitations warrant consideration. Self-
reported symptoms, including reports of TBI, PTSD,
and tinnitus, are subject to bias and misclassification
errors, thus limiting causal inference. Our tinnitus mea-
surement did not capture symptom severity, duration,
or functional impact, all of which may have important

clinical implications® and should be explored in fu-
ture studies. Although it was made clear to participants
that their individual responses and data would be kept
confidential and would not be reported to their com-
mand, participants may still have had concems regard-
ing the impact of reporting PTSD and tinnitus symp-
toms on their careers or future disabilities compensation.
It should be noted that information obtained via self-
report and interview was not relevant for research study
compensation. A post hoc analysis that excluded those
with partial PTSD did not alter study findings; therefore,
it is unlikely that the inclusion of partial PTSD diluted
any potential effects of PTSD on tinnitus.

In addition, our hearing evaluation was not intended
to detect hearing loss above 6000 Hz but ensured that
participants had normal hearing within conversational
frequency range (500-3000 Hz at 35 dB). A more thor-
ough audiometric examination was not possible due to
ethical constraints. Finally, our data are from an all-male
cohort of military service members, many of whom ex-
perienced repeated blast exposure; thus, results may not
be generalizable to civilian populations, although they
are likely generalizable to other military groups.

Despite these limitations, our prospective, longitudi-
nal data suggest that TBI may be a significant risk factor
for new-onset tinnitus. Furthermore, risk of tinnitus is
higher for blast TBIs than for nonblast TBIs and in-
creases with injury severity and frequency. Our findings
provide support for the use of TBI assessments as po-
tential screening tools for tinnitus, particularly for those
exposed to explosive devices. Blast head trauma may
be a different clinical entity than tinnitus from blunt
head trauma and should be treated differently. In the
closely related vestibular system, military service mem-
bers with blast head injury demonstrated longer latency
times on motor control testing than those with mild TBI
post-blunt head trauma, Blast exposure appears to pro-
duce a more global injury pattern, whereas closed blunt
head injury in the mouse model shows more focal brain
injury.’1:72

Notably, this study did not find an association be-
tween PTSD and tinnitus. Traumatic brain injury-
induced tinnitus in this population may be a nonso-
matoform diagnosis with distinct pathophysiology and
should be addressed by referral from primary care early
in the treatment of TBI. Early treatment may influence
the neural alterations noted in cochlear and cranial stud-
ies immediately following injury. Although treatment
modalities are beyond the scope of this article, both
medications and cognitive therapy have shown promise
in taking advantage of neuroplasticity to “redirect” neu-
ral circuits during the repair phase after injury,”’+%¢ Imag-
ing studies that measure spatial and temporal neural ac-
tivity may lead to a better understanding and ulumately
treatment of this ubiquitous symptom.
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Psychophysiology in the Study
of Psychological Trauma: Where Are
We Now and Where Do We Need to Be?

D.T. Acheson, M.A. Geyer and V.B. Risbrough

Abstract Posttraumatic stress disorder (PTSD) is a major public health concern,
which has been seeing increased recent attention partly due to the wars in Irag and
Afghanistan. Historically, research attempting to understand the etiology and
treatment of PTSD has made frequent use of psychophysiological measures of
arousal as they provide a number of advantages in providing objective, non-self-
report outcomes that are closely related to proposed neurobiological mechanisms
and provide opportunity for cross-species translation. Further, the ongoing shift in
classification of psychiatric illness based on symptom clusters to specific biological,
physiological, and behavioral constructs, as outlined in the US National Institute of
Mental Health (NIMH) Research Domain Criteria project (RDoC), promises that
psychophysiological research will continue to play a prominent role in research on
trauma-related illnesses. This review focuses on the current state of the knowledge
regarding psychophysiological measures and PTSD with a focus on physiological
markers associated with current PTSD symptoms, as well as markers of constructs
thought to be relevant to PTSD symptomatology (safety signal learning, fear
extinction), and psychophysiological markers of risk for developing PTSD fol-
lowing trauma. Future directions and issues for the psychophysiological study of
trauma Including traumatic brain injury (TBI), treatment outcome studies, and new
wearable physiological monitoring technologies are also discussed.
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1 Introduction

Posttraumatic stress disorder (PTSD) 1s a major public health concern with lifetime
prevalence rates in the USA estimated to be 6.8-12.2 %, and 12-month prevalence
rates estimated to be 3.5 % (Breslau 2009). Due to the wars in Irag and Afghanistan,
PTSD has received significant attention in the past 10-13 years, in terms of both
popular media coverage and funds directed toward its research. This atlention is
warranted, given that rates of PTSD have increased in service members by 656 %
since 2001 and the cost to the US Department of Deflense (DoD) lor treating these
service members doubled between 2007 and 2012 (Blakeley and Jansen 2013 Con-
gressional Research Service Report). In addition, it is important to note that PTSD
affects more than just combat veterans and occurs in civilians following physical
and sexual assaults, forced captivity, muggings/robberies, motor vehicle accidents,
natural disaster, and life-threatening illness among other events (Breslau 2009). The
DSM-1V classification of PTSD consisted in exposure to the traumatic event, as well
as 3 clusters of symptoms: re-experiencing, avoidance and numbing, and hyper-
arousal. With the recent publication of DSM-5, the definition has expanded into 4
symptom clusters: intrusion, avoidance, negative alterations in cognitions and mood,
and alterations in arousal and reactivity. This expansion recognizes broader, more
heterogeneous symptom expressions (such as dysphoria and anger) while allowing
for more dynamic changes in arousal and reactivity. Current treatments for PTSD are
mainly psychotherapy based (e.g., exposure therapy and cognitive therapy). Phar-
macological treatments, such as serotonin-selective and serotonin-norepinephrine
reuptake inhibitors (SSRI/SNRIs), have also achieved modest efficacy (Committee on
treatment of posttraumatic stress disorder loMotNA 2007).

There is a clear need for the development of novel preventive and therapeutic
treatment strategies for PTSD via increased understanding of etiological and
maintaining factors of the disorder (Baker et al. 2009). To this end, there is a new
focus on utilization of biological, physiological, and behavioral tools to enable a
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“paradigm shift” from sole reliance on self-report measures to assess symptom
status and diagnosis for psychiatric disorders such as PTSD. The US National
Institute of Mental Health (NIMH) Research Domain Criteria project (RDoC)
represents a framework for research in this area, with an emphasis on developing a
diagnostic classification scheme based upon valid observable markers of common
biological processes across the range of currently identified diagnostic categories.
The negative valence system (NVS) domain suggested by the NIMH contains the
constructs of acute threat of “fear,” potential harm or “anxiety,” and sustained
threat. The 2011 NVS working group meeting identified many of the physiological
measures reviewed below as important research tools for understanding these
constructs. Psychophysiological measures may have utility as static markers of
these constructs, as well as dynamic markers of change enabling the elucidation of
the roles of learning and memory processes in the expression of these constructs.
Thus, psychophysiological measures are poised to play an important role in the
future understanding of mental illness generally, and traumatic stress-related dis-
order characterized by negative valence states more specifically.
Psychophysiological outcome measures have a number of advantages in neu-
ropsychiatric research. (1) Psychophysiological measures provide objective, non-
self-report outcomes and thus are less subject to bias by the subject and/or
researcher. (2) Physiological measures are quantifiable. (3) Compared to self-report
symptom scales, physiological measures may represent more discrete symptom
domains that probe specific neurobiological pathways enabling mechanistic study
of neurobiological abnormalities underlying symptoms. (4) Physiological measures
enable cross-species translation to examine causal mechanisms of psychophysio-
logical abnormalities linked to trauma exposure that cannot be achieved with self-
report measures. The current manuscript will review the current state of knowledge
on psychophysiological outcomes in PTSD with attention to their use as markers of
current symptoms as well as markers of PTSD-related processes. We will also
discuss these variables in terms of their sensitivity and selectivity for PTSD
symptoms versus other anxiety and mood disorders and comorbid disorders such as
traumatic brain injury (TBI). Further, we will discuss potential future avenues for
integrating psychophysiology into emerging areas of PTSD research. We have
limited our review to relatively common psychophysiological measures of arousal/
threat, including cardiovascular, electromyographic, and electrodermal measures.

2 Psychophysiological Markers of Current PTSD
Symptoms

2.1 Cardiovascular Activity
Baseline: Current conceptualizations of PTSD, reflected in the Diagnostic and

Statistical Manual of the American Psychiatric Association (DSM 5: APA 2014)
criteria, recognize that PTSD has a complex phenomenology expressed not just as
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fear-based hyperarousal, but also as anhedonic and dysphoric emotional states. In
contrast, earlier conceptualizations of the disorder, reflected in DSM-III through 1V
criteria, placed a larger emphasis on fear-related arousal. Given the past emphasis
on arousal-related symptoms, research has long focused on identifying and
understanding the psychophysiological basis of elevated arousal. Though studies
have assessed the construct of arousal across a number of psychophysiological
measures, an extensive body of work has focused on the cardiovascular system.
Cardiovascular physiology is a convenient domain to focus on since it can be
measured relatively easily using a number of different methods and equipment
typically present in an emergency department or urgent care clinic. Further, some
elements of cardiac physiology can be interpreted as a readout of sympathetic/
parasympathetic balance, which has long been theorized to be disrupted in PTSD
(see below).

Blanchard et al. (1982) observed that Vietnam veterans with PTSD had higher
resting baseline heart rate (HR) and blood pressure (BP) than Vietnam veterans
without PTSD. These initial observations were later largely confirmed in a meta-
analysis by Buckley and Kaloupek (2001), which reviewed 34 studies of resting
cardiovascular activity in PTSD conducted up 1o that time. This meta-analysis
found support for elevated resting HR and diastolic blood pressure (BP), though
systolic BP levels were similar across PTSD subjects and healthy controls. A more
recent meta-analysis of psychophysiological studies in PTSD (Pole 2007) reviewed
55 studies conducted until that time and also supported increased resting HR in
PTSD relative to healthy controls. However, elevations in systolic and diastolic BP
were only present under relaxed criteria for statistical significance.

While the evidence for altered cardiovascular activity at rest in PTSD appears
fairly strong, some researchers have suggested a more nuanced relationship. First,
some studies (i.e., Shalev et al. 1992) have failed to find HR differences in new-
onset PTSD. Further, Buckley and Kaloupek (2001) showed a greater effect size for
HR in patients with chronic PTSD (>13 years). Taken together. these findings
suggest that elevated HR may be a consequence of physiological changes driven by
long-term PTSD. Second, studies monitoring cardiovascular activity over 24-h
periods have suggested that HR and BP may fluctuate widely across the day,
complicating previous studies (Muraoka et al. 1998; Buckley et al. 2004). One
study using 24-h HR monitoring did, however, confirm increased HR in veterans
with PTSD, with more pronounced effects during the night, perhaps related to the
sleep disturbances commonly associated with PTSD (Agorastos et al. 2013). Third,
there is disagreement among researchers regarding whether resting state activity is
actually being measured in these studies, or if what is actually being captured are
cardiovascular responses to a stressful situation/challenge induced by the testing
environment (see below; Zoladz and Diamond 2013). Other studies suggest that
PTSD subjects are hyperresponsive to stress or threat across a number of physio-
logical markers, including HR, startle, and skin conductance (see below). Further,
increased HR is not specific to PTSD, but is also reported in panic disorder and
depression (Cohen et al. 2000: Blechert et al. 2007; Kamphuis et al. 2007).
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An additional marker of resting-state cardiovascular activity that is altered
PTSD is heart rate variability (HRV). HRV is a measure of the variation in lime
between heart beats, which indicates autonomic flexibility (the higher the variation,
the more flexibility). HRV is most accurately measured via electrocardiogram;
however, photoplethysmography is also utilized. HRV is measured as time-domain
variables (e.g., changes in the standard deviation of beat—beat interval) and fre-
quency domains using power spectral density analysis methods. Frequency com-
ponents are thought to represent sympathetic and parasympathetic control over HR,
with the high frequency domain (HF; 0.15-0.4 Hz) representing parasympathetic or
vagal tone, while the low frequency (LF; 0.04-0.15 Hz) is comprised of both
parasympathetic and some sympathetic elements (see Heathers 2014; Berntson
et al. 1997 for review). Finally, respiratory sinus arrhythmia, HRV due to respi-
ration, is another measure of vagal control of autonomic activity. Reduced HRV is
associated with mortality and cardiovascular symptoms in patients with PTSD,
highlighting the clinical importance of these measures (Kubzansky et al. 2007).
There is growing evidence that both LF and HF are reduced in PTSD patients,
which may be suggestive of an imbalance between sympathetic and parasympa-
thetic drive on cardiovascular output (Cohen et al. 2000; Blechert et al. 2007;
Jovanovic et al. 2009), though exceptions have been reported (Sahar et al. 2001). In
a recent twin study of combat-related PTSD in Vietnam era veterans, Shah et al.
(2013) found that HRV abnormalities (lower LF and HF) were present only in the
twin with PTSD, suggesting that reduced HRV is an acquired consequence of the
disorder. They also suggested that HRV abnormalities were not present in subjects
with remitted PTSD, suggesting HRV reductions are indicative of symptom state.
We have recently shown that HRV reductions (reduced HF) are also associated with
new-onset PTSD symptoms in active duty marines who served in Irag/Afghanistan,
suggesting that reduced HRV is not related to age or chronicity of PTSD (Minassian
et al. 2014). These studies have also shown that reductions in HRV in these pop-
ulations are not due to depression or TBI, nor are they related to degree of combat
exposure or deployment history per se (Shah et al. 2013; Minassian et al. 2014).
Finally, reduced HRV is reported in untreated subjects (Minassian et al. 2014;
Chang et al. 2013), indicating that this phenotype is not due simply to medication
side effects. Although HRV measures appear to be sensitive to PTSD symptoms,
they are not specific to PTSD. Indeed, reduced HRV, in particular HF, may be a
more general marker of anxiety disorders (Pittig ct al. 2013) or even mental illness,
as it is reduced across multiple disorders including anxiety, depression, bipolar
disorder, and schizophrenia (Moon et al. 2013). Tt is possible that multiple mech-
anisms underlie the reductions in HRV across these diverse patient groups, or that
reductions in HRV are due to the higher stress or allostatic load experienced by
those with neuropsychiatric illness (McEwen 2000).

Response to Challenge: In contrast to resting-state cardiovascular markers, sev-
eral studies have assessed cardiovascular activity in response to challenges from
either loud acoustic stimuli (startle) or trauma-related cues. A large body of literature
documents larger HR reactivity to startling sounds in PTSD patients (Pallmeyer et al.
1986; Shalev et al. 1992; Orr et al. 2002). Pole (2007) investigated 10 studies
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measuring HR response to loud acoustic stimuli and found that elevated HR
response was among the most robust effects found using this paradigm. Pitman et al.
(2006) examined elevated HR reactivity to sudden loud tone presentation in a twin
sample of Vietnam veterans. They found elevated HR reactivity only in the twin with
PTSD,. indicating HR response is an acquired consequence of the disorder rather
than a predisposing trait.

HR response to trauma-related reminder cues has also been examined, which
may probe biological mechanisms relevant to fear memory processes. These studies
typically involve either “standardized™ cues, such as combat sounds (Liberzon et al.
1999) that are held constant across the sample being studied, or “ideographic” cues
which are tailored to be specific to each subject’s traumatic experience. Pole (2007)
reviewed 16 studies investigating HR response to standardized trauma cues and
another 22 investigating HR response to ideographic trauma-related cues. Elevated
HR response to standardized cues in PTSD emerged as one of the more robust
effects in these paradigms. Support for increased HR responses to ideographic
trauma cues was also found, though less robust than that for standardized cues.
Recent studies have also supported these findings in both standardized (Adenauer
et al. 2010; Suendermann et al. 2010; Ehlers et al. 2010) and ideographic trauma
cues (Barkay et al. 2012). Barkay et al. (2012) have investigated the neurobiological
correlates of this effect using PET imaging and found correlations between HR and
rCBF in the orbitofrontal, precentral, and occipital regions of the cortex only in
patients with PTSD and not in trauma-exposed non-PTSD subjects. These findings
are suggestive that increased HR responses 1o trauma reminders may overlap in
neural substrates (orbitofrontal cortex) with the reduced ability to inhibit fear
responses (Shin et al. 2006). In PTSD, there are correlations between HR response to
trauma and norepinephrine concentrations in cerebrospinal fluid (Geracioti et al.
2008), suggesting that central noradrenergic hypersignaling could play a role in this
phenotype. It is unclear whether increased HR or other cardiovascular abnormalities
are ameliorated by treatment, however, despite the use of noradrenergic reuptake
inhibitors (Hoge et al. 2012) as well as clinical trials of the alpha 1 receptor
antagonist prazosin (Raskind et al. 2013), Whether increases in HR are an epiphe-
nomenon of increased centrally mediated fear responses, or are a core feature of
PTSD pathology is unclear. One intriguing recent finding suggests that inhibitors of
angiotensin I signaling, commonly given for hypertension, are associated with fewer
PTSD symptoms in a cross-sectional sample of highly traumatized civilian popu-
lations (Khoury et al. 2012). Other common hypertension medications were not
associated with fewer symptoms, suggesting that the angiotensin pathway may play
a role in PTSD-related pathology. Thus, more research is clearly needed to further
elucidate pathways involved in elevated cardiovascular responses in PTSD.

Summary of Cardiovascular Markers of PTSD Symptom State: Cardiovascular
physiology is an active and important area of research in PTSD, especially given
reported links between PTSD and increased incidence of cardiovascular disease
(Wentworth et al. 2013). While there is strong evidence that resting-state cardio-
vascular activity, as well as HR response to standardized and ideographic trauma
cues, is altered in PTSD, this is still an active area of research that is not without
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controversy. Specifically, the degree to which the testing situation contributes to
findings of elevated HR in PTSD is unclear. The extent to which elevated HR is a
feature of core PTSD pathology versus simply a consequence of chronic stress is
also unknown. Some studies have suggested that HR soon after trauma may predict
development of PTSD, suggestive of HR being a proxy for biological risk factors
for PTSD (see below). However, a recent study suggests that HR is not altered in
relatively “recent” PTSD cases after combat (Minassian et al. 2014), arguing
against elevated HR as a risk factor. HR increases are also not specific to PTSD, but
are increased in other anxiety disorders more generally, Research investigating the
time course and neurobiological correlates of altered cardiovascular activity in
PTSD is needed to further clarify these issues.

Many questions still remain for the association of HRV with PTSD symptoms.
Although twin studies suggest that altered HRV is specific to PTSD symptom state,
prospective studies are needed to confirm HRV measures as symptom dependent or
markers of risk for PTSD (Baker et al. 2012). Similarly, although there is some
evidence from cross-sectional analysis in small samples for symptom remission to be
associated with normalization of HRV (Shah et al. 2013), longitudinal treatment
studies are required to best address this question. The biological mechanisms
responsible for HRV reductions in PTSD are also unclear. However, dysregulated
sympathetic output (e.g.. via increased noradrenergic tone, Geracioti et al. 2001,
2008; Pietrzak et al. 2013) and abnormalities in stress and immune systems have
been identified as candidate mediators (Risbrough and Stein 2006; Eraly et al. 2014).

2.2 Exaggerated Startle Response

Baseline: The startle response is a sensitive, noninvasive measure of central nervous
system activity that is typically accessed via electromyographic (EMG) measure-
ment of strength of contraction of the erbicularis oculi muscle controlling eyeblink
in response 0 a sudden acoustic or tactile stimulus (Blumenthal et al. 2005).
Exaggerated startle is a symptom of PTSD according to the DSM 5 (APA 2014).
Thus, it follows that larger baseline startle responding should be detectable in
PTSD. However, evidence for increased startle reactivity under “baseline™ condi-
tions in PTSD is mixed, with some studies finding evidence for increased startle i
PTSD relative to healthy controls and others finding equivalent startle responses
(see Zoladz and Diamond 2013 for a recent review of this literature). There are also
some suggestions that increases in baseline startle may only occur in chronic PTSD
patients or following certain forms of trauma, such as combat (Grillon and Baas
2003). A significant problem with assessments of “baseline™ startle is that it is very
difficult to accurately assess this phenomenon. Startle reactivity is extremely plastic,
and it is sensitive to many rapid and dynamic modes of inhibition such as habituation
and sensorimotor gating, to emotional valence or experimental context, and of course
is extremely sensitive to stimulus parameters such as intensity and duration of
the startling stimulus, all of which will influence the detection of putative differences.
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For example, startle is higher in PTSD patients under low-intensity startle stimuli but
not high intensity (Butler et al. 1990), which may reflect a lowering of startle
thresholds rather than an exaggeration of startle responses elicited by supra-threshold
stimuli. Thus, more robust and reliable startle phenotypes in PTSD and other disor-
ders are measured when comparing startle across multiple stimulus conditions and
emotional contexts. Startle has also generally only been explored in terms of
magnitude of the response (muscle contraction) compared to controls. However, self-
reports of “increased startle” from patients may not simply reflect magnitude, but the
probability of a response under subthreshold conditions, which has yel to be explored.

In Response 1o Challenge: Given the inconsistency of baseline startle changes in
PTSD, it has been suggested that startle reactivity is higher in PTSD patients only
when under threat; thus, this phenomenon is indicative of mechanisms related to
increased stress responding rather than disruption of baseline arousal (Grillon and
Baas 2003). Grillon et al. (1998) reported normal baseline but increased startle
magnitude in Vietham combat veterans with PTSD during anticipation of experi-
mental electrical shock relative to non-PTSD veterans, demonstrating a higher
response in situations of threat or stress in PTSD. Startle is also elevated in response
to trauma reminders (imagery, trauma scripts) in PTSD patients (e.g.. Cuthbert et al.
2003; McTeague et al. 2010); however, these tasks are relatively unique to indi-
vidual laboratories and more difficult to generalize across studies. As a whole, these
studies suggest that exaggerated startle in PTSD is not indicative of increased
arousal at baseline, but is a physiological marker of heightened response to threat
and heightened fear responses in the presence of trauma cues. Thus, startle is
increasingly used as a quantitative measure of fear responding that complements
self-report data on anxiety and stress to identify biological mechanisms underlying
PTSD symptoms.

Studies have recently suggested that elevated startle to challenge in PTSD may
be subject to gender differences. Kamkwalala et al. (2012) showed that women with
PTSD had higher startle in a dark environment relative to a light environment than
men and women without PTSD. However, this elevated “dark-enhanced” startle
was not present in male subjects with PTSD. Further, dark-enhanced startle has
been shown to be associated with pituitary adenylate cyclase-activating polypeptide
receptor (PACI) genotypes in females, a gene that interacts with estrogen and has
also been associated with PTSD in females (Ressler et al. 2011). These studies
represent a new avenue of PTSD research that is just coming to fruition in utilizing
physiological markers as intermediate phenotypes to identify biological pathways
related to PSTD risk.

Startle Habituation: Habituation is a non-associative leamning process whereby
an organism displays a reduction in some innate orienting or defensive response
following repeated presentation of a stimulus (Halberstadt and Geyer 2009). Shalev
et al. (2000) examined habituation of the startle and electrodermal response to loud
acoustic stimulus in a sample of traumatized Israeli civilians tested at 1 week and 1
and 4 months following the traumatic event. Those who developed PTSD began to
show reduced habituation in both measures beginning 1 month post-trauma, sug-
gesting that reduced habituation may be an acquired sign of PTSD. The reduced
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startle habituation finding is confounded, however, as the methodology used to
detect startle was flawed, with sample rates that were much too slow (50 Hz) to
visualize the very fast on and off rate of a startle response which is typically
measured with 1,000 Hz sampling rates. The reduced electrodermal habituation,
however, supported earlier findings by this group (Shalev et al. 1992). Other studies
had failed to detect reduced startle habituation in PTSD but were compromised by
their use of inappropriately slow sampling rates (Pitman et al. 1987, 1993: Orr and
Pitman 1993). A more recent study in Croatian combat veterans found that PTSD
and control groups did not differ in startle habituation as assessed by quantitative
analysis of EMG reduction across trial; however, there was a reduction in PTSD
subjects compared to controls when using nonparametric comparisons of a number
of subjects who met criteria for habituation (lowest responding at the last trial)
(Jovanovic et al. 2009). This study also did not replicate habituation of the elec-
trodermal response, a physiological marker of sympathetic nervous system arousal
based on electrical conductivity across the skin due to sweat (see below). Thus,
taken together across studies, evidence for differences in startle habituation in PTSD
subjects is weak. PTSD subjects may exhibit reduced habituation of fear-potentiated
startle during fear association training (Ressler et al. 2011). However, it is unclear
whether this effect reflects reduced habituation to startling sounds or increased
reactivity to the aversive stimuli used during fear conditioning. Reductions in
habituation have been detected in other neuropsychiatric disorders (schizophrenia,
panic disorder); thus, it is possible that reductions in habituation of the response
may represent a pathology in a subset of patients across disorders, as such a
phenotype would have substantial consequences for multiple behavioral functions
(Geyer and Braff 1982; Ludewig et al. 2002a, b, 2003, 2005). Habituation is
another “intermediate phenotype™ that is being used to identify potential gene
pathways disrupted in these disorders (Greenwood et al. 2012, 2013).

Prepulse Inhibition of the Startle Response: Prepulse inhibition (PPI), the
unlearned suppression of the startle reflex to an intense acoustic stimulus when
immediately preceded by a weaker acoustic prepulse, is an operational measure of
sensorimotor gating (Geyer et al. 1990; Geyer and Braff 1987). PPI has been shown
to be a robust but non-specific biomarker of psychiatric diagnosis. PPI performance
is reduced compared to healthy controls in a number of neuropsychiatric disorders
including panic disorder, obsessive compulsive disorder, schizophrenia, bipolar
disorder, Tourette’s disorder, and Huntington’s disorder (Braff et al. 2001;
Swerdlow et al. 2006; Castellanos et al. 1996; Perry et al. 2001; Ahmari et al. 2012;
Ludewig et al. 2002a, b). Many of these disorders are linked to cortico-limbic
circuit abnormalities (Kohl et al. 2013). Given the evidence for PTSD to have
disruptions in this circuit (Shin et al. 2006), PPI in PTSD subjects has also been
examined. However, PPl associations with PTSD are inconsistent, with some
studies showing significantly reduced PPI in PTSD patients (Ornitz and Pynoos
1989; Grillon et al. 1996, 1998), while others detected no differences or only
marginal differences (Butler et al. 1990; Morgan et al. 1997; Lipschitz et al. 2005;
Holstein et al. 2010; Vrana et al. 2013). Thus. additional research is needed ta
clarify or refute the presence of PPI deficits in PTSD.
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Summary of altered startle plasticity in PTSD: Exaggerated startle responding in
PTSD patients is seen fairly consistently, most predominantly under conditions of
challenge or threat. Pole (2007) conducted a meta-analysis of 20 studies measuring
startle response via orbicularis oculi EMG both at baseline and after manipulation
of contextual threat. This analysis supported a significant increase in startle
responses in PTSD; however, this effect was not as robust as elevated cardiovas-
cular responses. Furthermore, increased startle response 1o threat is also not specific
to PTSD, but is also reported in other disorders that are characterized by high
physiological arousal and fear (e.g., panic disorder) but not generalized anxiety
disorder (Grillon et al. 2009; Grillon 2008). These findings suggest that disorders
characterized by exaggerated startle may share an overlapping biological pathway.
It is not clear, however, whether these effects are due Lo increased fear responses per
se (e.g., via increased amygdala and/or insula circuit activation). or reduced ability
to inhibit or modulate these responses appropriately (e.g., reduced modulation of
amygdala output by hippocampal and cortical circuits; see below: Acheson et al.
2012; Klumpers et al. 2007).

Habituation and PPI are both measures of fundamental aspects of information
processing that are disrupted in a number of psychiatric disorders and are to some
degree heritable (Greenwood et al. 2007). However, there is relatively weak evi-
dence at present for disruptions in PTSD. It is possible that disruption in these
processes may indicate one of potentially many biological risk traits for neuro-
psychiatric disorders. Hence, further understanding of the genetic and neurobio-
logical mechanisms underlying these phenotypes and their relationship to PTSD
risk is worth further investigation. Indeed, PTSD is thought to share polygenic risk
with other disorders that exhibit information processing deficits, such as bipolar
disorder and schizophrenia (Nievergelt et al. in review; Solovieff et al. 2014).

While exaggerated startle per se is not unique to PTSD, it nonetheless represents
a powerful method for exploring mechanisms underlying the development of PTSD
symptoms. In animals, exaggerated startle phenotypes have long been utilized to
test causal hypotheses of potential mechanisms underlying development of anxiety
and fear-related behaviors after severe stress, including corticotropin-releasing
factor and noradrenergic abnormalities (e.g., Risbrough and Stein 2006; Davis et al.
2010; Grillon et al. 2009). In humans, utilization of startle plasticity as an inter-
mediate phenotype is just now beginning to be exploited (Greenwood et al. 2012).
Further, questions of exaggerated startle magnitude versus reduced startle threshold
in PTSD remain to be answered (Butler et al. 1990). Finally, surprisingly few
pharmacological studies have thus far utilized startle to examine potential biological
mechanisms of increased physiological responses in PTSD. Using a pharmaco-
logical challenge with the alpha 2 antagonist yohimbine, Morgan et al. (1995)
showed that startle reactivity in PTSD patients may be via increased sensitivity to
noradrenergic signaling.
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2.3 Other Physiological Measures

Electrodermal Level/Response: In addition to HR and startle, researchers have
examined electrodermal levels in PTSD both at resting baseline and in response to
challenge. Electrodermal response. or the increase in electrical conductivity across
the skin due to sweal, is a physiological marker of sympathetic nervous system
arousal. A meta-analysis by Pole (2007) looked across 31 studies that measured
resting electrodermal levels in subjects with PTSD versus controls and found
support for significantly higher levels associated with PTSD, although the effect
size was small. Blechert et al. (2007) found that PTSD subjects had higher resting
baseline electrodermal level relative to both healthy controls and subjects with
panic disorder, suggesting some diagnostic specificity. Resting electrodermal level
has historically been reported 1o be reduced in subjects with depression versus
healthy controls (Argyle 1991), further suggesting that this measure may hold some
diagnostic specificity.

Electrodermal response to challenge by standardized and ideographic trauma
cues has also been examined in relation to PTSD. Pole (2007) looked across 22
studies and found medium effect sizes for elevated electrodermal response o both
standard and ideographic cues in PTSD versus controls. Interestingly, Blechert et al.
(2007) found blunted electrodermal response in PTSD when subjects were under
threat of electrical shock, suggesting that there may be a difference in effect between
challenge by reminder cue versus challenge by contextual threat (experimental
shock). Similarly, McTeague et al. (2010) found that PTSD subjects with multiple
traumas and more severe, chronic PTSD showed blunted defensive responses to
ideographic imagery. More recently, Glover et al. (2011) showed overall elevations
in fear-potentiated startle in a classical conditioning paradigm in PTSD subjects
relative to controls; however, no differences were found in electrodermal responses.
It is possible that startle reactivity measures may offer a wider measurable range to
detect increased reactivity than skin conductance measures because startle baseline
can be controlled by the experimenter (i.e., via adjustments of the intensity of
acoustic pulse). Thus, it is possible that startle may be more sensitive to detecting
differences in responses even under relatively high arousal states (e.g., under
threat). Skin conductance, however, offers other significant advantages over startle,
since it does not require a relatively invasive stimulus (e.g., acoustic pulse) for
measurement. The passive nature of this measurement has also supported its use as
a complementary tool in imaging studies in which subject movement must be
severely limited (i.e., startle response movement can disrupt image processing).

Facial EMG: Facial EMG has been used as a physiological measure of emotional
response and typically involves measurement of activity in the frontalis, corrugator,
and zygomaticus major muscles involved in emotional facial expressions such as
smiling and frowning. Pole (2007) found support for increased frontalis and cor-
rugator EMG activity while viewing ideographic trauma cues (12 and 5 studies,
respectively). Pole (2007) found no support for altered facial EMG activity at resting
baseline, or in response to standardized trauma cues (12 and 6 studies, respectively).
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Because these measures are (1) more sensitive to artifact (e.g., non-specific facial
and head movements, talking) and (2) are not easily controlled or evoked para-
metrically compared to reflexive responses such as changes in HR, skin conduc-
tance, and startle, they have not been utilized widely. They do not offer cross-species
translation nor have well-defined circuits: thus. they may have less utility in
understanding biological mechanisms of PTSD.

Summary of Other Physiological Measures Associated with PSTD: Elevated
resting-state electrodermal level may be a psychophysiological measure that is
relatively specific to PTSD. However, this measure is susceptible to the same
methodological difficulties as resting HR or baseline startle response, namely that it
is difficult to eliminate contextual factors that may influence stress and thus elec-
trodermal activity. Electrodermal response to challenge presents a complicated
picture with findings varying dependent upon both subject-specific and testing
protocol variables. There is support for an association between increased facial
EMG reactivity specifically in response to idiographic trauma cues; however. the
utility of this measure for further biological research is limited.

3 Psychophysiological Markers of PTSD-Relevant
Constructs: Fear and Sustained Anxiety

Safety Signal Learning: Safety signal learning is the process by which an individual
learns to inhibit a learned fear response in the presence of a cue signaling absence of
danger. This process is directly relevant to PTSD phenomenology insofar as PTSD is
in part characterized by altered reactivity to trauma-related cues even in “safe”
environments. Safety signal learning can be measured by assessing responses to a
CS— that is never associated with an aversive event versus a CS+ that is contiguous
with an aversive event, or via a specific CS that predicts absence of the aversive
event when given in conjunction with the CS+. Using the latter paradigm, Jovanovic
et al. (2010) recently tested this process in a sample of trauma-exposed civilians who
were healthy, had PTSD, had major depression, or had comorbid PTSD and major
depression with fear-potentiated startle as the primary outcome variable. Subjects
learned that a cue predicted a blast of air to the throat, but that when this cue was
presented along with another cue (the safety signal), the blast of air would not occur.
Subjects with PTSD and comorbid PTSD/major depression failed to show inhibition
of the potentiated startle response in the presence of the safety cue. Inability of
subjects with PTSD to inhibit responding to a safety signal was also confirmed in the
former paradigm. a simple CS+/CS— discrimination learning task (Jovanovic et al.
2013). Andero et al. (2013) found associations between the ability to learn to dis-
criminate between the CS+ (danger) and CS— (safety) are impaired in subjects with a
single nucleotide polymorphism (SNP) on the opioid receptor 1-like gene which
encodes for the amygdala nociception/orphanin FQ receptor involved in pain pro-
cessing. This SNP was also associated with greater PTSD symptoms, providing
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further evidence for impaired safety signal processing in PTSD as well as a putative
biological pathway for this effect. These results, though preliminary and in need of
replication, suggest that failure to leamn to distinguish between environmental cues
signaling danger versus safety may be an important process that is impaired in
PTSD.

Fear Extinction: Fear extinction is the process by which an organism learns that a
cue that once signaled threat no longer does so, thus resulting in a progressive
reduction in defensive physiological responding in the presence of this cue.
Extinction of psychophysiological fear responding has long been considered a
putative model of PTSD process due to its similarity to naturalistic recovery from
trauma experience. Orr et al. (2000) and Peri et al. (2000) showed that PTSD patients
failed to extinguish a conditioned electrodermal response to a cue signaling electrical
shock or loud acoustic stimuli, respectively. Subsequent studies using electrodermal
responses as the dependent variable have largely supported these original findings
(e.g., Wessa and Flor 2007: Blechert et al. 2007). Norrholm et al. (2011) examined
fear extinction in PTSD using fear-potentiated startle 1o a cue signaling an aversive
air puff to the throat and found that PTSD patients showed greater potentiated startle
in the early and middle portions of extinction training. This finding suggests that
enhanced initial fear conditioning produced a greater “fear load™ that the PTSD
patients had to extinguish. This increased fear responding is also associated with
specific symptom clusters of PTSD, re-experiencing (Glover et al. 201 1), indicating
this paradigm likely probes neural mechanisms of trauma memory.

Not all studies have found evidence for delay of fear extinction learning in
PTSD. Milad et al. (2008) found equal levels of extinction performance, as mea-
sured by electrodermal response, in combat-related PTSD compared to combat-
exposed monozygotic twins without PTSD and controls. However, the PTSD twins
failed to recall this fear extinction learning when tested 24 h later. These results
suggest that PTSD is not associated with a fear extinction learning deficit, but rather
a fear extinction memory deficit. Further, this deficit appears to be an acquired sign
of PTSD rather than an inherited trait. This difference in within-session learning
results across these studies may be due to the physiological measures of fear used,
startle versus skin conductance. The higher magnitude of the startle response to the
conditioned cue in PTSD patients is providing a behavioral window to detect
reduced/delayed extinction within session, which is not detectable via skin con-
ductance responses (Glover et al. 2011). Taken together, these data suggest overall
that there is higher fear responding in PTSD patients, which subsequently takes
longer to extinguish fully and is less likely to be fully extinguished upon retesting.
Additional research will be needed to determine the time point at which extinction
deficits may occur, the most effective method for capturing such deficits, and the
specific role these deficits play in PTSD symptomatology.

Summary of Psychophysiological Markers of PTSD-relevant Constructs: Psy-
chophysiological markers have emerged as critical measures of unbiased fear
responding to understand fear and anxiety domains disrupted in PTSD. These
markers provide quantifiable assessments of autonomic processes that may not be
adequately probed by self-report. They have been critical behavioral measures that
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complement studies of the neural circuits underlying PTSD pathology, such as
cortico-hippocampal-amygdala circuit function (Quirk et al. 2006), that can be
translated across species for further study of causal factors for PTSD symptoms or
PTSD risk. The intriguing preliminary evidence for safety signal learning to be
disrupted specifically in PTSD versus depression patients may indicate this is a
potential “biomarker™ of PTSD, but needs further research and replication. Extinc-
tion has shown to be impaired in a number of neuropsychiatric disorders as well as
PTSD, including obsessive—compulsive disorder and schizophrenia (Holt et al.
2009; Milad et al. 2013), suggesting that extinction learning may probe common
pathological circuits across these disorders. Impairment in these processes is further
supported by imaging research showing impaired function and structure of the
ventromedial prefrontal/orbitofrontal cortex in PTSD subjects, which are structures
known to be central to fear extinction learning and memory (Shin et al. 2006).
Recent research suggests involvement of these areas in safety signal learning as well
(Jovanovic et al. 2013). Finally, more recently, these paradigms have been utilized in
healthy controls or PTSD patients to serve as proof of concept tests for novel
treatments for fear-related disorders such as PTSD, with recent or ongoing tests of
cannabinoid agonists (Rabinak et al. 2013), oxytocin (Acheson et al. 2013), glu-
cocorticoids (de Quervain et al. 201 1), and dopamine agonists (Haaker et al. 2013),
among others. It remains to be determined how predictive these paradigms will be
for treatment efficacy; however, this is an exciting avenue for PTSD drug discovery.

4 Psychophysiological Markers of Risk for Developing
PTSD Following Trauma

Trait Markers: Given that elevated physiological reactivity is a common finding in
those with current PTSD, researchers have explored the possibility that this elevated
reactivity might serve as a marker of risk prior to or immediately following the
traumatic experience. Several studies examined the relationship between HR shortly
following trauma and later development of PTSD and found that elevated HR
following trauma predicted development of PTSD symptoms (Bryant et al. 2000;
Kassam-Adams et al. 2005; Shalev et al. 1998; Zatzick et al. 2005: Kuhn et al.
2006: Gould et al. 2011). Though numerous exceptions have been reported
(Blanchard et al. 2002; Buckley et al. 2004; Ehring et al. 2008; Roitman et al. 2013;
Price et al. 2014). In a related study, Suendermann et al. (2010) found that HR
response to trauma-related images in motor vehicle accident survivors 1 month after
trauma predicted PTSD severity at 6 months after trauma. The inconsistency in
these findings may be due to the fact that cardiovascular activity assessed imme-
diately post-trauma in the ambulance or emergency department may be subject to
too many contextual variables, methodological inconsistencies, or ceiling effects
that may limit reproducibility of findings. Newer technology allowing for ambu-
latory monitoring in the days following trauma (see below) may prove more useful
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in determining at which time points and under what circumstances post-trauma HR
may be most predictive of future PTSD.

While these studies of peri-traumatic HR suggest potential clinical utility as a
marker of risk in traumatized individuals, they tell us little about who might be at risk
for trauma before the event happens. Toward answering this question, Pitman et al.
(2006) examined HR responses to a series of loud tones in Vietnam veterans with
PTSD and their non-combat-exposed monozygotic twins. Only the twin with PTSD
showed elevated HR response relative to combat-exposed veterans without PTSD
and their non-exposed twins, suggesting that elevated HR response is an acquired
sign of PTSD rather than a risk factor. However, further longitudinal studies where
HR response is measured prior to trauma will be necessary to definitively rule out
HR as a prospective marker of risk for PTSD. Pole et al. (2009) measured a number
of physiological indices (startle, electrodermal response, HR) in response to startling
tones under conditions of varying contextual threat (low, medium, and high threat of
electrical shock) in new police academy cadets. These cadets were then later
assessed for PTSD symptoms following one year of police work. They found that
elevated startle measured by eyeblink EMG (with appropriate sampling rate), ele-
vated electrodermal response, and slower habituation of the electrodermal response
predicted PTSD symptom severity, but that HR response did not. Further, the
associations between physiological reactivity and PTSD severity varied as a con-
dition of the contextual threat: Greater electrodermal response was associated with
PTSD symptom severity under low and high threat, and eyeblink EMG under
medium threat was associated with symptom severity. These findings support the
hypothesis that increased physiological reactivity to threat may be a useful marker
for understanding biological mechanisms of PTSD risk.

Markers of Fear and Anxiety Constructs: Little is known about how abnor-
malities in safety learning and fear extinction may function as preexisting markers
of risk for PTSD. A recent study found that impaired ability to inhibit fear-
potentiated startle responding in the presence of a safety cue was associated with
PTSD symptoms 2 and 9 months after combat-related trauma (Sijbrandij et al.
2013)., These findings suggest that impaired safety signal learning may be important
in predicting the maintenance of PTSD symptoms over time. It is not clear, how-
ever, whether reductions in safety signal learning predict PTSD prospectively.
Investigators have also begun to look at impaired fear extinction processes as risk
factors for developing PTSD following trauma. A twin study of combat-related
PTSD by Milad et al. (2008) suggested that reduced recall of fear extinction
memory is an acquired sign of PTSD rather than a preexisting risk factor. Guthrie
and Bryant (2006) examined initial fear extinction learning of an aversively con-
ditioned corrugator EMG response in a sample of firefighter trainees. They found
that slower extinction while in training predicted PTSD severily after later exposure
to trauma. Lommen et al. (2013) showed similar effects in a sample of Dutch
combat veterans, though they only assessed explicit contingency awareness rather
than physiological response. Further prospective-longitudinal studies assessing
both habituation and extinction prior to trauma are needed to confirm whether or not
these are robust markers of PTSD risk.
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Summary of Risk Markers: While peri-traumatic physiological response may
provide some information regarding who is at risk for developing chronic PTSD,
more research is needed to solidify the extant findings and to link elevated phys-
iology following trauma to specific biological chunges underlying chronic disorder.
Much less is known about using physiological markers to predict risk for PTSD
prior to traumatic experience. though the results of Pole et al. (2009) provide
promising avenues for future research in this area and suggest the possibility of
achieving superior prediction by the integration of multiple psychophysiological
domains into a single marker for risk. Knowing who is at risk for PTSD prior to
trauma may have utility for screening of soldiers and first responders such as
firefighters and police officers. Identification of pretrauma risk factors that are
modifiable can inform prevention efforts in these and other populations at high risk
for trauma exposure and may also point toward fruitful targets for novel treatment
efforts.

5 Future Areas of Application for Psychophysiological
Research

Psychophysiological Markers of Treatment Response: Beyond serving as markers
of PTSD state or risk for developing the disorder, psychophysiological outcomes
may have potential 1o provide objective markers of treatment response. This utility
is particularly relevant as the NIMH now requires treatment studies to include
biological and/or physiological markers along with standard symptom scales. To
date, however, relatively few studies have made use of physiological outcome
measures. To our knowledge, there are no reports of psychophysiological responses
in PTSD patients during standard pharmacotherapies, e.g., serotonin reuptake
inhibitors. Two recent studies using psychotherapy have included physiological
markers. Robinson-Andrew et al. (2014) assessed potentiated startle responding in
the presence of trauma-related visual cues in a small number of combat veterans
with PTSD before, during, and after either prolonged exposure or “present-centered
therapy™ treatment. Treatment responders showed a dynamic pattern of increasing
and then decreasing startle potentiation across treatment, while non-responders did
not change, In another recent study, Rothbaum et al. (2014) compared the effects of
d-cycloserine, alprazolam, and placebo on response to 5 sessions of prolonged
exposure therapy for PTSD. Outcomes consisted of both self-reported diagnostic
assessments as well as potentiated startle response to trauma-related images. The
patients receiving d-cycloserine showed significantly lower startle potentiation
post-treatment, and magnitude of startle reduction was associated with self-reported
treatment response in this group only. However, groups did not differ on self-
reported response to the treatment overall. There is no research yet on treatiment
effects on PTSD-related constructs of fear extinction or safety signal learning.
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One earlier area of study where psychophysiological outcomes appeared
promising was in predicting potential prophylactic efficacy of propranolol, a beta-
adrenergic receptor antagonist. Pitman et al. (2002) orginally showed that
propranolo! given immediately after trauma reduced physiological arousal (HR,
electrodermal response, facial EMG) to script-driven traumatic imagery 3 months
later, as well as showing a nonsignificant trend toward reduced PTSD symptom
severity 1 month following trauma. In a larger study. Hoge et al. (2012) showed
mixed results when propranolol or placebo was given to emergency department
patients for 19 days following trauma. In “high-medication adherence™ subjects,
those who took the active drug showed reduced physiological reactivity (o trauma
imagery across three domains (electrodermal response. HR, lateral frontalis EMG)
at 1 month following trauma relative to those who received placebo. However, this
difference was not found at 3 months post-trauma, nor was there an effect of
treatment on PTSD symptoms. Given the very mixed literature for treatment effi-
cacy of propranolol as a prophylactic treatment for PTSD (Vaiva et al. 2003; Stein
et al. 2007: McGhee et al. 2009), the predictive validity of psychophysiological
measures for propranolol prevention of PTSD symptoms is inconclusive. Current
studies have now shifted to examination of propranolol effects on memory recon-
solidation in PTSD patients (www.clinicaltrials.gov), based in part on recent
findings that propranolol given immediately after reactivation of the trauma
memory via script preparation reduces physiological responding to the same script
one week later (Brunet et al. 2009).

Psychophysiological outcomes have also seen limited use in studies investigating
potential novel treatments. Jovanovic et al. (2011) showed that dexamethasone
treatment reduces fear-potentiated startle in PTSD patients, suggesting that this
treatment could reduce physiological symptoms of fear in these patients. These
results provide preliminary support for the predictive validity of fear-potentiated
startle in PTSD, since glucocorticoid agonists may reduce PTSD symptoms (Aerni
et al. 2004; Steckler and Risbrough 2012). An ongoing study is also assessing the
efficacy of corticotropin-releasing factor receptor antagonist treatment on both PTSD
symptoms and fear-potentiated startle (Dunlop et al. 2014). We expect that more
studies will utilize this complementary approach of physiological and self-report
measures to assess treatment efficacy in the future.

Overall, psychophysiological outcomes have not been utilized in treatment
studies and thus remain largely untested for sensitivity to treztment effects for PTSD.
An important caveat is that some studies have shown a pattern of treatment-induced
reductions in psychophysiological arousal, but not in self-reported PTSD symptom
severity. This pattern of findings suggests several possibilities. First, psychophysi-
ological alterations may not be powerful enough to generalize into symptom change
per se (e.g., Hoge et al. 2012). Second, psychophysiological alterations may be one
of the several potential mechanisms of change occurring within the same treatment
protocol (e.g.. Rothbaum et al. 2014). These conclusions suggest that psycho-
physiological assessment may be used as an objective marker of treatment response
and have utility in elucidating mechanism/process of change that may vary across
subjects being treated with the same protocol. Further. psychophysiological
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assessment may have utility for understanding which patients may benefit from
among several treatment modalities aimed at the same overt condition (Aikens et al.
2011). More research is required before this approach can be considered a realistic
possibility in the near term.

Consideration of Mild Traumatic Brain Injury (mTBI) in Psychophysiological
Investigations of Trauma-related Pathology: Many of the traumatic experiences that
might result in development of PTSD (motor vehicle accident. physical assault,
combat) also involve potential for physical harm. The large numbers of blast-related
injuries coming out of the wars in Iraq and Afghanistan (Hoge et al. 2008) have
brought into recent focus the potential relationship between mTBI and PTSD. A
prospective study of service members deployed in these conflicts suggests a strong
association between deployment-related mTBI and post-deployment PTSD symp-
toms (Yurgil et al. 2014). These findings suggest that mTBI may need to be con-
sidered as an important factor in assessing psychophysiological outcomes in PTSD,
similar to its potential effects on neurocognitive symptoms in PTSD (Vasterling et al.
2009, 2012). Little research has been conducted on how mTBI affects the physio-
logical markers discussed here, with the exception of HRV, HRV is reduced in some
TBI patients, with alterations related to time since injury and injury severity (Keren
et al. 2005; Baguley et al. 2006). One study in active duty marines with PTSD
suggests that HRV is reduced in PTSD subjects even when controlling for TBI
although TBI was also independently associated with reduced HRV (Minassian et al.
2014). Williamson et al. (2013) have suggested that in cases of mTBI-induced
damage to white matter tracts involved in emotional behavior (e.g., uncinate
fasciculus and the anterior limb of the internal capsule) may cause disruption of top-
down control of autonomic nervous system activity reflected in psychophysiological
measurements. These forms of disruption could also explain the higher risk for
development of PTSD in individuals exhibiting mTBI (Yurgil et al. 2014). Inter-
estingly, recent animal studies have also supported that mild TBI could result in
sensitization of fear learning processes (Heldt et al. 2014). Thus, mTBI should be
carefully considered in future assessments of PTSD-related physiology, particularly
in abnormalities of cortical-mediated inhibitory processes and fear learning con-
structs, to understand its modulating or mediating role in psychophysiological
abnormalities in PTSD.

Wearable Physiological Monitoring Technology: Although the specific physio-
logical abnormalities linked to trauma symptoms are becoming more cizar as
reviewed above, one of the next steps for the field is to determine whether these
measures can translate to clinical applications, such as prediction of symptom
development. symptom class. and/or treatment response. Moving these measures to
clinical applications faces significant hurdles, one of which is the development of
more usable devices that are not dependent on narrow laboratory-specific parameters
or expensive and complicated hardware. One poltential area for psychophysiology
variables in mental health in the future is use of “wearable™ devices in subjects that
have experienced, or at risk for, trauma (Darwish and Hassanien 2011).
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There is a strong push both in private and academic medical sectors Lo imple-
ment wearable devices for a host of medical purposes including diabetes. cardio-
vascular disease management, cognitive therapy aids, and other lifestyle aids for
better wellness. Predictive psychophysiological variables relevant to PTSD phe-
notypes that may be conducive to wearable technology are measures of physical
activity via accelerometers (e.g., Fukukawa et al. 2004), sleep (Suzuki et al. 2014),
skin conductance (Rajan et al. 2012), HR and HRV (Billeci et al. 2014), EMG
(Grenier et al. 2012), and EEG (Zao et al. 2014). The development of these wea-
rables will enable assessment of dynamics of physiology in naturalist settings, at
rest (i.e., sleep) as well as during stress. These devices may help answer the
question of which physiological variable, or combination of variables, might be
able to predict development of PTSD symptoms after trauma exposure (e.g., after
discharge from the ER/hospital). Another question is if physiological markers are
sensitive to treatment, and when in the recovery process does this happen (i.e.,
could these markers serve as early predictors of treatment response?). Many of
these variables are not “static,” for example, longer-term assessment of sleep var-
iance across multiple nights will enable a much more comprehensive picture than
can feasibly be obtained in laboratory settings. Similarly, HRV over long time
periods will provide greater fidelity in the assessment of cardiovascular changes
after rauma. Some wearable devices may also be utilized in “at-risk™ populations,
such as rescue service and military personnel, to develop algorithms of risk based
on physiological response and recovery after trauma exposure. This approach is
currently being examined in the military (Tharion et al. 2013). However, a number
of hurdles must be considered in terms of feasibility/practicality of the technology,
the data quality, storage capacity, and of course the ethical component of resulting
data being used or stored improperly.

One example of current status of technology is assessment of continuous HR.
HRYV can now be oblained via sophisticated wearable devices (e.g., pulse oximeter
introduced into a wrist watch) over long periods of time with little burden to the
subject. However, technical challenges must be addressed, including the high
sampling rate needed for HRV assessments that can produce power and data storage
limitations for continuous monitoring. Data quality is also affected significantly by
movement artifact for many of these devices. Thus, despite significant promise.
many technical limitations must be addressed before these devices will produce
reliable physiological assessments for ufility in prediction and intervention.

6 Conclusion

As discussed above. there are now a number of well-validated physiological phe-
notypes that are reliable across multiple studies/laboratories, including increased and
poorly inhibited physiological responses to threat (electrodermal and EMG), as well
as altered HRV. We are just now beginning to understand these measures in a larger
context of symptom domains, as well as comorbid symptoms (depression, TBI, etc.).
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Much more work is needed, however, to refine these phenotypes in terms of specific
associations with PTSD symptoms versus other anxiety disorders and comorbid
symptoms (depression, TBI). Importantly, many of these phenotypes are now well
mapped to circuitry that supports translational research across species for mecha-
nisms driving these phenotypes, which will support development of novel treatment
targets. To this end. psychophysiological measures are increasingly being used as
complementary measures for integration with both self-report and other biological
assessments (e.g., blood-based or genetic markers). We expect much more research
in the years to come with these tools for objective assessment of treatment outcome.
Finally, in the long term, wearable technology could accelerate the feasibility of
these markers as tools to identify risk and symptom development in clinical settings.
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the expression levels of those genes in other tissues, includ-
ing postmortem brain (Tylee et al., 2013) suggesting the
possibility that peripheral blood gene-expression can be
harnessed to construct useful profiles of brain disorders. Pre-
vious work by our group and by others has demonstrated
that peripheral blood gene-expression provides a useful
biomarker signal for a number of neuropsychiatric disor-
ders, including schizophrenia, bipolar disorder, and autism
spectrum disorders (Glatt et al., 2009, 2005; Tsuang et al.,
2005).

In the context of PTSD, several prior studies identi-
fied differences in peripheral blood gene-expression levels
between individuals with PTSD and similarly exposed com-
parison subjects without PTSD (Meylan et al., 2011; Segman
et al., 2005; Yehuda et al., 2009; Zieker et al., 2007) (see
Glatt et al., 2013 for a brief review of these studies). Taken
together, these studies suggest that PTSD is associated with
alterations in peripheral blood gene transcripts thought to
play a role in HPA axis function, glucocorticoid signaling,
immune and inflammatory signaling, and metabolism of
reactive oxygen species. Consolidating this evidence with
the results from a large body of epidemiologic, genomic,
and neurobiological studies of the disorder (e.g., Uddin
et al., 2010) led us to recently propose a theory of PTSD
predicated on dysregulation of immune and inflammatory
processes in general, and cellular immunity in particular
(Baker et al,, 201Zb). We maintain that a variety of specific
genetic factors and environmental influences may play a role
in producing this dysregulated immune and inflammatory
phenotype within different individuals. For this reason, we
propose that a blood-based diagnostic biomarker calibrated
to detect commonly-dysregulated immune and inflamma-
tory transcripts may ultimately provide the best sensitivity
for detecting PTSD within a clinical sample. Our previous
work in this domain supports this hypothesis and further
proposes that pre-existing dysregulation of immune and
inflammatory processes may dispose individuals to develop
PTSD at some future time, following exposure to trau-
matic stress (Glatt et al., 2013). Another recent publication,
examining a large group of Marine Resiliency Study subjects
across multiple cohorts, provided strong evidence that pre-
deployment inflammation levels, assessed via measurement
of plasma C-reactive protein level, were a strong positive
predictor for the development of post-deployment PTSD
after controlling for ather risk factors (Eraly et al., 2014).

In the context of this prior work, we report here
the results of a pilot study examining transcriptome-wide
expression-profiling of pre- and post-exposure peripheral
blood samples from individuals with uniquely elevated rates
of trauma exposure and PTSD development: participants
in the Marine Resiliency Study (MRS) following return from
active war zones in Iraq or Afghanistan, as part of an ongo-
ing longitudinal investigation (Baker et al., 2012a). The
objectives of this pilot study were to evaluate the follow-
ing hypotheses: (1) post-trauma expression levels of some
genes in peripheral blood cells would differ between Marines
with PTSD and matched comparison subjects; (2) a readily
assessable, predictive biomarker panel of the PTSD diag-
nostic status could be developed based on gene-expression
levels in peripheral blood cells; and (3) a diagnostic panel
based on the expression of individual exons would sur-
pass the accuracy of a model based on the expression of

full-length transcripts of genes. We interpret the results
of these analyses in two contexts: (1) as a means of
identifying biological functions, processes, pathways, and
protein domains whose genomic dysregulation may indicate
or influence the development of the disorder; and (2) as
an approach to the construction of classifiers that might
ultimately assist in the clinical diagnosis of PTSD in such
populations.

2. Methods

2.1. Ascertainment and clinical characterization
of subjects

The MRS is a prospective study of factors predictive of
PTSD among approximately 2,600 Marines in four battal-
ions deployed to lraq or Afghanistan. The research team
conducted structured clinical interviews on Marine bases
and collected blood samples and data at four time points:
pre-deployment, and 1-week, 3-months, and 6-months post-
deployment. Measures collected, including those used in this
study, have been described in detail previously (Baker et al..
2012a).

The principal exclusion criteria were identical to those
used for the pre-deployment gene-expression studies (Glatt
et al., 2013). Subjects were excluded if they showed
clinically significant PTSD prior to deployment, manifesting
in: 1) a pre-deployment PTSD Checklist (PCL) score >44;
and/or 2) a pre-deployment diagnosis of PTSD based on the
Clinician-Administered PTSD Scale (CAPS). PTSD cases were
identified as those subjects who were issued a CAPS-based
PTSD diagnosis at 3- and/or 6-months post-deployment.
Unaffected comparison subjects were identified as those
subjects who, at no time, attained a PCL score >44 and who
were not issued a CAPS-based PTSD diagnosis at any post-
deployment interview. Among subjects who were included
in the full MRS sample and assigned to case or comparisan
groups based on these criteria, we then selected for anal-
ysis 25 male PTSD cases and 25 male comparison subjects
based on similar demographics, pre-deployment clinical
characteristics, deployment history, and levels of trauma
exposure as determined from the combat and post-battle
experiences subscales of the deployment risk and resilience
inventory (DRRI). The group of subjects selected for this
study largely overlapped with those featured in our previous
study of pre-deployment gene-expression (Glatt et al.,
2013); 24 of the 25 PTSD cases and 23 of the 25 comparison
subjects within the present study were also featured in
the pre-deployment study. The demographic, clinical,
and combat-experiential characteristics of the subjects
are shown in Table 1. The two groups were comparable
on all demographic and combat-experiential variables,
Within both the case and comparison groups, 50% of the
subjects had previously been deployed on at least one
occasion and the average number of previous deployments
was not significantly different between the two groups.
Although no subject met diagnostic threshold for PTSD at
pre-deployment as determined by either clinician ratings
on the CAPS or self-ratings on the PCL, the eventual PTSD
cases did have significantly higher clinician ratings on the
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the Prism 7900 HT Fast Real-Time PCR system (Applied
Biosystems). Statistical analysis was performed using the
comparative ACT method. All reactions were run in dupli-
cate and normalized against gyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and hypoxanthine phosphoribosyl-
transferase 1 (HPRT1). For one transcript (GSTMT7), QRTPCR
analysis was repeated with 75 ng cDNA in order to compen-
sate for low signal. The fold change values were compared
using independent samples t-tests (p<0.05).

3. Results

3.1. Identification of differentially expressed
genes and their associated biological terms

MNo gene's expression level was related to PTSD status at
a Bonferroni-corrected level of significance, which is not
surprising given the relatively small sample size and large
number of transcripts tested. We did, however, identify 64
prabes dysregulated with a nominally significant p<0.01
in Marines diagnosed with PTSD (Table 2). Thirty-three of
these 64 probes were down-regulated, whereas 31 were
up-regulated. Log2 fold-change (FC) of these probes in even-
tual PTSD cases ranged from 2.00-fold down-regulation to
1.66-fold up-regulation. Among the 64 probes, 59 were rec-
ognized pathway participants within the DAVID database;
however, no significantly enriched annotations were iden-
tified. Exploratory pathway analysis of the differentially
expressed genes in Table 2 using the Reactome database also
revealed no significant enrichments. When examining gene-
expression levels significantly correlated with summed DRRI
score, no correlation p-values survived genome-wide correc-
tion among comparison subjects. Among PTSD cases, 13,336
correlation p-values survived an FDR correction threshold of
5%. The probesets featured in the 200 most significant corre-
lations were submitted to DAVID for annotation enrichment
analysis. The following terms were significantly enriched,
with corresponding Bonferroni-corrected p-values: regula-
tion of actin cytoskeleton (5 of 8 probesets down-regulated
in PTSD, p=0.03), nucleotide-binding (17 of 30 probesets
down-regulated, p=0.04), host-virus interaction (6 of 10
probesets down-regulated, p=0.07), and long-term depres-
sion (4 of 5 up-regulated in PTSD, p=0.08).

3.2. Discovery and replication of a gene-based
diagnostic predictor

To construct a gene-based classifier and assess its gen-
eralizability, we first derived a list of potential classifier
transcripts as those probes with a difference in expres-
sion between PTSD case and comparisan subjects attaining
p<0,01 in a training subsample of 20 cases and 20 com-
parison subjects while controlling for the same factors and
covariates as in analysis 1. This analysis and filtering left
66 probes (Table 3) that were then used to build and opti-
mize SVM classifiers. The optimal SVM (identified through
two-level nested 10-fold cross-validation with shrinking
centroids, cost=401, tolerance=0.001, kernel =radial basis
function, and gamma=0.001) comprised just 2 of the 66
starting probes (Table 3, probes in bold font) and attained

78% accuracy in classifying those individuals with PTSD in
the training sample. We then tested the identical 2-gene
SVM (with the same parameters, but with no shrinkage or
cross-validation) in the remaining test subset (5 cases and 5
comparison subjects), where it yielded 80% accuracy. Among
cases, four of five were correctly classified, while four
of five comparison subjects were also classified correctly.
These values correspond to a sensitivity, specificity, posi-
tive predictive value and negative predictive value in the
test sample of 80%, 80%, 80%, and 80%, respectively. Expres-
sion levels for GSTM1 and GS5TMZ are shown for PTSD cases
and comparison subjects in Fig. 1. QRTPCR analysis demon-
strated that GSTMZ expression was reduced among PTSD
cases, but results were less consistent for GSTM1 (Table 4).

3.3. Identification of differentially expressed
exons and their associated biological terms

The interaction of diagnosis and exonlD identified puta-
tive isoform-expression differences (p < 0.0005) in 63 genes,
11 of which attained Bonferroni-corrected significance
(Table 5). An example of between-group differences in
exon expression for one of these eleven genes (DYNCTLIT)
is illustrated in Fig. 2, where the PTSD cases have sig-
nificantly lower levels of expression of a single probe
corresponding to the fifth exon; this region corresponds
to a retained intron, which could account for this pat-
tern of expression difference. The list of 63 genes was
analyzed by the DAVID algorithm and Reactome database
(Table 6), DAVID analysis revealed five significantly enriched
annotations (armadillo-like helical domain, macromolecule
catabolic process, acetylation, modification-dependent
protein catabolic process, modification-dependent macra-
molecule catabolic process). Analysis using the Reactome
database revealed a single enriched pathway (class 1 MHC
mediated antigen processing and presentation).

3.4, Discovery and replication of an exon-based
diagnostic predictor

To construct an exon-based classifier and assess its gen-
eralizability we first identified potentially differentially
spliced exons within our training subsample of 20 cases and
20 comparison subjects based on the diagnosis-x-exonlD
interaction term, using a nominal threshold of p<0.00005,
while controlling for the same factors and covariates as
in the analyses above. For genes displaying more than
one dysregulated probe between diagnostic groups, we
selected the prabe with the most significant between-group
difference in expression level based on the p-values from
planned comparisons. This analysis and filtering yielded 56
exons with expression differences between PTSD cases and
comparison subjects (Table 7) that were then used to build
and optimize SVM classifiers. The optimal SVM (identified
through two-level nested ten-fold cross-validation with
shrinking centroids, cost=401, tolerance=0.001, ker-
nel =radial basis function, and gamma=0.001) comprised
20 of the 56 starting probes (Table 7, probes in bold font)
and attained 100% accuracy in classifying those individuals
in the training sample with PTSD. We then tested the iden-
tical 20-exon SYM (with the same parameters, but with no
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Table 7 (Continued)

Transcript Gene Symbol  Gene Product Interactionp Exon ID Fold-change F p

Cluster D7

8051882 DENND2D DENN 3.4E - 06 7918493  2.07 5.7 2.3E-02

8156321 SYK Spleen tyrosine kinase 2.0E-06 8156330  1.93 13.3 B.7E-04

8083523 GMPS Guanine monphosphate 8.9E - 06 8083535  1.83 5.9 2.1E-02
synthetase

8134122 AKAPY A kinase (PRKA) anchor protein 7.8E-07 8134144 1.81 8.3 6.9E—03
(yotiao) 9

8160213 TRIP12 Thyroid hormone receptor 1.2E—-06 8059619 1.79 6.5 1.6E—02
interactor 12

8059596 EIF4G2 Eukaryotic translation initiation 7.3E-07 7946612 1.76 5.9 2.1E-02
factor 4 gamma, 2

8130151 APC2 Adenomatosis polyposis coli 2 3.6E—-05 8024308 1.75 7.0 1.2E-02

8130151 RAET1E Retinoic acid early transcript 1E 3.7E—05 8130160 1.74 8.1 7.4E—03

BO76077 CAPRINZ Caprin family member 2 6.6E—06 7962123  1.69 6.4 1.6E—02

8103951 NUPE8 Nucleoporin 88 kDa 4.9E-05 8011838  1.68 5.6 2.3E—-02

8078569 MPHOSPHS M-phase phosphoprotein 8 1.9e—05 7967895 1.63 18.3 1.5E—04

8052443 FAM175B Family with sequence similarity 2.7E—-05 7931218 1.61 6.8 1.3E-02
175, member B

8097148 KIAAT109 KIAA1109 1.7E—-05 8097151  1.59 VeV 9.1E-03

8169541 DOCK11 Dedicator of cytokinesis 11 1.4E—-05 8169559  1.41 5ig 2.5E-02

8022767 SMAP2 Small ArfGAP2 3.0E-05 7900432  -1.12 6.1 1.9E-02

8179298 DDX17 DEAD (Asp-Glu-Ala-Asp) box 1.1E—06 8076093  —1.12 56  2.4E-02
polypeptide 17

8067563 MOM2 Mdm2 p53 binding protein 6.3E—-07 7957003 - 1.16 5.5 2.5E-02
homolog (mouse)

8096938 SMG1 SMG1 homolog, 2.7E—-08 7999869  —1.20 141 6.6E—04
phosphatidylinositol
3-kinase-related Kinase (C.
elegans)

8043251 GSTM5 Glutathione S-transferase mu 5 4.2E—-05 7903782  —1.57 18,5 1.4E-04

8078569 GOLGA4 Golgin A4 5.0E— 06 8078597 —1.62 5.2 2.9E- 02

8142307 LRPPRC Leucine-rich PPR-motif 5.6E—07 8051896  —1.77 10.4 2.8E-03
containing

8179298 CSNK2B Casein kinase 2, beta 2.3E-05 8179308 -1.83 7.8 8.4E-03
polypeptide

8024306 GSTM1 Glutathione S-transferase mu 1 4.5E - 09 7903772 -2.52 21.4 5.3E-05

" Rows are sorted by decreasing fold-change in eventual PTSD cases relative to non-PTSD comparison subjects,
# Exons of Transcript Cluster [Ds in bold comprised the optimal 20-probe SVM classifier of eventual PTSD status identified by training

and testing in independent samples.

other treatments on post-deployment gene-expression pro-
files. Five of the 25 PTSD subjects reported using at least
one psychiatric medication at the time blood samples were
obtained, while none of the comparison subjects reported
psychiatric medication use. It is plausible that between-
group differences in medication use could account for some
of the gene-expression differences observed between these
groups. In order to account for this possibility, we performed
a separate ANCOVA caomparing non-medicated PTSD sub-
jects (n=20) and comparison subjects (n=25). The removal
of medicated subjects from the PTSD group produced only
minor changes in ANCOVA fold-change values for the genes
of interest; the average difference in fold-change value
was <2%. Previous genome-wide expression studies have
addressed this issue by using samples from PTSD subjects
who were not currently medicated (Zieker et al., 2007;
Yehuda et al., 2009; Neylan et al., 2011). Other studies

have not explicitly address medication status (Mehta et al.,
2011; Sesman et al., 2005). However, if the ultimate goal is
to develop gene-expression-based diagnostic classifiers that
are robust to real-world variability, then the inclusion of
medicated subjects may be valuable. Future studies should
attempt to account for medication status and statistically
control for its effect on gene-expression in order to identify
genes that are specific to PTSD pathophysiology.

Because of our relatively small sample size and the
severe corrections for multiple-testing required when exam-
ining the entire transcriptome, we did not detect individual
gene-expression differences in PTSD cases that surpassed
stringent criteria for declaring statistical significance. As
such, the focus of our efforts and interpretations has been
on groups of genes, either in regard to their biological anno-
tations or their collective ability to identify PTSD cases.
Mevertheless, one gene identified here as dysregulated has
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been identified previously in studies seeking to identify
blood-based diagnostic biomarkers for PTSD. Prior to rigor-
ous correction for multiple observations, Neylan et al, (2011)
reported up-regulation of GSTM1 in PTSD cases, whereas
we observed down-regulation of G5TM1 in PTSD cases. It
is plausible that differences in subject characteristics or
study design could account for the discrepant findings.
Neylan et al. (2011) found increased GSTM1 expression in
PTSD subjects compared to a non-trauma exposed control
group. Perhaps these discrepant findings could make sense
in the context of a model where increased GSTM1 expression
reflects an adaptive response to traumatic stress and the
attenuation of this response disposes some trauma-exposed
individuals to developing PTSD., These studies also differed
with respect to the time-span between disease onset and
blood sample collection. Remarkably, GSTM1 and GSTMZ
were identified as the lone predictors within a diagnostic
classifier that achieved 80% accuracy in the test subset, and
the down-regulation of GSTM2 was confirmed by QRTPCR.
In previous work, we observed down-regulation of GSTM1
among these same subjects in samples taken prior to their
deployment and the development of clinically significant
PTSD symptoms; GSTM1 expression levels were also part
of a pre-deployment predictor of subsequent PTSD diag-
nosis (Glatt et al., 2013). Members of this enzyme class
function in the detoxification of electrophilic compounds
— including carcinogens, therapeutic drugs, environmental
toxins and products of oxidative stress — by canjugation with
glutathione. Down-regulation of genes whase proteins are
responsible for the metabolism of reactive oxygen species
(ROS) was also observed in lifetime PTSD cases with cur-
rent symptoms (Zieker et al., 2007). The apparent link
between ROS metabolism and PTSD may make more sense in
light of previous in vitro studies demonstrating redox reg-
ulation of intracellular GR signaling. Specifically, reduced
expression of antioxidant protein or direct administration
of ROS negatively modulated GR signaling and resulted in
reduced expression of glucocorticoid-induced genes; this
effect could be rescued by the administration of antiox-
idant compounds (Makino et al., 1296, Okamoto et al.,
1999). It is also interesting to note that other groups have
found associations between G5TM1 polymorphisms and other
brain disorders, including schizophrenia (Gravina et al.,
2011; Rodriguez-Santiago et al., 2010), bipolar disorder
(Mohammadynejad et al., 2011), and alcohol withdrawal
symptoms (Okubo et al., 2003).

Despite our relatively small sample size and the addi-
tional levels of correction for multiple-testing required for
exon analyses, a number of differentially expressed exons
surpassed stringent criteria for declaring statistical signif-
icance. Additionally, the exon-based predictive classifier
appeared to perform better than the gene-based predictive
classifier. Taken together, these data support our previous
findings (Glatt et al., 2013), suggesting that exon expression
(indexing the activity of individual splice variants) may
be more reliable and biologically informative than the
expression of full-length "'genes’” or aggregated transcript
clusters. Yet, we could not successfully recapitulate these
array-derived results by QRTPCR, so further validation
attempts must be made. Two of the dysregulated exons we
identified by array analysis are components of genes DDX17
and FAM175B, which have been identified as differentially

expressed in previous PTSD biomarker studies. Yehuda et al.
(2009) observed up-regulation of DDX17 among PTSD cases.
Sarapas et al. (2011) observed down-regulation of FAM1758
among current PTSD cases, but not lifetime PTSD cases or
trauma-exposed comparison subjects. It is also curious to
note that the list of alternatively spliced transcripts was
enriched for acetylation-dependent protein catabolism and
acetylation-regulated proteins more generally. Emerging
evidence indicates that the acetylation of amino acids
within non-histone proteins plays a role in regulation of cell
metabolism (Choudhary et al., 2009; Yang and Seto, 2008).
If the differentially expressed exons in PTSD are found to
contain acetylation-dependent regulatory domains, then
it is plausible that the PTSD proteome may be abnormally
(hypo- or hyper-) responsive to acetylation.

It isinteresting to compare the results of the present pilat
study with our own previous work examining pre-deployment
gene-expression profiles associated with subsequent devel-
opment of PTSD after return from deployment (Glatt et al.,
2013), as many of the same subjects (24 of 25 cases, 23
of 25 comparison) were featured in both studies. A num-
ber of whole-gene transcripts appeared dysregulated both
prior to deployment (in those who would later develop
PTSD) and after deployment (in current PTSD cases). AIM2
and EPSTI1 were up-regulated in both analyses (i.e., at
both pre- and post-deployment), while RPL10A and GSTM1
were down-regulated in both analyses; these may reflect
stable markers for PTSD vulnerability. Alternatively, they
could have been dysregulated at pre-deployment assess-
ment because pathophysiogical changes had already begun
among these subjects, many of whom had previously been
deployed to war zones (or because of other unmeasured fac-
tars, such as early adversity). LRTMZ, on the other hand,
was down-regulated in pre-deployment samples, but up-
regulated in post-deployment samples; this may reflect
a maladaptive change or a compensatory yet ultimately
ineffective change. Additionally, one putatively alterna-
tively spliced transcript was identified in both pre- and
post-deployment analyses. For MGAM, a similar pattern of
dysregulated exon expression was observed in both analy-
ses, with PTSD cases showing increased expression of several
probes and the largest expression difference observed in a
probe (8136700) spanning the 23rd and 24th exons. This may
also reflect a stable marker for PTSD vulnerability.

The present pilot study broadens the search for diag-
nostic biomarkers for PTSD beyond that of previous work.
Several studies have compared genome-wide transcriptional
profiles between PTSD cases and controls, but to our knowl-
edge, very few transcripts have been identified as dysregu-
lated across studies using independent samples. Two studies
with overlapping sample pools reported reduced expression
of FKBP5 among current PTSD cases (Sarapas et al., 2011;
Yehuda et al,, 2009). A third study by Mehta et al. (2011)
reported that the interaction of PTSD status and FKBP5 geno-
type (rs9296158) was associated with dysregulation of FKBPS
expression. Pre-deployment expression levels of FKBP5 were
also shown to independently predict post-deployment PTSD
symptoms (van Zuiden et al., 2012a). In the present microar-
ray study, diagnostic status was not associated with differ-
ences in FKBP5 expression, suggesting a need ta further
consider heterogeneity in PTSD etiology. As discussed above,
GSTM1 was originally identified as up-regulated among PTSD
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system-level context to identify groups of genes within a network
whose expressions are highly correlated (ie. co-expression
modules)."” In doing so, WGCNA provides a powerful unsuper-
vised approach to tackle the molecular complexity that occurs in
neurodevelopmental and psychophysiological  disorders,'*'
although has never before been applied to PTSD.

We applied WGCNA to RNA-Seq and microarray peripheral
blood leukocyte (PBL) gene expression taken from two indepen-
dent groups of U.S. Marines, both pre- and post-deployment to
conflict zones. The primary goal of this analysis was to best
characterise the prognostic and diagnostic molecular signatures
defining both 'PTSD risk’ and 'PTSD’ states, while demonstrating
the robustness and reproducibility of WGCNA findings across
datasets. Instead of identifying differentially expressed genes on a
gene-by-gene basis, we constructed unsupervised gene co-
expression networks from a combination of case and control data
and identified gene co-expression modules within these networks.
Modules were first assessed for containing differentially expressed
genes, tested for their association with PTSD, and finally subjected
to functional enrichment analysis. In this manner, we then
assessed whether the PTSD-associated modules were detected
in our second non-overlapping dataset of U.S. Marines to deman-
strate a significant and consistent association of our findings. We
conclude that prospectively profiling the transcriptome of US.
Marines pre- and post-deployment to conflict zones, using a co-
expression analysis approach is a promising strategy for identify-
ing and studying the functions of causal and consequential
molecular factors in PTSD development, with particular value in
reproducing results across independent datasets of U.5. Marines,

SUBJECTS AND METHODS

Sample collection and datasets

All subjects were male and participants in either the Marine Resilience Study
{MRS) or the Marine Resiliency Study Il (MRS I}, prospective studies of waell-
characterized U.S. Marines scheduled for combat deployment to Iraq or
Afghanistan, with longitudinal follow-up to track the effect of combat stress.

Dataset 1—Whole blood was obtained from 124 MRS Il US. Marine
participants who served a seven month deployment. Blood was drawn 1-
month prior to deployment and again at 3-months post-deployment for
each participant. Each blood sample (10 ml) was collected into an EDTA-
coated collection tube, RNA was isolated from peripheral blood leukocytes
using LeukolLOCK Total RNA isolation and sequenced using the lllumina Hi-
Seq 2000,

Dataset 2—For validation, data were compared to an independently
generated gene expression data-set from a separate, non-overlapping,
group of 50 MRS US. Marine participants (Glatt et al. 2013, previously
published pre-deployment data'’). Blood samples were treated In an
identical fashion as described above, however final RNA was hybridized 1o
the Affymetrix Hu-Gene 1.0 5T Array,

PTSD diagnosis

At the time of each blood draw, PTSD symptoms were assessed using a
structured dlagnostic Interview, the Clinician Administered PTSD Scale
(CAPS) 2+ Using the criteria from the Diagnostic and Statistical Manual of
Mental Disorders, fourth edition (2000).”* diagnosis for partial or full PTSD
was defined as a threat to life, injury, or physical integrity (Criterion A1) and
the presence of at least one re-experiencing symptom and either three
avoidance symptoms or two hyperarousal symptoms, or two avoidance
symptoms plus two hyperarousal symptom.”**’ Symptoms must have
occurred at least once within the past month (frequency = 1) and caused a
moderate amount of distress (intensity = 2),

Subject selection

A subset of MRS Il study participants were pre-selected for RNA-Seq
analysis. First, at pre-deployment, all panticipants had to be symptom free,
with no PTSD diagnosis and a CAPS <25. Second, at post-deployment,
participants wha fulfilled criteria for partial or full PTSD diagnosis were
designated the PTSD group. Third, participants with post-deployment
CAPS < 25 that matched the post-deployment PTSD group on variables of
combat exposure, age and ethnicity were designated the ‘control’ group.
Under these criteria, all paired subjects were stratified into two groups
based upon CAPS scores at 3-months post-deployment (Table 1,
Supplementary Table 1), If a U.S. Marine participant developed PTSD
following trauma-exposure at 3-months post-deployment, their pre-
deployment sample would be included in the ‘PTSD-risk’ group. Likewise,

Table 1. Recorded clinical parameters from LS. Marines assessed at pre- and post-deployment for Dataset 1
Time point Pre-Deployment Post-Deployment
PTSD Cases (N=47) Controls (N =47) P-value PTSD Cases (N=47) Controls (N=47) P-value
Age 2215+253 22424392 0.682 23.14+2.52 23424392 0.685
Alcohol 2.08+1.55 1.62+1.33 0124 1.79+1.32 1.54+1.11 0318
Tobacco 1.75+ 1.62 0.97 +1.51 0.02 1.69 + 1.69 1.02+1.47 0.042
WC adj. 1.654+0.13 1.72+0.13 0015 1.68+0.14 1.75+0.12 0.012
PCL 21.29+472 18.33+2.27 0.0001 4238+11.09 2094 +3.87 5.37E-22
CAPS total 11.39+7.23 6.75+6.90 0.002 53.17+15.08 10.04+7.26 5.99E-32
CAPSBs 1.00+1.91 0.54 +1.92 0.245 149+7.25 1.54+237 6.29E-21
CAPSCAs 0.54+1.11 0.1040.51 0015 5314457 0.85+ 2,08 1.8BE-08
CAPSCN1s 110223 0.97 +2.88 0813 9.17+5.32 1.19+2.87 1.21E-14
CAPSDs B39+ 566 458 +4.98 0.001 226+6.7 6424479 5.97E-24
CAPSCs 200+273 1.62 +3.66 0.571 1567 +7.23 2.08+3.66 7.15E-20
Prior Deployment 19 16 0.6699 - - —
TBI - — — 30 21 0.097
CES PBE mean - - — 0.63+025 0.53+0.12 0.02
Caucasian 26 26 1 - - -
African American 4 4 1 - - —
Native American Mexican 13 15 0.822 - — R
Asian & Other 5 3 0.714 — — —
Abbreviations: Alcohal, alechal consumption; CAPS total, CAPS total score; CAPSBs, re-experiencing subscale; CAPSCAs, symptoms of avoidance;
CAPSCN1s, symptoms of numbing; CAPSCs, subtotal C subscale; CAPSDs, hyper-arousal subscale; CES, combat exposure scale; PBE, post hattle experience;
PCL, PTSD symptom check list; TBI, traumatic brain injury; Tobacco, tobacco use; WC adj., waist circumference was adjusted for height; -, not applicable.
Significance was assessed with a Students two-tailed I test for continuous variables and fishers exact test of proportions for binary variables,
(Average + standard deviation).
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if @ subject avoided PTSD symptoms at 3 months post-deployment their
sample at pre-deployment was included in the ‘control’ group.

Data pre-processing

All data were pre-processed by normalization, filtering genes with low
expression values, and removing any outliers which may bias down-stream
analysis. Final subject numbers resulted in 94-paired subjects (47 paired
cases and 47 paired controls) in Dataset | and 48 paired subjects (24 paired
cases and 24 paired controls) in Dataset 2. To compare findings from RNA-
Seq data in Dataset 7 to microarray data in Dataset 2, genes found only on
both platforms (N=10184) passed into our subsequent analysis (see
Supplementary File for more detailed information).

Differential gene expression analyses

Differentially expressed genes were assessed using the moderated r-test in
edgeR™ and LIMMA™ packages for RNA-Seq and microarray data,
respectively, and unless otherwise specified, the significance threshold
was a nominal P-value < 0.05. A nominally significant P-value was used to
yield a reasonable number of genes to include within network analyses.
Differential expression analyses were performed on 10 184 genes between
pre-deployment PTSD case and control groups, and again between post-
deployment PTSD case and control groups (see Supplementary File for
more detalled information).

Gene network construction and module detection

Signed co-expression networks were built using weighted gene co-
expression network analysis (WGCNA)'? in R. A total of 10 184 genes were
used to construct each network. To construct the networks, the absolute
values of Pearson correlation coefficients were calculated for all possible
gene pairs and resulting values were transformed so that the final matrix
followed an approximate scale-free topology (see Supplementary File for
detailed information). The WGCNA dynamic tree-cut algorithm was used to
detect network modules. In order to determine which modules, and
corresponding processes were most associated o PTSD related states, we
ran singular value decomposition on each module's expression matrix and
used the resulling module eigengene (ME), which is equivalent to the first
principal companent,'? to represent the overall expression profiles for each
module. For each gene in a module, module membership (kME) was
defined as the correlation between gene expression values and ME expres-
sion. Genes with high kME inside co-expression modules are labeled as hub
genes.'? GS was calculated as the -logg of the P-value generated for each
gene within a particular module using a moderated ¢ test and is a measure
of the strength of differential gene expression between PTSD cases and
controls. MS was calculated as the average GS within each module (see
Supplementary File for more information).

Statistical analyses

All gene-set overlap analyses were performed by assessing the cumulative
hypergeometric probability using the phyper function in R.

Enrichment analyses

Module enrichment was assessed three ways. First, general module
enrichment categories were obtained using gene ontology biological pro-
cesses from the DAVID database®® (httpy//david.abce.nciferf.gov/). Second,
specific module enrichment categories were obtained using the WGCNA
function userlistEnrichment™ using modules as input-lists and curated
Reactome NCB| Biosystems pathways and terms® as user-defined lists.
Finally, we downloaded the highly expressed, cell Sfeciﬁc (HECS) gene
expression database compiled by Shoemaker et al* to assess cell-type
specific enrichment results, here cell-type marker lists were used as a user-
defined lists. All module genes were used for enrichment analyses using a
FOR corrected P-value < 0.05 as significant.

Data availability
RNA-Seq and microarray gene expression data are freely available at
the Gene Expression Omnibus under the SuperSeries accession
number GSE64814 (http//www.ncbinlm.nih.gov/geo/query/acc.cgitacc=
GSEG4814).

Full Methods and any associated
Supplementary Methods.

references are available in
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RESULTS

We analyzed two different gene expression datasets generated
from RNA-Seq (Dataset 1, Table 1) and microarray (Dataset 2,
Supplementary Table 1) using peripheral blood leukocyte (PBL)
samples taken from U.S. Marines pre- and post-deployment,
Following a set of differential gene expression analyses (Supple-
mentary Figure 1), we aimed to characterise the prognostic and
diagnostic molecular signatures of PTSD by studying transcrip-
tional differences at the systems-level at pre-deployment and
post-deployment separately. Initially, WGCNA was used in Dataset
1 to assess module preservation between PTSD cases (N=47) and
controls (N=47) for the pre- and then the post-deployment time
point (see Supplementary File for complete description). This
analysis identifies large differences in gene co-regulatory patterns,
as being disrupted or created in PTSD cases relative to controls, or
vis-versa. However, we observed strong preservation statistics
between the two groups indicating similar fundamental gene co-
regulation within PTSD cases and controls, suggesting that major
changes in the underlying gene-gene connectivity are not a basis
for the pathology of this disorder (Supplementary Table 2). As a
result we used the higher confidence and completeness of a
combined network of case and control data.

Differential module expression post-deployment in Dataset 1

We constructed a gene co-expression network from a combina-
tion of PTSD cases (N=47) and controls (N=47) post-deployment
using RNA-Seq expression data from Dataset 1 (Figure 1). This
analysis identified nine modules (fully characterised in Supple-
mentary Table 3) that were first examined for enrichment of
differentially expressed genes. Two modules (M1A and M1B) were
enriched for genes identified as differentially expressed between
PTSD cases and controls, reflected by an elevated module
significance (MS) value (Figure 2a). To determine if the overall
expression of modules M1A and M1B were significantly associated
with PTSD group status, we calculated differences in module
expression using module eigengene (ME) values (See Materials and
Methods for complete description of ME). Consistent with results
using M5, expression of module M1B was significantly higher in
the PTSD resilient control group (P=0004 and Figure 2b)
suggesting a positive correlation to PTSD resiliency, meanwhile
expression of madule M1A was significantly higher in the PTSD
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Figure 1. Hierarchical cluster tree and post-deployment module
structure in Dataset 1. Hierarchical cluster tree (dendrogram) of the
combine post-deployment network of PTSD cases (N=47) and
controls (N=47) comprising 10 184 genes. Each line represents a
gene (leaf) and each low-hanging cluster represents a group of co-
expressed genes with similar network conpections (branch) on the
tree. The first band underneath the tree indicates the nine detected,
and subsequently analyzed, network modules. Genes shaded in grey
were not assigned to a particular module and represent background
noise, For a comprehensive functional annotation of each module
and calculation of all significant module-trait relationships see
Supplementary Table 3.
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Figure 2. Module significance (MS) and module eigengene (ME) expression boxplots. MS was measured across all pre- and post-deployment
modules in Dataset 1. WGCNA detected ten modules post-deployment from a combination of PTSD cases and control (a) and twenty-two
modules at pre-deployment from a combination of PTSD risk cases and controls (c). The y-axis indicates MS by calculating the average -log
P-values, generated by a moderated [ test, for each gene within a particular module, when assessing differential expression between PTSD
cases and controls. Here, a kruskal-wallis P-value was used only for descriptive purposes and not inferential. Modules denoted with an asterisk
{*) have ME values significantly correlated 1o conditional states (i.e. PTSD cases or controls). Representative modules with high MS at post-
deployment and pre-deployment were investigated for module expression differences. Differencas in ME expression were measured using a
two-tailed student’s f test on and a P-value < 0.05 is considered significant. Boxplots are displayed for each main group. Significant differences

in ME expression were observed in post-deployment modules M1B and M1A (b) and in pre-deployment module M2A (d).

group (P=0.02, Figure 2b). Subsequently, ME values for each
module were correlated to all clinical parameters, found in Table 1,
to determine module-trait relationships. The ME for module M1B
was significantly correlated to post-deployment PTSD resilient
controls (r=0.29, P=0.005), negatively correlated to post-deploy-
ment CAPs and PCL (CAPs, r =—0.27, P =0.009; PCL r=-0.28,
P=0.007) and negatively correlated other measures of CAPS
(Supplementary Table 3) but not correlated to any other measured
clinical variable, suggesting that differential gene expression in
M1B was not confounded by recorded measurements such as
body-mass-index, smoking, or alcohol consumption. Genes in M1B
were expressed to a greater extent in PTSD resilient controls
(Figure 2b) while enrichment analysis revealed a significant asso-
ciation with hemostasis, platelet activation and wound healing
{(Figure 3a). Further, enrichment for cell-type specificity revealed
on over-representation of erythroid expression markers (blood
platelets). Hub genes are those most strongly correlated to the ME
value for a particular module and represent possible disease asso-
ciated markers,'? in this case putative PTSD-resiliency markers. The
top § hub genes in M1B (C6orf25, CTDSPL, ITGB3, PRKARZB and
TUBBT) were are all associated with hemostasis and in particular,
with platelet regulation and function®* (Figure 3b).
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The ME for module M1A was significantly correlated to PTSD
cases (r=0.23, P=0.03), post-deployment CAPs criteria of avoid-
ance (CAPSCA, r=032, P=0.002) and post-deployment CAPs
criteria of re-experiencing (CAPSBs, r=0.2, P= 0.05) but to no other
variables (Supplementary Table 3), Genes in M1A were over-
expressed in PTSD cases (Figure 2b) while enrichment analysis
revealed a significant association with immune response as exem-
plified by innate responses mediated by interferon (IFN) signalling
(Figure 3c), as well as with monocyte specific markers. The top 5
hub genes in M1A included IFI35, IFIH1, PARPI14, RSAD2 and
UBE2L6; all well described interferon stimulated genes™® and here
considered putative PTSD-associated markers (Figure 3d).

Differential module expression pre-deployment in Dataset 1

It is unclear whether the modules identified post-deployment are
causal of PTSD development or are simply a consequence of the
disorder. To determine if any post-deployment modules could be
re-identified and thus associated as causal modules, we con-
structed a gene co-expression network combining RNA-Seq gene
expression data from PTSD-risk cases (N =47) and controls (N=47)
pre-deployment in Dataset 1. Twenty-two pre-deployment

@ 2015 Macmillan Publishers Limited
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to abnormal threat processing and anxious arousal symp-
toms. This study lays the foundation for a mechanism-based
pharmacotherapy approach by Jetly et al. This group con-
ducted a small randomized clinical trial (RCT) with a double
placebo controlled cross-over design in a Canadian military
personal suffering from PTSD. In a brief report they demon-
strated good efficacy for Nabilone, specifically for trauma
related nightmares, thus adding support for the potential
use of synthetic cannabinoids.

As the last paper in this special section, Yehuda et al.
employed the model of exposure based 'golden hour’
opportunities (Vermetten et al., 2014b) by augmenting psy-
chological treatment with medication in veterans with PTSD.
They performed a highly important pilot study investigating
the potential therapeutic benefit of hydrocortisone augmen-
tation of prolonged expasure therapy for combat veterans
with PTSD. Hydrocortisone augmentation was associated
with greater reduction in total PTSD symptoms compared
to placebo. Moreover, the biological data demonstrated an
impressive correlation between glucocorticoid sensitivity
and CAPS total score in hydrocortisone recipients. Their
finding of a significant baseline difference in glucocorticoid
sensitivity between responders and non-responders is also
very relevant for future investigations into the fundamental
neurabiological mechanisms underlying the pathophysiology
of PTSD.

3. Promises

As the papers illustrate there has been an enormous effort
to capture risk and resilience factors, as well as to iden-
tify biomarkers of expressed illness. Various Departments
of Defense (DOD) around the world have, and continue to
invest significant resources to augment force protection
and security by seeking methods to optimize prevention
and treatment strategies for behavioral and mental health
problems. We are grateful for the military leadership in
their foresight and support of this research that enables
a wide range of researchers across the globe to collabo-
rate and to move the field forward. Given the similarities
in deployment-related mental health support across nations
(Vermetten et al., 2014a), collaborative efforts can be
entertained that can enable both replication as well as vali-
dation of biomarker findings. We are grateful for so much
support in organizing this satellite, dissemination of this
research and promoting that these efforts are sustained.
Lastly, a special thanks to all the reviewers for this spe-
cial section. We are advancing rapidly, but these efforts will
need to be sustained over the next decades as we consoli-
date knowledge in the field.
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have been examined using the biologically driven candidate-
gene methodology. So far, the findings from the different
studies have not consistently implicated a primary set of
PTSD risk loci. Numerous factors may contribute to this,
including one or more of them being false positives,
heterogeneity across samples, and a statistical artifact of the
‘winner’s curse’ which implies that effect size estimates will
be inflated for moderately powered studies (Xiao and
Boehnke, 2009). It is important to note that samples sizes
under 5000 or even 10000 are now considered to be
relatively ‘small’ by modern GWAS standards (Sullivan et al,
2012). Convincing demonstrations of association now come
from GWAS of tens or even hundreds of thousands of
individuals (Lango Allen et al, 2010).
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THE PGC AND PROGRESS IN PSYCHIATRIC GENETICS

Although the results of the PTSD GWAS published to date
may prove useful, experience from GWAS of other
psychiatric disorders has made it clear that large-scale
collaborations are necessary to yield consistenlly replicable
findings. The Psychiatric Genomic Consortium (PGC) was
organized in 2007 as an outgrowth of the Genetic Associa-
tion Information Network—a joint public-private funded
venture to study attention deficit/hyperactivity disorder
(ADHD), diabetic nephropathy, major depressive disorder,
psoriasis, schizophrenia, and bipolar disorder (Gain
Collaborative Research Group et al, 2007). The PGC had as
its goal to conduct GWAS studies of ADHD, bipolar
disorder, major depressive disorder, and schizophrenia,
and later autism spectrum disorder (Psychiatric GWAS
Consortium Coordinating Committee et al, 2009; The
Psychiatric GWAS Consortium Steering Committee, 2009).
The PGC was designed to bring together psychiatric
GWAS from around the world to enable adequately powered
analyses. By centralizing analyses under a consortium
umbrella, the PGC has overcome the substantial challenges
of harmonizing quality control procedures, analytic methods,
and phenotype definitions to enable GWAS meta- and mega-
analyses (Sullivan, 2010). By adequately powering analyses,
and standing by strict definitions of significance f{rom
the outset, the PGC has encouraged the production of
high-quality replicable genetic associations.

The PGC has become the largest collaborative effort in the
history of psychiatry and, as of this writing, comprises more
than 500 scientists from more than 100 countries. More than
172 000 subjects have been included, and genotyping of an
additional 90000 is currently underway. PGC efforts have
established that sufficiently powered GWAS is a viable
strategy for identifying neuropsychiatric disorder susceptibil-
ity loci for bipolar disorder (Psychiatric GWAS Consortium
Bipolar Disorder Working Group, 2011) and schizophrenia
(Ripke et al, 2011). The PGC has enabled discovery of a large
number of reliably associated genetic loci, 108 for schizo-
phrenia alone at last count (Schizophrenia Working Group of
the Psychiatric Genomics Consortium, 2014). The PGC
analyses have also given us an insight into the genetic
architecture of psychiatric disorders (Collins and Sullivan,
2013). In particular, these analyses have demonstrated that
psychiatric disorders are polygenic (having hundreds or even
thousands of risk loci) and that common variation accounts
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for a substantial component of the underlying genetic
architecture. Their results have indicated that GWAS-
significant loci represent the tip of the iceberg in terms of
the proportion of variance explained by inherited genetic

Table 2 Summary of Participating PGC-FTSD Groups

variation, and the remaining variation is likely to represent a
mix of rare and common genetic effects. For example, in
schizophrenia, the proportion of variation explained by the
108 genome-wide significant loci was 3.4% (Schizophrenia

Principal investigator Sample name Cases Conrols Total Aricestry llurning platform
Previously genotyped samples
Ressler, Kerry Grady trauma project 1503 3249 4752  AA—Mixed 1M Omni-Quad
Aiello, Allison Detroit Neighborhood Health Study 192 &20 812 AA OmniExpress
Gelemter, joel Genetics of substance dependence 818 4633 5451 60% EA OmniCQuad
Mievergelt, C Manne Reslience Study 538 3477 4015 EA 60% OmniExpresExome
Bierut, Laura Family Study of Cocaine Dependent 471 3568 4039 Mixed | M Beadchip
Miller; Mark Boston-VA 600 500 1100 Mixed Ormni 2.5M
Sten, Murray Army STARRS 4500 15500 20000 Mixed OmniExpressExomeC
Becxharn, Jean MIRECC | 156 1156 2312 Mixed 650/ | M-DuofOmni2 5
Ressler, Keny Grady trauma project 497 1751 2248 AA—Mixed IM Omni-Quad
Stein, Murray VA Cooperative Study 1000¢ 10000 20000 Mixed OmniExpressExomeC
Delsi, Lynn UCSD VA, 1000 1000 2000 Mixed
Smith. Nicholas VET Study 192 377 869  Mixed
Hollegaard, Mads Danish Blood Spot Cohort 500 2500 3000 EA
Subtotal 22267 48331 70650
Samples with Junded genotyping
Koenen, Karestan Nurses Heaith Study |l 680 700 1380 EA PsychChip
Liberzon, lsrael Ohio national Guard Study 170 200 370 EA PsychChip
Lyons, Michael Vietnam Era Twin Registry 350 350 700 EA PsychChips
Ressler, Kerry / Dan Stein Guilian South African Cohart 200 400 600 5 Alncan PsychChip
Vermetten, Enc Military Research (PRISMO) 35 965 1000 EA PeychChip
Bryant, Richard Australian Injury Vulnerability Study 205 796 1001 EA PyschChigs
Ressler, Keny Predictive Biomarkers Project 00 400 600 BO% AA PsychChip
Subtotal 1840 3811 5651
Addinonal sumphes identified for fulure penotyping once funding is abitained
Ressler, Kerry Grady Trauma Project* 200 1000 1200 AA—mixed
Ressler, Kerry / Holly Orcutt NIU Shooting Sample 70 230 300 B0%EA
Avella, Allison Detroit Neghbarhood Health Study 72 197 269 Al
Liberzon, lsrael Gracy Detroit Mather's Study 200 20 120 75% EA, 23%AA
Liberzan, lsragl Ohio national Guard Study 10 860 g70 B5% EA, 137%6AA
Koenen, Karestan Murses Health Study Il 170 463 1633 EA
Kessler, Ronald Warid Mental Health Surveys 38 6969 7287  Other
Amstadter, Ananda Service Expenence and Alcohol Preference Study B0 80 160 BO% EA. 20%440
Amstadter, Ananda Disaster-affected adotescents and families 81 698 780 70% EA, 25% AA
Yehuda, Rachel Improving PTSD outcomes in OIF/OEF returmees 121 300 421 Mixed
Yehuda, Rachel Suicidalily and FTSD 20 0 90 Mixed
Yehuda, Rachel Holocaust PT5D 45 0 45 EA
Feder, Adnana World Trade Center responders 50 200 250 Mixed
Baker, Dewleen Marine Reslliency Study® 117 583 700 EA 60%
Stein, Murray Army STARRS 1800 12200 14000
Bradley, Bekh Genetic and Environmental Risk/Resilience Factors 200 £00 BOD  AFR
for Posttraurnatre Stress Disorder in OEF/OIF Veterans
Beckham, Jean MIRECC* 152 758 910 Mixed
Hemnga, Ryan MNeural Basis of Emotion Regulation in FT5D 50 50 100
Bisson, jonathan Wales FTSD Study 462 950 1422 EA
Hollegaard, Mads Danish Bloed Spot Cohort 20000 20000 40000 EA
Risbrough, Victoria Norman VA exposure therapy 200 0 200 60%EA
Subtotal 25489 51368 76857
TOTAL 485% 99510 |48 158

Abbreviations: AA, African Amencan ancestry; EA, European American ancestry; PGC, Psychiatric Genomics Consortium; PTSD, posttraumatic stress disorder;

*Study contributing more than one wave of data.
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increases with exposure to childhood trauma, interpersonal
violence, and with increasing trauma load, GxE maodels will
test the hypothesis that the effects of risk variants for PTSD
(identified through the primary GWAS) are moderated by
these environmental variables. The second approach is a
‘genome-wide GxE’ meta-analysis approach that will system-
atically interrogate the genome for GxE effects between SNPs
and these three environmental variables. This will include
fitting a logistic regression model of PTSD and linear model
of PTSD severity as a function of a SNP x childhood trauma,
SNP x interpersonal trauma, and SNPxtotal trauma load
interaction effects using robust SEs lo combat genome-wide
inflation of significance. Follow-up analyses will examine the
effect of multiple characteristics of trauma exposure,
including trauma load, type, timing, and severity. Finally,
we note that the data gathered here will provide a resource
for secondary analysis and methodological development, as
has been the case for other PGC disorders such as
schizophrenia,

Comorbidity

PTSD is highly comorbid with other psychiatric disorders,
and a substantial proportion of this comorbidity may be
explained by common genetic influences (Koenen et al, 2003;
Wolf et al, 2010). Hence, in this context comorbidity may
present an opportunity to explore potential overlapping
genetic effects in our sample. We propose to follow the PGC
cross-disorder model and perform a polygenic architecture
analysis with polygenic risk scores and LD regression to
determine the proportion of genetic variance (heritability)
common across PTSD and other psychiatric disorders.

PGC-PTSD SUBGROUPS

The PGC-PTSD also represents the confluence of vast
reserves of PTSD-related information that will enable large-
sample investigations of PTSD-associated epigenetic, neu-
roimaging, and other neurobiological measures. In order to
facilitate the analysis of these data, a pair of focus groups
have been created within the PGC-PTSD workgroup: the
PGC-PTSD Epigenetics Workgroup and the PGC-PTSD
Neuroimaging Genetics Workgroup.

PGC-PTSD Epigenetics Workgroup

Recently, ‘stand alone’ genome-scale studies of PTSD
epigenetics and gene expression have provided initial insight
into molecular dysregulation associated with the disorder
(Mehta et al, 2013). Epigenetics provides a molecular context
to GxE interactions by offering a biological mechanism
through which gene expression can vary in response to an
environmental exposure (see eg, Latham et al, 2012), Genetic
variation has been shown to influence DNA methylation and
gene expression levels, often in tissue-specific and develop-
mental stage-specific manners; so-called methylation (rait
quantitative loci (meQTLs) and expression trait quantitative
loci (eQTLs) have been identified across the genome in
numerous studies to date (see eg, Smith et al, 2014).
Although genome-scale studies of PTSD-associated meQTLs
and eQTLs have yet to be reported, focused candidate gene
studies have revealed notable examples of each (see eg,
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Klengel et al, 2013; Mehta et al, 2011; Ressler et al, 2011).
Within the PGC-PTSD, there are several groups with both
genome-wide genotype and methylation data, with a current
total n= 1114, The PGC-PTSD Methylation Workgroup has,
as its goal, the creation of a large PTSD-focused methylation
data set that can be used to identify whether gene expression
or methylalion act as mediators of the association between
SNPs and PTSD risk as well as identifying PTSD-relevant
eQTLs and meQTLs that can be examined for association to
PTSD and trauma exposure.

PGC-PTSD Neuroimaging Workgroup

The PGC group members have a large number of
participating groups with neuroimaging data. Within the
PGC-PTSD there are over 5000 samples that will have both
structural MRI and GWAS data available. Smaller data sets of
DTI, resting-state fMRI, MEG, and other imaging modalities
are also available. These data will allow the investigation of
how genomic markers modulate neuroimaging quantitative
traits (QTs) associated with PTSD. The uncertainty asso-
ciated with psychiatric nosology makes reference to an
intermediate biological variable attractive, as the heritability
of intermediate phenotypes such as regional brain volumes is
often 80% or higher (den Braber ef al, 2013). However, these
will not represent a magic bullet. Given the results of the
ENIGMA group, a neuroimaging GWAS meta-analysis
consortium, effect sizes observed for individual SNPs on
brain structures are likely to be modest and require large
sample sizes to be adequately powered (Hibar et al, 2015;
Stein et al, 2012). The PGC-PTSD Neuroimaging Work-
group will facilitate the creation of a large PTSD-focused
neuroimaging data sel lo investigale genomic markers for
association to cortical and subcortical volumes such as
hippocampus, amygdala, and medial prefrontal cortex
structures as well as regional cortical thickness changes that
are associated with PTSD. Genomic markers found to
predict imaging QTs may have a role in PTSD symptoms
or diagnoses (Meyer-Lindenberg and Weinberger, 2006).

DISCUSSION

There are several ways in which the PGC-PTSD will
represent and advance the current cutting-edge of PTSD
genetics research. First and foremost, the PGC-PTSD will
build on what the PGC has learned in other disease domains.
We believe that the PGC-PTSD, through its investigation of
genetic variation, epigenetic variation, and neuroimaging
characteristics of PTSD will provide new and important
insights into the biological underpinnings of PTSD risk. The
PGC-PTSD additionally has the goal of developing clinically
useful biomarkers of PTSD. The work of the PGC-PTSD will
inform the development of at least three types of clinical
biomarkers. The first are predictive biomarkers that reliably
distinguish persons at high vs low risk for the development of
PTSD following trauma. A gene or combination of genes
associaled with PTSD may, in conjunction with other
information, contribute to an algorithm for estimating the
risk of developing PTSD, Such a risk algorithm could be used
in first-response settings or the military to better target
preventive interventions.



The second type of biomarker likely to be informed by the
discoveries of the PGC PTSD working group is related to
treatment matching, There are several effective interventions
for PTSD including prolonged exposure, cognitive proces-
sing therapy, skills training in affective and interpersonal
regulation, and pharmacological interventions. However,
little is known aboul which of these treatments might be
most effective for which patients. One of the long-term goals
of the PGC-PTSD will be 1o examine whether patients with
specific combinations of genetic variants and environmental
exposures respond  differentially to  evidence-based
treatments.

The third type of biomarker that may be informed by the
work of the PGC-PTSD is relapse prediction. Several of the
studies included in the PGC-PTSD meta-analysis are long-
itudinal and a few are truly prospective (Baker et al, 2012;
Goldmann et al, 2011). Thus, we will be able 1o examine
whether genetic variants associated with PTSD also predict
the clinical course of the disorder. If patients with a specific
combination of genetic and environmental risk factors are at
higher risk of relapse, such patients could be targeted with
relapse prevention strategies.

Knowledge of the genetic and environmental architecture
of PTSD has the potential to advance our understanding of
the pathophysiology of the disorder and inform treatment
development. Of particular interest is the development of
preventive pharmacological interventions for PTSD that
could be administered in the acute aftermath of traumatic
events. Many pharmacological agents have been explored in
this regard including propranoclol and hydrocortisone, bul
none have shown decisive efficacy for PTSD prevention in
large RCTs. The success of GWAS of schizophrenia and
bipolar disorder has led to the identification of new
treatment targets (Cross-Disorder Group of the Psychiatric
Genomics Consortium, 2013; Nurnberger et al, 2014
Schizophrenia Working Group of the Psychiatric Genomics
Consortium 2014). Clinical trials are underway to determine
whether these will translate into more effective treatments,
Rather than simply generating a list of associated DNA
variants, our goal is to produce the same successes for PTSD.
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Letters

cal theories involving excessive serotonin have been dis-
cussed both in anxiety® and depression.*

The tracer-specific concerns raised by Dr Jacobsen have
been discussed in detail previously,™" Briefly, PET assess-
ment of endogenous serotonin formation assumes that [''C|5-
HTP influx rate is a proxy for endogenous amino acid decar-
boxylase (AADC) activity, being proportional to tryptophan
hydroxylase activity. Dr Jacobsen proposes 2 alternativesas to
why we found increased AADC activity, both having seroto-
nin “deficiency™ in common, Dr Jacobsen argues that in-
creased AADC activity may result from less endogenous 5-HTP
competing with the radiotracer. However, as pointed out by
Dr Jacobsen, AADC activity is not the rate-limiting step, mak-
ing it highly unlikely that the very low tracer doses (nano-
moles) of ['C]5-HTP injected,® corresponding to picomole
amounts entering the brain, would cause enzyme saturation.
Indeed the Michaelis-Menten constant of AADC (micromoles
per liter) mentioned by Dr Jacobsen supports this. In our
article.' we speculated that dewnregulation of serotonin-1A
autoreceptors disinhibited serotonergic synthesis and firing.
Indeed, reduced serotonin-1A receptor binding has been con-
sistently demonstrated in molecular neuroimaging studies of
anxiety disorders. Our findings are also in agreement with ani-
mal studies reporting anxiogenic effects of serotonin, includ-
ing higher tryptophan hydroxylase expression and extracel-
lular amygdala serotonin levels in high-anxious Wistar rats
compared with low-anxious counterparts.” Thus, interpret-
ing increased AADC activity as reflecting serotonin defi-
ciency does not properly account for the existing data.

In the limitations section, we addressed Dr Jacobsen’s third
alternative (ie, that increased AADC activity may reflect anoma-
lies in nonserotonergic neurons). While it is true that AADC is
expressed, for example, in dopaminergic neurons, it should be
noted that we found increased [M'C]5-HTPinflux rate in the ra-
phe nuclei, which contain very few dopaminergic neurons.
Also, PET work has shown incomplete overlap between the in-
flux rates of ['C]5-HTPand ['CIDOPA,” suggestingat least some
degree of separation of the serotonergic from the dopaminer-
gic system using ["'C]5-HTP.

We acknowledge the difficulties in interpreting PET data
of enzyme activity in terms of excess or deficiency given the
brain’s compensatory and adaptive functions. Nonetheless, we
argue that increased activity in serotonergic neurons is likely
reflected in increased AADC activity assessed with [''C]5-
HTP, and that our findings are best interpreted as increased
serotonin synthesis in SAD.
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Tomas Furmark, PhD

Author Affiliations: Department of Psychology, Uppsala University, Uppsala,
Sweden (Frick, Furmark); Departrment of Nuclear Medicine and PET, Uppsala
University, Uppsala, Sweden (Lubberink),

Corresponding Authar: Andreas Frick, PhD, Department of Psychology,
Uppsala University, PO Box 1225, SE-751 42 Uppsala, Sweden
(andreas, frick@psyk.uu.se),

Published Online: December 30, 2015. doi:10.1001/jamapsychiatry.2015.2751,
Conflict of Interest Disclosures: None reparted,

JAMA Psychiatry February 2006 Volume 73, Number 2

1. Frick A, Ats F, Engman J, et al. Serotorin synthesis and reuptake in social
anyiety disorder: a pesitron emission tomography study, JAMA Psychiatry, 2015;
72(B):794.802.

2 Honig G, Jongsma ME, van der Hart MCG, Tecott LH. Chronic citalopram
administration causes a sustained suppression of serotonin synthesis in the
mause forebrain. PLoS One, 2009 4(8):e6797.

3. Naslund J, Studer E, Pettersson R, et al. Differences in anxiety-like behavior
within a batch of Wistar rats are associated with differences in serotonergic
transmission, enhanced by acute SR administration, and abolished by serotonin
depletion, I J Nevropsychopharmaocol, 201518(8) pyv018,

4, Andrews PW, Bharwani A, Lee KR, Fox M, Thomson JA Jr. Is seratonin an
upper or a downer? the evolution of the serotonergic system and its role in
depression and the antldepressant response, Neurosci Biobehay Rey. 2015.51:
164-188.

5. Hagberg GE, Torstenson R, Marteinsdottir |, Fredrilison M, Langstram B,
Blomavist G, Kinetic compartment modeling of [11C]-5-hydrany-L-tryptophan
for positron emission tomography assessment of serotonin synthesis in human
brain. J Cerel Blood Flow Metab, 2002:22(11):1352-1366.

6, Visser AKD, van Waarde A, Willemsen ATM, et al. Measuring serotonin
synthasis: from conventional methods ta PET tracers and their (predclinical
implications. Eur J Nucl Med Mol Iraging. 2011;38(3).576-59),

7. Agren H, Reibring L, Hartvig P, et al, Moncamine metabolism in human
prefrantal cortex and basal ganglia: pet studies using [[#11C]
-5-hydroxytryptophan and [F-1C] L-dopa i healthy volunteers and patients
with unipolar major depression. Depression. 1993,1(2):71-81. doi:101002/depr
3050010203,

Heart Rate Variability and

Posttraumatic Stress Disorder

To the Editor We appreciate the thoughtful editorial by Shahand
Vaccarino' in JAMA Psychiatry in response to our prospective
investigation of the association of predeployment heart rate
variability (HRV) with postdeployment posttraumatic stress
disorder (PTSD) in military service personnel.” We agree that
the findings are in need of replication by other groups, par-
ticularly with attention to limitations inherent in HRV indi-
cesincluding the low frequency to high frequency ratio, among
others.” Shah and Vaccarino' mentioned several concerns,
briefly addressed here,

The authors highlighted the attrition rate from predeploy-
mient to postdeployment (39% in the first phase of the Marine
Resiliency Study [MES-I]and 36% in the second phase of the
Marine Resiliency Study [MRS-II]) as a factor limiting causal
inference. The f test comparisons between participants with
and without a postdeployment visit yielded no differences in
predeployment HRV, PTSD symptom scores, or Life Events
Checklist scores. However, it remains possible that service
members who did not return for their postdeployment assess-
ment (eg, left the military following deployment) may have
been a group uniquely affected by deployment. The main
causes of attrition were deployment-related death, injury of
such severity that postdeployment return with the battalion
was precluded, or high mobility (eg, change of battalion, as-
signment to specialized training, discharge from the military,
and interference from a civilian work schedule). Of the avail-
able participants for follow-up, only a very small number ac-
tively declined to participate in the postdeployment assess-
ment (4% in MRS-T and 0.04% in MRS-I1). The MRS attrition
rates matched other recent longitudinal studies of PTSD in ser-
vice members (40% in the study by Stein etal® and 50% in the
study by Polusny et al®), with causes of attrition (ie, high
mobility) being similar across studies.

lamapsychiatry.com
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Background

Hypertension is a global public health issue and contributes
to the burden of heart disease, stroke, kidney failure and
premature mortality (13 % of total deaths worldwide)[1].
The kidney serves as a major organ for maintaining
normal blood pressure (BP) and the local renal renin
angiotensin system (RAS) pathway acts as the master
regulator of renal function during hypertension [2—4|. The
renin-angiotensin-aldosterone system (RAAS) is a signaling
pathway responsible for regulating the body's blood pres-
sure [5-8]. Stimulated by low BP the kidney releases renin,
this triggers a signal transduction pathway generating even-
tually angiotensin 11 that causes vasoconstriction, leading to
increase in BP. Several cardiovascular therapies for high BP,
target the RAAS system and these therapies are now being
explored for their efficacy in treating PTSD [9, 10].

The juxtaglomerular (JG) cells in the kidney express
renin a member of the aspartyl protease family. It is the
limiting enzyme in RAS pathway that converts angioten-
sinogen to angiotensin I (Ang 1) [11]. Renin production
is tightly regulated at the transcriptional level and the
active renin is released into the circulation through reg-
ulated exocytosis [11, 12]. About 80 % of the renin
present in plasma is in an enzymatically inactive form
called pro-renin. Kidney processes inactive pro-renin to
renin and is the major source of circulating active renin
in humans. The plasma renin concentration contributes
significantly to cardiovascular and renal diseases like
hypertension, coronary heart disease, and chronic kidney
disease [13]. Thus the conversion of pro-renin to renin
is a potential regulatory site for therapeutic intervention,

We studied the effect of the KLKBI (located on
chromosame 4) missense variant rs3733402 (Asn124Ser)
on circulating levels of active renin and observed that
homozygous carriers of the minor allele (Ser/Ser) dis-
played lower levels of active renin [14]. In vitro proteolysis
and cell biology indicated that pro-renin was a substrate
for plasma kallikrein (KAL), The KAL-activated renin in
turn, was able to cleave substrate angiotensinogen to
angiotensin 1 the precursor for vasoconstrictor angioten-
sin IL. Situated on chromosome 5, the coagulation factor
F12 5-UTR variant rs1801020 also showed significant as-
sociation with plasma levels of active renin. The F12 locus
encodes for the FXIIa protease responsible for converting
pre-kallikrein to KAL. The possible implication of the in-
trinsic coagulation system and the fibrinolytic system in
renin activation has been discussed. In both the independ-
ent cohorts a strong association was observed between
levels of active renin and occurrence of the minor alleles.

Methods

Twin and sibling subjects

Twin and sibling participants (TSP) for the human study
were recruited from southern California by access to a
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population birth record-based twin registry [15], as well
as by newspaper advertisement [16]. The University of
California San Diego, Institutional Review Board pro-
vided approval for the study and each subject or the
parent of the minor subjects, gave written informed
consent, A subset of 381 individuals of the TSP popula-
tion was randomly selected and included 60 dizygotic
(DZ) and 160 monozygotic (MZ) twin pairs. Zygosity of
twins was confirmed genetically by use of microsatellite
and single nucleotide polymorphism (SNP) markers [16].
Initially ethnicity was established by self-identification,
including information on geographic origin of both par-
ents and all four grandparents, and only individuals of
Caucasian or Hispanic ancestry/ethnicity are included
here. The age of the subjects ranged {rom 14 to 78 years,
with a median of 39. Phenotyping (biochemical and
physiological) was conducted as previously described [16].
All of the 381 TSP subjects with both genotypes and phe-
notypes were included in the analyses (see below),

Molecular genetics, genomic DNA and genotyping
Genomic DNA was extracted from leukocytes in EDTA-
anticoagulated blood after proteinase-K digestion of pro-
teins, by adsorption/elution from Qiagen columns, as
previously described [16], and genotyped for 592,312
SNPs using the lllumina 610-Quad genotyping array and
passed final quality control (QC: see below). For each
MZ twin pairs, only one individual underwent GWAS,
and the genotype information was used for both mem-
bers of MZ twins. During analysis, family structure was
accounted for in MERLIN (see below).

Biochemical assay of active renin in human plasma
EDTA-anticoagulated plasma samples were collected
from seated subjects, and stored frozen at -70°C until
assayed. Circulating active renin was quantified at room
temperature for 3 hours with a 2-site IRMA [17] wherein
the mouse monoclonal anti human renin antibody was
specific for a renin epitope formed after excision of active
renin from pro-renin (DSL, Webster, TX; DSL-25100); the
active renin assay sensitivity was ~048 pg/ml, with intra-
assay coefficients of variation from 1.4-4.3 %, and inter-
assay coefficients of 1.9-3.0 %.

Genetic association analyses

To test SNP on phenotype effects with explicit account-
ing for family structure for the TSP cohort, MERLIN
vl.1.2  (http://www.sph.umich.edu/csg/abecasis/merlin/)
was used. As an additional QC step, unlikely genotypes
based on expected inheritance patterns were removed
using Merlin's Pedwipe procedure. A maximum likeli-
hood estimation test of a variance components model
was used, incorporating a variance-covariance matrix
that allows for family relatedness, including twin status,
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to be modeled and appropriately controlled for in the as-
sociation test. In addition, age, gender, and the first
MDS component were included as covariates. A stand-
ard eriterion of p < 5x10® across the genome was used
to indicate significance of single SNPs on traits. The
“Manhattan” plots visualized results across the genome,
as well as local “SNAP" (SNP Annotation and Proxy
Search) plots [18] <http://www.broadinstitute.org/mpg/
snap/ldplot.php>.

Replication Marine Resiliency Study (MRS)

We also measured active plasma renin (by ELISA) in
samples from 799 healthy unrelated male Marines from
the Marine Resiliency Study (MRS) with available geno-
types [19]. The method for genotyping of MRS subjects
has been detailed earlier [20, 21]. In brief, genotyping
was carried out using the HumanOmniExpressExome
(HOEE) array with 951,117 loci from Illumina (http://
www.illumina.com/), resulting in a high initial locus suc-
cess rate and overall data quality. Additional data clean-
ing was performed in PLINK v1.07 [22], using standard
procedures. All subjects included here were active duty
male and of European ancestry [23], All subjects pro-
vided written consent for the genetic study. Association
of plasma renin activity with genotypes were performed
using a linear regression in PLINK (v.1.07) using age and
3 principal components (PC's) to correct for population
stratification as covariates. We used the Genetic Power
Calculator from Purcell et al. to estimate power [24].
Based on an effect size estimate of 1 % of variance ex-
plained by a candidate variant, we estimate that we had
83 % power to detect an effect of SNP on renin levels at
an alpha level of 0.05, given the number of samples
available in the MRS, Furthermore we estimate that we
would have >94 % power Lo detect an effect of this size
in a meta-analysis of the MRS and TSP.

Meta-analyses

Results from the TSP and MRS data were combined in
an inverse variance and weighted fixed-effect meta-
analysis was carried out using METAL [25].

Protein chemistry and enzymology

Digestion of recombinant human pro-renin by human KAL
Recombinant human pro-renin (5 pM) (Cayman Chem-
ical, catalog number 10007599) was digested with prote-
ase human KAL (kallikrein, human plasma, Calbiochem,
EMD Millipore, catalog number 420307, specific activity
15 U/mg protein) (1 pM) at 37 °C for 15 min in 12 pl of
reaction volume with assay buffer (50 mM Tris, pH 7.5,
NaCl 250 mM). The reaction was terminated by adding
aprotinin (2 pM), purified by ZipTip (small C-18 column)
and then analyzed by MALDI-TOF. For SDS-PAGE, pro-
renin was incubated in absence or presence of KAL as
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mentioned above for 2 hours, and analyzed on 10 %
or 4-12 % (gradient) NuPAGE gels,

Digestion of renin substrate angiotensinogen (AGT) with
KAL-activated renin

Human pro-renin (5 pM) was digested with KAL (1 pM)
in 50 mM Tris, pH 7.5 and NaCl 250 mM in a volume
of 12 pl for 15 min at 37 °C, as mentioned above in the
first step. In the second step, 12 pl of sodium acetate
buffer, pH 5.5 containing angiotensinogen synthetic tet-
radecapeptide (14 amino acids; DRVYIHPFHL |VIHN)
(Phoenix Pharmaceuticals, Inc.) was added (in final
concentrations of sodium acetate 0.2 M and tetradeca-
peptide 10 pM), and further incubated for another
15 min at 37 "C. The reaction digests were then purified
through ZipTip adsorption/elution, and were analyzed
by MALDI-TOF.

MALDI-TOF analysis

MALDI-TOF analyses were performed as described before
using a PE Biosystems Voyager DeSTR MALDI-TOF mass
spectrometer (Applied Biosystems, Foster City, CA) [26].
Resulting peptide masses were analyzed in the Protein-
Prospector Program  (<http://prospectoraucsfedu=) to
identify the possible fragments of the respective proteins,

Identification of active renin and pro-renin protein bands in
KAL digests, analysis by LC-M5/MS sequencing

Gel slices were cut, processed for in-gel trypsin diges-
tion and the extracted peptides were analyzed by
reverse-phase liquid chromatography (LC) in combin-
ation with tandem mass spectrometry using electro-
spray ionization with a QSTAR-Elite hybrid mass
spectrometer (AB/MDS Sciex) as described before [27].
Peptide identifications were made using the Paragon algo-
rithm executed in Protein Pilot 2.0 (Life Technologies).

Amino acid sequence analysis by TOF/TOF

Tandem mass analysis (MS/MS) for sequencing was per-
formed on a 4800 MALDI-TOF-TOF mass spectrometer
(Applied Biosystems) as described before [26].

Mouse juxtaglomerular cell culture

Mouse kidney juxtaglomerular cells As4.1 (ATCC * CRL-
2193") were grown in DMEM high-glucose (GIBCO) with
10 % FBS and Penicillin/streptomycin/glutamine media at
37°C with 5 % CO.,.

Co-localization of Renin and KAL by immunofluorescence
Mouse CRL-2193 (As4.1) juxtaglomerular cells

Cells were grown on cover slips, washed with PBS and
were fixed with 2.5 % paraformaldehyde in PBS for
20 min at room temperature. Cells were then perme-
abilized with 0.5 % Triton in PBS for 10 min at room
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temperature. Cells were blocked using 5 % BSA in PBS
for 30 min followed by primary antibody incubation
[rabbit anti KAL (1:100, Bioss) and goat anli renin
(1:100, Santa Cruz Biotechnology)] in 2 % BSA for 2 hr
at room temperature. Coverslips were washed 3 times
5 min each and then incubated with secondary anti-
body Alexa Fluor 488 nm (green) coupled to donkey
anti rabbit (1:250, Invitrogen) and Alexa Fluor 594 nm
(red) donkey anti goat (1:350, Invitrogen) along with
Hoechst 33342 (nuclear stain; 1 pg/mL) in 1 % BSA for
1 hr at room temperature. Coverslips were washed and
mounted on glass slide using Slowfade-antifade (Mo-
lecular Probes). Images were acquired on a Delta Vision
deconvolution microscope and SoftWorx software (Ap-
plied Precision, Issaquah, WA), using 60x objective as
described previously [28].

Mouse kidney immunohistochemistry

Formaldehyde-fixed paraffin-embedded kidney tissue sec-
tions were cleared of paraffin and hydrated through
graded alcohol and boiled in 100 *C for 20-30 min for
antigen retrieval [29]. After permeabilization and blocking,
sections were incubated overnight at 4 *C with primary
antibodies to renin and KAL, followed by incubation with
Alexa Fluor secondary antibodies as described above. Im-
ages were captured on a Delta Vision deconvolution
microscope using 20x objective,

REN and KLKB1 mRNA expression in organs and cells
Transcriptomes of mouse adrenal gland from mouse
strains blood pressure high (BPH) and blood pressure
low (BPL) (each in triplicate) [30]; rat adrenal gland
(SHR and WKY strains, each in triplicate) [31] and
mouse As4.l juxtaglomerular cells (in duplicate] [32]
were profiled by microarray analysis as previously de-
scribed, and data are available at NCBI GEO. Data were
globally normalized to median expression, and then ana-
lyzed statistically.
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Statistical analyses

The results were expressed as mean+one SEM. Mul-
tiple comparisons were made using one-way ANOVA
followed by Bonferroni post hoc tests, or by two-way
ANOVA using Kaleidagraph (Synergy Software, Reading,
PA). Statistical significance was concluded at p < 0.05,

Results

Meta-analysis of genetic association for polymorphisms at
the F12 and KLKBT loci and active renin concentration in
plasma

The best-characterized functional polymorphism at the
KLKBI locus rs3733402 results in loss-of-function
amino acid substitution Asnl24Ser [33]. This substitu-
tion in the apple 2 domain impairs binding and digestion
of the classical substrate HMWK (high molecular weight
kininogen) [14]. At the Fi2 locus, the rs1801020 poly-
morphism is in the 5~UTR (C46T) creates a new up-
stream translational start codon, thereby attenuating
formation of the authentic F12 protease [34].

Since these proteases are part of the kallikrein-kinin
system and interact with each other at the molecular
level, we looked at genetic association of the poly-
morphisms described above with levels of active renin
in plasma. The effect of the human polymorphisms
rs3733402 in the KLKBI locus and the rs1801020 in
F12 locus were very significant on the active renin
levels in plasma of both the TSP and MRS popula-
tions (Table 1, Fig. 1). In both cases, minor alleles
were associated with low levels of active renin in the
plasma (Fig. 1). Meta-analysis combining the TSP and
one independent population (MRS) for a total of 51 = 1,180
subjects, indicated allelic effects consistent in magnitude
(beta, or effect size per allele) and direction (sign on slope)
across populations. The overall slope of the meta-analysis
regression for rs3733402 and rs1801020 was beta = 0.055
and 0.057, with SE =0.014 (p=6.83 x 107°) and = 0.016
(p = 0.0003) respectively (Table 1).

Table 1 Meta-analysis of the effect of KLKBI and F12 genetic polymorphisms on generation of active renin in human plasrma

KLKBT (rs37/33402)

Cohort Al A2 N BETA  SE P MAF HetlSqg HetP G/GFreq G/AFreq A/AFreq HWE chi-sguarer HWEp
TSP G A 38 =007 0025 0005 05 2042%  4907%  3042% 0399 0712
MRS G A 799 0048 0016 00037 047 20.40%) 52.82% 26,78% 267 0102
Meta-analysis G A 1180 =005 0014 722605 048 0O 0507
F12 (1s1B01020)

Cohort Al A2 N BETA  SE F MAF HetisSg HetP AAFreqg A/GFreg G/G Freq HWE chi-square HWEp
TSP A G 381 -0061 0031 00459 0.23 4.58% 33.75% 61.67% (514 0426
MRS A G 798 0055 0018 00026 024 65.14% I5.71% 58.15% 2339 00561
Meta-analysis A G 11/9 =005 0016 00003 024 0 094/

A1/AZ; effect allele/non-effect allele, N: sample size, BETA: estimated beta coefficient, SE: standard error of beta, P: p-value for beta, MAF: minor allele frequency,
HetP: p-value for Cochran's Q statistic, HetlSq; 17 heterogeneity index, TSP: twin & sibling participants, MRS: Marine resiliency study
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Digestion of human recombinant pro-renin with kallikrein
(KAL) yields active renin and the pro-peptide byproduct

MALDI-TOF analysis of KAL digested pro-renin dis-
played two peaks of m/z 36,861 and 5100, corre-
sponding to the theoretical masses of active renin and
pro-peptide respectively (Fig. 2, lower panels). In

Page 5 of 11

control reaction, where pro-renin was incubated in
absence of KAL, MS chromatogram showed a single
peak of m/z 44,255, representing the intact pro-renin
(Fig. 2, upper panel). In order to identify the se-
quence of the digested products, the digestion mix-
ture was subjected to SDS-PAGE on a 10 % gel to
separate high molecular weight pro-renin and active
renin, and on a 4-12 % gradient gel to separate low
molecular weight pro-peptide fragment. A faster mi-
grating band compared to that of pro-renin appeared
only in the KAL digested sample (Fig. 3a, marked
with arrow 2). Generation of a low molecular weight
fragment of ~5 kDa was evidenced after digestion of
pro-renin with KAL (Fig. 3a, right panel, marked with
arrow 3). Fragments marked with arrow 2 and 3 were
cut out from the gel, trypsin digested and subjected
to LC-MS analysis for identification. Peptides identi-
fied from gel fragment 3 showed significant coverage
on the N and C-terminal of pro-peptide sequence
(Fig. 3b), whereas same from gel fragment 2 showed
coverage on active-renin (Fig. 3b). Since LC-MS analysis
from gel fragment 3 identified some active renin sequence
and gel fragment 2 identified some pro-peptide sequence,
we quantified the data by normalizing the total sum of
spectra for pro-peptide and active renin observed in gel
fragment 2 and 3 by their amino acid length. Quantifica-
tion of mass spec data showed a significant enrichment
(100-fold) of pro-peptide to active renin ratio in gel frag-
ment 3 over gel fragment 2 (Fig. 3c).

ALty il =
f" I e I A._W.LA rdbl Ly — Pfo-l‘fmln 5
0_[ (no digestion)
A Fray L T [T T =
Yoo 36,861 o =
= | Active
E i il A eonh
£ i Fo T " — [
= | KAL
s digastion
= - | 4857 e26ed ]
= i
g 5110 | Pro-
| W. sy peptide
) ] T T A -
Mass (mi/z)
Target m/z Observed | m/z Expected | Deviation (%)
Pro-renin 44,255 42,324 4.6
Active renin 368601 37237 1.0
Pro-peptide 5110 5108 (1A
Fig. 2 Mass spectrometric analysis of the KAL digested samples of recombinant pro-renin, Recombinant pro-renin was incubated in absence
(upper panel) or presence (middle and bottom panel) of KAL in the assay buffer as mentioned before, The digestion mixture was acidified and
purified through ZipTip and subjected to MALDETOF analysis in inear mode. Observed masses were cormpared with the theoretical mass
pradicted by ProteinProspector program and are shown in the table
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in exon 5 results in an amino acid substitution
Asnl24Ser [14, 33]. This mutation in the apple
domain 2 of heavy chain reduces the binding of KAL
to its substrate HMWK, and therefore this SNIP' was
chosen to investigate its association with prorenin
processing. Indeed, an immunoassay specific for active
renin revealed that Ser/Ser homozygotes had lower
circulating active renin (Fig. 1), consistent with dimin-
ished pro-renin cleavage by a less active Ser allele,
Previously, rs3733402 has shown strong association
with pre-pro-endothelin-1 and pre pro-adrenomedullin in
the Prevention of Renal and Vascular End stage dis-
ease (PREVEND) study [43]. In the recent study by
Lieb et al. the top SNPs identified were rs12374220,
an intronic variant in the TENM3 gene, rs5030062 in
the intron 6 of kininogen 1 gene and rs4253311 in
intron 11 of the kallikrein B (KLKBI) gene. The in-
tronic SNP rs4253311 provided no evidence for asso-
ciation with renin concentrations and explained
0.87 % of plasma renin activity variance [44]. In our
study MALDI mass spectrometry documented the
formation of active renin and the pro-peptide after di-
gestion of pro-renin with KAL (Fig. 2 & Fig. 3). Fur-
thermore the sub-cellular co-localization of renin with
KAL suggests molecular interaction between these
two proteins (Fig. 5a &b). Renin immunoreactivity
has previously been shown in the cytoplasmic gran-
ules of cultured JG cells and in kidney sections [45].
The cleavage sites involved in pro-renin processing in-
clude lysine-arginine, which is the recognition site of
plasma kallikrein [46]. Our genetic and biochemical
data suggests an enzyme-substrate relation between
KAL and prorenin. This suggests the possible existence
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of feedback regulation at the molecular level in the
events leading to active renin generation by KAL and
BP regulation.

KAL is a glycoprotein that takes part in the surface
dependent activation of blood coagulation, fibrinolysis
and kinin generation. It is synthesized in the liver and
secreted into the blood as prekallikrein, which is then
converted to active plasma kallikrein by factor FXlla
[47]. The C46T 5-UTR polymorphism associated with
Hageman factor has been described to be associated
with its plasma concentration and thrombotic risk
[48, 49]. The KAL protease might catalyzes the con-
version of HMWK to bradykinin in one hand, and
the active renin on other hand. The downstream tar-
get angiotensin converting enzyme (ACE) then modulates
the concentration of angiotensin II, the key player of the
RAAS system, and bradykinin, a component of the
kallikrein-kinin system in opposite direction, therefore es-
tablishing a direct interaction between kallikrein-kinin
and renin-angiotensin system [50, 51].

The genetic variation in the FI12 and KLKBI loci
directly affecting their amino acid sequence could ul-
timately influenced the processing, secretion or circu-
lation of the active renin protein, which in turn
mediates the BP phenotype. Allelic effects might also
act on the cluster of characteristics associated with
cardiovascular risk for which plasma renin is a bio-
marker, In the coagulation system, it has been re-
ported that even the homozygous deficiency of the
KLKB1 loci results in no discernible coagulopathy
[52]. In treatment of hereditary angioedema inhibition
of KAL does play a beneficial role, perhaps by inhib-
ition of bradykinin formation [53],

Renin
secratory
granule

| Renal juxtaglomerular (JG) cell

Pro-Renin

Active KAL =3
Active Renin N ¢

Angiotensinogen
Angiotensin-

V¥ €—ACE
Angiotensin-lI
G

P &——— ABP
(-) Feedback

Fig. 7 Hypothetical schematic représenting activation of pra-renin by a proteolytic enzyme cascade of FXlla — KAL with conseguences for
regulation of BP. Pro-renin processing within the secretory granule of renal Justaglomerular cells by sequential enzymatic events catalyzed
by F12 and KAL




Biswas et al. BMC Medical Genetics (2016) 17:21

Advantages and limitations

Here we report a comprehensive GWAS showing cor-
relation between polymorphisms at two independent
loci (KLKB1 rs3733402 and Fi12 rs1801020) and
plasma renin activity. Cellular and biochemical evi-
dence is provided to establish that correlation. To our
knowledge this is the first report of SNPs in two in-
dependent loci with significant trait association with
activation of renin-angiotensin system. This study fo-
cused on the best characterized SNP (rs3733402) in
the exon 5 of KLKBI gene. Although association of
kallikrein with renin activation has previously been
described, adequate information on direct in vitro
protease biochemistry was lacking. Therefore we used
a mass spectrometry approach to characterize in vitro
digestion of prorenin by KAL to reestablish kallikrein
association with prorenin processing. In the scenario
of this genetic association, the efficacy of digestion of
prorenin by mutant KAL (Aspl24Ser) needs to be
compared with that of the wild type KKAL. We have
not addressed in these populations the active plasma
renin association with the previously described in-
tronic variant at KLKBI (rs4253311) and other SNPs.
Future studies will explore the association of these
two SNPs with BP, renal and/or metabolic traits,

Conclusion

Our findings draw attention to the role of KAL as a
pro-renin convertase and suggest a potential target
for inhibition of the rate-limiting step in the RAS
pathway. Polymorphisms at the KLKBI (rs3733402)
and FI12 (rs1801020) loci are associated with low ac-
tive plasma renin activity. Genetic, cell and biochem-
ical studies suggest a cascade of enzymatic events
involving factor FXlla activation of prekallikrein to
active kallikrein in control of pro-renin activation.
Thus plasma kallikrein presents potential as novel
therapeutic target for blood pressure regulation with
implications of KAL inhibition for treatment of
hypertension (Fig. 7).
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HIGH AND LOW THRESHOLD FOR STARTLE
REACTIVITY ASSOCIATED WITH PTSD SYMPTOMS
BUT NOT PTSD RISK: EVIDENCE FROM A PROSPECTIVE
STUDY OF ACTIVE DUTY MARINES

Daniel E. Glenn, Ph.D.,"%1 Dean ‘I, Acheson, Ph.D.Mt Mark A. Geyer, Ph.D,2?
Caroline M. Nievergelr, Ph.D..!* Dewleen G. Baker, M.D.,'* Victoria B. Rishrough, Ph.D.2* and

MRS Team!-%4

Background: Heightened startle response is a symptom of PTSD, but evidence
for exaggerated startle in PTSD is inconsistent. This prospective study aimed
to clarify whether altered startle reactivity represents a trait risk-factor for de-
veloping PTSD or a marker of current PTSD symptoms. Methods: Marines
and Navy Corpsmen were assessed before (n = 2,571) and after (n = 1,632)
deployments to Irag or Afghanistan with the Clinician-Administered PTSD
Scale (CAPS). A predeployment startle-threshold task was completed with star-
tle probes presented over 80-114 dB[A] levels. Latent class mixture modeling
identified three growth classes of startle performance: “bigh,” “low,” und “mod-
erate” threshold elasses. Zero-influted negative binomial regression was used to
assess relationships between predeployment startle threshold and pre- and post-
deployment psychiatric symptoms. Results: At predeployment, the low-threshold
class bad bigher PTSD symptom scores. Relative to the moderate-threshold class,
low-threshold class membership was associated with decreased likelihood of being
symptom-free at predeployment, based on CAPS, with particular associations
with numbing and hyperarousal subscales, whereas high-threshold class mem-
bership was associated with more severe predeployment PTSD symptoms, in par-
ticular avoidance. Associations between low-threshold membership and CAPS
symptoms were independent from measures of trawma burden, whereas associ-
ations between bigh-threshold membership and CAPS were not. Predeployment
startle threshold did not predict postdeployment symptoms. Conclusions: This
study found that botb low startle threshold (beightened reactivity) and bigh star-
tle threshold (blunted reactivity) were associated with greater current PTSD
symptomatology, suggesting that startle reactivity is associated with current
PTSD rather than a visk marker for developing PTSD. Depression and Anxiety
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PTSD IS COMIMON 1N VEterans across war eras; cur-
rent prevalence estimates include 12.2% (Vietnam
War),!!l 10.1% (Persian Gulf War),’! and 23% (Oper-
ation Enduring Freedom/Operation Iraqi Freedom)!
and are higher for combat veterans, who have a 1.5-
3.5-fold increased risk for PTSD relative to nonde-
ployed veterans.™ Although evidence-hased treatments
for PTSD exist, only 40-50% of patients are treatment
responsive.’ ¥ Mixed treatment response rates may be
partly due to heterogeneity of symptoms and underlying
pathology.”! Both treatment and prevention strategies
might be improved by identifying biomarkers associated
with specific symptom domains and with prospective risk
for PTSD development, enabling more efficient target-
ing of interventions.'" “The startle response might be
such a candidate biomarker, but it is unknown whether
altered startle responding represents a “trait” or “stare”
biomarker for PTSD,

The startle response is an operational measure of
threat antdcipation linked to fear circuir activation in
humans and animals (e.g.,/'''?), Heightened startle re-
sponding is a commonly endorsed symptom of PTSD
that has been a long-standing criterion within the evoly-
ing versions of the DSM including DSM-5.11% 14 Empir-
ical evidence for exaggerated startle magnitude in P'TSD
is mixed, however,!>1% with a meta-analysis indicating
only modest increases in baseline startle re.activity.“ﬂ
There are several potental reasons for modest associa-
tions. Startle hyperreactivity and hyporeactvity may be
experienced by different subgroups of PTSD patients
with distinet trauma-related pathology or trauma his-
tories (e.g..'®). For example, PTSD resulting from a
single trauma may be characterized by elevated startle
reactivity whereas PTSD following multple traumas is
characterized by diminished physiological reactivity.['”]
Furthermore, startle reactivity differences may not re-
flect current PT'SD symptom state, but instead indicate
increased risk of developing PTSI. There is circum-
stantial evidence for an association of starde reactivity
with anxiety disorder risk: (1) offspring of anxiety disor-
der patients have increased startle reactivity compared to
offspring of nonanxious parents***! and (2) increased
startle is linked to childhood trauma, a strong PTSD
risk factor"! Two prospective studies were contradic-
tory in supporting increased baseline startle reacuvity
as a PTSD risk factor,?32¥ although these studies were
relatively small (# = 99 and 138) and had few subjects
with a diagnosis of PTSD. Thus, it remains unclear if
startle reactivity is a marker of state PTSD symptoms or
a trait marker of PTSD risk,

Self-reported “increased startle” in P'TUSD subjects
may refer to elevated probability of having a startle
response under subthreshold conditions rather than
simply heightened startle magnitude (e.g.,?%). Patients
may report elevated startle because the sumulus in-
tensity needed to induce startle responding is lower,
thus increasing the probability of startle across a wider
range of stimuli rather than showing greater response
magnitude per se. Thus, to parse out differences be-
tween startle threshold versus response magnitude, we
examined startle reactivity across a range of intensities
to identify overall magnitude differences and changes in
the threshold to induce a response. We examined data
extracted from the Marine Resiliency Study (MRS),1*%!
a large prospective study of active duty service members
to test the hypotheses that (1) startle reactvity is
associated with current PTSD symptoms and other
stress-related symptoms and (2) predeployment startle
reactivity predicts postdeployment symptom develop-
ment. Since PTSD is a heterogeneous condition, 7=
we examined associations of startle with overall P'TSD
symptoms and DSM-IV symptom clusters using a 4-
factor model®” (re-experiencing, avoidance, numbing,
hyperarousal), and with general anxiety and depression
SYmproms.

METHODS

STUDY DESIGN AND PARTICIPANTS

MRS s a longitudinal study of 2,600 U.S. Marines and Navy
Corpsmen (typically treanng/aiding combat wounded) around combat
deployments to Triq or Afghanistan (I-month predeployment, imme-
diately postdeployment, and =3- and ~6-months postdeployment),
Institutional review hoards of the University of California San Diego,
VA San Diego Research Service, and Naval Iealth Research Center
approved the study, and written informed consent was obrained from
all participants.

Of the 2,592 participants with valid predeployment startle reactiv-
ity, 2,571 completed predeployment psychiatric measures and 1,632
completed psychiatric measures at 6-month postdeployment. To test
hoth hypotheses, we used predeployment startle data (largest N). To
predict PTSD-risk, we used predeployment startle to predict symp-
toms ar the 6-month time point (reflecting greatest chronieity after
rrama).

MEASURES
1261,

Complete MRS methods are described elsewhere!=";
only measures relevant to the presentstudy are presented
here.
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STARTLE THRESHOLD TEST

Stimuli and Apparatus. Startle pulses were de-
livered using a San Diego Instruments (San Diego,
CA, USA? SR-TIRLAB EMG system as previously
deseribed.P"* 1 EMG data (1-KIz sampling rate) were
amplified, rectified, band-pass filtered (100-1,000 Hz),
and smoothed (5-point rolling-average). All trials were
reviewed by trained technicians using standard methods
to remove artifact (e.g., responses that began hefore or
100 ms after probe onset were removed). Details are in
supplementary materials.

Experimental Procedure. Prior to startle testing,
hearing threshold was examined using 100, 500, 3,000,
and 6,000 Hz tones at 35 dB[A] via a Grason-Stadler Au-
diometer (Eden Prairie, MN, USA). T'he startle thresh-
old task was modeled after prior research.®’l After a
5 min acclimation, four 114-dBJA] broadband pulses
were presented to assess “maximal” startle reactvity
scores. Startle probes were then presented in pseudo-
random order across six intensities: 80, 85, 90, 95, 100,
and 105 dB[A] (5 pulses/trial-type). Probes had instan-
taneous rise/fall time, were 40 ms in duraton, with in-
tertrial interval average of 15 s. A 70 dB[A] broadband
background noise was continuous.

ASSESSMENT OF PSYCHIATRIC SYMPTOMS

Posttraumatic Stress Disorder. Predeployment
and 6-month postdeployment PTSD symptom severity
was assessed using the Clinician-Administered PTSD
Scale (CAPS),] a structured diagnostc interview de-
signed to assess DSM-TV PTSD symptoms?*4 with
high convergent and divergent validity.P7 Interrater
reliability was high between CAPS interviewers and
trained observers making independent ratings, with an
intraclass correlation coefficient = 0,99 (n = 261), CAPS
was scored as zero if pardeipants did not endorse any
criterion A traumatic events according to DSM-IV on
the Life Event Checklist (LEC), a survey of eriterion
A events experienced or withessed (0-16 range). CAPS
total score (0-136 range) served as a continuous mea-
sure of PTSD ptoms. Four CAPS subscales were
also calculated””!: re-experiencing (B1-5), hyperarousal
(D1-5), avoidance (C1-2), and numbing (C4-6). DSM-
IV PTSD diagnostic criteria were defined as endorsing
at least one criterion A event, one cluster B symprom,
three cluster C symptoms, and two cluster D symptoms
whereas “subthreshold” PTSD was defined as endorsing
atleastone criterion A event, one cluster B symptom, and
either three cluster C or two cluster D symptoms.*% 4%

Anxiety. Predeployment and 6-month postdeploy-
ment anxiety symptoms were assessed with the Beck
Anxiety Inventory (BAT),/*! a 21-item questionnaire (0—
63 range) of general cognitive and somatic anxiety symp-
toms experienced within the past week with divergent
and discriminant validiry.lu] BAI cognitive (items 4, 5,
9,10, 14, 16, 17) and somatic (items 1-3, 6-8, 11-13, 15,
18-21) subscales were also calculated.
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Depression.  Predeployment and 6-month postde-
ployment depressive symptoms within the past 2 weeks
were assessed with the Beck Depression Inventory 11
(BDI-IT), 3 21-item questionnaire (0-63 range) with
strong discriminant, convergent, and content validity. "/l

Childbood Trauma. Traumatic experiences during
childhood were assessed at predeployment with a mod-
ified Childhood Trauma Questionnaire (CTQ),* a
34-item questionnaire (25-170 mn{gc) with strong dis-
criminant and convergent validity. 47

Deployment  Stress and Combat  Exposure.
Stressful experiences during combat and deployment
were assessed at 6-months postdeployment with four
scales from the Deployment Risk and Resilience
Inventory-2 (DRRI-2; Postbattle Experiences, Combat
Experience, Deployment Concern, Difficult Living and
Working Environment), with high criterion validity and
internal consistency (0.92).1"%1

ANCESTRY

T'o control for associations of race with startle reac-
tvity (e.g., "), we used a genetically derived ancestry
variable as a covariate.*% Participants were placed into
four groups: Cancasian (N = 1,588); African-American
(N = 161); Hispanic and Native American (N = 459);
and Asian/Other (N = 363; detils in supplementary
materials).

STATISTICAL ANALYSIS

Analyses were conducted using statstical software
package R, version 3.1.1,°"1 and Statistical Package
for the Social Sciences, SPSS version 21.0.0.521 To
best analyze curvilinear response differences in prede-
ployment startle magnitude as startle simulus intensity
increased, a Latent Class Mixture Maodel (LCMM; R
package lemm)*) was used. This approach enables
identfication of homogenous subgroups of participants
within the full cohort thar followed unique trajectories
of startle magnitude increases across stimulus intensi-
ties. Group membership classifications were then used
as an independent variable to indicate participant star-
tle tendency across stimulus intensities. The model was
constructed iteratively, with carvilinear trajectory being
specified and additional groups being added until model
fit either no longer improved or membership in any class
dropped below 10% of the sample.

MRS measures of psychiatric symptoms (CAPS, BAI,
BDI-IT) at predeployment and 6-month postdeployment
were positively skewed, overdispersed, and had an ex-
cess of zero scores, as previously reported.™! Hence,
zero-inflated negative binomial regression (ZINBR) was
the appropriate analytic method. ZINBR uses maximum
likelihood to model outcomes via two component mod-
els: logistic regression (zero maodel) predicting proba-
bility of a zero score, and negative binomial regression
(count model) predicting total score.

Predeployment startle threshold class was included
as a factor in ZINBR analyses to predict symptoms at
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TABLE 1. Comparisons of characteristics and psychiatric symptoms between startle threshold classes

High-threshold Moderate-threshold Low-threshold
Predeployment characteristic (n=17318) (n=987) (n = 266) P-value
Age® 22.69 (3.62) 22.88 (3.42) 22,93 (3.20) 33
Ancestry”, % <.001°¢
Clrncasian 55.3 8.9 68.0
African-American 8.5 4.2 2.6
Hispanic/Native Ameriean 18.2 17.0 19.2
Astan/Other 17.9 9.9 10.2
Marital starus”, % .26
Never Married 62.3 61.2 50.0
Married 35.1 344 16.8
Drvarced | 3.0 2.6
Scparated 1.1 1.5 4]
cro? 40.65 (14.15) 40.12 (13.59) .05 (12.39) 22
Childhood Physical abuse 8.8 (1) S8 (4.0) 8.6 (3.7) 76
Childbood sexual abuse 5.6(2.2) 5.6(2.2) 3.5(2.0) 87
Lifetime trauma (LEC)* 4.96(3.23) 5.11(3.26) .44 (3.24) .08
Months spent in military® 36.28 (36.08) 35.60 (34.40) 37.54(31.72) 70
Maonths remaining in enlistment? 27.67 (13.31) 27.74(13.26) 26.59(13.87) 43
Any previous deployment”, % 49.5 51.7 58.6 .03¢
Total previous deployments® 0.84(1.1) 0.86(1.1) 0.97(1.2) 20
Total lifetime TBI with LOC? 0.59 (0.99) (.64 ((1.94) (.53 (0.85) 18
CAPS? 7.02 (12.94) 6.03 (10.80) 8.68 (13.84) 005
BAI® 5.99(5.71) 5.99 (5.81) 6.82 (6.13) 09
BDI-IT* 6.47(7.74) 6.61 (7.77) 7.45(7.94) 17
PTSD diagnosis, traditonal’, %" 3.8 3.1 5.6 15
PTSD diagnosis, subsyndromal®, %" 7.8 6.5 113 .03h

High-threshold Moderate-threshold Low-threshold
Postdeployment characteristic (n = 833) (n=0632) (n = 163)
DRRI-2* 0.1 (0.80) ~0.03 (0.81) 0.07 (0.83) 17
Combat and pesthattle experience® 0.30(0.23) 0.29(0.23) .32 (0.24) 34
CAPS? 9.67 (16.12) 9.37 (15.57) 9.73 (14.80) 04
BAI® 4.79 (7.84) 4.77 (8.09) 4.89 (7.04) 98
BDI-1I" 3.37(7.20) 4.85 (6.74) 5.86 (6.56) A1
PTSD diagnosis, traditional’, %Y 5.0 5.2 5.3 95
PTSD diagnosis, subsyndromalt, %" 10.4 10.6 1.8 87

*One-way ANOVA analyses performed.
I‘Ch’i—squarcd west of distributon performed.

“Post hac tests indicate lower proportion of high-threshold participants were Caucasian and a higher proportion were African-American and
Asian/Other (P < .001), higher proportion of moderate-threshold participants were Caucasian and a lower proportion were African-American and
Asian/Other (P < .001), and higher proportion of low-threshold participants were Caucasian (P = .03) and a lower proportion were African-American

(P =.01).

IPost hoc tests indicate a higher percentage of participants in the low-threshold than high-threshold class with previous deployment experience

(P =.023).

“Post hoc tests indicate lower score in moderate-threshold cluss than low-threshold class (P = .003).

"Iraditional PTSD criteria: eriterion A event, ar least 1 cluster B symptom, 3 cluster C symptoms, and 2 ¢luster D symptoms, with minimum

frequency ratings of 1 and minimum intensity ratings of 2 on CAPS.

ESubsyndromal PTSD criteria: criterion A event, at least 1 cluster B symprom, 3 cluster C or 2 cluster D symproms, with minimum frequency
ratings of 1 and minimum intensity ratings of 2 on CAPS.
B Post hoe rests indicate higher proportion of participants in the low-threshold cluss than maderate-threshold class met subsyndromal PTSD criteria

(P=.02).

Significant associations are highlighted in bold.

either predeployment or 6-month postdeployment. Be-
cause the moderate-startle class displayed the lowest pre-
deployment CAPS scores (Table 1), it was chosen as
the referent group in ZINBR analyses to detect symp-
tom increases in the other classes. Ancestry and deploy-
ment history differed between startle threshold classes

(Table 1), thus these vanables were included in the
model. Number of correct responses on the hearing test
was included to account for hearing differences poten-
tally affecting startle reactivity. A composite of DRRI-2
scales was included to account for differences in com-
bat and deployment experience. An interaction between
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DRRI-2 and startle class was examined but it did notim-
prove the model. Multiple other potential confounders
were evaluated, including predeployment depression (via
BDI-IT), sleep quality, caffeine and tobacco use, and trau-
matic brain injury (T'BI), but none improved the model.

Startle threshold class membership at predeployment
was the primary predictor variable. The zero and count
models were primarily used to predict responses on
CAPS and CAPS subscales (re-experiencing, avoidance,
numbing, hyperarousal) at both predeployment and
6-month postdeployment. Secondary ZINBR models
including trauma history variables (CTQ and LEC)
were conduceted to examine effects of childhood and life-
time trauma burden on the relationship between startle
threshold and PTSD symptoms. Additional secondary
analyses predicted predeployment and 6-month post-
deployment responses on BAI, BAI subscales (somartic,
cognitive), and BDI-IIL.

ZERO MODEL: PREDICTING ABSENCE OF
PSYCHIATRIC SYMPTOMS

Exponentated coefficients of the zero model were in-
terpreted as odds of a zero score. The zero model inter-
cept reflects the base probability of having a zero score
given that a participant was in the moderate-threshold
class, Caucasian, never before deployed, with average
hearing. Average DRRI-2 and PTSD symptom scores
at predeployment were also referents when predicting
6-month postdeployment scores.

COUNT MODEL: PREDICTING TOTAL
PSYCHIATRIC SYMPTOMS

Exponentiated coefficients of the count model repre-
sent multiplicative change in predicted measure score
per unit change in a given predictor. The count model
ntercept reflects a predicted symptom score given the
same referents as described for the zero model.

RESULTS

STARTLE THRESHOLD CLASS

The LCMM showed three distinct classes of growth
across stimulus intensity levels (Fig. 1). The high-
threshold class (51.3% of participants) was characterized
by relatively flat trajectory, only rising in magnitude at
the highest dB[A] levels. The moderate-threshold class
(38.4% of participants) was characterized by aslope ofin-
creasing startle magnitude across dB[A] levels. The low-
threshold class (10.3 % of participants) was characterized
by an abruptly steep slope, disunguishable even at low
dB[A] levels.

SAMPLE CHARACTERISTICS BY STARTLE
THRESHOLD CLASS

Overviews of pre- and postdeployment MRS co-
hort characteristics have been reported previously.?*#1
Predeployment demographic and descriptive data are
presented for each startle threshold class (Table 1).
Chi-squared tests indicated significant predeployment
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Figure 1. Mean startle threshold class response across decibel
level, &1 SEM. Startle class trajectories identified using Latent
Class Mixture Model.

differences between startle threshold classes in racial an-
cestry (x* (6, » = 2,592) = 72.95; P < .001). More
participants in the low-threshold class had been previ-
ously deployed compared to other classes (x? (2, n =
2,585) = 6.96; P = .03). Startle threshald classes did
not differ at predeployment in age, marital status, total
number of prior deployments, total months spent in the
military, total months remaining in military enlistment,
total lifetime TBI with loss of consciousness, or child-
hood trauma measures. The low-threshold class tended
to have more lifetime trauma (P < .08).

Pre- and postdeployment measures of psychiatric
symptoms are presented for each threshold class
(Table 1). One-way analysis of variance (ANOVA) in-
dicated significant threshold class differences in CAPS
at predeployment (F (2, 2,586) = 5.31; P = .005) but
not postdeployment, Deployment trauma did not dif-
fer across classes. Although classes did not differ in
the percent meeting DSM-TV PTSD diagnostic crite-
ria at predeployment (3.7% of participants), significantly
more participants met subthreshold PTSD in the low-
threshold compared to moderate-threshold class (x* (2,
n=2,592) = 6.84; P = .03). There were no class differ-
ences in full or subthreshold PTSD at postdeployment.
Threshold classes did not differ on BAI or BDI-IL.

ZERO-INFLATED NEGATIVE BINOMIAL
REGRESSION

For clarity, we have only depicted ZINBR results for
threshold class as a predictor of PT'SD at predeployment
(Table 2) and postdeployment (Table 3) in the body of
the paper. Full models with all predictors are included
as supplementary materials.

RELATIONSHIP BETWEEN STARTLE
THRESHOLD AND CURRENT PTSD SYMPTOMS

Count Model. In participants endorsing PTSD
symptoms, high-threshold class membership increased
predeployment predicted CAPS score by a factor of 1.14
(14%; P = .04), CAPS-reexperiencing by a factor of
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TABLE 2. Zero-inflated negative binomial regression predicting predeployment CAPS total score and subscales

Outeome measure Muodel Variable* Estimate (SE) Pvalue Predicted measure total™® Ratio (95% CI)!
CAPS toml Count (Intercept) 2.90(0.21) =001 0,96 (8.07-12.29)
l{igh-t_hmslwld' 0.14 (0.06) 04 1.14 (1.01-1.29)
Low-threshold 0,17 ((L10) 8 118 (0.98-1.43)
Zera (Intercept) —0.63 (0.35) 07 53.05% (+4.32-61.59%)
High-threshold 0.03 (0.09) 6 1.02 (0.86~1.23)
Low-threshold” —0.38 (0.15) 0 0.68 (0,50-0.92)
CAPS-recypenencing Count (Intercept) 217 (0.21) <.001 517 (4.19-6.38)
High-t}n‘cshold‘ 0.18 (0.07) .m 1.20 (1.05-1.36)
Low-threshaold O04(0.01) A7 1.15 (0.59-2.26)
Zero (Inrercepr) 0,14 (0.34) 68 64.36% (56.25-71.73%)
High-threshold 0,12 (0.10) 22 1.13 (0.93-1.30)
l.ow-threshold 0.02 (0.15) it 1.02 (0.76-1.39)
CAPS=avoidance Count (Intercept) 1.36.(0.24) <001 4.20 (3.30-5.34)
High-threshold’ 0.16 (0.07) 02 (.17 (1.02-1.35)
Low-threshold 0.10(0.11) 38 1.10 (0.89-1.36)
Zero (Intercept) 0.74 (0.39) 06 79.28% (72.14-84.96%)
Thigh-threshold 0.06 (0.11) 57 1.06 (0.86-1.32)
Low-threshold —0.11(0.17) 52 0.89 (0.63-1.26)
CAPS-numbing Count (Intercepr) 1.87 (0.22) =.001 6.2 (4.83-7.50)
High-lhreshold' 0.21 (0.08) 01 1.24 (1.06-1.44)
Low-threshold 0.08 (0.11) 46 108 (0.88-1.33)
Zero (Intercept) (.89 (0.4)) .03 BO.74% (B5.43-92.88%)
High-rthreshold 0.06 (0.13) 60 1.06 (0.83-1.30)
Low-threshold” ~0.58 (0.18) <001 0.56 (0.40-0.79)
CAPS-hyperarousal Count (Intereept) 2.29 (0.16) <.001 731 (6.23-8.55)
High-threshold 0.02 (0.05) 73 1.02 (0.91-1.13)
Low-threshold —0.03 (0,08) 72 0.97 (0.84-1.13)
Zern (Intercept) 0.33 (0.34) 33 79.94% (73.93-84.85%)
High-threshold ~0.12(0.19) 21 0.88 (0.73-1.07)
Low-threshold’ —0.57 (0.15) ~.001 0.57 (0.42-0.76)

“Moderate-threshold membership used as referent group for high-threshold and low-threshold class membership.
b Esnmate for participant who is Caucasian, never before deployed, with average hearing.

“For the zero madel, hase probability ofa predicted score of (.

9954 confidence interval for predictor coefficient. Count model coefficients indicate multiplicative ehange in predicted measure score per unit
change in predictor, Zero model coefficients indicate predicted factor change in odds of a zero score for measure per unit change in predictor.

* Predictor P-value <.05
Significant associations are highlighted in bold,

1.20(20%; P = .01), CAPS-avoidance by a factor of 1.17
(17%; P = .02), and CAPS-numbing by a factor of 1.24
(24%; P = .003), but was not assaciated with CAPS-
hyperarousal. Low-threshold class membership did not
significantly predict CAPS.

Zero Model. High-threshold class membership did
not significanty affect predeployment odds of a zero
score on CAPS or CAPS-subscales. Low-threshold class
membership decreased predeployment odds of a zero
score on CAPS by a factor of 0.68 (32%; P=.01), CAPS-
numbing by a factor of 0.56 (44%; P < .001), and CAPS-
hyperarousal by a factor of 0.57 (43%; P < .001), but did
not affect odds of zero scores on CAPS-reexperiencing
or CAPS-avoidance.

RELATIONSHIP BETWEEN STARTLE
THRESHOLD AND FUTURE PTSD RISK

Neither high-threshold nor low-threshold class mem-
bership at predeployment were significantly associated
with postdeployment CAPS in the count or zero models.

Secondary Analyses. For full results of secondary
models see supplementary materials. When trauma-
burden measures were included in ZINBR models,
associations between low-threshold class and PTSD
symproms remained significant (Ps = <,001-01).
High-threshold class association with CAPS-avoidance
also remained significant (P = .04) whereas associations
with CAPS-total, CAPS-reexperiencing and CAPS-
numbing did not. Removing participants that denied
ever experiencing a category A event (N = 80, 3%)
from the amalyses did not change the findings (data
not shown). For predicting anxiety and depression,
low-threshold class membership decreased the odds of
a zero score for BAl-somade by a factor of 0.64 (36%;
P < .04) whereas class membership was not associated
with BDI-II. To examine if trauma burden is related
to startle threshold among individuals with PTSD, we
examined class differences in CTQ and LEC among
PTSD cases. Individuals meeting predeployment
diagnosis for P'T'SD endorsed more childhood trauma

Deprression and Anxicry
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TABLE 3. Zero-inflated negative binomial regression predicting 6-months postdeployment CAPS total score and

subscales
Outeome measure Model Variable® Fstimate (SE) P-value Predicted measure total™c Ratia (95% CI)“
CAPS total Cuount (Intereepr) 2.56.(0.26) <(.001 12.00 (9.25-15.50)
I igh-threshold 0,04(0.07) 0.53 1.04(0.91-1.20)
Low-threshold —0.05 (0.11) 0.66 0.95 (0.767-1.15)
Zerp (Intercepr) (.80 (0.45) 0.10 43.71% (32.46-55.66"%)
High-threshold —0.03 (0.14) 0.78 0.97 (0.75-1.24)
Low-threshold —0.12 (0.22) 0.59 0.89 (0.58-1.35)
CAPS-reexperiencing Count (Intercept) .81 (0.29) =0.001 5.07 (4.24-7.57)
High-threshold 0,04 (0.08) 0.56 1.04 (0.90-1.21)
Low-threshold —0.12(0,12) 0.29 0.88(0.70-1.11)
Zero (Intercepr) 146 (0.48) 0.002 68.04% (57.52-77.96%)
High-threshold —0.06 (0.13) 0.63 0.94(0.73-1.21)
Low-threshold _0.38(0.21) 0.07 .68 (0.45-1.03)
CAPS-avoidance Count (Intercepr) 1.72 {0.30) =0.001 +.40 (3.30-6.02)
High-threshold 0.04 (0.08) 0.63 1.04 (0.88-1.23)
Low-threshold —0.09(0,13) 0.49 0.92 (0.71-1.18)
Zero (Intercept) 2.08 (0.52) <0.001 86.46% (79.16-91.49%)
Iigh-threshold ~0.21 (0,15) 0.15 0.81 (0.61-1.08)
Low-threshold —0.37 (0.23) 0.10 0.69 (0.44-1.08)
CAPS-numbing Count (Intercept) 2,00 (0.36) <0.00) 6.45 (4.30-9.25)
High-threshold 0.15 (0.10) 0.13 116 (0.96-1.40)
Low-threshold 0.01 (0.15) 0.96 1.01 (0.75-1.35)
Zero (Intereept) 3.36(0.63) <0.001 89.06% (B1.02-93.77%)
High-threshold —0.14 (0.15) 0.37 0.87 (0.64-1.18)
Low-threshold 0.00 (01.25) 0.99 100 (0.61-1.65)
CAPS-hyperarousal Count (Intercepr) 2.26 (0.20) <0.001 8.24 (6.75-10.07)
High-rthreshold 0,02 (0.06) 0.76 1.02 (0.91-1.14)
Low-threshold ~0.05 (0.09) .61 (.96 (0.80-1.14)
Zero (Intercept) 0.92 (0.47) .05 50.71% (48.09-70.34%)
High-threshold 0.17 (0.12) 0.17 118 (0.93-1.51)
Lew-threshold 0.02 (0.20) .94 1.02 (0.68-1.51)

*Moderate-threshold membership used as referent group for High-threshold and Low-threshold elass membership.
bEstimate for participant who is Caucasian, never before deployed, with average hearing and DRRI, and with zero scores on measures at prede-

plovinent.

“For the zero madel, base probability of a predicted score of (.

195% confidence interval for predictor coefficient. Couns model cacfficients indicate multiplicative change in predicted measure score per unit
change in predietor. Zero model coefficients indicate predieted factor change in odds of 3 zero seare for measure per unit change in predicror.

(P < .001) and physical abuse (P = .001) in the high-
threshold class, but there were no class differances for
LEC.

DISCUSSION

This study examined if differences in startle threshold
are associated with PTSD symptom severity (PTSD
state) and/or are predictive of trait risk for developing
PTSD after deployment. Startle responses were fitted
into three distinct growth classes across stimulus inten-
sity levels, with classes defined by high, moderate, and
low thresholds. ZINBR models indicated that relative to
moderate-threshold, high-threshold class membership
at predeployment was associated with more severe
predeployment symptoms on CAPS-total, CAPS-
reexperiencing, CAPS-avoidance, and CAPS-numbing.
Relative to moderate-threshold, low-threshold class
membership was associated with decreased likelihood of
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being symptom-free at predeployment on CAPS-toral,
CAPS-numbing, CAPS-hyperarousal, and BAI-somatic.
These findings suggest that low startle threshold may be
associated with increased likelihood of endorsing current
PTSD and anxiety symptoms, whereas high-threshold
responding is associated with increased PTSD severity
once symptoms emerge. Previous research supports
that “baseline” EMG startle reactivity is associated with
PTSD symptom state that can remit after treatment, ™!
although there are some inconsistencies likely due to
methodological differences.””™ Predeployment startle
threshold class did not predict postdeployment psychi-
atric symptoms, suggesting that startle threshold does
not represent a trait risk-factor for developing PTSD or
anxiety. The large cohort size and pre- and postdeploy-
ment assessments used here build on previous prospec-
tve research finding thar startle sensidzation develops
along with PTSD symptoms rather than representing
a preexisting risk factor.’7! PTSD risk has been asso-
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ciated, however, with startle in response to conditioned
fear-cues or aversive stimuli,*!! suggesting that EMG
responses during threat may probe different mechanisms
of PTSD risk than “baseline™ startle rasks. Neither
current depression nor development of depression
symptoms were predicted by threshold class, consistent
with previous findings that altered startle response is
associated with fear and anxiety but not depression. "84

The association of current PTSD symptoms with
both low and high startle thresholds is consistent with
findings that many PTSD padents show exaggerated
startle reactivity similar to other fear-based disorders,
whereas PTSD patients with particularly severe trauma
histories demonstrate blunted startle similar to disorders
of pervasive apprehension and negative affect.!'™ 1% Our
finding that low-threshold responding was associated
with PTSD and somatic anxiety symptoms is consistent
with a fear-based PTSD presentation. That high-
threshold reactivity was associated with more severe
PTSD symptoms but not anxiety symptoms is consis-
tent with the idea that a subset of PTSD patients show
diminished defensive responding. In secondary analyses,
low-threshold startle was associated with CAPS-total,
-numbing, and -hyperarousal symptoms above and be-
yond variance accounted for by childhood and lifetime
trauma, suggesting that elevated startle reactivity devel-
ops independently from trauma exposure. Alternatively,
when accounting for trauma burden high-threshold
startle only remained predictive for avoidance, but not
CAPS-total or re-experiencing symptoms. There were
no differences between threshold classes on measures of
lifetime trauma burden or depression, although among
the 96 mdividuals who met DSM-1V eriteria for P'TSD
at predeployment, those with high startle threshold
had greater history of childhood trauma and physical
abuse. Together, these results suggest that PTSD
following high childhood and lifetime trauma burden
may be characterized by diminished physiological
reactivity, with trauma burden accounting for much
of the association between blunted startle and PTSD
severity, whereas elevated startle may be associated
with PTSD  symptoms independent from trauma
history.

These findings suggest that a moderate startle-
threshold may indicate minimal current PTSD symp-
tomatology relative to high or low startle thresholds,
and may have important implications regarding the re-
lationship between PTSD and abnormalities in startle
response neurocircuitry. Startle reactivity is modulated
by the amygdala and bed nucleus of the stria terminalis,
via projections to nodes of the primary startle circuit
in the brainstem that mediate startle,® Exaggerated
startle reactivity is putatively related to amygdala hy-
peractivity in PTSD (e.g., 1521y but several different neu-
robiological processes might contribute to low startle
being associated with increased psychiatric symptoms.
During severe stress, the periaqueductal gray (PAG) in-
hibits startle in favor of other defensive behaviors re-
sulting in an inverted-U shaped dose-response function

between stressor intensity and startle response.[%:041 Sig-
naling pathways linked to inverted U-shaped effects on
startle reactivity that are abnormal in PTSD include
corticatropin releasing factor (CRF) and glucocorticoid
signaling. P'TSD patients exhibit increased CRF levels
in cercl_:msEinul fuid!® 58] and increased ghucocorticoid
sensitivity.|”) Moderate CRF and glucocorticoid levels
induce increased startle whereas high doses induce re-
duced startle reactivity!”""*l CRF-induced inhibition or
potentiation of startle also depend on neural sources of
CRF hypersignaling.”™ Future research is needed to
determine if these neural circuits and signaling path-
ways are linked to different startle thresholds. Under-
standing the neurobiological mechanisms influencing
startle threshold might help identify separate functional
pathologies across PTSD and other anxiety disorders.

This study has important limitations. First, this cohort
was entirely male so it is unknown if the findings are
applicable to females, particularly given recent gender
differences found in the relationship between startle re-
activity and PTSD.! Second, this cohort was young,
generally healthy, and highly sereened, all of which may
limit generalizability. Third, the types of rraumas faced
by this military cohort may differ from traumas ex-
perienced by civilians. Fourth, participants developing
symptomatology postdeployment may have been less
likely to remain in the military until postdeployment as-
sessment. Few study participants met PTSD diagnostic
criteria at pre- or postdeployment, thus this study may
have been underpowered to detect the relationship be-
tween startle threshold and severe PTSD symproms.

Overall, these findings indicate that distinct pat-
terns of startle reactivity across high and subthreshold
stimulus intensity are associated with current PTSD
symptom “state,” but not with trait risk for developing
psychiatrie symproms. Moderate startle-threshold was
associated with fewer current PTSD symptoms relative
to low- and high-thresholds, Future research should in-
vestigate the relationship between lifetime trauma bur-
den and PTSD symptom severity with blunted startle
responding. Additionally, future research should exam-
ine the biological underpinnings of startle threshold asan
intermediate phenotype for PTSD state. Improved un-
derstanding of startle and other PTSD-related biomark-
ers may facilitate targeting of treatment and prevention
strategies.

Acknowledgments. The MRS team includes
Daniel O’Connor, Brett Litz, William Nash, Nicholas
Schork, Jennifer Vasterling, Jennifer Webb-Murphy,
and Kate Yurgil. We would like to acknowledge addi-
tional contributions from the MRS administrative core
(Anjana Patel, Andrew De La Rosa, Elin Olsson, Patricia
Gorman) as well as the numerous clinician-interviewers
and data collection staff who contributed to the project.
We also wish to thank the Marine and Navy Corpsmen
volunteers who participated in the study.

Depression and Anxiety



200

Conflict of Interest Disclosures. Dr. Rishrough

reports personal fees from Sunovion, and grants from
Johnson and Johnson, outside of the submitted work.
Dr. Geyer reports support from San Diego Instruments,
personal fees from Otsuka, personal fees from Lundbeck,
personal fees from Omeros, personal fees from Dart,
personal fees from Sunovion, and personal fees from
Neuroerine, outside the submitted work. Drs. Acheson,
Baker, Glenn, and Nievergelt have nothing to disclose.

]

REFERENCES

. Marmar CR, Schlenger W, Henn-Haase C, et al. Course of post-

traumatic stress disorder 40 years after the Viemam War: findings
from the Natonal Viemam Veterans Longitudinal Study. JAMA
Psychiatry 2015;72:875-881.

. Kang HK, Natelson BH, Mahan CM, Lee KY, Murphy M.

Post-traumatie stress disorder and chrome fangue syndrome-
like illness among Gulf War veterans: a population based sur-
vey of 30,000 vererans. Am ] Epidemiol 2003;157:141-148. doi:
10.1093/aje/kwfl 87

. Fultona JJ, Calhouna PS, Wagner 1R, ct al. The prevalence

of posttraumatic stress disorder 10 Operanon Enduring Free-
dom/Operation Iraqi Freedom (OEF/OIF) Veterans: a meta-
analysis. ] Anxiety Dis 201553 1;,98-107.

. Magruder KM, Yeager DE. "The prevalence of PTSD across

war eras and the effect of deploviment on PTSD: a systemane
review and meta-analysis. Psychiatric Annals 2009;39,778-788.
doi:10.3928/00485713-20090728-04

. Hoffman EJ, Mathew S]. Anxiety disorders: a comprehensive re-

view of pharmacotherapies. Mt Sinai | Med 2008;75:248-262.
doi:10.1002/msj.20041

. Insdrure of Medicine, Treaunent of Posttraumatic Stress Disor-

der: An Assessment of the Evidence. Washington, DC: The Na-
tonal Academies Press; 2008.

. Bandelow B, Zohar J, Hollander E, Kasper S, Miller L1, WFSBP

Task Force on Treatment Guidelines for Anxiety, Obsessive-
Compulsive and Post-Traumanc Stress Disoders. World Federa-
tion of Societies of Biological Psychiaory (WESBP) guidelines for
the pharmacological reatment of anxiety, obsessive-compulsive
and post-traumatic stress disorders—first revision. World | Biolog
Psychiatry 2008;9:248-312. doi: 10.1080/13622970802465807

. Berger W, Mendlowicz MV, Marques-Portella C, et al. Phar-

macologic alternatives to antidepressants in posttraumatic stress
disorder: a systematic review. Prog Neuropsychopharmacol Biol
Psychiatry 2009;33:169-180.

. Cuthbert B, Insel T, Toward the future of psychiatric diagnosis:

the seven pillars of RDoC., BMC Med 2013;11:126-133.

. Kearns MC, Ressler KJ, Zarzick 1), Rothbaum BO, Early imter-

ventions for PTSD: a review. Depress Anxiety 2012;29:833-842.
doi; 10.1002/da.21997

. Davis M, Falls WA, Campeau S, Kim M. Fear-potentiated star-

tle: a neural and pharmacological analysis. Behav Brain Res
1993;58:175-198.

. Grllon C. Models and mechanisms of anxiety: evidence from star-

tle studies. Psychopharmacology 2008;199:421-437.

. American Psychiatric Association. Diagnostic and Statistical Man-

ual of Mental Disorders: DSM-5. Washington, DC: American
Psychiatric Association, 2013,

. Shalev AY, Peri T, Orr SP, Bonne O, Pitman RK. Auditory

startle responses in help-secking trauma survivars. Psychiat Res
1997:69:1-7.

Dipression and Anxiety

Glenn et al.

0.

20

a
T

2%

(=]
oy

26.

27.

30,

3l

. Acheson DT, Geyer MA, Risbrough VB. Psychophysiology in

the study of psychological trauma: where are we now and where
do we need 1o hez Current Topies in Behavioral Neurosciences
201-421:157-143.

. Zoladz PR, Diamond DM, Current status on belavioral

and biological markers of PTSD: a scarch for clarity m a
conflienng literture. Neurosei Biobehay Rev  2013;37:860-
895,

- Pole N. The psychophysiology of posttraumatie stress disorder: a

meta-analysis. Psychol Bulletin 2007;133:725-746.

. McTeague LM, Lang PJ, Laplante MC, Cuthbert BN,

Shumen JR. Bradley MM. Aversive imagery in posttrau-
matic stress disorder: travma recurrence, comorbidity, and
physiological reactivity. Biol Psychiatry 2010:67:346-356. doi:
10.1016/j.biopsych.2009.08.023

McTeague LM, Lang PJ. The anxiety spectrum and the reflex
physiulogy of defense: from circumseribed fear to broad distress.
Depress Anxiery 2012;29:264-281. doi: 10.1002/da.21891
Grillon C, Dierker L, Merikangas KR, Startle modulation in chil-
dren at nsk for anxiery disorders and/or alcoholism. | Am Acad
Child Adolesc Psychiatry 1997;36:925-932.

. Ginllon C, Dierker 1., Merikangas KR. Fear-potentated startle in

adolescent offspring of parents with anxiety disorders. Biol Psy-
chiatry 1998;44:990-997.

. Merikangas KR, Avenevoli S, Dierker L, Grillon C. Vulnerability

factorsamong children atrisk for anxiety disorders. Biol Psychiatry
1999,46:1523-1535.

Guthrie RM, Bryant RA. Auditory startle response in firehghters
hefore and after travma exposure. Am | Psychiatry 2005;162:283—
290,

. Pole N, Neylan TC, Oue C, Henn-Tasse C, Metzler T, Mar-

mar CR. Prospective predicoion of postraumatic suess disorder
symptoms using fear potentiated startle responses. Biol Psychiatry
2009:65:235-240.

. Butler RW, Braff DL, Rausch J1., Jenkins MA, Sprock |, Geyer

MA. Physiological evidence of exaggerated startle response in a
subgroup of Viemarm veterans with combat-related PTSD. Am |
Psychiatry 1990;147:1308-1312.

Baker DG, Nash WP, Litz BT, et al. Predicrors of risk and re-
silience for posttraumatic stress disorder among ground combat
Marines: methods of the Marine Resilieney Study. Prev Chronic
Dis 2012;9:E97:1-11,

Elhai JD, Naifeh JA, Forbes D, Ractliffe KC, Tamburrino M, Her-
erogeneity in clinical presentations of posttraumatic stress disor-
der among medical pauents: testing factor strucrure variation us-
ing factor mixture modeling. | Trauma Stress 2011;24:435-443,
dor: 10.1002/71s.20653

. Galatzzer-Levy IR, Bryant RA. 636,120 Ways to have posttrau-

matic stress disorder. Perspect Psychol Sci 2013:8:65 1-662.

. King DW, Leskin GA, King LA, Weathers FW. Conhirmatory

factor analysis of the clinician-administered PTSD Scale: evidence
for the dimensionality of posttraumatic swress disorder. Psychol
Assess 1998;10(2):90-96.

Acheson DT, Stein MB, Paulus MP, ct al. Effects of anxiolytic
treatment on potentiated startle during aversive image anticipa-
tion. Muman Psychopharmacol 2012;27:419427.

Acheson 1, Feifel D, de Wilde S, McKinney R, Lohr ], Risbrough
V. The effect of intranasal oxytocin treatment on conditioned fear
extinetion und recall in a healthy human sample. Psychopharma-
calogy 2013;229:199-208. doi: 10,1007/s00213-013-3099-4

. Acheson DT, Geyer MA, Baker DG, et al. Conditioned fear and

extinction learning performance and its association with psychi-
atric symproms in active duty Marines. Psychoneuroendocrinol-
ogy 201451:495-503. don: 10.1016/).psyneuen.2014.09.030



33,

34

35,

36.

37

38,

3.

4.

41.

45.

47.

48.

49,

Research Avticle: Startle Reactivity Associated with PTSD Symptoms

Blake DD, Weathers FW, Nagy LM, et al. The development of
1 clinician-administered PTSD seale. | Travma Stress 1995:8:75-
90.

King DW, Leskin GA, King LA, Weathers FW, Confirmatory
factor analysis of the clinician-administered PTSD Scale: evidence
for the dimensionality of posttraumatic stress disorder. Psychol
Assess 1998:10:90-96.

Weathers FW, Keane TM, Davidson JRT. Clinician-
Administered PTSD Scale: 4 review of the st ten years of
research. Depress Anxiety 2001:13:132-156.

Weathers FW, Ruscio AM, Keane TM. Psychometric properties
of nine scoring rules for the Clinician-Administered Posttraumatie
Stress Disorder Scale. Psychol Assess 1999;11:124-133.
Weathers FW, Keane TM, Davidson JRT. Clinician-
Administered PTSD Scale: a review of the first ten yvears of
research. Depress Anxiery 2001;13:132-156.

Gray MJ, Litz BT, Hsu JL, Lombardo TW, Psychometric prop-
erties of the life events checklist, Assessment 2004; 1 1{4):330-341.
Blanchard EB, Hickling 1], Vollmer AJ, Loos WR, Buckley TC,
Jaceard J. Short-term follow-up of post-mraumatic stress symptoims
in motor vehicle aceident victims. Behav Res Ther 1993:33:369-
377.

Blanchard EB, Hickling EJ, Barton KA, Taylor AE, Loos WR,
Jones-Alexander J. One-year prospective follow-up of motor ve-
hicle accident vienms. Behav Res Ther 1996:34:775-786.

Beck AT, Steer RA. Beck Anxiety Inventary Manual. San Antonio,
Xz Psychological Corporation; 1993,

- Fydrich T, Dowdall D, Chambless DL, Relability and validity of

the Beck Anxiety Inventory. | Anxiety Disord 1992;6:55-61,

. Beck AT, Steer RA, Brown GK. Manual for the Beck Depression

Inventory-1L San Antonio, TX: Psychological Corporation; 19946,

. Wang YP, Gorenstein C. Psychomietvic properties of the Beck De-

pression Inventory-11: a comprehensive review. Rev Bras Psiquiatr
2013;35:416-43 1.

Bernstein D, Fink L. Childhood Trauma Questionnaire: A Retro-
spective Sclf-Report. San Antonio, TX: The Psychological Cor-
puration; 1998,

. Bernstein DP, Ahluvalia T, Pogge D, Handelsman L. Validity of

the Childhood Trauma Questionnaire in an adalescent psychiatric
population. ] Am Aead Child Adolese Psyehiatry 1997;36:340-
348,

Bernstein DP, Fink L, Handelsiman L, et al. Initial reliability and
validity of a new retrospective measure of child abuse and neglect.
Am ] Psychiatry 1994:151:1132-1136.

‘ogr DS, Smith BN, King LA, King DW, Knight JA, Vaster-
ling JJ. Deployment Risk and Resilience Inventory-2 (DRRI-
2): an updared ool for assessing psychosocial risk and resilience
factors among service members and veterans, ] Traum Stress
2013;26:710-717. doi: 10.1002,jts. 21868 PILOTS ID: 87988
Swerdlow NR, Talledo JA, Braff DL. Startle modulation in
Caucasian-Americans and Asian-Americans: a prelude 10 ge-
netic/endophenotypic studies across the "Pacific Rim'. Psychiatr
Gener 20053;15:61-65. doi: 00041444-200503000-00010 [pii].

. Nievergelt CM, Maihofer AX, Shekhtman T, Libiger O, Wang

X, Kidd KK, Kidd JR. Inference of human continental origin
and admixture proportions using a highly diseriminative ances-
try informative 41-SNP panel. Tnvestig Gener 2013;4:13. doi:
10.1186/2041-2223-4-13

R Development Core Team, R: A Language and Environment
for Statistical Computng. Vienna, Austria: R Foundation for
Stanstcal Compuring; 2013, [SBN 3-90005 1-07-0. Available at:
heepe/Awww. R-project.org.

. IBM Corp. Released. IBM SPSS Statstics for Windows, Version

21.0. Armonk, NY: IBM Corp; 2012,

57.

58.

il

64

6.

67.

68,

6.

70,

71.

201

- Proust-Lama S, Taylor JG. Joint latent class models for longitu-

dinal and time-to-event data: a review. Star Methads Med Res
2014;23:74-90.

“urgil KA, Barkauskas DA, Vasterling |1, et al. Association be-
vween traumatic brain injury and risk of posttraumatic stress dis-
order in active-duty Marines. JAMA Psychiatry 2014;71:149-157.
dor: 101001 /jamapsycinatry. 2013 3080

. Gnftin MG, Resick PA, Galovski TE. Daoes physiologic response

to loud tones change following cogminve-hehavioral treatment
for posttraumatic stress disorder? | “U'rauma Stress 2012;25:25-
32, doi: 10.1002/jts.2 1667

. Orr SP, Metzger L], Lasko NB, et al. Physiologic responses to

sudden, loud tones in monozygotic twins discordant for combat
exposure: association with postrraumaticseress disorder. Arch Gen
Psychiatry 2003;60(3):283-284.

Shalev AY, Peri T, Brandes D, Freedman S, Orr 8P, Pitman
RK. Auditory startle response in trauma survivors with post-
traumatic stress disorder: a prospective study, Am ] Psychiatry
2000;157:255-261.

Norrholm SD, Glover EM, Stevens JS, et al. Fear load: the psy-
chophysiological over-expression of fear as an intermediate phe-
notype associated with trauma reactions. Int ] Psychophysiol 2014
[Epub ahead of print]. doi: 10.1016/1.ijpsycho.2014.11.005

9. Risbrough V. Behavioral correlates of anxiety, Curr Top Behav

Neuroser 201;2:205-208,

. Acheson DT, Geyer MA, Baker DG, eval. Condinoned fear and

extinetion learning performance and its associations with psychi-
atric symptoms in active duty Marines. Psychoneuroendocrinol-
ogy 2005;51:495-505,

Lang PJ, Davis M, Ohman A. Fear and ansicty: animal models and
human cognitive psychophysiology. | Affect Disord 2000;61:137-
159.

. Liberzon 1, Smpada CS. The funetional neuroanatomy of PTSD:

a eritical review. Prog Brain Res 2008;167:151-169.

. Walker DL, Cassella JV, Lee L, De Lima TC, Davis M. Opposing

roles of the amygdala and dorsolateral periaqueducral gray in fear-
potentiated startle. Neurosei Biobehav Rev 1997;21:743-753,
Fende M. Differentregions of the penaqueductal grey are involved
differently in the expression and conditioned inhibition of fear-
potentiated startle. Eur ] Neoroser 1998;10:3876-3884.

. Baker D, West §, Nicholson W, etal. Serial CSF corticotropin-

releasing hormaone levels and adrenocortical activity in com-
bat veterans with posttraumatie stress disorder. Am J Psychiawry
1999,156:585-588.

Bremner [, Licing |, Darnell A, eral. Elevated CSF corticotropin
releasing factor concentrations in posttraumatic stress disorder.
Am ] Psychiatry 1997;154:624-629.

Korte SM. Corticosteroids in relation to fear, anxiery and psy-
chopathology. Neurosci Biobehav Rey 2001;25:117-142.

Sautter F, Bissetre G, Wiley ), etal. Corticotropin-releasing factor
in posttraumatic stress disorder (PT'SD) with secondary psychonie
symproms, nonpsychotic PTSD, and healthy control subjects. Biol
Psychiatry 2003;54:1352—-1388.

Risbrough VB, Stein MB. Role of corticotropin releasing factor
in anxiety disorders: a translational research perspective. Horm
Behavior 2006;50:550-561.

Graclf FG, Silveira MC, Nogueira RL, Audi EA, Oliveira RM.
Role of the amygdala and periaqueductul gray inanxiety and panic.
Behav Brain Res 1993;58:123-131.

Buchanan ‘TB, Brechtel A, Sollers |'T, Lovallo WR. Exogenous
cortisol exerts effects on the starde reflex independent of emo-
vonal modulation. Pharmacol Biochem Behav 2001368:203-210.

. Risbrough VB, Hauger RL, Pelleymounter MA, Geyer MA. Rale

of corticoptropin releasing fator (CRF) receptors | and 2 in

Depression and Anxiety



202

73.

74.

CRF-potentiated acoustc starte in mice. Psychopharmacology
2003;170:178-187.

Miller MW, McKinney AE, Kanter FS, Korte KJ, Lovallo
WR. Hydropcortisone suppression of the fear-potentiated star-
tle respanse and posttraumatic stress disorder. Psychoneuroen-
docrinology 2011;36:970-980.

Flandreau E, Risbrough V, Lu A, et al. Cell type-specific
modifications of corticotrapin-releasing factor (CRF) and its

Depression and Anxicty

Glenn et al.

75.

type | recepror (CREF1) on sartle behavior and sensor-
motor gating. Psychoneuroendocrinology 2015:53:16-28. doi:
10.1016/j.psyneen.2014.12.005

Kamkwalala A, Norrholm SD, Poole JM, er al. Dark-enhanced
startle responses and hearr rate variability in a trauvmatized
civilian sample: pumuve sex-specific correlates of postrrau-
matic stress disorder. Psychosom Med 2012;74:153-159. doi:
10.1097/PSY.0b013e318240803a



On the Road to Translation for PTSD
Treatment: Theoretical and Practical
Considerations of the Use of Human
Models of Conditioned Fear for Drug
Development

Victoria B. Risbrough, Daniel E. Glenn and Dewleen G. Baker

Abstract The use of quantitative, laboratory-based measures of threat in humans
for proof-of-concept studies and target development for novel drug discovery has
grown tremendously in the last 2 decades. In particular, in the field of posttraumatic
stress disorder (PTSD), human models of fear conditioning have been critical in
shaping our theoretical understanding of fear processes and importantly, validating
findings from animal models of the neural substrates and signaling pathways
required for these complex processes. Here, we will review the use of laboratory-
based measures of fear processes in humans including cued and contextual condi-
tioning, generalization, extinction, reconsolidation, and reinstatement to develop
novel drug treatments for PTSD. We will primarily focus on recent advances in
using behavioral and physiological measures of fear, discussing their sensitivity as
biobehavioral markers of PTSD symptoms, their response to known and novel
PTSD treatments, and in the case of d-cycloserine, how well these findings have
translated to outcomes in clinical trials. We will highlight some gaps in the literature
and needs for future research. discuss benefits and limitations of these outcome
measures in designing proof-of-concept trials, and offer practical guidelines on
design and interpretation when using these fear models for drug discovery.

Keywords Posttraumatic stress disorder - Fear - Anxiety - Panic disorder -
D-cycloserine - Extinction « Exposure « Consolidation « Norpepinephrine

V.B. Risbrough - D.E. Glenn « D.G. Baker
Center of Excellence for Stress and Mental Health, San Diego, VA, USA

V.B. Risbrough () - D.G. Baker

Department of Psychiatry, University of California San Diego,
9500 Gilman Dr. MCO804, La Jolla, San Diego, CA 92093, USA
e-mail: vrisbrough@ucsd.edu

© Springer International Publishing Switzerland 2016
Curr Topics Behav Neurosci (2016) 28: 173-196
DOI 10.1007/78534_2015_5010



V.B. Risbrough et al.

Contents
I Introduction... s Smnseaanass 14
1.1 Puqllmunuut Slresq DI\OIIJCI' Prevaiemc dnd Treaumm Opnon\ Siiaciase  AH
1.2 Considerations of Benefits and Limitations ol Laboratory-Based
Measures of Behavior for Drug Disco\'el’y e s e G
2 Learned Fear Processes ........... o L77
2.1 Fear Conditioning and Cucd Recdl] e Gt S e o LA
2.2 Fear Extinction, Reconsolidation, :md Reinﬂtalemcnl s snee. 180
2.3 Reconsolidation and Reinstatement ............... i 183
2.4 Contextual Modification and Cu.ncrdlmlmn of Lc;lmed Fcar m(] hximulmn,..“... 184
2.5 Practical Considerations When Using Learned Fear Processes
as-a'Marker of Drup Efficacy ..o cinaminnaivamnisinsaiaaipimswnsaz, B8
P STOrEREER . o s G S R R R S R e 8D

1 Introduction

1.1 Posttraumatic Stress Disorder Prevalence
and Treatment Options

Posttraumatic stress disorder (PTSD) affects 7-8 % of the general US population and
is higher in recently deployed combat veterans (up to 20 %) (Thomas et al. 2010).
Mental disorders, in particular PTSD, are associated with higher rates of physical
symptoms, chronic physical illness, and overall mortality (for review see Baker et al.
2009). Research shows that this increased liability of physical disease translates into
greater non-mental health medical service utilization (e.g., O’Donnell et al. 2013),
creating substantial burdens for the patients, families, and societal resources. Best
evidence treatment for PTSD includes cognitive behavioral therapies, i.e., cognitive
processing therapy (CPT) and prolonged exposure (PE), and psychotropic medica-
tions (Institute of Medicine 2014). Although cognitive behavioral approaches have
proven efficacy for PTSD, non-response can be as high as 50 %, leaving unre-
sponsive or partially responsive patients with PTSD reliant upon pharmacotherapy
(Baker et al. 2009; Institute of Medicine 2014: Berger et al. 2009). As with many
psychiatric disorders, the pharmacological tool kit for PTSD treatment is relatively
small, predominantly selective serotonin or norepinephrine reuptake inhibitors
(SSRI/SNRI) and adjunctive treatments such as prazosin, a sympatholytic drug with
alpha-1 receptor blocking activity (Baker et al. 2009; Steckler and Risbrough 2012).
These medications also have high non-response rates as well as side effects (Baker
et al. 2009; Steckler and Risbrough 2012). There is an unquestionable need to
advance development of new treatments for PTSD, with part of this effort lying in
developing innovative approaches to drug development in clinical populations.
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One of the difficulties of identifying biological mechanisms for PTSD, and thus
in turn developing beneficial treatments, is the heterogeneous patient population
and wide spectrum of potential symptoms. According to the DSM-5 (American
Psychiatric Association 2013)., PTSD now comprises 20 individual symptoms.
These symptoms are grouped into four symptom clusters: persistent intrusive
memories of the trauma, hyperarousal and reactivity, avoidance of stimuli related to
the trauma event, and negative alterations in cognitions and mood. Thus, there is a
wide range of symptoms that can be endorsed to comprise a PTSD diagnosis, with
many possible patterns of symptom type and severity across these clusters
(Galatzer-Levy and Bryant 2013). This heterogeneity suggests that several potential
biological mechanisms could drive the development of PTSD. This multiplicity of
potential biological mechanisms will induce substantial variance in how any given
treatment will affect a patient’s treatment response.

As such, the potential for numerous different underlying pathologies in patient
groups makes identification of specific mechanisms across the population very
difficult. One approach to this problem is to identify biological or behavioral
phenotypes that are highly represented in the diagnostic class compared to specific
symptoms $o as to target a “core” biological pathway that is disrupted in most
patients. This approach assumes that the heterogeneity is due to noise in the
self-report measurements of symptoms and how they are experienced and/or
articulated, but perhaps only a few biological mechanisms actually drive clinical
dysfunction. The second potential approach is to identify phenotypes that are rel-
evant to particular symptom classes that are most severe in a given individual. This
approach assumes that certain discrete phenotypes may better classify dimensions
of specific symptoms experienced by subpopulations within the diagnostic group as
a whole, each with potentially differing biological mechanisms (Schmidt 2015).

Development of laboratory-based behavioral measures of disease-related pro-
cesses is a critical component of the evolution of translational research (Bowers and
Ressler 2015). These tasks can bridge complex clinical presentations with discrete
biological mechanisms (Braff 2015; Gottesman and Gould 2003; Rasetti and
Weinberger 201 1; Risbrough 2010). This strategy is now endorsed by the Research
Domain Criteria (RDoC) project by the National Institute for Mental Health
(Cuthbert and Insel 2013). Similarly, industry and academia have now increasingly
turned to biological and behavioral markers in initial proof-of-concept studies to
identify efficacy across specific emotional and cognitive constructs of PTSD to
guide future phase II clinical trial designs. Here, we will discuss the promise and
pitfalls of commonly used laboratory-based measures of conditioned fear processes
to support novel drug development for PTSD.
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1.2 Considerations of Benefits and Limitations

1.2.1

(1)
(2)
3)

“4)

(5)

(6)

(7)

(8)

of Laboratory-Based Measures of Behavior
Jfor Drug Discovery

Benefits of Validated Behavioral Phenotypes to Complement
Symptom Assessments

Objective, quantifiable assessments of function compared to self-report.
Often have well characterized biological mechanism(s) and neural circuit(s).
Responses are predictably controlled by specific experimental parameters in
keeping with their use as an operational measure of a defined construct
(e.g.. anxiety. fear, arousal).

Observable behaviors enable cross-species translation to lower order organ-
isms for direct mechanistic studies and drug development (Donaldson and Hen
2015).

Compared to symptoms, laboratory-based measures are observable across
healthy controls and clinical populations, supporting efforts to disentangle
mechanisms that cause risk versus mechanisms related to symptom onset and
severily. This point is particularly important for informing treatment approa-
ches, e.g., prophylactic versus therapeutically.

Unlike symptoms, behaviors can be measured in unaffected relatives to aid in
identification of genetic risk factors [e.g., behavioral endophenotypes or
intermediate phenotypes (Lenzenweger 2013)].

Because they are typically based on continuous measures, they offer more
statistical power than dichotomous diagnostic classes.

Most importantly for drug discovery, they may probe a more specific con-
ceptual target for pharmacotherapy indicated by preclinical studies (e.g.,
effective for enhancing fear extinction). This last point is the primary reason
behavioral tests are being used more frequently, as they may offer a greater
ability to translate drug effects that are based on specific circuit actions and
behavioral effects in preclinical models.

1.2.2 Limitations

(1)

(2

Lack of specificity: It is often the case that some individuals with disrupted
performance in a behavioral task may not show overt functional deficits or
clinical presentation. For example, menstrual cycle phases are associated with
reductions in fear extinction in healthy women (Glover et al. 2015: Milad et al.
2006).

In the context of genetic studies, even relatively “simple” or discrete
laboratory-based behaviors do not guarantee greater heritability or simpler
genetic architecture than the disorder (Greenwood et al. 2007), as would be
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hoped from an intermediate phenotype or endophenotype. For example, even a
behavior as simple as the startle reflex may be modulated by a huge array of
biological pathways (Zhang et al. 2011).

(3) Behaviors that initially seemed relatively simple in terms of core neural circuit,
e.g., extinction requiring prefrontal cortex activation of inhibitory circuits in
the amygdala, can have extensive modulatory circuits that may play a stronger
role in how this phenotype is altered in a given disorder compared to the “core
neural circuit” (Acheson et al. 2015¢; Maren and Holmes 2015; Milad et al.
2013). Thus, using behavioral performance as a proxy for the function of a
specific neural circuit or brain region is limited unless it is accompanied by
other information such as functional imaging.

Here. we will review the state of the art in laboratory-based measures of fear
response in assessing symptom state and response to treatment in healthy controls
and PTSD patients within the fear leamning domains. We will also offer some
practical considerations for study design and interpretation pitfalls for future
planning of drug efficacy using these measures.

2 Learned Fear Processes

One of the predominant features of PTSD symptoms is robust, uncontrollable
memories of the traumatic event, i.e., re-experiencing. Secondly. external or
internal cues that act as trauma reminders induce re-experiencing with flashbacks
and dissociation at the most severe end of the spectrum, as well as strong emotional
and physiological fear responses including intense anxiety and panic.
Unsurprisingly. the disorder is associated with implicit and explicit strategies for
cue avoidance, which can be disruptive to daily function and interfere with
long-term recovery. Thus, PTSD may be caused at least in part by disruption in one
or more elements of the learned fear process (Lissek and van Meurs 2014). Here,
we will describe common laboratory-based measures of these processes, their
relationship to symptom clusters and predictive validity for subsequent clinical
trials if available, response to pharmacological treatment in both controls and PTSD
patients, and considerations of their use in drug development studies.

2.1 Fear Conditioning and Cued Recall

Laboratory-based tasks to elicit Pavlovian fear conditioning in humans induce
learned fear typically by presenting a visual conditioned stimuli (CS), such as
simple shapes or images in combination with an aversive unconditioned stimulus
(US) such as shock to the wrist or air puff to the throat. Operational measurement of
fear responding to the CS+ (CS associated with US) is derived by comparing
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behavior or physiological responses to the CS+ compared to CSs that are not
presented with the US (i.e., safety signal, CS—) or when no cues are presented.
Variations include examining responses to “contextual” versus discrete CS+
[to examine phasic versus sustained fear responses (Garfinkel et al. 2014; Glenn
el al. 2014; Grillon et al. 2006)].

2.1.1 Do PTSD Patients Exhibit Increased Fear Learning/Expression?
Is Fear Learning/Expression Related to Specific Symptom
Clusters?

The short answer is it depends on the measure. PTSD patients exhibit increased
potentiated startle responses to discrete fear cues (Briscione et al. 2014; Norrholm
et al. 2011) and contextual fear cues (Grillon et al. 2009b): however. increased fear
is not consistently detected using other behavioral or physiological measures such
as self-report or skin conductance response (SCR) (Glover et al. 2011: Milad et al.
2008). This difference may be related to specific fear circuitry that is being probed
by these behavioral measures, as startle reactivity is thought to reflect “automatic™
fear conditioning processes that do not rely on contingency awareness, while SCR
and self-report reflect fear processes that require contingency awareness (lovanovic
et al. 2006; Tabbert et al. 2006). Given that increased startle reactivity is commonly
described by patients (DSM-1V, DSM-3), startle measures of fear may specifically
probe abnormal circuits and mechanisms in PTSD that drive “automatic™ fear
responses (Grillon 2009). As might be expected, increased fear-potentiated startle is
associated with high levels of re-experiencing symptoms in PTSD patients
(Norrholm et al. 2011) and attentional bias to threat (Fani et al. 2012). However, in
a study that directly compared fear acquisition across subjects with PTSD, general
anxiety, or depression symptoms, increased fear expression was significantly higher
in individuals with general cognitive and somatic anxiety symptoms rather than
PTSD or depression symptoms (Acheson et al. 2015b). Greater conditioned fear
expression has also been reported in other anxiety disorders, such as panic disorder
(Grillon et al. 2008) and bipolar disorder (Acheson et al. 2015¢). Thus, increased
fear expression may reflect a biological abnormality in subpopulations of anxiety
and mood disorder patients, crossing diagnostic classifications.

2.1.2 Is Conditioned Fear Responding Sensitive to Drugs that Are
Effective for PTSD?

A reasonable question when considering a laboratory-based task for drug discovery
is whether the task shows predictive validity for known therapeutic compounds.
Unfortunately, there is disappointingly little work in this area. In healthy controls,
fear-potentiated startle responses to cues with moderate contingency prediction
which are thought to elicit sustained anxiety are attenuated by sub-chronic (2 week)
SSRI treatment and acute benzodiazepine treatment, while cues with 100 %
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contingency for the aversive US are not (Acheson et al. 2012b; Grillon et al. 2006,
2009a). Fear conditioning as assessed by skin conductance 1s unaffected by
sub-chronic SSRI treatment (Bui et al. 2013). These data suggest that
fear-potentiated startle has predictive validity as a laboratory-based measure of fear
acquisition/expression for PTSD under certain conditions, particularly when cues
elicit more prolonged anxiety-like responses which may be activating differential
neural circuits [e.g., bed nucleus stria terminalis, for review see Avery et al. (2015)
and Burghardt and Bauer (2013)]. Does this mean discrete fear conditioning tasks
are not predictive for PTSD therapeutics? Perhaps, but an alternative explanation is
that current treatments, which work in 50 % or less of the population (Berger et al.
2009), are unable to treat this particular facet of the disorder and thus are not useful
positive controls. Further evidence for predictive validity for SSRI effects in
patients is that acute SSRI treatment potentiates fear expression in conditioned fear
models, similar to accounts of increased anxiety symptoms in patients in the initial
phase of SSRI treatment (Garcia-Leal et al. 2010; Grillon et al. 2007; Silva et al.
2001). Effects of prazosin, used for treating nightmares in PTSD patients and which
has some efficacy in animal models of conditioned fear responding, have not been
studied yet in these human models (Do Monte et al. 2013; Raskind et al. 2013).
This lack of data is partly due to the requirement for incremental dosing increases
over weeks to reach therapeutic levels necessary for efficacy for treatment of
nightmares in PTSD, reducing the feasibility of using this compound for validation
studies. Effects of behavioral therapy on conditioned fear are also relatively
untested. One small study found no significant reductions in potentiated startle to
trauma-related cues after exposure therapy despite >50 % reduction in symptoms
(Robison-Andrew et al. 2014); however, another larger study did find that exposure
therapy reduced trauma-potentiated startle (Rothbaum et al. 2014). Overall, the
evidence for predictive validity in terms of sensitivity to SSRI treatment is sug-
gestive, but there are clear nuances to the parameters and dosing strategy that must
be considered if these models are to be used.

2.1.3 Does Fear Conditioning Predict Treatment Response?

Again, there is very little work in this area. One small pilot study (n = 9 — 10/group)
showed that only patients that show discrimination in SCRs between the CS+ and
CS— respond to SSRI treatment (Aikins et al. 2011). These data support the spec-
ulation that cue discrimination may probe neural circuits that are responsive to SSRI
treatment, but more research is needed to confirm this preliminary finding.

2.1.4 Is There Evidence for Fear Conditioning to Be an “Intermediate
Phenotype” Associated with Genes that Confer Risk for PTSD?

There is some suggestion that genes that confer risk for PTSD are also associated
either with heightened fear conditioning or with disruption in ability to inhibit
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conditioned fear in humans |see next section below and see Skelton et al. (2012) for
review of genetic approaches to fear learning phenotypes]. Examples are genes
involved in noradrenergic (ADRA2B), serotonergic (SLC6A4), and catecholamine
signaling (COMT), in cellular signaling pathways that support neural plasticity
[PRKCA and WWCI: for review see Wilker et al. (2014)]. and in genes involved in
the neuroendocrine stress response [PACAP/PACI, Ressler et al. (2011)] and
opioid signaling (Andero et al. 2013). Thus far, however, only candidate gene
studies have been conducted on fear acquisition and expression phenotypes, no
genome-wide association studies have been published yet.

2.2 Fear Extinction, Reconsolidation, and Reinstatement

Fear conditioning is vital for survival, enabling threat prediction and consequent
behavioral responses to avoid harm. As cues become less predictive of aversive
stimuli, however, organisms adapt to this change with reduced conditioned
responding termed extinction. The process of fear extinction is subserved by a
hippocampal-amygdala—prefrontal cortex circuit, with the prefrontal cortex acti-
vation of inhibitory circuits in the amygdala resulting in reduced fear responses to
previously learned fear cues (for review see Milad and Quirk 2012). Extinction does
not modify or “erase™ the original CS-US association, but instead represents new
inhibitory learning that actively competes with the original excitatory CS-US
associative memory (Bouton 1993). This hypothesis is supported by a number of
return of fear phenomena including reinstatement of conditioned fear, in which
following fear extinction a brief re-exposure to an unpaired US induces full
recovery of the original conditioned fear response (Haaker et al. 2014; Myers and
Davis 2002). Modification of the original fear memory can occur, however, via
reconsolidation, a period in which a memory is activated and is thus transiently
labile. thought to subserve an “updating™ function [see following sections below for
further details (Nader 2015)].

2.2.1 Do PTSD Patients Exhibit Changes in Fear Extinction
Processes?

PTSD has been described as a disorder characterized by a failure in extinction. Most
trauma survivors exhibit PTSD symptoms initially after the traumatic experience;
however, over time most survivors (80-90 %) will return to normal functioning,
while a small subset continues to exhibit robust, debilitating trauma memories that
interfere with normal functioning (Rothbaum et al. 1992; Rothbaum and Davis
2003). Extinction is a critical component to the efficacy of exposure therapy for
PTSD. which exposes the patient to trauma-related memories and/or cues both in
the clinic and in vivo (Craske et al. 2014),
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PTSD patients exhibit reduced fear extinction leaming and retention in the
laboratory, indicating that poor extinction of fear responses Lo trauma-related cues
may be a mechanism underlying PTSD (Acheson et al. 2015b; Milad et al. 2008;
Norrholm et al. 2011). In a recent comparative study across subjects reporting
primarily PTSD, general anxiety, or depression symptoms, extinction deficits were
only observed in subjects with PTSD (Acheson et al. 2015b), suggesting that poor
extinction is specifically related to trauma-related symptoms as opposed to general
symptoms of low mood or ruminative anxiety. PTSD patients also exhibit func-
tional and structural abnormalities in the fear extinction network including the
hippocampus, amygdala, and frontal cortex [for review see Acheson et al. (2012a),
Shvil et al. (2013)]. During extinction learning, PTSD is associated with reduced
activation of the ventral medial prefrontal cortex and increased activation of the
amygdala and dorsal anterior cingulate, suggesting reduced inhibitory modulation
by cortical inputs to fear circuits (Shvil et al. 2013). Twin studies suggest that poor
extinction observed in PTSD is associated with symptom state, rather than a
vulnerability trait for PTSD (but see Lommen et al. 2013; Milad et al. 2008),
suggesting it could play a role in maintenance of PTSD symptoms once they
emerge. Hence, pharmacological enhancement of the neuroplasticity of this circuit
is of particular interest for novel therapeutic approaches to PTSD, particularly in
conjunction with exposure therapy.

2.2.2 Pharmacological Approaches for Fear Extinction in PTSD

There has been an explosion of basic and clinical research on mechanisms of fear
extinction, with a large literature on the cell signaling mechanisms that mediate and
modulate fear extinction learning and recall. This literature has recently been com-
prehensively reviewed (Maren and Holmes 2015: Singewald et al. 2015); thus, here,
we will focus on a brief synopsis of the use of d-cycloserine (DCS), as this treatment is
the most advanced, providing a primer in the successes and difficulties of translating
animal and preclinical findings in fear behavior to clinical treatment strategies.

The concept of developing adjunctive pharmacotherapies for cognitive or
exposure-based therapies was largely driven by the work of Michael Davis and
Kerry Ressler. They first showed that DCS, a partial NMDA receptor agonist,
administered during extinction training resulted in enhanced fear extinction recall in
animals. Subsequently, they showed that DCS administered during virtual
reality-based exposure therapy for fear of heights significantly increased the ther-
apy’s efficacy in reducing phobia symptoms (Ressler et al. 2004; Walker et al.
2002). These seminal papers more than a decade ago led to a burst of activity across
a number of disorders, showing initial increased efficacy of DCS treatment for
exposure therapies for phobias, panic disorder, and obsessive compulsive disorder
which has been confirmed by two meta-analyses (Bontempo et al. 2012; Norberg
et al. 2008). “High-throughput™ clinical trials have been developed to test efficacy
of drugs for enhancement of exposure-based therapy (Rodebaugh and Lenze 2013;
Rodebaugh et al. 2013). However, the translation to exposure therapy effects in
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PTSD patients is less compelling. Four studies have examined DCS enhancement
of exposure therapy, with either positive effects (Difede et al. 2014), equivocal, or
marginal effects (de Kleine et al. 2012; Rothbaum et al. 2014), negative effects
(Scheeringa and Weems 2014), or even deleterious effects (Litvin et al. 2007).
These mixed results have suggested a number of potential issues that need con-
sideration when designing treatment trials for DCS (and other putative extinction
enhancing treatments): (1) are the effects of DCS more on speed of response rather
than magnitude of response to exposure, two differing hypotheses that will require
different experimental designs/analysis to probe efficacy; (2) what is the correct
dosing/timing of treatment; (3) does DCS’s cognitive enhancement promote inhi-
bitory learning to the extinction context, which might subsequently contribute to
contextual renewal of fear (Vervliet 2008); and (4) does DCS need to be targeted
toward only the successful therapy sessions [for a detailed review, see Hofmann
et al. (2015)]. This latter issue is because DCS is a broad cognitive enhancer, it can
enhance both fear learning and extinction learning (Lee et al. 2006); thus, if the
exposure session is unsuccessful in promoting extinction, it could instead promote
reconsolidation (i.e., strengthening of conditioned fear to trauma memories and
cues) that is then increased by DCS treatment. Thus far, however, predicting a
“successful” session versus an unsuccessful one has been elusive. Alternatively,
other groups are working to identify prescriptive variables that predict which
subjects would most benefit from treatment, i.e., those with the most severe PTSD,
specific symptom classes, or other traits (de Kleine et al. 2012, 2014).

It is worth noting that in humans, DCS has generally been found to be more
efficacious in adjunct trials with exposure therapy in patient populations, compared
to enhancing extinction of conditioned fear produced in the laboratory in healthy
controls. One study (Kuriyama et al. 2011) out of 3 found DCS (and valproic acid)
to enhance extinction. This study was the only one to utilize a reinstatement
component, with DCS during extinction training affecting not within-session
learning or recall, but instead suppressing reinstatement. DCS was ineffective in
studies that limited their design to testing extinction acquisition and 24-h recall
(Guastella et al. 2007; Klumpers et al. 2012). It has been suggested that this lack of
translation of DCS effects on extinction in animals to extinction in healthy human
subjects may be because extinction protocols in the laboratory are not probing
“automatic” leamed fear and extinction processes, but are instead governed by
top-down executive functions (Grillon 2009). More recent studies, however, sug-
gest that extinction in healthy controls is sensitive (o putative extinction enhancing
drugs such as cannabinoid receptor agonists and oxytocin (Acheson et al. 2013; Das
et al. 2013; Eckstein et al. 2014; Rabinak et al. 2013), which suggests that these
tests are “translational™ in that they are sensitive to drugs that have shown efficacy
in animal extinction studies (Singewald et al. 2015). Whether these drugs can then
also make the leap to enhancement of exposure therapy or PTSD treatment is thus
far mixed. Efficacy of cannabinoid receptor agonists for treating PTSD symptoms is
promising (Cameron et al. 2014; Roitman et al. 2014), while oxytocin effects on
exposure therapy are less clear (Acheson et al. 2013, 2015a; Guastella et al. 2009;
Acheson and Risbrough 2015).
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2.2.3 Is Fear Extinction Sensitive to Drugs that Are Effective
for PTSD?

Although the bulk of pharmacology directed at extinction processes has been of
drugs that are hypothesized to specifically act on this mechanism, it is fair to ask
whether extinction is sensitive o current treatments. Chronic fluoxetine in rodents
facilitates extinction learning and extinction memory recall, particularly in females
(Deschaux et al. 2011; Fitzgerald et al. 2014; Lebron-Milad et al. 2013), and
escitalopram enhances extinction in healthy humans (Bui et al. 2013), suggesting
that examining effects of a drug on extinction may predict efficacy as an overall
treatment beyond use as an adjunctive treatment with therapy. Paroxetine tran-
siently enhanced effects of exposure therapy (Schneier et al. 2012); however, other
studies show no efficacy of SSRIs to enhance exposure therapy in PTSD (Foa et al.
2005; Hetrick et al. 2010). It should be noted that when undergoing exposure
therapy, many opportunities for exposure are outside of the therapist’s office via
“homework™ developed to promote in vivo exposure in the patient’s environment
[in addition to imaginal exposure in prolonged exposure]; thus, a drug that can be
given chronically may actually be more effective than a drug limited to exposure
session treatments. Based on lessons learned from DCS in terms of potential
unintentional enhancement of fear learning/reconsolidation, chronic treatment will
depend on how selectively the drug acts on fear extinction mechanisms versus
broader mechanisms of neural plasticity. (Besides its non-selective effects on
extinction, DCS cannot be given chronically due to rapid tolerance.) An example of
a potential target with more selective effects on extinction enhancement are agonists
of the cannabinoid | receptor, in particular drugs that enhance endogenous ligand
availability via inhibition of degradation (Steckler and Risbrough 2012).

2.2.4 Does fear extinction performance predict treatment response?

Currently, it is unknown whether extinction performance or other markers of
extinction (e.g., ventral medial frontal cortex activation during recall) predict what
type of treatment (e.g., pharmacology versus exposure therapy) or how much
treatment (e.g., how many exposure sessions) might be most beneficial for patients.
This question is of great interest in terms of supporting personalized medicine
approaches and is actively being pursued by a number of research groups.

2.3 Reconsolidation and Reinstatement

Reconsolidation occurs when a memory is reactivated resulting in a period of
transient lability of the underlying neuroplastic mechanisms supporting the
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memory. During reconsolidation, old memories can be strengthened or disrupted by
drugs that modulate consolidation mechanisms. The best characterized manipula-
tion of reconsolidation of conditioned fear is via noradrenergic manipulations, with
propranolol, a beta-adrenergic receptor antagonist, disrupting reconsolidation and
subsequent conditioned fear responses in both animals and humans [for review see
Otis et al. (2015)]. A recent meta-analysis indicates that propranolol is effective for
blocking both consolidation and reconsolidation of fear memories in healthy
humans (Lonergan et al. 2013). Recent studies however suggest that experimental
design may be critical, with efficacy of propranolol given before memory reacti-
vation having limited effect (Wood et al. 2015). Sevenster and colleagues showed
that propranolol effects were only observable in conditions in which reconsolidation
occurred under prediction uncertainty (i.e., the CS+ may or may not be followed by
the US), suggesting that reconsolidation only occurs if the memory is actively being
updated with new information (Sevenster et al. 2012). This group also cleverly
showed that reconsolidation can be triggered not just by the specific CS+. but also
by a semantically similar stimulus. Memory reactivation by semantically similar
stimuli was sensitive to propranolol disruption (Seeter and Kindt 2015). This
finding supports the feasibility of reconsolidation-based therapy, given the difficulty
in accurately reconstructing trauma specific cues.

Reinstatement is when previously extinguished conditioned responding is “re-
instated™ after re-exposure to a US (Rescorla and Heth 1975). This phenomenon
supports the now established view that extinction training does nol “erase” the fear
memory, but instead creates a competing CS—"“No US” association with the original
CS-US association. This CS—"No-US™ association is further complicated by its
dependence upon the extinction training context (Bouton 2014; Bouton and Todd
2014.) Studies of fear reinstatement in humans are relatively new and thus far
primarily in healthy human controls (Dirikx et al. 2007; Hermans et al. 2005;
Neumann 2008; Sokol and Lovibond 2012). Preliminary evidence suggests that
cannabinoid receptor agonists given during or immediately after extinction training
may suppress reinstatement (Das et al. 2013). There is an excellent review of
current findings, methodology. and considerations for developing reinstatement
protocols for drug development from the Lonsdorf laboratory (Haaker et al. 2014).

2.4 Contextual Modification ard Generalization of Learned
Fear and Extinction

Pavlovian fear conditioning occurs not only to discrete cues associated with a
trauma, but also to the context in which a trauma occurs. The definition of what
constitutes an associative context remains broad, but typically includes at least one
of the following qualities: (1) unpredictable prediction of the US: (2) longer
duration than a common discrete CS: and (3) complex, multimodal features.
Contexts have been operationalized in numerous ways in laboratory tasks,
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including the experimental setting itself, a virtual reality sefting, pictures of rooms,
and simple cues with an unpredictable US association (e.g., Alvarez et al. 2011;
Armony and Dolan 2001; Bouton et al. 2006; Glenn et al. 2014; Grillon 2002;
Effting and Kindt 2007; Neumann et al. 2007).

2.4.1 Do PTSD Patients Have Altered Contextual Fear Learning?

There is substantial research on contextual fear learning in animal models of PTSD
(e.g., Daskalakis et al. 2013), though laboratory research on contextual learning in
PTSD patients remains limited. Elevated startle response to unpredictable contex-
tual threat has been found in PTSD patients (Grillon et al. 2009a, b). This finding
suggests that PTSD patients may have elevated sensitivity to unpredictable threat,
which contributes to sustained tonic “anxiety” responding, associated with activity
in the bed nucleus of the stria terminalis (Walker et al. 2003).

Successful fear learning about multimodal contextual features depends upon
configural processing in which a single configural representation binds together
numerous co-occurring contextual elements (e.g., Rudy et al. 2004). Configural
representation is a hippocampus-dependent learning process supporting identifica-
tion of whether a context is similar (“pattern completion™) or dissimilar (“pattern
separation”) to a previously encountered context. Impaired configural processing of
a traumatic context has been theorized to contribute to contextual overgeneraliza-
tion of fear experienced in PTSD (Acheson et al. 2012a, b; Glenn et al. 2014). Few,
if any, studies have directly examined configural fear learning processes in PTSD
patients. A fear conditioning study using two-dimensional images of
similar-looking rooms as distinct contexts found that PTSD patients demonstrated
poorer differentiation than healthy controls between threat versus safe contexts in
contingency ratings (Steiger et al. 2015). The authors note that the contextual
stimuli used in this study were relatively simple static photographs of rooms
(hallway, library) so contextual differentiation in this task may not have required
configural processing. For example, it would have been possible to distinguish
between contexts by attending to a single contextual element (the presence or
absence of books on the walls) without considering the overall configurations,
meaning that this task did not necessarily evaluate hippocampus-dependent con-
textual fear learning deficits in PTSD. Configural learning deficits have been found
in PTSD combat veterans, and their non-trauma exposed twins relative to
non-PTSD combat veterans (Gilbertson et al. 2007), though this study utilized a
“cube and paper test™ which did not examine contextual learning in relation to fear
conditioning.

PTSD patients have been shown to exhibit deficient extinction of contextual fear
(Steiger et al. 2015). There is an extensive literature on contextual modulation of
extinction and return of fear in patients with anxiety disorders (e.g., Vervliet et al.
2013) and some evidence of altered contextual modulation of extinction in PTSD
patients (Rougemont-Biicking et al. 2011).
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2.4.2 Do PTSD Patients Have Altered Generalization of Fear?

Generalization of fear is the process whereby conditioned fear responding occurs
not only to stimuli directly associated with the US, but also to stumuli similar to the
CS (e.g., Dunsmoor and Paz 2015; Dymond et al. 2014). Fear generalization is a
particularly relevant process for PTSD as much of the fear experienced by PTSD
patients is triggered by encountering generalization stimuli (GS) which act as
reminders of the trauma due to similarity to the original conditional stimuli, rather
than through encountering the actual stimuli directly involved in the trauma.
Laboratory assessment of fear generalization typically includes two phases: (1) a
standard differential fear conditioning phase involving both a CS+ repeatedly
predictive of an aversive US and a CS— never paired with the US and (2) a gen-
eralization lest measuring responding to GSs with varying levels of similarity or
relatedness to the CS+. The CS+ and CS— in generalization tasks commonly differ
along a particular observable gradient, such as size or color (e.g., small circle/large
circle, black square/white square), but there has been extensive research on
non-perceptual forms of generalization as well including category-based, semantic,
and symbolic fear generalization [for reviews see Dunsmoor and Paz (2015), and
Dymond et al. (2014)]. Through such methodology, a generalization gradient is
generated, indicating the extent to which strong conditional responding occurs only
to GSs very similar to the CS+ (steep gradient) versus responding to GSs with high
and low CS+ similarity (shallow gradient).

Despite a robust literature on fear generalization and a sound theoretical basis for
the relevance of generalization to PTSD, laboratory research on fear generalization
in PTSD patients is extremely limited. Relative to healthy controls, PTSD patients
as well as panic disorder and generalized anxiety disorder patients show shallow
fear generalization gradients, indicating overgeneralization of conditioned fear
(Lissek et al. 2010, 2014a; Lissek and van Meurs 2014). These data are in line with
findings that subjects with PTSD do not show physiological discrimination between
CS+ and CS— cues. even though they report contingency awareness perfectly
accurately (Acheson et al. 2015b; Jovanovic et al. 2012). This deficit in “automatic™
fear discrimination between safe and threat cues appears to be specific to PTSD
symptoms compared to generalized anxiety or depression symptoms (Acheson et al.
2015b). Thus, pharmacological enhancement of cue discrimination may be an
effective strategy for a number of anxiety disorders, not just PTSD.

Recent neural models of fear generalization identify hippocampal substrates
involved in both pattern completion (CA3 region, involved in recognizing a GS as
similar to previously encountered CS+) and pattern separation (i.e., dentate gyrus,
involved in recognizing a GS as dissimilar from previously encountered CS+).
while subregions of the central and lateral amygdala, the bed nucleus of the stria
terminalis, and the ventromedial prefrontral cortex have been implicated in
expression of generalized fear (Besnard and Sahay 2015; Dunsmoor and Paz 2015:
Lissek et al. 2014b). It is noteworthy that models of pattern completion and sep-
aration in fear generalization are similar to hippocampus-centered models of con-
textual fear learning (Kheirbek et al. 2012; Rudy et al. 2004). Configural learning is
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thought to encode complex, multimodal features of the trauma environment,
however, while the term fear generalization is typically used in relation to dis-
crimination across relatively simple stimulus gradients. Greater generalization of
simple stimuli may be expected when configural learning of contextual information
is impaired such that context learning must be learned through elemental repre-
sentation, a learning process in which individual contextual elements are not bound
together but independently associated with the negative outcome (Maren et al.
1997; Rudy et al. 2004).

2.4.3 Are Contextual Fear Learning and Fear Generalization
Processes Sensitive to Drugs that Are Effective for PTSD?

No research to date has examined drug effects on contextual fear learning or fear
generalization processes in PTSD patients, though preliminary experimental
research suggests that acute glucose consumption may enhance retention of dif-
ferential configural fear learning (Glenn et al. 2014). In healthy subjects, acute
administration of 1 mg of the benzodiazepine alprazolam reduced sustained startle
responding in both predictable and unpredictable “context” periods, but did not
alter responding to discrete cues associated with predictable and unpredictable
threat (Grillon et al. 2006). These findings tentatively suggest that acute benzodi-
azepine administration might reduce sustained contextual anxiety in PTSD patients,
though they do not indicate treatment effects for sensitivity to unpredictable threal.

Findings from animal research are mixed regarding medication effects on con-
textual fear learning. One recent review concludes that both acute and chronic SSRI
administration reduce plasticity in the hippocampus and decrease expression of
contextual fear learning (Burghardt and Bauer 2013), while another review suggests
that chronic antidepressant administration enhances configural learmning processes
through promotion of neurogenesis in the dentate gyrus (Castren and Hen 2013).
Given the involvement of pattemn separation and pattern completion in both fear
generalization and contextual fear learning, there is reason to expect that drugs
promoting neurogenesis in the dentate gyrus might be used to both improve con-
figural learning of contextual information and decrease overgeneralization of feared
stimuli in PTSD patients (Besnard and Sahay 2015; Castren and Hen 2013). No
research has directly examined drug modulation of contextual fear extinction in
PTSD, though it has been argued that DCS promotes contextual safety learning
(Vervliet 2008; Woods and Bouton 2006). Theoretically, drugs that improve pattern
completion and separation could be used prophylactically during or immediately
following trauma to improve specificity of learning and prevent overgeneralization
of contextual or discrete fear (Glenn et al. 2014). Conversely, such drugs may be
contraindicated for use in conjunction with exposure therapy for PTSD and other
anxiety disorders given concerns that greater contextual specificity of fear extine-
tion learning increases the probability of contextually mediated renewal of fear
(Bouton et al. 2006; Vervliet et al. 2013).
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2.5 Practical Considerations When Using Learned Fear
Processes as a Marker of Drug Efficacy

Because fear conditioning involves active learning, consolidation, and recall,
treatment regimens will have critical consequences on how drug effects can be
interpreted. Whether a treatment is hypothesized to block fear consolidation (i.e..
potential utility as prophylactic) versus simply block fear expression (i.e., thera-
peutic utility) is a key component to appropriate study design. Sub-chronic or
chronic dosing regimens are the norm for initial early phase studies. Animal studies
of when the drug is most effective, either at blocking fear conditioning or at
expression, are critical in planning interpretable fear conditioning studies across the
dosing timeline (e.g.. condition before or during dosing to test drug effects on
expression versus conditioning, respectively). There is a similar issue for studies of
extinction, with a note of caution from our own studies on oxytocin effects on
extinction. To test the effects of oxytocin on extinction, we employed a common
2-day protocol; on the first day, fear conditioning was followed by drug treatment
and subsequent extinction training trials, with the fear recall test 24 h later. We
found a significant increase in extinction recall in the oxytocin group (i.e., less
fear than placebo). suggesting a potential enhancement of extinction encoding/
consolidation (Acheson et al. 2013). A recent study using fMRI with a very similar
l-day design of fear conditioning being followed by treatment and extinction
training confirmed that within-session extinction could be enhanced by pretraining
oxytocin (Eckstein et al. 2014). These findings supported subsequent examination
of oxytocin 1o enhance extinction-based therapy. However. a preliminary study we
conducted in spider phobia subjects indicated that oxytocin treatment has the
opposite effect than expected, and it interfered with exposure therapy effects, with
placebo treated subjects exhibiting better long-term reductions in phobia symptoms
than the oxytocin-treated subjects (Acheson et al. 2015a). It is not clear whether this
lack of translation is due to a potential design problem in the exposure therapy trial,
including too short an exposure regimen (1 session), or whether our interpretation
of oxytocin effects in laboratory-based tasks was erroneous. An alternate inter-
pretation is that oxytocin treatment, administered soon after fear conditioning, could
instead have disrupted consolidation of the fear memory (Acheson and Risbrough
2015). Thus, what was interpreted as effects on improving extinction training/recall
may have actually been interfered with fear consolidation, and only a test design in
which conditioning and extinction are separated more widely in time (i.e., 24 h) can
be sure of the correct interpretation. A 3-day design, with conditioning, extinction,
and recall on separate days, i1s of course more difficult in terms of retraining sub-
jects; however, such a design will greatly enhance accurate interpretation.

An additional concern in terms of drugs effects on fear extinction is whether
inhibitory learning processes are expedited (i.e., faster reduction in fear) or made
more robust to relapse. It has recently been noted that in exposure therapy, the extent
to which reductions in fear are long-lasting and resistant to relapse may be of greater
clinical value than the sheer magnitude of decrease in fear (Vervliet et al. 2013).
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This same consideration should be given to evaluating drugs targeting fear extinc-
tion, with designs that incorporate assessment of long-term recall and resistance to
return of fear.

3 Summary

In conclusion, the use of laboratory-based measures of fear processes has offered
the promise of exciting new targets for PTSD. Although the field continues to have
gaps between findings in laboratory-based fear and effects in exposure-based
therapy (e.g., DCS and oxytocin), parallel work in better defining DCS effects on
fear processes and how these effects might both impede and facilitate exposure are
currently underway. Using laboratory measures of fear learning processes to predict
treatment response in patients is also potential evolution of the utility of fear-based
tasks in informing treatment approaches. As discussed above, careful evaluation of
study design and treatment approaches within the fear learning/extinction contin-
uum will be critical in early-phase proof-of-concept studies. Designing studies with
assessment of long-term recall/resistance to reinstatement will also be critical in
evaluating drug effects either on fear consolidation (inhibitory) or on fear extinction
(enhancement or improved generalization) for the chances of efficacy in the clinic.
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Characterization of Cerebrospinal Fluid (CSF) and Plasma NPY Levels in
Normal Volunteers over a 24-h Timeframe

Dewleen G Baker'*”, Richard L Hauger'**, Tobias Moeller Bertram'*®, Piyush M
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Patel*®, Donald A Barkauskas®, Paul Clopton’, Thomas D Geracioti Jr°, Daniel T
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BACKGROUND: Neuropeptide (NPY) is abundant in mammals, where it contributes to
diverse functions centrally and peripherally. Its wide brain distribution provides a
plausible substrate for its relevance to stress. Despite an increasing interest in NPY as
a moderator of stress in humans, the extent to which plasma and cerebrospinal fluid
NPY concentrations are accurate reflections of each other is poorly understood.

OBJECTIVES: The objective of this study is to more thoroughly characterize NPY
CSF/plasma concentration relationships.

METHODS AND RESULTS: Eleven healthy male civilian study volunteers participated
in a 24-h serial CSF and plasma sampling study. All met study inclusion criteria based
on physical examination, mental health (DSM-IV) interviews. At 8AM the morning after
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admission, a catheter was
inserted via a 17-gauge Touhy
needle into the L4-L5 lumbar
space. Between 11AM on day
one CSF (and plasma, from
an indwelling venous catheter)
were collected. All fluids were
stored at -80°C until assay of
(hourly) samples. As observed
in prior studies, group mean
(SE) CSF NPY (cNPY) levels
[792.1 (7.80) pg/mL] were
higher than plasma (pNPY)
levels [220.0 (3.63) pg/mL].
Lagged cross-correlation
(CFF) analysis showed no
statistically significant cross-
correlations between cNPY
and pNPY at the p > .05 level
[see Figure]. Average
pNPY/eNPY concentration
ratios ranged from .20 to .40

across study subjects. The pNPY/cNPY ratios appear to be individual specific and
consistent across the 24-h time period. cNPY circadian components were not



detectable owing to a large positive linear trend.

CONCLUSIONS: These findings suggest that interpretation of the physiological
significance of plasma NPY concentrations in human NPY stress or resilience studies
must account for the lack of correlation between plasma and CSF NPY concentrations.



NPY: Low Cerebrospinal Fluid (CSF) Levels in Posttraumatic Stress Disorder in
Comparison to Combat and Civilian, non-combat Control Subjects
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BACKGROUND: The NPY system is associated with behavioral resilience to stress
exposure in an animal model of Posttraumatic Stress Disorder (PTSD); its role in the
humans with PTSD is being explored.

OBJECTIVES: The key objective of this 24-hour serial CSF study of NPY in PTSD was
to replicate and expand upon a prior single time point PTSD study showing low CSF
NPY, by evaluating basal 24-h NPY concentrations across three study groups, civilian
volunteers and combatants of the Iraq and Afghanistan conflicts with and without PTSD.

METHODS AND RESULTS: Participants were 26 age-matched, males, 12 with PTSD,
14 healthy deployed and 11 civilians. After CSF catheter insertion, beginning at 11AM
on study day one, CSF was collected every half hour for 24-h from an indwelling CSF
catheter, as was plasma from a venous catheter. Fluids were stored at -80°C until
assay. Group demographic comparisons using FDR-adjusted p-values showed no
statistically significant differences across study groups regard age or BMI. Using linear
mixed-effect models, differences in NPY-CSF concentrations were statistically
significant [p-value for existence of group effect 0.0234; the difference in levels between
healthy civilian volunteers and PTSD subjects was statistically significant (p = 0.012) but
deployed healthy subjects were not statistically significantly different from either of the
NPY in CSF other two groups]. Additionally,

ST cNPY increased at an estimated
e rate of 5.5 pg/mL/hour (p <0.0001)

but tests for interaction showed no
statistically significant differences
in the linear trends among the
three subject groups.
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CONCLUSIONS: These
findings suggest that NPY may be
involved in behavioral resilience to
- stress in humans, thus may be a

' good target for interventions for
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Prospective assessment of psychophysiological risk factors for PTSD
Risbrough V; Baker D, Nievergelt C; Litz B; Nash W, Perez J; Geyer M
University of California San Diego; National Center for PTSD, Boston VA

Rationale/Statement of the Problem: There is an urgent need to develop biological and
behavioral predictors of PTSD risk/resilience in individuals with high frauma exposure such as
active duty military. First we will briefly review psychophysiological risk factors for PTSD.
Second we will describe preliminary data from a prospective study of active duty Marines
examining psychophysiological responses before and after deployment to Iraq or Afghanistan.
Third we will discuss our cross-species work in animal models of PTSD risk/resilience to inform
these study findings.

Methods: This study was conducted as part of a 4 hr battery (clinical, psychosocial, laboratory
and psychophysiological assessments) conducted both before, and 3 mo and 6 mo after
deployment (Marine Resiliency Study) in >2500 Marines. Here we examined (1) effect of
deployment overall on physiological reactivity measures on baseline startle, prepulse inhibition
and affective modulation of startle), and (2), comparison of pre-deployment startle reactivity
across subjects matched for combat exposure with and without PTSD symptoms 3 mo post-
deployment.

Results: We observed small but significant increases in baseline startle and increases in
prepulse inhibition after deployment. Startle potentiation to aversive images was also
significantly increased after deployment. Importantly, baseline startle magnitude before
deployment was significantly greater in subjects that went on to develop PTSD symptoms after
deployment compared to their combat-matched controls.

Conclusions: These results support previous reports suggesting that startle reactivity may
probe trait biological processes that confer risk for PTSD symptoms. To complement these
findings we (1) are conducting a similar prospective study to determine if fear conditioning and
extinction performance predicts deployment-related stress disorders and (2) have developed a
homologous rodent model to aid identification of potential epigenetic mechanisms underlying
psychophysiological and fear processing risk factors.

























































































































































































































































Summary/Implications

* PP| appears related to likelihood of chronic PTSD
following combat

* |Instead of deficient PPI predicting risk, high PPI
performance appears to confer resiliency

—~2/3 { in predicted probability

* Future Directions - May be useful endophenotype
for identification of circuits and pathways
conferring. stress resilience
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*Abstract

Posttraumatic Stress Disorder (PTSD) is a major public health concern, especially given the
recent wars in Irag and Afghanistan. Nevertheless, despite a sharp increase in the incidence of
psychiatric disorders in returning veterans, empirically based prevention strategies are still
lacking. To develop effective prevention and treatment strategies, it is necessary to understand
the underlying biological mechanisms contributing to PTSD and other trauma related symptoms.
The “Marine Resiliency Study 11" (MRS-IT; Oct 201 1-Oct 2013) Neurocognition project is a
longitudinal investigation of neurocognitive performance in Marines deployed to Afghanistan.
As part of this investigation, 1,195 Marines and Navy corpsmen underwent a fear conditioning
and extinction paradigm and psychiatric symptom assessment prior to deployment. The current
study assesses 1) the effectiveness of the fear potentiated startle paradigm in producing fear
learning and extinction, and 2) the association of performance in the paradigm with baseline
psychiatric symptom classes (Healthy, PTSD symptoms, Anxiety symptoms, and Depression
symptoms). Results suggest that the task was effective in producing differential fear learning
and fear extinction in this cohort. Further. distinct patterns emerged differentiating the PTSD
and Anxiety symptom classes from both Healthy and Depression classes. In the fear acquisition
phase, the PTSD group was the only group to show deficient discrimination between the
conditioned stimulus (CS+) and safety cue (CS-), exhibiting larger startle responses during the
safety cue compared to the healthy group. During extinction learning, the PTSD group showed
significantly less reduction in their CS+ responding over time compared to the healthy group, as
well as reduced extinction of self-reported anxiety to the CS+ by the end of the extinction
session. Conversely, the Anxiety symptom group showed normal safety signal discrimination
and extinction of conditioned fear, but exhibited increased baseline startle reactivity and

potentiated startle to CS+, as well as higher self reported anxiety to both cues. The Depression



symptom group showed similar physiological and self-report measures as the healthy group.
These data are consistent with the idea that safety signal discrimination is a relatively specific
marker of PTSD symptoms compared to general anxiety and depression symptoms. Further
research is needed to determine if deficits in fear inhibition vs. exaggerated fear responding are
separate biological “domains’™ across anxiety disorders that may predict differential biological
mechanisms and possibly treatment needs. Future longitudinal analyses will examine whether
poor learning of safety signals provides a marker of vulnerability to develop PTSD or is specific

to symptom state.
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Abstract
Posttraumatic Stress Disorder (PTSD) is a major public health concern, especially given
the recent wars in Iraq and Afghanistan. Nevertheless, despite a sharp increase in the
incidence of psychiatric disorders in returning veterans, empirically based prevention
strategies are still lacking. To develop effective prevention and treatment strategies, it is
necessary to understand the underlying biological mechanisms contributing to PTSD and
other trauma related symptoms. The “Marine Resiliency Study 1I" (MRS-11I; Oct 201 I-
Oct 2013) Neurocognition project is a longitudinal investigation of neurocognitive
performance in Marines deployed to Afghanistan. As part of this investigation, 1,195
Marines and Navy corpsmen underwent a fear conditioning and extinction paradigm and
psychiatric symptom assessment prior to deployment. The current study assesses 1) the
effectiveness of the fear potentiated startle paradigm in producing fear learning and
extinction, and 2) the association of performance in the paradigm with baseline
psychiatric symptom classes (Healthy, PTSD symptoms, Anxiety symptoms, and
Depression symptoms). Results suggest that the task was effective in producing
differential fear learning and fear extinction in this cohort. Further, distinct patterns
emerged differentiating the PTSD and Anxiety symptom classes from both Healthy and
Depression classes. In the fear acquisition phase, the PTSD group was the only group to
show deficient discrimination between the conditioned stimulus (CS+) and safety cue
(CS-). exhibiting larger startle responses during the safety cue compared to the healthy
group. During extinction learning, the PTSD group showed significantly less reduction
in their CS+ responding over time compared to the healthy group. as well as reduced

extinction of self-reported anxiety to the CS+ by the end of the extinction session.



Conversely, the Anxiety symptom group showed normal safety signal discrimination and
extinction of conditioned fear, but exhibited increased baseline startle reactivity and
potentiated startle to CS+, as well as higher self reported anxiety to both cues. The
Depression symptom group showed similar physiological and self-report measures as the
healthy group. These data are consistent with the idea that safety signal discrimination is
a relatively specific marker of PTSD symptoms compared to general anxiety and
depression symptoms. Further research is needed to determine if deficits in fear
inhibition vs. exaggerated fear responding are separate biological “domains™ across
anxiety disorders that may predict differential biological mechanisms and possibly
treatment needs. Future longitudinal analyses will examine whether poor learning of
safety signals provides a marker of vulnerability to develop PTSD or is specific to

symptom state.



Introduction

Posttraumatic Stress Disorder (PTSD) is a major public health concern among
current and former military members, including those who have recently experienced
combat in Iraq and Afghanistan (Baker et al., 2012). For instance, since these wars began
in 2001, the incidence of psychiatric disorders among active-duty service members has
increased by 62%, with an increase of 656% for PTSD and 226% for anxiety disorders.
In addition, the cost to the Department of Defense (DoD) for treating these service
members doubled between 2007 and 2012 (Blakely & Jansen, 2013 Congressional
Research Service Report). The Department of Veterans Affairs (VA) and society at large
will continue to bear the cost of treating service members with chronic psychiatric issues
long after these individuals are discharged from the military. According to a recent
report by the Institute of Medicine. DoD prevention efforts are hampered by an
insufficient empirical base (National Research Council, 2014). Identifying the
underlying biological mechanisms of PTSD from other stress-related disorders is a key
step in developing an evidence base on which to design more effective prevention and
treatment efforts.

The “Marine Resiliency Study II” (MRS-I1: Oct 2011-Oct 2013) Neurocognition
project is a longitudinal investigation of neurocognitive performance in Marines deployed
to Afghanistan. Similar to the original MRS (Baker et al. 2012), Marines were assessed
in a 3.5 hr test battery in which clinical assessment, self-report, and biological assays are
combined with comprehensive neurocognitive assessments once before deployment and
then again 3-6 months after deployment. The purpose of MRS-II is to discriminate

between biological markers that predict risk/resiliency for development of combat-stress



related disorders and markers associated specifically with symptom state. Here we focus
on one aspect of these assessments, measurement of fear conditioning and extinction
learning.,

Increased responses to conditioned fear cues and reduced ability to inhibit these
responses are well-known features of PTSD in civilian and combat-veteran populations
(for review see VanElzakker et al., 2013). Reduced ability to inhibit fear has recently
been suggested to be a potential “biomarker” specific to PTSD, with PTSD subjects
exhibiting poor learning of safety signals (cues that predict absence of threat) compared
to depressed subjects (Jovanovic & Norrholm, 2011; Jovanovic et al., 2009; 2010).
Studies in high trait anxious participants or other anxiety disorders are inconsistent,
showing either normal or reduced fear inhibition as measured by safety signal learning
(Kindt & Soeter, 2014: Gazendam et al., 2013; Lissek et al., 2009). Reduced inhibition
in PTSD patients is thought to reflect disruption of frontal cortical and hippocampal
circuits to inhibit amygdala activazion and concomitant fear responses (Admon et al.,
2013; Acheson et al. 2012). However, increased fear responding to conditioned cues,
aversive contexts, or overgeneralization of fear responses are shown across multiple
anxiety disorders and thus may reflect biological processes that are shared across
disorders (McTeague et al., 2012; Lissek et al., 2013; Grillon, 1998). Results are less
clear however for depression, with reports of lower, normal, and higher aversive
responding or fear conditioning (McTeague et al.. 2012: Grillon et al., 2013; Robinson et
al., 2012: Jovanovic et al, 2010) depending on the type of conditioned cues and aversive
stimuli. Heightened fear responding may be due to increased amygdala, extended

amygdala, and/or dorsal anterior cingulate activity in these disorders (Admon, 2013;



Grillon, 2008). Understanding the differential patterns of fear conditioning and inhibition
between symptom types will help identify specific endophenotypes for further biological
interrogation across stress-related disorders (Cuthbert & Kozak, 2013; McTeague et al.,
2012; Admon et al., 2013). Given that MRS-II is a longitudinal study, we will ultimately
be able to determine in future analyses if these putatively differential phenotypes are
vulnerability factors or related specifically to symptom state after trauma.

To test the hypothesis that PTSD. depression, and general anxiety symptoms may
reflect distinct biological mechanisms and subsequent differential patterns of fear
conditioning and inhibition abnormalities, we used a cross-sectional design to directly
compare fear conditioning and extinction across participants endorsing symptoms of
general anxiety, depression, and PTSD at pre-deployment. We used the fear potentiated
startle (FPS) paradigm established by Norrholm and colleagues (2006), as this paradigm
is sensitive to both the reduced fear inhibition (i.e. safety signal learning and extinction)
and increased fear conditioning described in PTSD patients (Norrholm et al., 2011). This
protocol uses an aversive air-pyff as the unconditioned aversive stimulus. Though other
fear conditioning paradigms have used aversive electrical shock as the unconditioned
stimulus (i.e.. Milad et al., 2007). we chose to use air puff for a number of reasons. One,
use of an air puff increased the feasibility of testing such a large active duty population in
a time-limited manner as it does not require initial “customization™ of shock stimuli.
Lack of required customization reduced setup time as well as technical difficulty. Two,
we anticipated that shock stimuli would be less acceptable to study participants and to
local and military institutional review boards given the special population status of active

duty military. Third, this protocol uses startle reactivity as the operational measure of



conditioned fear, a cross species measure of fear conditioning for translational
applications in animal models. and which may be more sensitive to “automatic” or

implicit fear learning compared to other measures such as skin conductance (Sevenster et

al.. 2014; Glover et al., 2011).

Methods

Participants

1,195 infantry Marines and Navy Corpsmen enrolled in a longitudinal study of the
health effects of deployment to Afghanistan. Two separate infantry battalions were
studied, with data collection occurring 1-2 mo prior to deployment. At the time of this
collection period all Marine infantry were male, thus females did not participate. This
study was approved by the institutional review boards of the University of California San
Diego. VA San Diego Research Service, and the Naval Health Research Center. Written

informed consent was obtained from all participants.

Fear Conditioning and Extinction Procedure

Apparatus: Startle pulses (108 dB, 40 ms) were delivered using a San Diego
Instruments (SDI, San Diego. CA, USA) SR-HLAB Electromyography (EMG) system.
Sound levels were measured using continuous tones calibrated with a Quest Sound Level
Meter on the A scale, coupled to the headphones with an artificial ear. The air puff was
set at 250 psi and delivered via a plastic tube positioned 2.5 cm from the center of the
throat. Air-puff onset was controlled by a solenoid system triggered by the same Acer
laptop computer that controlled the startle stimuli. Conditioned stimuli were presented

via E-Prime software (Psychology Software Tools, Inc., Sharpsburg, PA, USA) run on a



Dell desktop computer with a 48 cm monitor positioned directly in front of the
participant. Presentation of the stimuli by the E-Prime software was triggered by signals
from the EMG system to control synchronization of conditioned, startle, and air-puff
stimuli,

Eyeblink EMG responses were recorded via Ag/Ag 3M Red Dot electrodes
placed at the orbicularis oculi muscles at the left eye connected to the SDI SR-HLAB
EMG system and Acer laptop computer (Acheson et al., 2013; 2012). A reference
electrode was placed at the mastoid bone behind the left ear. Before electrode placement,
skin was cleaned with an alcohol swab and gently exfoliated with 3M electrode prep tape.
All electrode resistances were <10 k€. EMG data were recorded at a sampling rate of |
KHz, amplified (0.5 mV electrode input was amplified to 2500 mV signal output), band-
pass filtered (100-1000 Hz), rectified. and then smoothed with a 5-point rolling average.
Expectancy responses were recorded on a trial-by-trial basis via the participant™s
responses on a key pad linked to E-Prime software. Additional self-report responses
were recorded at the end of each experimental phase via the same keypad.

Eyeblink data were scored via SR-HLAB EMG Ultilities software as previously
described (Acheson et al., 2012). In brief, eyeblink responses were examined on a trial
by trial basis at a window starting 100 ms before the startle pulse and ending 200 ms after
the pulse. Only responses that peaked within 100 ms of pulse onset were scored as a
startle response. Trials in which excessive baseline noise or artifact obscured the startle
response were removed (2.1% of trials) and replaced with an imputed value based on the

average of the immediately preceding and following trials.



Fear Conditioning and Extinction lask: The fear conditioning and extinction
protocol consisted of two discrete testing sessions or “phases™: Acquisition and
Extinction. Before the acquisition phase the participants were instructed that one of the
colored symbols predicted when the airpuff would appear. Each phase began with 6
startle pulses presented in the absence of any other stimuli to stabilize startle responding.
The Acquisition phase consisted of 8 6-sec presentations of the conditioned stimulus
(CS+; either a blue or yellow circle or square, balanced across subjects) that was paired
with the air puff in 75% contingency, 8 6-second presentations of a non-reinforced
conditioned stimulus (CS-; also either a blue or yellow circle or square) that was never
paired with the air puff, and 8 presentations of the startle stimulus in the absence of any
stimuli (noise alone or “*NA™ trial) which served as a measure of baseline startle across
the phase. The CS+ and air puff co-terminated on reinforced trials. Startle pulses were
presented approximately 4 sec following CS+ or CS- onset. The stimuli serving as CS+
and CS- (blue or yellow circles or squares) were randomly assigned across participants.
Contingency awareness was measured using a numbered keypad to report at each CS+
and CS- trial whether or not they expected to receive the air puff. Participants responded
with a “17 if they expected the air puff, “2” if they were unsure, and 3" if they did not
expect the air puff. After the acquisition phase, contingency awareness was again
assessed via a questionnaire asking participants which stimulus predicted the shock.
Self-reported anxiety during the cues was also measured at this time, as was the
subjective aversiveness of the air-puff stimuli.

After completing the Acquisition phase, participants were asked to sit quietly for

5 min before beginning the Extinction phase. Before the extinction phase began. the
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subjects were told to “remember what the learned™ in the previous session. The
Extinction phase consisted of 16 presentations of each stimulus type (CS+, CS-, and NA).
No air puffs were presented during this phase. Presentations of startle pulses were
delivered and ratings of air-puff expectancy were collected in the same fashion as in the
Acquisition phase. After this phase, participants again rated their level of anxiety during
the cues. After these ratings were made, participants were disconnected from the
apparatus and went on to other assessment stations (see Baker et al. 2012 for full details

of Marine Resiliency Study assessment battery).

Assessment of Psychiatric Symptoms

Posttraumatic Stress Disorder: Post-traumatic stress symptoms were assessed
using a structured diagnostic interview, the Clinician Administered PTSD Scale (CAPS:
Blake et al., 1995). CAPS total scores can range from 0 to 136 and can be used as a
measure of PTS symptom severity. PTSD symptom group membership was defined
using the partial PTSD criteria articulated by Stein and colleagues (Stein et al., 1997).
Partial PTSD criteria were chosen due to the relative psychological health of an active
duty Marine cohort. Criteria for assignment to the PTSD symptom group were the
presence of at least | B symptom, 2 C symptoms, and 2 D symptoms, with minimum
frequency ratings of | and minimum intensity ratings of 2. Inter-rater reliability in MRS
was high for both the CAPS total score (Intraclass correlation coefficient = .99) and for

PTSD diagnosis (Kappa =.714).

Anxiety: Assignment to the anxiety symptoms group was defined as scoring in

the Moderate to Severe range (> 15) on the Beck Anxiety Inventory (BAIL; Beck & Steer.



11

1993). The BAI is a reliable measure of general anxiety symptoms present within the
past week, and discriminates between anxiety vs. depressive symptoms fairly well (Clark

etal., 1994).

Depression: Assignment to the depression symptoms group was defined as
scoring in the Moderate to Severe range (> 19) on the Beck Depression Inventory 2
(BDI-2: Beck et al., 1996). The BDI-2 measures the presence of depressive symptoms

within the past 2 weeks.

Trauma History: The Life Events Checklist (LEC; Gray et al., 2004) was used to
assess previous trauma history. The LEC evaluates the participant™s experience of a wide
range of traumatic events and further assesses whether the event directly happened to the
individual, the individual witnessed the event happening to others, or whether the even
was learned about second-hand. The LEC score reported here was calculated by

summing all of the items scored as “happened to me™ and/or “witnessed it™.

Data Analysis

Final Sample: Of the original 1,195 Marines and Corpsmen who underwent the
fear conditioning and extinction protocol, data on 21 were rendered unusable due to
technical diificulties during testing. An additional 125 (10.6% of the remaining sample)
were excluded from the analysis because they failed to show a CS+ response greater than
baseline during the last half of the Acquisition phase. This failure to potentiate above
baseline suggested that the air puff was ineffective in inducing fear in these subjects that
would be sufficient to support learning in these participants. Further, 35 subjects met

our cutoffs for more than one symptom group and were excluded from the analysis. This
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approach was taken to enable comparison of relatively “pure” symptom classes on fear
conditioning and extinction phenotypes. See supplemental materials Table S1. for
demographic data on these excluded subjects. The remaining 1,014 subjects were

included in all analyses.

Startle: Startle data for the Acquisition and Extinction phases were analyzed as
previously described in Acheson et al. (2013) by averaging responses to each stimulus
type into blocks of two trials. Within each block, the NA averages were subtracted from
the CS+ and CS- averages to adjust for changes in baseline startle across the session.
Thus, each CS+ and CS- block represented startle above baseline for that block (e.g.,
(CS+)—(NA)). Thus there were 4 blocks for the CS+ and CS- during the Acquisition
phase, and 8 blocks for the CS+ and CS- for the Extinction phase.

To compare acquisition across symptom groups, the analysis was simplified by
averaging the last two blocks of the session across both CS types to create a measure of
responding over the last half of the acquisition phase. To assess function of the task,
Acquisition phase data were initially analyzed within the healthy group only using a
repeated-measures ANOVA to assess differences in response to each CS type. To assess
differences by symptom group, a 2 (CS type) x 4 (symptom group) mixed ANOVA was
conducted on the entire sample. Significant interactions were followed up with alpha-
adjusted post-hoc tests to assess Cue response differences within each symptom group.
To assess symptom group differences in baseline startle, a one-way ANOVA, with
appropriate post-hoc tests, was conducted on the average NA trial response across the last

half of the extinction phase.
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Extinction phase data were analyzed by computing a measure of “% conditioned
fear™. This score is similar to the “extinction retention index™ originated by Milad and
colleagues (2007; 2008) in their studies of fear extinction memory recall, which use a
normalization approach to reduce confounds of differences in fear conditioning on
measurement of extinction. For each subject, the maximal CS+ response during the
acquisition phase is identified. A % conditioned fear is then calculated for each of the 8
extinction blocks using the following equation: 100*(CS+ response on extinction
block/maximum response across acquisition blocks). For simplicity of presentation and
analysis, these scores were further averaged into 4 Extinction blocks consisting of 4 trials
each. The first block, Early Extinction. consisted of the first 4 trials of the phase, Mid
Extinction | trials 5-8. Mid Extinction 2 trials 9-12, and Late Extinction trial 13-16. To
assess function of the task, Extinction phase data were initially analyzed within the
healthy group only using a repeated-measures ANOVA to assess decrease in responding
across the phase. To assess differences by symptom group, a 4 (symptom group) x 4
(Extinction Block) mixed ANOVA was conducted on the entire sample. To assess
symptom group differences in baseline startle response during the extinction phase, a 4
(symptom group) x 4 (Extinction Block) mixed ANOVA. with appropriate post-hoc tests.

was conducted on the NA responses averaged into blocks analogous to those above.

Expectancy and Self-Report: Expectancy responses were re-coded as: expect air
puff= 1. unsure = 0, do not expect air puff =-1. Expectancy responses over the last half
of the Acquisition phase (4 trials/stimulus type) were averaged together as with the startle
data. ANOVAs were applied to assess both task effectiveness and differences by

symptom group in the same manner as with the startle responses.



14

Expectancy responses during the extinction phase were analyzed by trial,
including the last 4 trials of the Acquisition phase (20 total trials). Task effectiveness
was assessed using a repeated-measures ANOVA on the healthy group only. A 4
(symptom group) x 20 (Trial) mixed ANOVA was used to assess differences by symptom
group across the entire sample.

To assess task effectiveness on self-reported anxiety. CS type differences on
post-phase questionnaires were analyzed using repeated measures ANOVA on the
healthy group alone. A 2 (CS type) x 4 (symptom group) mixed ANOVA was used to
assess differences across symptom groups. Task effectiveness in assessing change across
phase in self-reported anxiety was assessed using a repeated-measures ANOVA in the
healthy group only. Differences across phase by symptom group were assessed with 4
(symptom group) x 2 (Phase) mixed ANOVA on the entire sample. In all analyses,

significant interactions were followed up with two-tailed Tukey post-hoc tests.

Results
Demographics

Sample demographics are displayed in Table 1. There were no differences across
symptom groups on any demographic variable. Differences between symptom groups
did emerge on the LEC [F(3.1010)=9.03, p<.0001, partial n°=.03], such that all symptom
groups reported more trauma experience relative to healthy controls (ps<.04). However,
the symptom groups did not differ from one another. Two subjects were taking
psychiatric medication for reasons other than smoking cessation or sleep (I in the PTSD
symptom group and 1 in the anxiety symptom group). Both of those subjects reported

taking fluoxetine at unknown dosages. As expected from our selection criteria, the
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symptom groups had significantly higher scores on their respective assessnment measures
relative to the other groups (Table 1:; omnibus tests F(3.1010)>129.55, ps<.0001; ps<.05
for comparisons vs reference group). All symptom groups had higher levels of PTSD,

anxiety and depression symptoms compared to controls healthy controls (ps<.05).

Overall Task Effectiveness

Acquisition

Startle: As expected, startle responses during the Acquisition phase showed a
significant effect of Cue type, with the CS+ response being elevated relative to the CS-,
indicating successful differential fzar conditioning [Figure 1A, F(1,918)=475.14,

p<.0001, partial n°=.34].

Expectancy and Self-Report: For expectancy ratings, participants correctly
identified the CS+ as predictive of the shock [Figure 2A: F(1.913)=3916.39, p<.0001,
partial l]3=.8l []. Onal (expect air puff) to -1 (do not expect air puff) scale, participants
averaged a 0.59 rating for the CS+ and a -0.78 rating for the CS-.

On the post-phase questionnaire, 88.9% of participants correctly identified the
CS+ as predictive of the air puff. 6.7% of participants were not sure which CS predicted
the air puff, and 3.1% misidentified the CS- as predictive of the air puff. Overall,
participants assigned the air puff en average aversiveness rating of 2.31 out of 5 (SD =
1.02). Participants rated higher levels of subjective anxiety in the presence of the CS+
relative to the CS-, again indicative of differential fear conditioning [Figure 3A;

F(1.911)=1298.43. p<.0001, partial n’=.588].

Extinction
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Startle: As expected, percentage of conditioned fear (normalized to the fear
levels displayed in the acquisition phase) decreased significantly across the phase,

demonstrating successful fear extinction [Figure 2A; F(3.2751)=182.87. p<.0001, partial

n>=.166].

Expectancy and Self-Report: Expectancy ratings to the CS+ decreased
significantly across the late Acquisition and Extinction phases [Figure 2B;
F(19.16682)=573.56, p<.0001, partial 11°=.395]. From the Acquisition to Extinction
phases, post-phase ratings of anxiety to the CS+ decreased significantly [Figure 3B:

F(1,902)=529.15, p<.0001. partial W'=.37].

Comparison of Task Performance between Psychiatric Symptom Groups

Acquisition

Baseline Startle: There was a significant difference between symptom groups in
average baseline startle during the last half of the acquisition phase [F(3, 1010)=3.05,
p<.03, partial 1°=.009]. such that the Anxiety group had a higher magnitude of startle
relative to healthy controls (»<.009). No other symptom group differed from healthy

controls.

Startle Potentiation: When participants meeting criteria for inclusion in a
symptom group were examined, a significant symptom group x Cue type interaction
emerged [Figure 1A; F(3,1005)=3.4, p<.02. partial n’=.01]. Post-hoc tests revealed that
responding to the CS+ was significantly higher than responses to the CS- for the healthy,

anxious, and depressed symptom groups (ps<.001). but not for the PTSD group (»<.09)
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suggesting reduced differential fear conditioning in the PTSD group. This deficit in
differential conditioning was driven by higher CS- responses in the PTSD group relative
to the healthy group (p<.004). In contrast, the Anxiety group exhibited a trend for
increased CS+ responding (p<0.06) and no significant differences in CS- responses
compared to healthy controls. Maximum CS+ responding was also calculated across the
groups, and the anxiety symptom group showed significantly larger maximum CS+
responses compared to the healthy group [Supplemental Figure 1; F(3.1010)=2.73, p<.05,

partial °=.008; anxiety vs. healthy <.02]

Expectancy and Self-Report: For expectancy ratings, there was no symptom
group x Cue type interaction [Figure 2A; F(3,1000)=1.62, ns], nor was there an overall
effect of symptom group [F(3,1000)<1.0, ns]. For self-reported anxiety, there was a
significant effect of symptom group [Figure 3A: F(3.997)=5.78. p<.001. partial 1°=.017]
with anxious subjects reporting higher levels of anxiety in response to both cues

(p=<.001). There was no symptom group x Cue type interaction [F(3.997)=1.65, ns].

Extinction

Baseline Startle: There was a trend toward differential responding between
symptom groups across the extinction phase [F(3, 1010)=2.09. p<.1, partial n1=.006],
again with the Anxiety group trending toward higher response relative to healthy controls

(p<.1).

Startle Potentiation: A significant main effect of symptom group was apparent on
%conditioned fear during the extinction phase [F(3.1005)=3.05, p<.03. partial n>=.009].

such that the PTSD group maintained a higher level of conditioned fear across the entire
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session compared to the healthy controls (p<.006). There was also a trend for a block X
symptom group interaction [Figure 2A; F(9,3015)=1.66, p<.1, partial n2=.005].
Exploratory post-hoc analyses at each block showed that the PTSD group maintained a
higher level of conditioned fear relative to healthy controls at both the Mid Extinction 2
and Late Extinction blocks (ps<.05). The Anxiety group showed a trend toward higher
responding relative to controls during Mid Extinction 1 (p<.07), however this trend was
not apparent at the later Extinction blocks. The Depression group did not differ from

healthy controls.

Expectancy and Self-Report: Expeclancy ratings to the CS+ did not vary by
symptom group across the phase [Figure 2B; F(45, 14505)=1.33, ns], nor was there a
main effect of symptom group [F£(3,967) < 1.0, ns]. For self-reported anxiety, there were
significant differences in change across phases by symptom group [Figure 3B;
F(3,988)=4.24, p<.01, partial n°=.013], such that all groups showed significant reductions
across phase (ps < .05) with the exception of the PTSD group. The PTSD and Anxiety
groups had higher responses to the CS+ during the extinction phase relative to the healthy
group (ps < .02). In addition, there was a significant main effect of symptom group, with
the Anxiety group showing higher ratings overall relative to the Healthy group

[F(3,988)=5.12, p<.002, partial 1°=.015].

Discussion
As expected, the conditioning paradigm was effective in producing conditioned
fear learning and subsequent extinction learning in our active-duty Marine and Navy

volunteers. Psychiatrically healthy participants acquired differential fear-potentiated
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startle and self-reported anxiety responses to the CS+ vs. the CS- and showed
contingency awareness (expectancy ratings). Across the extinetion phase, when the air
puff was absent, responses to the CS+ decreased in terms of both potentiated startle and
self-reported anxiety. Expectancy ratings showed intact contingency learning across
extinetion as well. Successful learning in this paradigm enables comparisons to be made
in the learning patterns among the various psychiatric symptom groups.

Differential patterns of learning performance emerged between psychiatric
symptom groups. The PTSD group was unique in failing to show a differential
potentiated startle response to CS+ and CS- at the end of fear acquisition. This failure
was due to PTSD subjects maintaining a relatively high startle response to the CS-. The
observation of high startle responses to the CS- is in line with existing research showing
that individuals with PTSD have difficulty learning to inhibit startle responses in the
presence of a safety signal (Jovanovic et al., 2009; 2010). Though not explicitly termed
“safety signal™ in the current paradigm, presentation of the CS- effectively signals the
absence of the air puff. or safety. Interestingly. the participants in the PTSD group
showed intact contingency awareness in the expectancy ratings, as well as intact
discrimination learning as assessed by self-reported anxiety. These findings suggest a
“disconnect” between the participant™s explicit experience and automatic physiological
responses to the safety cue (i.e. potentiated startle).

Across the extinction phase, the PTSD symptom group maintained potentiated
startle to the CS+ overall relative to the healthy group. The finding that conditioned fear
responses were maintained throughout extinction supports existing research suggesting a

disruption in fear extinction learning and recall in PTSD subjects relative to healthy
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controls (Norrholm et al., 2011:; Milad et al., 2008; Wessa & Flor, 2007; Orr et al., 2000.
Peri et al., 2000). This greater maintenance of conditioned fear was also apparent in the
self-report of anxiety in response to the CS+, which remained relatively unchanged in the
PTSD group after extinction training, unlike the other groups. Again, the PTSD group
showed normal explicit learning that the CS+ no longer predicted the US (as evidenced
by the expectancy ratings across the extinction session), further supporting a disconnect
hetween explicit contingency awareness and fear expression. Thus the current findings
of deficient inhibition of potentiated startle to a safety cue and reduced extinction of
physiological and emotional fear responses in the presence of intact contingency
awareness supports the theory that PTSD is characterized by a failure to inhibit
automatic, physiological fear responses. This failure of inhibition is observed even
though the subject is explicitly aware of a lack of threat or danger.

The anxiety symptom group showed significantly higher baseline startle
responding and higher CS+ potentiation compared to the healthy group. This group also
reported significantly higher anxiety to both CS+ and CS- after acquisition relative to the
healthy group. The finding that CS+/- discrimination is normal in participants with high
generalized anxiety symptoms is in line with other report that high trait anxiety
participants exhibit normal CS+/CS- discrimination (Kindt and Soeter, 2014: Gazendam
et al, 2013). The present findings of higher self-reported anxiety to the conditioned cues
are also in line with past reports using a similar protocol (Gazendam et al. 2013). During
extinction training, the anxiety symptom group successfully extinguished both
potentiated startle and US expectancy to the CS+. They also successfully extinguished

self-reported anxiety to the CS+, however overall responding remained high compared to
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the other groups. Taken together, this pattern of results is suggestive of greater explicit
anxiety responses during aversive anticipation in this group while fear inhibition and
discrimination processes are relatively normal,

The depression symptom group showed response patterns in all measures that
were indistinguishable from healthy controls. The normal fear inhibition and potentiated
startle in the depression group as assessed by safety signal learning and extinction is in
line with previous studies (Jovanovic et al., 2010; 2012). The present results differ
however from a recent study in major depression patients in a task which incorporates
both predictable and unpredictable aversive stimuli (Grillon et al., 2013). In this task,
MDD patients exhibited higher baseline startle reactivity as well as greater potentiation
during the cue that was predictive (100% contingency) of an aversive event. The
increased startle potentiation was associated with symptom chronicity as well as severity.
The different results across this study and the present study are unlikely due to
differences in symptom severity (mean BDI 26 vs. 29 for present and previous studies,
respectively) or treatment (both studies used unmedicated participants). It is possible that
the difference between the Grillon et al. study and the present study are due to differences
in the chronicity of symptoms, gender demographics (mixed vs. all male sample
respectively) and comorbid anxiety (high vs. relatively low respectively). The lack of
significant differences in the present study must also be interpreted with caution given the
relatively small sample size in this group (N=12).

The present results suggest differential performance between PTSD and anxiety
symptom groups, with general anxiety symptoms being more associated with exaggerated

fear responses and PTSD symptoms being specifically associated with a failure to
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appropriately inhibit fear responses to safety signals and reduced extinction. This
differential pattern of results is suggestive of differences at the neurocircuit level. The
higher overall responding in the anxiety symptom group may reflect hyperactivity in
emotion-generating limbic circuits, consistent with the neuroimaging evidence for
heightened amygdala activation to negative provocation in subjects with generalized
anxiety (ie, Rauch et al., 2003). While PTSD has also been associated with limbic
system hyperactivity (Shin et al., 2006), neuroimaging studies have shown more
pronounced findings of hypoactivation in structures responsible for inhibition of the
limbic system, specifically the medial prefrontal cortex (mPFC) and the rostral and dorsal
regions of the anterior cingulate cortex (Etkin & Wager, 2007). Further, Milad and
colleagues (2007; 2008) have demonstrated that individuals with PTSD exhibit reduced
ability to recall fear extinction (or fear inhibition) 24 hours after initial learning, an ability
that is dependent upon mPFC activation. Reduced activity of ventromedial prefrontal
cortex is also associated with increased potentiation to CS- and reduced extinction of
CS+ (Jovanovic et al 2013). Thus this pattern of hypoactivation in fear inhibition circuits
may be reflected in the current results of relatively normal magnitude of fear responses
but poor safety-signal learning and reduced extinction in PTSD symptom groups. The
present findings also raise the possibility that this task could identify, via differential
patterns of response (exaggerated fear response vs. impaired fear inhibition), those who
are neurobiologically at risk for developing a certain class of pathology post-trauma.
Previous research has suggested that impaired fear extinction may be a marker for

increased risk of developing PTSD following a trauma (Guthrie & Bryant, 2006: Pole,
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2009; Lommen, 2013). Future studies may examine whether these phenotypes predict
differential treatment responses to pharmacological or behavioral therapies.

Some limitations of the current study must be acknowledged. First, the paradigm
was not effective in producing fear-potentiated startle in ~11% of the study participants
tested. While this failure resulted in a reduction of sample size, the excluded participants
did not appear to differ systematically from the study volunteers as a whole
(supplemental Table 1). Second, the study was conducted on a highly screened cohort of
active duty Marines and Navy corpsmen, which limited the number of participants
displaying psychiatric symptoms of sufficient intensity for inclusion in the symptom
groups. Therefore, the number of participants included in the symptom groups is
relatively small, particularly the depression group. It is possible that low power may
have contributed to the inability to detect significant differences in between the
depression and healthy control group. However it is important to note that the present
findings of normal fear inhibition and extinction in the depression symptom group
replicates previous studies with greater subject numbers (Jovanovic et al 2009, 2010).
Third, the current study examined effects of psychiatric symptoms in isolation from
trauma or deployment history per se. By simply comparing LEC scores across symptom
groups we found that trauma burden was significantly higher in all symptom groups
compared to the healthy group but not different between symptom groups, suggesting
that differences in trauma exposure are unlikely to explain differences in task
performance across the symptom groups. Future analyses will investigate the role of
these variables in influencing task performance, as well as their interaction with

psychiatric symptoms. Finally, while the symptom groups had significantly higher scores
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on their respective assessment measures relative to the other groups (Table 1), all
symptom groups also differed from healthy controls across all measures. This elevation
across symptom measures speaks to the difficulty of achieving “pure” symptom
categories given the large amount of overlap in phenomenology among these conditions.
However, the current paradigm was effective in discriminating between symptom classes
based on severity, and as whole it appears that the current results have captured
differences between groups characterized by predominant symptoms unique to Anxiety
and PTSD. In sum, the fear conditioning and extinction paradigm appears to function as
anticipated in this active-duty Marine/Navy cohort, and may, together with the MRS-II
study as a whole. lead to novel insights into potential biobehavioral mechanisms of stress

injury development. treatment, and prevention.
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Table 1: Demographics and Symptom Measures

Healthy

N 923
Age 22.23
(SD) (2.81)
Months in the Military 3129
(SD) (26.18)
Education

< H.S, 3.3%

H.S. 69.3%

Some College 25%

B.A. 2.4%

Post-graduate 0%
Rank

Junior Enlisted 71.3%

NCO 27.5%

Officer 1.2%
Race

White 87.4%

African-American 3.7%

Other 8.9%
Ethnicity

Not Hispanic or Latino 75.8%

Hispanic or Latino 24.2%
Marital Status

Single, Never Married 68.5%

Married 29.3%

Divorced 1.4%

Separated 0.9%
Pathology Measures
(SD)

CAPS Total Score 9.662

29

Symptom Group
PTSD Anxiety  Depression
42 37 12
22.63 22.4 21.38
(4.08) (3.27) (2.33)
39.5 327 31
(43.89) (28.74) (29.64)
2.4% 2.7% 8.3%
76.2% 73% 91.7%
21.4% 21.6% 0%
0% 2.7% 0%
0% 0% 0%
76.2% 78.4% 91.7%
23.8% 18.9% 8.3%
0% 2.7% 0%
85.7% 83.3% 83.3%
0% 0% 0%
14.3% 16.2% 16.6%
64.3% 67.5% 75%
35.7% 32.4% 25%
69% 75.7% 75%
28.6% 21.6% 25%
2.4% 0% 0%
0% 2.7% 0%
43.74 17.952 27.832
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(9.34) (11.29) (10.91) (12.06)
BAI Total Score 2.87a 442 20.41 6.672
(4.03) (5.54) (5.45) (4.92)
BDI-2 Total Score 3.89: 9.86% 9.652 24.17
(4.19) (5.43) (5.44) (3.33)
LEC Score 4,16 5.93b 5.54b 5.92b
(2.80) (3.60) (3.12) (2.27)

*=p<.05 for comparisons vs category reference group (i.e., PTSD group reference for
CAPS score comparisons). °=p<.05 vs Healthy
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Figure Captions

Figure 1: A) Potentiated startle magnitudes across the last half of the acquisition phase
by symptom group. *=p<.05 for CS+ vs CS- comparisons. #=p<.05 for PTSD vs
Healthy comparison. B) Expectancy ratings across the last half of the acquisition phase
by symptom groups. *=p<.05 for the CS+ vs CS- main effect. C) Self-reported anxiety
by symptom groups following the acquisition phase. *=p<.05 for CS+ vs CS- main

effect and Anxiety vs Healthy comparison.

Figure 2: A) % acquisition response retained across the extinction phase by symptom
group. *=p<.05 for PTSD vs Healthy comparison. #=p<.05 for exploratory comparisons
vs healthy controls. B) CS+ expectancy ratings across the entire extinction phase. C)
Self-reported anxiety following the acquisition and extinction phases by symptom group.
*=p<.05 for comparisons across phase and for the Anxiety vs Healthy comparison.

“=p<.05 for PTSD and Anxiety vs. Healthy comparisons within the extinction phase.















Supplementary Materials

Table S1. Supplemental Demographics for Subjects Excluded Based on Lack of CS+

Potentiation or Comorbidity

N

Age
(SD)

Months in the Military
(SD)

Education
<HS.
H.S.
Some College
B.A.
Post-graduate

Rank
Junior Enlisted
NCO
Officer

Race
White
African-American
Other

Ethnicity
Not Hispanic or Latino
Hispanic or Latino

Marital Status
Single, Never Married
Married
Divorced
Separated

Pathology Measures
(SD)
CAPS Total Score

Lack of

Potentiation

125

2228
(3.63)

30.15
(30.23)

4%
72%
21.6%
1.6%
0.8%

77.6%
21.6%
0.8%

89.6%
6.4%
4%

74.4%
25.6%

76.8%
23.2%

0%

12.42

Comorbidity
35

22.31
(3.37)

40.26
(41.44)

2.9%
71.4%
20%
2.9%
2.9%

71.4%
25.7%
2.9%

88.6%
5.7%
5.7%

77.1%
22.9%

57.1%
42.9%
0%

44.43



(12.64)

BAl Total Score 4.8
(6.85)

BDI-2 Total Score 6.01
(6.6)

LEC Score 4.26
(2.76)

(13.42)

20.14
(8.87)

24,66
(8.89)

7.20
(3.37)
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Study design: GWAS on PTSD symptom changes

History:

* Psychiatric Genomic Consortium (PGC, 2007): field-wide mega-analyses of genetic
associations for ADHD, BPD, MDD, and SCZ

* Most psychiatric disorders are polygenic, with many individual loci conferring only
small individual effects

* Very large datasets (>10,000 cases) are necessary for GWAS

* PTSD only recently joined the PGC

* 3 GWAS published to date (RORA, TLL1, lincRNA)
* unique disorder because exposure to a traumatic event is a prerequisite

Rationale:

* Leverage prospective design === control for PTSD symptoms at predeployment
* Exposed to recent, homogenous trauma (7 month deployment to combat zone)
* Control for individual trauma exposure

Goal: identification of SNPs associated with larger changes in trauma-related
symptoms than predicted by the severity of combat trauma exposure












Secondary GWAS models

Variahle OR SE p N AIC Model
SNP 2.333 0.146 6.84E-09 1651 1357.80 base
DRRI's 3.231 0.100 5.40E-32

caps-gt VO 1.048 0.004 9.42E-26

SNP 2372 0147 4.66E-09 1631 1354.93 adding CTQ
DRRI's  3.181 0101 3.54E-30

caps-qtVO 1046  0.005 1.55E-22
cTa 1376 0141 0024
SNP 2398  0.48 3.27E-09 1629 135495  adding CTQ & LEC
DRRI's  3.177 0102 6.26E-30

caps-qt VO 1.044 0.005 1.54E-19
cTa 1326 0.143  0.048

| LEC 1033 0023 0.6 |

* Adding more trauma variables increases gene effect on PTSD outcome

* Dominant genetic model is more significant than an additive one



CSMD1 function

* not yet fully understood
* gene codes for a multiple domain complement-regulatory protein
* highly expressed in the central nervous system

*In rats:
* CSMD1 protein blocked classical complement pathway activation

* primary sites of synthesis are developing CNS and epithelial tissues,
suggesting that CSMD1 may be a regulator of complement activation
and inflammation in the developing CNS, and may also play a role in
growth cone function (Kraus et al. 2006)

* Csmd1 knockout mice showed behaviors reminiscent of blunted
emotional responses, anxiety and depression, suggesting an
influence of CSMD1 on psychopathology and endophenotypes of
the negative symptom spectra in schizophrenia (Steen et al. 2013)

Cub and Sushi Multiple Domains 1






Role of CSMD1 in Neuropsychiatric disorders

* GWAS schizophrenia locus (rs10503256) (SCZ Consortium 2011)
* Schizophrenia locus confirmed (rs10503253) (Bergen et al. 2012)

» SNP rs10503256: associated with neurocognitive effects in humans, specifically
with poorer performance on neuropsychological measures of general cognitive
ability and memory function, suggesting that CSMD1 may be involved in brain
mechanisms related to memory and learning (Donohoe et al. 2013)

* neural effects of rs10503253 were investigated in vivo in healthy participants in
an MRI study, showing reduced cortical activations in the middle occipital gyrus
and cuneus, suggesting that CSMD1 may mediate brain function related to
cognitive processes (Rose et al. 2013)

* GWAS showing supportive evidence for CSMD1 in bipolar disorder (Xu et al. 2014)



MRS Genomic Projects

Subjects: MRS European Americans (N =26 cases and 38 controls, longitudinally)

* Transcriptome: Genome-wide gene expression (RNAseq)

* Epigenetic Mechanisms: Genome-wide methylation (Illumina 450K)

® Peripheral blood leukocytes

Demographics of subjects used in the methylation and gene expression analyses

Controls (n = 38) Cases* (n=26)
Measure mean sd min max mean sd min max p
Assessed pre-deployment:
Age 2212 347 188 3481 | 226 306 199 3505 013
I CAPs 7.03 7.04 0 21 10.92 6.75 0 22 0.019
Childhood trauma (CTQ) 3555  15.44 25 103.25 | 4425 12.18 26 67.25  0.001
Adult trauma (LEC) 3.45 2.98 0 11 5.27 3.26 1 14 0.011
Tobacco use 1.71 1.94 0 4 2.26 2 0 4 0.30
Assessed post-deployment:
__Combat exposure (DRRIs) 0.61 0.38 0.03 1.49 1.09 0.69 -0.29 214  0.002
| CAPs 1045  7.29 0 25 52.19  13.66 15 84  3.8E-11
Tobacco use 1.82 1.61 0 4 1.92 1.76 0 4 0.78

* Cases were selected to be symptom-free (CAPs <25) at pre-deployment
and diagnosed with partial or full PTSD at the post-deployment visit



Association of PTSD status with post-deployment methylation levels for 48 probes
within 50kb of CSMD1 resulting in 4 nominally significant probes
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Conclusion

* Genome-wide significant association of CSMD1 with PTSD
* awaiting replication in longitudinal cohort

* CSMD1 association is consistent across MRS-I and MRS-II

* CSMID1 is associated with SCZ, BPD and neurological traits

* Methylation and gene expression levels are significantly lower in PTSD
subjects compared to controls after exposure to combat
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« Studied healthy twin/sibling pairs (n = 399 individuals),
typing 6 polymorphisms spanning the locus; replication
in 361 MRS Marines & 2212 Australian twins

« Basal/resting plasma concentration of NPY is under
substantial genetic control, with heritability (h?) 0.73
0.04 (p=3.1E-26)

 Haplotype and single nucleotide polymorphism analyses
indicated that proximal promoter variant V-880A (2-bp
T1G/—, Ins/Del, rs3037354) minor/A allele disrupts
glucocorticoid signaling to influence NPY transcription
and secretion associated with several heritable (h?)
stress traits: NPY secretion (h2 = 73 + 4%) as well as
greater BP response to environmental (cold) stress, and
higher basal systemic vascular resistance.

53037354 used for statistical models in this talk

Zhang, et al., 2012, JACC












Intensity of Combat Exposure is a predictor of post-deployment
PNPY levels

Variable Beta SE t value p value
Intercept 6.3 0.3 20.9 7.2e-85
Age -0.01 0.01 -0.9 0.4

Baseline pNPY (.3 0.02 16.2 2.9e-52

0.2 0.05 -3.4 0.0007

Combat Exposure

*N=1756 Marines in 4 battalions

*Combat exposure: Composite measure of 4 exposure scales

(DRRI Combat Experiences, Post-Battle Experiences, Deployment Concerns,
Deployment Environment)

*Analysis for adjusted for baseline pNPY levels and ancestry (NS)

Linear Regression












Low CSF NPY levels in PTSD
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Using linear mixed-effect models: Differences in NPY-CSF
concentrations were statistically significant [p-value for existence of
group effect 0.0234; the difference in levels between healthy civilian
volunteers and PTSD subjects was statistically significant (p = 0.012)
but deployed healthy subjects were not statistically significantly
different from either of the other two groups



Summary

Longitudinal data in Marines confirms outcomes from
cross sectional studies; results show that plasma NPY
concentrations are determined by:

 Genotype

* Childhood Trauma

« Combat trauma exposure

* Pre-deployment plasma NPY does not predict PTSD

outcome

24-h serial CSF NPY analysis replicates prior single time
point studies showing lower CSF NPY concentrations in
PTSD compared to combat controls and civilians



Unanswered questions/future directions

Is low brain (amygdalar?) NPY a pre-trauma risk factor for
PTSD development, or is trauma related adaptive
changes in NPY a primary cause?

Can brain NPY production be inferred from genotype
determined NPY levels periphery?

Are molecular mechanisms of stress-related adaptive
change in the periphery (as has recently been described
in adrenal NPY expression (Wang & Whim 2014) the same
those in the CNS?




































































































































































































































PRTFDC1 function

encodes the phosphoribosyltransferase domain-containing protein 1
small protein with highest expression in brain

GO annotations: magnesium ion binding and protein homodimerization
activity

Paralog of HPRT1, associated with Lesch-Nyhan syndrome (uric acid)

not yet been implicated in GWAS of PTSD or other psychiatric disorders

its potential role in the etiology of PTSD remains to be determined












Secondary GWAS models

Variable OR SE p N AIC Model
SNP 2.333 0.146 6.84E-09 1651 1357.80 base
DRRI's 3.231 0.100 5.40E-32

caps-qt VO 1.048 0.004 9.42E-26

SNP 2.372 0.147 4.66E-09 1631 1354.93 adding CTQ
DRRI's 3.181 0.101  3.54E-30
caps-qt VO 1.046 0.005  1.55E-22
cTQ 1.376 0.141 0.024
SNP 2.398 0.148 3,27E-09 1629 1354.95 adding CTQ & LEC
DRRI's 3.177 0.102 6.26E-30
caps-qt VO 1.044 0.005 1.54E-19
cTa 1.326 0.143 0.048
LEC 1.033 0.023 0.16

* Adding more trauma variables increases gene effect on PTSD outcome

* Dominant genetic model is more significant than an additive one



CSMD1 function

* gene codes for a multiple domain complement-regulatory protein
* highly expressed in the central nervous system

* |n rats:
* CSMD1 protein blocked classical complement pathway activation

* primary sites of synthesis are developing CNS and epithelial tissues,
suggesting that CSMD1 may be a regulator of complement activation
and inflammation in the developing CNS, and may also play a role in
growth cone function (Kraus et al. 2006)

* Csmd1 knockout mice showed behaviors reminiscent of blunted
emotional responses, anxiety and depression, suggesting an
influence of CSMD1 on psychopathology and endophenotypes of
the negative symptom spectra in schizophrenia (Steen et al. 2013)

Cub and Sushi Multiple Domains 1





















Conclusion

* Genome-wide significant associations of PRTFDC1 with PTSD
* Polygenic risk scores for bipolar disorder are associated with PTSD

* Genome-wide significant associations of CSMD1 with PTSD symptom
changes after exposure to combat

* Integration of methylome and transcriptome data to support GWAS
findings

* MRS is a great resource (e.g. for Mendelian Randomization)






Role of CSMD1 in Neuropsychiatric disorders

* GWAS schizophrenia locus (rs10503256) (SCZ Consortium 2011)
* Schizophrenia locus confirmed (rs10503253) (Bergen et al. 2012)

* GWAS showing supportive evidence for CSMD1 in bipolar disorder (Xu et al.
2014)

* SNP rs10503256: associated with neurocognitive effects in humans, specifically
with poorer performance on neuropsychological measures of general cognitive
ability and memory function, suggesting that CSMD1 may be involved in brain
mechanisms related to memory and learning (Donohoe et al. 2013)

* neural effects of rs10503253 were investigated in vivo in healthy participants in
an MRI study, showing reduced cortical activations in the middle occipital gyrus
and cuneus, suggesting that CSMD1 may mediate brain function related to

cognitive processes (Rose et al. 2013)






























PRTFDC1 function

encodes the phosphoribosyltransferase domain-containing protein 1
small protein with highest expression in brain

GO annotations: magnesium ion binding and protein homodimerization
activity

Paralog of HPRT1, associated with Lesch-Nyhan syndrome (uric acid)

not yet been implicated in GWAS of PTSD or other psychiatric disorders

its potential role in the etiology of PTSD remains to be determined












Secondary GWAS models

Variable OR SE p N AIC Model
SNP 2.333 0.146 6.84E-09 1651 1357.80 base
DRRI's 3.231 0.100 5.40E-32

caps-qt VO 1.048 0.004 9.42E-26

SNP 2372 0.147 4.66E-09 1631 1354.93 adding CTQ
DRRI's 3.181 0.101  3.54E-30
caps-qt VO 1.046 0.005 1.55E-22
cTQ 1376 0141  0.024
SNP 2.398 0.148 3.27E-09 1629 1354.95 adding CTQ & LEC
DRRI's 3.177 0.102 6.26E-30
caps-qt VO 1.044 0.005 1.54E-19
cTQ 1.326 0.143 0.048
LEC 1.033 0.023 0.16

* Adding more trauma variables increases gene effect on PTSD outcome

* Dominant genetic model is more significant than an additive one



CSMD1 function

* gene codes for a multiple domain complement-regulatory protein
* highly expressed in the central nervous system

* |n rats:
* CSMD1 protein blocked classical complement pathway activation

* primary sites of synthesis are developing CNS and epithelial tissues,
suggesting that CSMD1 may be a regulator of complement activation
and inflammation in the developing CNS, and may also play a role in
growth cone function (Kraus et al. 2006)

* Csmd1 knockout mice showed behaviors reminiscent of blunted
emotional responses, anxiety and depression, suggesting an
influence of CSMD1 on psychopathology and endophenotypes of
the negative symptom spectra in schizophrenia (Steen et al. 2013)
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Role of CSMD1 in Neuropsychiatric disorders

* GWAS schizophrenia locus (rs10503256) (SCZ Consortium 2011)
* Schizophrenia locus confirmed (rs10503253) (Bergen et al. 2012)

* GWAS showing supportive evidence for CSMD1 in bipolar disorder (Xu et al.
2014)

* SNP rs10503256: associated with neurocognitive effects in humans, specifically
with poorer performance on neuropsychological measures of general cognitive
ability and memory function, suggesting that CSMD1 may be involved in brain
mechanisms related to memory and learning (Donohoe et al. 2013)

* neural effects of rs10503253 were investigated in vivo in healthy participants in
an MRI study, showing reduced cortical activations in the middle occipital gyrus
and cuneus, suggesting that CSMD1 may mediate brain function related to
cognitive processes (Rose et al. 2013)






EWAS: Genome-wide methylation analyses
Example of ongoing epigenetic analyses:

GC Lambda = 1.045

w
@ w -o. e
= - CpG Beta B FDR Gene
8 g03118626  -0.403  4.43E-08 0.02 KLK10
T o« 822530232  -0.241  3.50E-07 0.08 PTPRN2
5 cg05818501  -0.757  4.98E-07 0.08 ADARB2
w
e cgl5577634  -0.340  1.10E-06 0.10 IFI30
o cg00056257  -0.247  1.13E-06 0.10 GRM7
o - ————— = ——= e =
5 1 & 4 . & o8 ' Replication analyses ongoing:
Expected -log10(p) = PRISMO

'+ ArmySTARRS

Subjects: 36 PTSD cases, 63 controls
At 6 months post-deployment
Conditioned on pre-deployment methylation and combat exposure












Conclusion

* Genome-wide significant associations of PRTFDC1 with PTSD
* Polygenic risk scores for bipolar disorder are associated with PTSD

* Genome-wide significant associations of CSMD1 with PTSD symptom
changes after exposure to combat

* Integration of methylome and transcriptome data to support GWAS
findings

* MRS is a great resource (e.g. for Mendelian Randomization)

















































































































































































































