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Objective: Despite increasing awareness
of the many important roles played by
brain-derived neurotrophic factor (BDNF)
activation of TrkB, a fuller understanding
of this system and the use of potential
TrkB-acting therapeutic agents has been
limited by the lack of any identified small-
molecule TrkB agonists that fully mimic
the actions of BDNF at brain TrkB recep-
tors in vivo. However, 7,8-dihydroxyfla-
vone (7,8-DHF) has recently been identi-
fied as a specific TrkB agonist that crosses
the blood-brain barrier after oral or intra-
peritoneal administration. The authors
combined pharmacological, biochemical,
and behavioral approaches in a preclini-
cal study examining the role of 7,8-DHF in
modulating emotional memory in mice.

Method: The authors first examined the
ability of systemic 7,8-DHF to activate
TrkB receptors in the amygdala. They
then examined the effects of systemic

7,8-DHF on acquisition and extinction of
conditioned fear, using specific and well-
characterized BDNF-dependent learning
paradigms in several models using naive
mice and mice with prior traumatic stress
exposure.

Results: Amygdala TrkB receptors, which
have previously been shown to be re-
quired for emotional learning, were ac-
tivated by systemic 7,8-DHF (at 5 mg/kg
i.p.). 7,8-DHF enhanced both the acqui-
sition of fear and its extinction. It also
appeared to rescue an extinction deficit
in mice with a history of immobilization
stress.

Conclusions: These data suggest that
7,8-DHF may be an excellent agent for
use in understanding the effects of TrkB
activation in learning and memory para-
digms and may be attractive for use in
reversing learning and extinction deficits
associated with psychopathology.

(Am J Psychiatry Andero et al.; AiA:1-10)

Brain-derived neurotrophic factor (BDNF) is widely
distributed throughout the adult brain. BDNF binds to
the nonselective p75 receptor, common to a variety of
neurotrophins, as well as to its specific high-affinity TrkB
receptor. There is evidence that BDNF plays a critical role
in long-term potentiation (1) and is a molecular media-
tor of learning and memory. Intrahippocampal infusion of
BDNF in vivo and BDNF infusion in hippocampal slices
induce long-lasting enhancement of synaptic plasticity
(2-4). In addition, BDNF has been shown to be involved in
declarative and spatial memory processes (5, 6). For these
reasons, BDNF is an attractive candidate for modulating
learning and memory processes.

Deprivation of endogenous BDNF causes impairment
of spatial learning and memory in rats (7), and forebrain-
restricted deletion of BDNF severely impairs spatial learn-
ing (8). Similarly, BDNF and TrkB are both known to play
an important role in fear memory acquisition and extinc-
tion (9, 10). We previously demonstrated that disruption
of TrkB activation using lentiviral expression of a domi-
nant-negative form of TrkB into the basolateral amygdala
blocked the acquisition of fear (11) and the consolidation
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of extinction (12), which suggests that BDNF-dependent
activation of TrkB in the amygdala regulates the learning
of fear and extinction memories.

Recent studies indicate that BDNF polymorphisms
may be implicated in emotionality and anxiety disorders
(13, 14). In addition to the role of the BDNF/TrkB system
in learning, memory, and synaptic plasticity, alterations
within the system have been implicated in affective dis-
orders (15). Despite this increasing awareness of the many
important roles played by BDNF activation of TrkB, a
fuller understanding of this system and the use of poten-
tial TrkB-acting therapeutic agents has been limited by the
lack of any identified small-molecule TrkB agonists that
fully mimic the actions of BDNF at brain TrkB receptors
in vivo.

Jang et al. (16) recently screened a chemical library for
compounds that activate TrkB in vitro and discovered that
a series of flavone derivatives, most potently 7,8-dihy-
droxyflavone (7,8-DHF), significantly activated TrkB.
They found that 7,8-DHF binds in vitro with high affin-
ity to the TrkB receptor and provokes its dimerization and
autophosphorylation, leading to downstream signaling

ajp.psychiatryonline.org 1

Copyright A€ 2010 American Psychiatric Association. All rights reserved.



EFFECT OF 7,8-DIHYDROXYFLAVONE ON EMOTIONAL LEARNING

cascade activation. Systemic administration of 7,8-DHF
protects neurons in wild-type but not TrkB-deficient or
mutated (F616A) mice from apoptosis, substantially acti-
vates TrkB in the brain 2 hours after injection, inhibits
kainic acid-induced neuronal cell death, decreases infarct
volumes in stroke in a TrkB-dependent manner, is neuro-
protective in an animal model of Parkinson’s disease (16),
and rescues a BDNF deficit in a BDNF cortex-specific
knockout murine model (17). To more fully examine the
effects of this newly identified TrkB agonist, we examined
the effects of 7,8-DHF on the acquisition and extinction
of cue-dependent conditioned fear among the most sim-
ple yet robust rodent models of emotional learning and
memory.

Method

Animals

All experiments were performed on adult (2-4 months old)
wild-type strain C57BL/6] male mice from Jackson Laboratory
(Bar Harbor, Me.). All procedures were approved by the Institu-
tional Animal Care and Use Committee of Emory University and
were in compliance with National Institutes of Health guidelines.
Separate cohorts of animals were used in each experiment.

Drugs

We administered 7,8-DHF (obtained both from coauthor K.Y.
and from Tokyo Chemical Industry, catalog no. D1916) intraperi-
toneally at a dose of 5 mg/kg in a vehicle of 17% dimethylsulfox-
ide in phosphate-buffered saline; the same vehicle was also used
in control groups. In those experiments in which 7,8-DHF was
given, mice received a single dose 1 hour before the appropriate
behavioral procedure.

Immunoblotting, Immunohistochemistry, and
Autoradiography

For Western blots, mice were injected with 7,8-DHF at 5 mg/
kgi.p.; they were sacrificed 1 hour or 2 hours later, and amygdala
tissue was collected bilaterally. Inmunoblot analysis was per-
formed with anti-TrkB Y706 (phosphorylated TrkB; Santa Cruz
Biotechnology, Santa Cruz, Calif;; 1:200 in 5% bovine serum
albumin/phosphate-buffered saline), and anti-TrkB (Cell Sig-
naling Technology, Danvers, Mass.; 1:500 in 5% bovine serum
albumin/phosphate-buffered saline), anti-p-mitogen-activated
protein kinase (MAPK; Cell Signaling Technology; 1:500 in 5%
milk/phosphate-buffered saline), and anti-MAPK (Cell Signal-
ing Technology; 1:5,000 in 5% milk/phosphate-buffered saline).
For immunohistochemistry, fixed rat brain sections from prior
studies (11) were incubated and blocked in phosphate-buffered
saline, goat serum, and Triton X-100 and incubated with TrkB
rabbit polyclonal antibody (1:500, SC-12, Santa Cruz Biotech-
nology) and an anti-rabbit biotinylated secondary antibody
(1:500) for 2 hours. Avidin-biotin complexes were amplified
using a standard Vectastain Elite ABC kit (Vector Laboratories,
Burlingame, Calif.). For regional localization of 7,8-DHF bind-
ing to TrkB, 7,8-DHF binding was performed as previously
described (18).

Cue Fear Conditioning and Extinction

Fear conditioning was conducted in nonrestrictive acrylic cyl-
inders (SR-LAB startle response system, San Diego Instruments)
located in a ventilated, sound-attenuated chamber. The foot-
shock unconditioned stimulus was delivered through a stainless
steel grid floor. Shock reactivity was defined as the peak activ-
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ity (measured with a piezoelectric accelerometer) that occurred
during the 200 msec after the onset of the unconditioned stimu-
lus. The tone-conditioned stimulus was generated by a Tektronix
function generator audio oscillator and delivered through a high-
frequency speaker (9, 19).

Note that fear conditioning includes a longer intertrial interval
(5 minutes) between each of five conditioned stimuli to maximize
fear learning, as compared to a greater number of stimuli (rang-
ing from 15 to 30) for fear expression and extinction protocols,
which use shorter intertrial intervals of 30-90 seconds. On each
of 2 days prior to training, mice were given a 10-minute startle
chamber exposure session to habituate them to handling and
context.

During cued fear conditioning, mice received five trials of a
conditioned stimulus tone (30 seconds, 12 kHz, 70 dB) cotermi-
nating with an unconditioned stimulus footshock (500 msec, 0.5
mA in experiments 1 and 2; 500 ms, 1 mA in experiments 3 and
4) with an intertrial interval of 5 minutes. The expression of fear
(in a different context from training) was assessed 24 hours after
fear conditioning and consisted of 15 conditioned stimulus tone
trials of 30 seconds each, with a 1.5-minute intertrial interval.
For extinction testing in experiments 2 and 4, mice were given
30 conditioned stimulus tone trials with a 30-second intertrial
interval. Fifteen conditioned stimuli were presented in experi-
ment 3 in the extinction session. Stimulus presentation and data
acquisition were controlled and digitized by, and stored in, an
interfacing desktop computer using SR-LAB and analyzed with
the FreezeView software program (Coulbourn Instruments,
Whitehall, Pa.).

Immobilization Stress

Immobilization procedures were conducted in a room sepa-
rate from fear training and testing apparatus. Each animal was
immobilized by gently restraining its four limbs in a prone posi-
tion to metal arms attached to a wooden board for 2 hours. All
animals of the same cage received the same treatment—either
immobilization or handling. After treatment, animals were
returned to their home cage and remained undisturbed until
fear training.

More methodological details are provided in the data supple-
ment that accompanies the online edition of this article.

Results

Activation Effect of Systemic 7,8-DHF on TrkB
Receptors in the Amygdala

We first confirmed that 7,8-DHF activated amygdala
p-TrkB in vivo. Mice were given vehicle or 7,8-DHF sys-
temically (5 mg/kg i.p.) either 1 or 2 hours prior to sacri-
fice. Immunoblots were then performed in duplicate on
vehicle-treated and 7,8-DHF-treated amygdala tissue (Fig-
ure 1A,B). We found that the total level of TrkB protein did
not change, but systemic 7,8-DHF led to robust increases
in p-TrkB (Y706). To further demonstrate activation of the
TrkB signaling pathway, we found that p-MAPK was acti-
vated within the amygdala 1 hour and 2 hours after admin-
istration of 7,8-DHE again with no change in total MAPK.

We next confirmed the autoradiography receptor bind-
ing pattern of *H-7,8-DHF (K,;=320 nM [16]) as shown
in Figure 1C. The binding pattern resembles the known
mRNA expression pattern of the TrkB receptor (Figure 1D),
and this binding was prevented with excess cold 7,8-DHF
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FIGURE 1. Activation of p-TrkB and MAPK in Mouse Amygdala by Systemic 7,8-Dihydroxyflavone (7,8-DHF)?
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2 MAPK=mitogen-activated protein kinase. Panel A shows immunoblots of mouse amygdala punches examining total TrkB protein (top),
activated p-TrkB (second row), total MAPK (third row), and activated p-MAPK (bottom row). Each condition is represented in duplicate, with
amygdala punches from mice injected intraperitoneally with vehicle (control) or 7,8-DHF (5 mg/kg) 1 hour or 2 hours prior to sacrifice. Full-
length TrkB is detected at both ~95 kDa (nonglycosylated) and ~140-145 kDa (glycosylated) forms. Although total levels of TrkB and MAPK do
not change, systemic 7,8-DHF led to robust activation/phosphorylation of amygdala TrkB (p-TrkB Y706) and MAPK (p-MAPK). Panel B shows
the quantification (mean values with standard deviations) of the p-TrkB706:TrkB ratio represented in the top two immunoblots of panel A,
demonstrating increased p-TrkB706 with 7,8-DHF treatment. In panel C, receptor autoradiography demonstrates that *H-7,8-DHF binds to
brain regions known to express TrkB protein, including the amygdala (arrow). Panel D shows in situ hybridization of TrkB mRNA expression
from the Allen Brain Atlas (www.allenbrainatlas.com). In panel E, 3H-7,8-DHF shows no significant binding when tissue is pretreated with
excess cold 7,8-DHF, suggesting relative specificity. Panel F shows dense expression of TrkB protein on pyramidal neurons in basolateral rat
amygdala identified with immunocytochemistry. Scale bar represents ~50 pm.

(Figure 1E). These data are consistent with previous data
indicating that systemic 7,8-DHF activates p-TrkB at
endogenous TrkB receptors in the mouse brain (16). Addi-
tionally, pyramidal neurons in the rodent amygdala appear
to express high levels of TrkB receptor, as determined by
immunohistochemistry (Figure 1F). Together, these data
confirm that amygdala TrkB receptors are prevalent, bind
to 7,8-DHF in vivo, and are activated by systemic adminis-
tration of 7,8-DHE
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Effect of Systemic 7,8-DHF on Learning of
Conditioned Fear

Based on previous in vitro and in vivo studies (16, 17),
we anticipated that 5 mg/kg of 7,8-DHF would be the
optimal dose for mouse learning experiments. However,
we performed a dose-response study to directly compare
the effects of 0, 1, 5, and 25 mg/kg i.p. of 7,8-DHF during
the averaged first three fear-conditioning stimuli in mice
(Figure 2A). We found an overall significant drug effect with
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FIGURE 2. Effects of 7,8-Dihydroxyflavone (7,8-DHF) on Fear Conditioning in Wild-Type Mice?
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2 Panel A shows results of a dose-response study performed with 7,8-DHF (N=10 in each dose group). The graph shows the average proportion
of animals freezing during the first three conditioned stimulus trials (*p<0.05 relative to vehicle [control]). Panel B shows the mean total
distance and the distance traveled in the center of the open field for 10 minutes with 7,8-DHF or vehicle injected 1 hour before testing; there
were no differences between groups. Panel C shows the mean shock reactivity in the startle apparatus during the cue-dependent fear condi-
tioning; there were no differences between groups. Panel D shows the mean percentage of time spent freezing, in three conditioned stimulus
trials per group (across the entire 15 conditioned stimuli), in testing for cue-dependent fear memory 24 hours after fear conditioning. Mice
that had received 7,8-DHF prior to fear conditioning showed increased freezing. Panel E shows the mean percentage of time spent freezing
within-session for each test trial for the first 10 trials of session. Within-session fear differences were particularly pronounced in the first
conditioned stimulus trial of the testing session. Panel F shows that the mean total time spent freezing during testing (conditioned stimulus
and no-stimulus intertrial periods) was significantly greater in the group of mice that had received 7,8-DHF 1 hour prior to fear conditioning.
Error bars in panels B-F indicate standard deviations. In panels D-F, *p<0.05 between 7,8-DHF and vehicle groups.
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analysis of variance (ANOVA) (linear trend, F=2.7, df=1, 39,
one-tailed p<0.05). Post hoc analyses revealed that mice
treated with 5 mg/kg were significantly more fearful than
those that received only vehicle (one-tailed t test, p<0.05).
Thus, we used 5 mg/kg for the remaining studies.

We initially examined the behavioral effects of 7,8-DHF
in an open-field maze after 7,8-DHF injection (5 mg/kg
i.p., 1 hour prior to test). We found no differences between
7,8-DHF and vehicle on total distance traveled as a mea-
sure of baseline locomotion, nor did we find any differ-
ences in time traveled in center or surround (Figure 2B;
less time spent in the center indicates anxiety-like behav-
ior). These data suggest that acute dosing of systemic 7,8-
DHF does not have any significant effects on locomotion
or innate anxiety-like behavior.

We next performed Pavlovian fear conditioning (see
behavioral experiment 1 in the online data supplement),
pairing auditory cues to footshocks to examine whether
this TrkB agonist would directly enhance fear learning.
There were no differences in footshock reactivity in vehicle
and drug groups when 7,8-DHF was administered 1 hour
prior to training (Figure 2C), suggesting that 7,8-DHF does
not affect pain sensitivity or the unconditioned stimulus
representation. Twenty-four hours after fear conditioning,
we examined the expression of conditioned fear in the
absence of drug. When we examined freezing only on con-
ditioned stimulus trials (grouping trials in bins of three;
Figure 2D), we found overall fear increases in the 7,8-DHF
group (F=5.1, df=1, 41, p<0.05). This effect was particu-
larly pronounced in the very first conditioned stimulus
trial of the session (Figure 2E; repeated-measures ANOVA,
group effect, F=4.8, df=1, 41, p<0.05; group-by-drug effect,
F=3.2, df=9, 41, p<0.01). Examination of freezing during
the first conditioned stimulus trial (trial 7) revealed differ-
ences between the vehicle and 7,8-DHF groups (p<0.05).
We also found that the overall fear (freezing during both
conditioned stimulus and intertrial no-stimulus periods)
was significantly increased in the animals that had been
treated with 7,8-DHF (Figure 2F; F=4.3, df=1, 41, p<0.05).
These results suggest that 7,8-DHF enhances new fear
learning, a BDNF-dependent learning process, with no
effect on overall activity, locomotion, anxiety-like behav-
ior, or pain sensitivity.

Effect of 7,8-DHF on Extinction of Fear, a BDNF-
Dependent Process

Extinction of fear is the gradual reduction of conditioned
fear behavior to a conditioned stimulus when it is repeat-
edly presented in the absence of the unconditioned stim-
ulus. Extinction has previously been shown to be BDNF
dependent and to require new learning processes. We
examined whether extinction in previously conditioned
mice would also be enhanced with 7,8-DHE Mice were first
fear-conditioned and matched for similar levels of freezing
behavior to the conditioned stimulus tone (see experi-
ment 2 and Figure S1B in the online data supplement)
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when tested 24 hours later (pre-extinction). On the
next day, groups were given either vehicle or 7,8-DHF
(5 mg/kg i.p.) 1 hour prior to a suboptimal (15-trial)
extinction training, which normally would not support
robust extinction of fear. Compared to vehicle, 7,8-DHF
supported extinction, as shown by a repeated-measures
ANOVA comparing pre-extinction and within-extinction
freezing (F=4.4, df=1, 24, p<0.05) (Figure 3A). Least-sig-
nificant-difference post hoc analysis showed that the 7,8-
DHEF group froze less in the within-extinction session than
did the vehicle group (p<0.05). More detailed analysis of
the within-extinction session can be seen in Figure 3B,
revealing a decreased level of conditioned freezing in drug-
treated mice (F=5.2, df=1, 24, p<0.05). An additional post-
extinction session performed 24 hours later led to a floor
effect, with no subsequent freezing differences between
groups (day 6, post-extinction session) (Figure 3C).

We then examined reinstatement in previously treated
7,8-DHF and vehicle extinction groups by administering
a footshock without the conditioned cue prior to cue fear
retesting (Figure 3C; repeated-measures ANOVA, drug
effect, F=6.0, df=1, 24, p<0.05). Least-significant-differ-
ence post hoc analysis showed that the vehicle group had
spent more time freezing than the 7,8-DHF group in the
post-reinstatement test on day 8 (p<0.05). Thus, mice that
had received 7,8-DHF 1 hour before the within-extinction
session (day 5) showed less conditioned freezing following
reinstatement than the group that had received vehicle
only. Note that no differences were observed in locomo-
tor activity prior to and between tone exposure in this
context. Together these data suggest that 7,8-DHF may
enhance the extinction of conditioned fear and subse-
quently reduce the level of post-reinstatement fear follow-
ing a footshock stressor.

Effect of 7,8-DHF on Fear Extinction in a Mouse
Stress Model With Diminished Extinction

Fear-related psychopathology, such as posttraumatic
stress disorder (PTSD), may be due in part to deficits in
extinction of fear. We sought to examine whether 7,8-DHF
might enhance extinction in a stress model in which a
prior traumatic event produced a deficit in fear extinc-
tion. We used a mouse version of immobilization stress in
which naive mice are restrained to immobilization boards
for 2 hours. In rats this procedure has been shown to be
quite stressful, detectable in the hypothalamic-pituitary-
adrenal (HPA) axis and behaviorally for several weeks fol-
lowing a single session (20, 21). In the present study, naive
mice with no pharmacological manipulation were fear-
conditioned as described above, with tone-shock pairings
6 days after the immobilization procedure (see experi-
ment 3 and Figure S1C in the online data supplement). We
found that in mice, as in rats, immobilization stress leads
to a rapid but transient increase in plasma corticosterone
levels (Figure 4A; t=13.06, df=30, p<0.001), demonstrating
the robust HPA-axis effects of this one-time stressor.
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FIGURE 3. Effect of 7,8-Dihydroxyflavone (7,8-DHF) on Fear
Extinction in Wild-Type Mice?
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2 Panel A shows the mean percentage of total time spent freezing
during the testing. Pre-extinction was performed 24 hours after
cue-dependent fear conditioning, and within-extinction (in the
presence of drug) was performed 24 hours after that. Mice that
received 7,8-DHF showed enhanced extinction of fear relative to
those that received vehicle. Panel B shows the mean percentage
of time spent freezing in response to conditioned stimulus presen-
tation during the within-extinction session, represented in blocks
of three trials. Mice that received 7,8-DHF 1 hour beforehand had
similar initial freezing but showed rapid extinction of fear com-
pared to those that received vehicle. In panel C, after all animals
had been extinguished to a minimal level of fear (post-extinction
test in the absence of drug, 24 hours after within-session), they
were then subject to reinstatement (24 hours after post-extinction).
Total freezing in post-extinction and post-reinstatement was com-
pared between animals that had received 7,8-DHF or vehicle 1
hour before the extinction training. Error bars indicate standard
deviations. *p<0.05 between the 7,8-DHF and vehicle groups.
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Mice that have previously undergone immobilization
have a significant deficit in fear extinction that is appar-
ent when analyzing the first three trials of each session
across the four extinction sessions (Figure 4B; repeated-
measures ANOVA, session-by-group effect, F=59, df=3, 42,
p<0.01; least-significant-difference post hoc analyses of
sessions 2 and 3 revealed greater levels of freezing in the
immobilization group than the control group, p<0.01).
After examination of freezing sessions 2 and 3 with
repeated-measures ANOVA, we found that the immobili-
zation group showed more freezing than the control group
in session 2 (F=616.52, df=1, 14, p<0.001) (Figure 4C) and
session 3 (F=383.84, df=1, 14, p<0.05) (Figure 4D), but with
no differences between groups in session 4.

We next examined whether 7,8-DHF would enhance
extinction of conditioned fear in mice with a prior history
of immobilization. We used a longer undisturbed period
(12 days) after stress than in the previous experiment (6
days) to evaluate the longevity of the stress-dependent
delayed extinction effect (see experiment 4 and Figure
S1D in the online data supplement). Fifteen days after the
immobilization session, mice were given vehicle or 7,8-
DHF (5 mg/kgi.p.) 1 hour before their first period of extinc-
tion training. There were no differences among groups in
non-cue-related locomotor activity, shock reactivity dur-
ing training, or conditioned freezing prior to extinction
training. However, when we examined previously immo-
bilized animals with and without 7,8-DHF treatment, we
found that extinction was significantly enhanced with 7,8-
DHEF (Figure 4E; session-by-drug interaction, F=17.6, df=2,
39, p<0.001). When we included the two control groups
(same fear and extinction protocols, but no prior immo-
bilization), we still found an overall between-session
extinction effect (Figure 4E; session-by-group interaction,
F=3.95, df=6, 84, p<0.01), with significant post hoc differ-
ences between immobilization with and without 7,8-DHF
(p<0.001), control with and without 7,8-DHF (p<0.05), and
immobilization and control groups (p<0.01). These data
suggest that 7,8-DHF is effective both in naive animals
and in those with prior traumatic stress. We then analyzed
freezing in the within-extinction session specifically in
immobilization-stressed animals (Figure 4F). We observed
a drug effect, suggesting that the immobilization-vehicle
group presented more freezing (or a deficit in extinction)
than the immobilization-7,8-DHF group (F=21.6, df=1,
13, p<0.001; block-by-group interaction, F=9.7, df=5, 80,
p<0.001).

Together with the other experiments, these data suggest
that 7,8-DHF enhances extinction of fear in naive animals
as well as in animals with extinction deficits due to prior
traumatic exposure.

Discussion

We have demonstrated that 7,8-DHE a systemic TrkB
agonist, enhances emotional learning. We have also
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FIGURE 4. Effect of 7,8-Dihydroxyflavone (7,8-DHF) on Extinction in a Traumatic Stress Model?
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2 Mice underwent 2-hour immobilization 6 days before the first session of fear conditioning, followed by repeated sessions of extinction.
Panel A shows that shortly after immobilization, there is a robust activation of the hypothalamic-pituitary-adrenal axis, as demonstrated by
a greater mean acute level of plasma corticosterone relative to control mice. In panel B, the immobilized group showed delayed extinction
in analyses of conditioned freezing in extinction sessions 2 and 3 (panels C and D), whereas both groups had equivalent low levels of freezing
by session 4, suggesting a delay in extinction following immobilization stress. (In panels A-D, ***p<0.001, **p<0.01, *p<0.05 between con-
trol and immobilization groups.) In panel E, animals also showed impaired extinction when fear-conditioned 12 days after immobilization
stress. Because of the delayed nature of extinction in immobilization-treated animals, we examined the last session to compare differential
freezing during pre-extinction, within-session extinction, and post-extinction sessions across groups (with and without immobilization, and
with and without 7,8-DHF). Mice that were given 7,8-DHF prior to extinction showed a significant drug-by-session effect of enhancement of
extinction across sessions (**p<0.01 session-by-group interaction between pre-extinction, within-extinction, and post-reinstatement). Panel
F shows that 7,8-DHF was associated with decreased freezing in the within-session extinction trials in animals with a prior history of immo-
bilization. Freezing (average of six trials within each bin) is shown during within-extinction session, 1 hour after administration of 7,8-DHF or
vehicle (***p<0.001, **p<0.01 for the immobilization-vehicle compared with immobilization-7,8-DHF groups). Error bars indicate standard
deviations.
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built on prior in vitro data demonstrating that 7,8-DHF
is a novel specific agonist at the TrkB receptor and that it
crosses the blood-brain barrier to activate TrkB receptors
in the brain, even in the absence of endogenous BDNF
(16, 17). Our data show that 7,8-DHF enhances several
well-defined emotional learning and memory paradigms
that have previously been shown to be BDNF dependent.

We first demonstrated that a single systemic dose of 7,8-
DHF enhances the learning of cue-dependent fear con-
ditioning in wild-type animals. This potentiated the fear
response to the cue, suggesting that 7,8-DHF is likely tar-
geting TrkB receptors in the brain that are normally critical
for fear learning.

Extinction, or the specific new learning of fear inhibi-
tion, has also been shown to be BDNF dependent. We
showed that 7,8-DHF could enhance extinction in wild-
type mice. Clinical fear-related disorders have been
shown to be related to a deficit in extinction, which may
be related to the decreased BDNF found in a number of
models of chronic stress. In our final experiment, we dem-
onstrated that 7,8-DHF “rescued” a deficit in extinction of
conditioned fear found in animals with a prior history of a
single traumatic stress exposure.

Patients with PTSD and other anxiety disorders are
thought to have deficits in extinction of aversive memo-
ries (22, 23). Similarly, rodents with anxiety-like behavior
or trauma exposure demonstrate a deficit in extinction
of conditioned fear (24-26). Notably, the finding that a
single stressor is sufficient to impair later extinction is
still quite novel and may have only one precedent in the
literature (27). This disruption of extinction is thought to
be due to both abnormalities in HPA-axis function and
possible alterations in BDNF signaling. In mice, 2-hour
immobilization led to a decrease in hippocampus BDNF
protein levels at 5 and 10 hours after stress, but levels had
returned to control levels when evaluated at 24 hours (28).
In rats, a single 2-hour period of stress immobilization
has been found to be more stressful than high-intensity
footshocks (20). Similar stress has been shown to decrease
BDNF mRNA in the hippocampus (29), and immobiliza-
tion has been shown to decrease BDNF mRNA levels in
the amygdala and cortex (30). In both cases, no difference
was found in the TrkB receptor levels in any area. Together,
these data suggest that even individual episodes of signifi-
cant traumatic stress can alter BDNF function, which may
affect later extinction processing.

Our data suggest that 7,8-DHF can fully “rescue” the def-
icit in extinction produced by prior immobilization stress.
In fact, we found that 7,8-DHF exerts similar effects in both
control and immobilization-stressed groups (Figure 4E).
This finding suggests that the TrkB receptor pathways may
be intact after immobilization stress. Thus, the extinction
deficit observed in previously immobilization-stressed
mice may be due to defective release of BDNF or to a defect
in factors other than the BDNF-TrkB pathway, but which
can be rescued with additional activation of TrkB.

8 ajp.psychiatryonline.org

We found no effects on baseline behaviors or pain sen-
sitivity following acute 7,8-DHE These data suggest that
7,8-DHF did not have indirect effects that could alter the
experience of fear training. Notably we found augmented
learning for both fear and extinction, further support-
ing the role of the TrkB agonist in potentiating learning,
and it was not due to enhancing or reducing sensory/
motor function in a certain direction. Also, all of the learn-
ing paradigms performed here followed a single acute
administration of systemic 7,8-DHE which suggests that
the emotional learning and memory enhancements were
a function of direct and rapid activation of brain TrkB,
as previously shown in vitro and in vivo (16) and dem-
onstrated for the first time here with autoradiography.
Our data do not yet indicate where 7,8-DHF is acting in
our fear acquisition and extinction studies. However, this
study’s immunoblots, autoradiography studies, and prior
data from our group all suggest that TrkB in the amygdala,
and possibly in the hippocampus and prefrontal cortex,
could be involved in the systemic 7,8-DHF effects. There-
fore, 7,8-DHF is likely augmenting emotional learning and
plasticity, in the presence of endogenous BDNE for both
fear learning and extinction.

Overall, our findings suggest that this TrkB agonist may
be an excellent research tool for understanding the effects
of TrkB activation in a variety of learning and memory
paradigms. Notably, the BDNF val/met polymorphism
has been associated with increased anxiety-like behavior
in humans (31, 32) and mice (33), as well as with altered
extinction in both species (34). Recently this mouse model
was shown to have an extinction deficit that was reversed
with p-cycloserine (35), an NMDA [N-methyl-p-aspartic
acid]-dependent cognitive enhancer (22). It will be fas-
cinating to examine whether 7,8-DHF or similar TrkB-
specific small-molecule agonists are able to reverse these
effects in animal models and humans with the BDNF val/
met polymorphism. Recent data also suggest that BDNF
infusion into infralimbic cortex enhances extinction of
fear (36), and there is a burgeoning literature suggesting
that decreased BDNF signaling may be a critical com-
ponent in the pathophysiology of mood disorders (15).
Future research on the examination of systemically avail-
able BDNF agonists may lead to important, clinically rel-
evant findings for the treatment of depression and anxiety
disorders. Moreover, 7,8-DHF may be an attractive agent
for improving extinction and other emotional learning
deficits associated with psychopathology in humans.
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OSTTRAUMATIC STRESS DISOR-

der (PTSD) is a debilitating

stress-related psychiatric dis-

order, with prevalence rates of
at least 7% to 8% in the US popula-
tion, and with much higher rates among
combat veterans and those living in
high-violence areas.!” Initially viewed
as a potentially normative response to
traumatic exposure,* it became clear
that not everyone experiencing trauma
develops PTSD. Thus, a central ques-
tion in research on PTSD is why some
individuals are more likely than oth-
ers to develop the disorder in the face
of similar levels of trauma exposure.”®
Although PTSD is the single disorder
within the Diagnostic and Statistical
Manual of Mental Disorders (Fourth
Edition) (DSM-IV)? that requires a spe-
cific environmental insult within its di-
agnostic criteria, it is becoming increas-
ingly clear that there are critical roles

©2008 American Medical Association. All rights reserved.

Context In addition to trauma exposure, other factors contribute to risk for devel-
opment of posttraumatic stress disorder (PTSD) in adulthood. Both genetic and envi-
ronmental factors are contributory, with child abuse providing significant risk liability.

Objective To increase understanding of genetic and environmental risk factors as
well as their interaction in the development of PTSD by gene X environment interac-
tions of child abuse, level of non-child abuse trauma exposure, and genetic polymor-
phisms at the stress-related gene FKBP5.

Design, Setting, and Participants A cross-sectional study examining genetic and
psychological risk factors in 900 nonpsychiatric clinic patients (762 included for all geno-
type studies) with significant levels of childhood abuse as well as non—child abuse trauma
using a verbally presented survey combined with single-nucleotide polymorphism (SNP)
genotyping. Participants were primarily urban, low-income, black (>95%) men and
women seeking care in the general medical care and obstetrics-gynecology clinics of
an urban public hospital in Atlanta, Georgia, between 2005 and 2007.

Main Outcome Measures Severity of adult PTSD symptomatology, measured with
the modified PTSD Symptom Scale, non—child abuse (primarily adult) trauma expo-
sure and child abuse measured using the traumatic events inventory and 8 SNPs span-
ning the FKBP5 locus.

Results Level of child abuse and non-child abuse trauma each separately predicted
level of adult PTSD symptomatology (mean [SD], PTSD Symptom Scale for no child
abuse, 8.03 [10.48] vs =2 types of abuse, 20.93 [14.32]; and for no non-child abuse
trauma, 3.58 [6.27] vs =4 types, 16.74 [12.90]; P<.001). Although FKBP5 SNPs did
not directly predict PTSD symptom outcome or interact with level of non—child abuse
trauma to predict PTSD symptom severity, 4 SNPs in the FKBP5 locus significantly in-
teracted (rs9296158, rs3800373, rs1360780, and rs9470080; minimum P=.0004) with
the severity of child abuse to predict level of adult PTSD symptoms after correcting
for multiple testing. This gene X environment interaction remained significant when
controlling for depression severity scores, age, sex, levels of non—child abuse trauma
exposure, and genetic ancestry. This genetic interaction was also paralleled by FKBP5
genotype-dependent and PTSD-dependent effects on glucocorticoid receptor sensi-
tivity, measured by the dexamethasone suppression test.

Conclusions Four SNPs of the FKBP5 gene interacted with severity of child abuse
as a predictor of adult PTSD symptoms. There were no main effects of the SNPs on
PTSD symptoms and no significant genetic interactions with level of non—child abuse
trauma as predictor of adult PTSD symptoms, suggesting a potential gene-childhood
environment interaction for adult PTSD.

JAMA. 2008;299(11):1291-1305 Www.jama.com
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for predisposing genetic and environ-
mental influences in differentially me-
diating psychological risk to the trau-
matized individual.'®"?
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Child abuse occurs at disturbingly
high rates and is a major public health
problem.!* Despite the resilience of many
abused children, child abuse significantly
increases risk for impaired physical and
psychological health and decreases adap-
tive functioning in adulthood.*>*” A mat-
ter of central importance to public health
is the identification of factors related to
risk and resilience in the wake of child
abuse. Of particular relevance to this
study is the well-established relationship
of child abuse with adult PTSD.'®* A
number of factors may account for this
relationship. PTSD in adults may rep-
resent a prolonged symptomatic reac-
tion to traumatic child abuse.

The experience of child abuse is as-
sociated with an increased number of
traumatic experiences across the
lifespan. Child abuse may also in-
crease vulnerability for the later devel-
opment of PTSD by altering psycho-
logical (eg, attachment) and biological
(eg, hypothalamic-pituitary-adrenal
[HPA] axis function) developmental
processes, including interaction with
genetic factors. Although other non-
child abuse types of traumatic experi-
ences in childhood” (eg, a house fire
or being in a vehicle crash) might be
expected to negatively affect develop-
ment, the most robust research to date
points to child abuse and related family/
interpersonal stressful life events in pre-
dicting a wide range of later psycho-
logical and physical health problems.

The reasons for this are not fully un-
derstood but some possible explana-
tions are (1) compared with other types
of traumatic events, child abuse is more
likely to occur in the family context**;
(2) any 1 type of child abuse is associ-
ated with an increased likelihood of ex-
posure to other types of abuse and to
increased levels of family-related stress-
ful events/parental dysfunction (eg, pa-
rental substance abuse)?; and (3) com-
pared with some other types of trauma
exposure, child abuse may be more
likely a repeated experience rather than
asingle event (eg, multiple incidents of
sexual abuse by the same perpetrator
over a number of years).” Our study
focuses on the interplay between child

1292 JAMA, March 19, 2008—Vol 299, No. 11 (Reprinted)

abuse and polymorphisms in the FKBP5
gene, which is involved in the gluco-
corticoid-mediated stress response, in
the prediction of adult PTSD.

The literature to date on the genetics
of PTSD has recently been reviewed,'*"
with the resulting suggestion that
gene X environment studies are needed
to focus more on distinct endopheno-
types and influences from environmen-
tal factors. A number of studies suggest
that genetic factors contribute to the de-
velopment of PTSD, with heritability es-
timates ranging from 30% to 40%.'126%
Candidate gene studies, however, have
been inconclusive so far, usually lim-
ited by extremely low power to detect any
but the strongest possible genetic ef-
fects (current published studies in-
clude sample sizes of <100).

A recent review'? covering candi-
date genes in the serotonin, dopa-
mine, glucocorticoid receptor (GR), -
aminobutyric acid, apolipoprotein E,
brain-derived neurotrophic factor, and
the neuropeptide Y system finds that (1)
the support for a relationship between
the serotonin transporter gene and
PTSD exists only in research on the in-
teraction of this system with stressful
life events in predicting depressive
symptoms; (2) results on the dopa-
mine system are inconsistent; (3) there
is a lack of evidence for relationships
with brain-derived neurotrophic fac-
tor, neuropeptide Y, or GR polymor-
phisms and PTSD with the exception
of a finding between GR genotype and
basal cortisol levels in a subgroup of pa-
tients with PTSD*; and finally, (4) lim-
ited evidence for the y-aminobutyric
acid system and the apolipoprotein E
system.

One of the first studies finding an in-
teraction between a genetic polymor-
phism and child abuse in predicting psy-
chopathology was the study by Caspi et
al,*! which found that maltreated chil-
dren with a monoamine oxidase A
(MAOA) genotype conferring low lev-
els of MAOA expression were more likely
to develop conduct disorder and anti-
social-personality disorder and to com-
mit violent crimes as adults compared

with those children with the high-

activity MAOA genotype. A recent
study? has replicated this result, and a
second study® replicated the effect in
white participants but not in other par-
ticipants (blacks, Hispanics, American
Indians, Pacific Islanders, and others) in
the sample. The largest group of
genotype X environment studies has ex-
amined the interaction between varia-
tion at the SHTTLPR (a complex-
repeat polymorphism in the 5" upstream
region of SLC6A4, which encodes the
serotonin transporter the SHTTLPR) and
stressful life events, including child
abuse, in predicting depression.*** Very
recently, Kilpatrick et al*! reported an
interaction of this polymorphism with
severity of trauma and level of social sup-
port with the development of PTSD fol-
lowing hurricane exposure as out-
come, supporting the relevance of gene
X environment interactions for this
disease.

From a developmental perspective,
HPA axis genes are strong candidates
with respect to altering susceptibility
to PTSD. Exposure to trauma and stress
increase HPA axis activity, and PTSD
has been associated with long-lasting
alterations in HPA axis reactivity*** and
specifically higher GR sensitivity.***
Polymorphisms in genes regulating GR
activity may impact the acute effects of
trauma on the HPA axis and thereby
possibly impact long-term HPA axis
regulation affecting the development of
PTSD. A number of studies suggest that
child abuse and neglect affect HPA axis
functioning (reviewed by Watts-
English et al*). Several studies sug-
gest that the depression-related HPA
axis hyperactivity may be related to
early life stress. For example, plasma
corticotropin and cortisol, as well as ce-
rebrospinal fluid corticotropin-
releasing hormone (CRH) concentra-
tions, correlate with perceived early life
stress more than with current depres-
sion.*"* Preclinical studies indicate that
the persistent hyperactivity of the HPA
axis associated with early life stress is
mediated by a hyperactive CRH recep-
tor 1 (CRHRI1) system, with chronic
overactivity of CRHRI in limbic brain
regions.*>°

©2008 American Medical Association. All rights reserved.
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FKBP5 is a co-chaperone of hsp90. It
directly interacts with hsp90, which
binds to the GR. FKBP5 also has been
shown to regulate GR sensitivity. FKBP5
is part of the mature GR heterocom-
plex.”* On hormone binding, FKBP5 is
replaced by FKBP4, which then re-
cruits dynein into the complex, allow-
ing translocation into the nucleus where
the complex regulates expression of glu-
cocorticoid-responsive genes by func-
tioning as a transcription factor.”> FKBP5
expression is induced by glucocorti-
coids as part of an intracellular ultra-
short negative feedback loop for GR ac-
tivity.”

Overexpression of human FKBP5 in
vitro reduces hormone binding affin-
ity’* and nuclear translocation of GR.”
Naturally occurring overexpression
of FKBPS5 causes GR resistance in New
World monkeys,”*** which is accom-
panied by increased plasma cortisol
levels. Furthermore, potentially func-
tional single-nucleotide polymor-
phisms (SNPs), or SNPs in very strong
linkage disequilibrium with a func-
tional variant, appear to alter FKBP5
function. The rare homozygous geno-
types of FKBP5 SNPs (rs4713916,
151360780, and rs3800373) were asso-
ciated with higher FKBP5 expression
in human blood monocytes as well as
with a stronger induction of FKBP5
messenger RNA (mRNA) by cortisol.
This was accompanied by less cortico-
tropin release measured in patients
who were depressed with the com-
bined dexamethasone-CRH test.”’

The same alleles of rs3800373 and
rs1360780 were associated with
increased peritraumatic dissociation
in children after medical trauma.’®
Higher levels of peritraumatic disso-
ciation have been shown to be predic-
tors of PTSD in adults.!® In addition,
the extent of up-regulation of FKBP5
mRNA in peripheral blood mono-
nuclear cells only hours after a trauma
has been shown to correlate with the
development of PTSD at 4 months.”
These data suggest that FKBP5 could
be an important candidate gene in
trauma-related HPA axis disturbances.
We therefore hypothesized that the
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putative functional SNPs in FKBP5
moderate the development of PTSD.
Because early trauma, PTSD, and
FKBP5 SNPs have all been shown to
influence GR resistance, we also
hypothesize that variants in this gene
may alter the impact of early trauma
or PTSD on GR sensitivity and
address this by investigating the dexa-
methasone suppression test (DST) in
a subsample of individuals.**7%

Our study addresses the role of poly-
morphisms in FKBP5 in predicting
PTSD, as well as the PTSD symptom—
associated changes in GR sensitivity, in
a highly traumatized, inner city sample.
Specifically, we address whether these
polymorphisms interact with increas-
ing levels of child abuse and increas-
ing levels of non—child abuse trauma
exposure to predict PTSD symptom-
atology during adulthood.

METHODS

Sample, Recruitment,

and Procedure

Data were collected to investigate the
roles of genetic and environmental
factors in predicting the development
of PTSD in a population of urban,
low-income, predominantly black
men and women. To determine the
race/ethnicity composition of the
sample as part of the screening proce-
dures, we asked participants to self-
identify their race/ethnicity. Their
response was coded into 5 common
categories (black, white, Hispanic or
Latino, Asian, mixed) or other (par-
ticipants checked “other” when they
thought their race/ethnicity was not
included in the other 5 categories)
(TABLE 1). The mean (SD) age in the
sample was 40.8 (13.8) years, ranging
from 18 to 81 years.

Table 1. Sample Demographics

Demographics

No. (%) of Participants

Sex (n = 900)
Male 384 (42.7)
Female 516 (57.3)
Self-identified race/ethnicity (n = 898)
Black 855 (95.2)
White 20 (2.2)
Hispanic or Latino 5(0.6)
Asian 1(0.1)
Mixed 8 (0.9
Other@ 9 (1.0
Education (n = 897)
<12th grade 245 (27.3)
High school graduate 324 (36.1)
Graduate equivalency diploma 52 (5.8)
Some college/technical school 176 (19.6)
College/technical school graduate 85 (9.5)
Graduate school 15(1.7)
Employment status (n = 898)
Currently unemployed 606 (67.5)
Currently employed 292 (32.5)
Disability status (n = 896)
Not currently receiving disability 692 (77.2)
Currently receiving disability 204 (22.8)
Household monthly income, US $ (n = 884)
0-249 278 (31.4)
250-499 75(8.5)
500-999 238 (26.9)
1000-1999 205 (23.2)
=2000 88 (10.0)

@Because race/ethnicity was self-identified, participants checked “other” when they thought their race/ethnicity was
not included in the other 5 categories (eg, American Indian).
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]
Table 2. Percentage of Sample Reporting Exposure to Non-Child Abuse Traumatic
Experiences Assessed by Traumatic Events Inventory?

No. (%) of Participants

I 1
Total Sample

Male Female
Trauma Type Experienced (N =900) (n = 384) (n =516)
Natural disaster 170 (19.4) 101 (26.9) 9 (13.7)
Serious accident or injury 351 (42.9) 183 (53.0) 168 (35.4)
Sudden life-threatening illness 226 (25.9) 113 (30.1) 113 (22.7)
Military combat 28 (3.2) 26 (7.0) 2(0.4)
Attacked with knife, gun, or other weapon by 324 (37.2) 204 (54.5) 120 (24.2)
someone other than spouse, romantic
partner, or boyfriend/girlfriend
Attacked without a weapon by someone other 261 (30.5) 142 (38.5) 119 (24.4)
than spouse, romantic partner, or
boyfriend/girlfriend
Witness of murder of friend or family member 79 (9.2) 43 (11.6) 36 (7.3)
Forced sexual contact =14 y of age 132 (15.5) 18 (6.1) 114 (23.9)
Any significant trauma 746 (84.9) 337 (89.6) 409 (81.3)

aBecause some participants declined to answer some questions, the total number in each trauma-type category may
vary slightly. A subset of the trauma types queried within the Traumatic Events Inventory are listed.

Screen interviews were completed
with 900 participants approached while
in the waiting rooms of primary care or
obstetrical-gynecological clinics of
Grady Memorial Hospital in Atlanta,
Georgia, between 2005 and 2007. Ap-
proximately 58% of those approached
to participate in the study agreed to do
so. Participants completed a battery of
self-report measures that took 45 to 75
minutes to complete (dependent in
large part on the extent of the partici-
pant’s trauma history and symptoms).
All measures were obtained by verbal
interview. Each person was paid US
$15.00 for participation in this phase
of the study. Each participant also pro-
vided a saliva sample for DNA extrac-
tion (participants were paid the same
amount for completion of screening
data even if they declined to provide a
DNA sample). Written and verbal in-
formed consent was obtained for all par-
ticipants, and all procedures in this
study were approved by the institu-
tional review boards of Emory Univer-
sity School of Medicine and Grady Me-
morial Hospital, Atlanta, Georgia.

Main Outcome Measures

Modified PTSD Symptom Scale. The
modified PTSD Symptom Scale (PSS) is
a psychometrically valid 17-item self-
report scale assessing PTSD symptom-
atology®® over the prior 2 weeks. Con-
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sistent with prior literature, we summed
the PSS frequency items (0 indicates not
atall to 3 indicates =5 times a week) to
obtain a continuous measure of PTSD
symptom severity ranging from O to 51.
For this sample, the PSS frequency items
had standardized o=.90 (mean [SD],
13.81 [11.96]). No clearly established
PSS cutoff score for PTSD diagnosis has
been established; however, DSM-IV cri-
teria for PTSD can be applied to PSS fre-
quency items to create a proxy variable
for PTSD diagnostic status.

Clinician Administered PTSD Scale.
The Clinician Administered PTSD Scale
(CAPS) was also administered to a sub-
set of 240 participants within 2 to 6
weeks after completing the screening as-
sessment. We found a significant differ-
ence (F ,30=56.55, P<.001) between av-
erage PSS score (mean [SD], 18.20
[12.82]) for participants positive for cur-
rent PTSD based on the CAPS (apply-
ing DSM-1V decision rules with a symp-
tom considered as present with a CAPS
frequency score of =1 and intensity score
of =2) compared with those partici-
pants not meeting current CAPS PTSD
criteria (mean [SD], 7.51 [9.23]). In ad-
dition, 70% of those participants iden-
tified as PTSD positive by using the PSS-
based proxy variable were also positive
for current PTSD at the time of CAPS ad-
ministration (the criterion A traumatic
experiences used for CAPS diagnosis was

not necessarily the same one used for ob-
taining PSS data). Study participants were
asked to respond to the PSS items based
on the trauma exposure (inclusive of
child physical and sexual abuse and other
life trauma exposure) that they be-
lieved had impacted them the most. Be-
cause we recorded data on the type of
trauma identified for PSS score but not
the age at which it occurred and be-
cause many study participants reported
several incidents of the same type of
trauma across the lifespan, we were un-
able to determine if the PSS data was
based on a traumatic event occurring in
childhood vs adulthood.

Beck Depression Inventory. The 21-
item Beck Depression Inventory (BDI)*
is a psychometrically validated, com-
monly used measure of depressive
symptoms.®” In our sample, the BDI had
a standardized a coefficient of .99 and
amean (SD) of 14.4 (13.2).

Traumatic Events Inventory. The trau-
matic events inventory (TE)**% assesses
lifetime history of trauma exposure and
is our primary measure of both child abuse
and non—child abuse trauma. The TEI as-
sesses past experience and frequency of
13 separate types of traumatic events as
well as feelings of terror, horror, and help-
lessness with such events.

For the measure of child abuse, 2 of
the TEI questions assessed physical
abuse and sexual abuse occurring be-
fore age 14 years. Based on these ques-
tions, 17.6% of the sample reported a
history of childhood physical abuse and
18.8% reported a history of childhood
sexual abuse. With these data, we cre-
ated a 3-level categorical variable re-
flecting number of types of child abuse:
no child abuse (70.5% of sample), 1
type of either physical or sexual abuse
(22.7%), or 2 types of both physical and
sexual abuse (6.8%).

For the measure of non—child abuse
trauma, the remaining TEI questions ad-
dressed other types of trauma exposure
(TABLE 2). To summarize level of expo-
sure to trauma other than child abuse,
we summed total number of different
types of non—child abuse trauma expo-
sure reported by each participant. The
mean number of types of non—child
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abuse trauma reported in our sample was
2.46 types (SD, 1.92). Using the same
data, we created a 4-level categorical vari-
able reflecting number of types of non—
child abuse trauma experienced re-
ported with 19.9% of participants in the
no non—child abuse trauma exposure cat-
egory, 22.3% of participants reporting 1
type, 31.7% of participants reporting 2
to 3 types, and 26.7% of participants re-
porting 4 or more types of non—child
abuse trauma. The total number or types
of trauma exposure variable was cho-
sen because in our prior research®% and
in other research on impact of trauma ex-
posure® it relates in a predictable and
consistent manner with a number of
measures of adaptive functioning and
trauma-related functioning.

Although the non—child abuse variable
assesses traumatic experience other than
child abuse across the lifespan, data from
our sample suggests that these non—child
abuse traumatic experiences primarily oc-
curinadulthood. Specifically, we have data
from a subset of study participants
(n=322) asking them the earliest age at
whichall of the traumatic events assessed
by the TEI occurred. Averaged across all
of the non—child abuse trauma categories,
the mean (SD) for youngest age of trauma
exposure in the sample was 25.1 (10.6)
yearsand the median youngest of trauma
exposure was 23 years.

Childhood Trauma Questionnaire.
The Childhood Trauma Question-
naire (CTQ)% is a 28-item psychometri-
cally validated, self-report inventory as-
sessing self-reported level of child abuse
and neglect.” We used the total score
from this scale in our secondary analy-
ses as a separate continuous measure
of child abuse exposure.

Dexamethasone Suppression Test.
A total of 80 participants were charac-
terized using a low-dose DST.® Blood
samples in the fasting state were ob-
tained for baseline serum cortisol con-
centration and were drawn between 8 AM
and 9 AM on day 1. Participants then re-
ceived 0.5-mg dexamethasone by mouth
at 11 pM before the second day blood
draw, and blood samples for serum cor-
tisol concentration was collected again
in the fasting state between 8 AM and 9
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AM for the day 2 collection. Using the cor-
tisol concentration values from day 1 and
day 2, the percentage suppression was
calculated by 100 X [(cortisol day 1-cor-
tisol day 2)/cortisol day 1]. Serum cor-
tisol concentration was measured by
using commercially available radioim-
munoassay kits (Diagnostic Systems
Laboratories, Webster, Texas) from rep-
licate samples and with interassay qual-
ity control measures. Significance of the
interaction effect of FKBP5 SNPs and
PTSD on percentage suppression was de-
termined by using permutation-based
methods with age and sex as covariates
(10000 permutations) to avoid inflated
Pvalues due to outlier or small cell sizes.
In addition, we used repeated measures
analysis of variance to examine the in-
teraction between probable PTSD diag-
nosis and FKBP5 genotypes on the
change in serum cortisol suppression
from day 1 to day 2. For cortisol analy-
ses, a probable PTSD diagnosis was de-
termined from the DSM-IV criteria ap-
plied to the modified PSS interview, as
described previously.®*%

Theindividuals with available DST pre-
sent only a subset of the whole sample.
However, these 80 individuals are not dif-
ferent compared with the rest of the sample
in PSS total score for samples with and
without DST (mean [SD], 11.30 [11.5]
vs 10.15 [11.4]; P=.40), BDI total score
(13.55[12.1] vs 14.57 [12.1],P= 45), race
(93.7%vs 96.0% black, P=.92), degree of
childhood trauma (28.8% and 10.0% in
the 1 and =2 types of severe child abuse
vs23.7% and 6.7%, respectively; P=.28),
and also non—child abuse trauma and sex.
We also found no differences in the
monthly household income and relation-
ship status. However, the endocrinologi-
cally characterized individuals are older
(meanage [SD],43.3[11.1]vs39.3[11.1];
P=.01). Due to the high comparability of
all other variables and because all our
analyses are corrected for age and sex, this
subsample is representative of the sample
as a whole.

Genetic Data

DNA Extraction. DNA was extracted
from saliva collected into Scope mouth-
wash (n=46) or into Oragene saliva kits

(DNAGenotek, Ottawa, Ontario,
Canada) by using the Qiagen M48 au-
tomated extraction system. DNA was
available for 762 individuals. One hun-
dred thirty-eight individuals with no
genotype information consisted of 11 in
which DNA was not collected, 88 in
which we attempted to collect DNA
using Oragene-spit samples but DNA ex-
traction failed completely in 2 separate
extraction trials (these failures were either
due to noncompliance of the study par-
ticipants or failure to correctly break the
seal that releases the stabilizing solu-
tion in the Oragene saliva kits), and 39
for which DNA had been collected but
not extracted at the time of analysis.
When comparing the 762 individuals
with genotypes to those 138 partici-
pants without, we found no significant
difference in age, sex, self-described race,
income, employment status, relation-
ship status, child abuse, and non—child
abuse trauma exposure as well as PTSD
and depression severity.

SNP Genotyping. Eight SNPs within
FKBPS5 were selected from dbSNP (http:
//www.ncbi.nlm.nih.gov/projects
/SNP/) to include the 3 potentially func-
tional SNPs (rs4713916, rs1360780,
and rs3800373)°7; the other 5 SNPs
were selected to span 120 kb covering
the remainder of the FKBP5 locus
(NM_004117). We also genotyped 3
SNPs within the CRHRI1 gene
(rs110402, rs242924, and rs7209436),
which have been recently reported to
show strong interaction with child-
hood abuse on adult depression symp-
toms.” All SNPs were genotyped using
a TagMan allelic discrimination as-
say’? on an ABI 7900HT instrument
(Applied Biosystems, Foster City, Cali-
fornia), using predesigned and vali-
dated TaqMan assay reagent kits con-
taining 1 pair of polymerase chain
reaction primers and 1 pair of fluores-
cently labeled probes (Applied Biosys-
tems). Polymerase chain reactions were
performed in 5-pL reaction volumes in
a 384-well plate and contained 5 ng of
DNA. The standard protocol that was
provided with the kit was followed.
Thermal cycler conditions were 95°C
for 10 minutes, 40 cycles of 92°C for
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Table 3. List of Tested FKBP5 SNPs, Their Positions on Human Chromosome 6 According to
University of California Santa Cruz Genome Browser Version hg17, Hardy-Weinberg
Equilibrium Test P Value, Minor Allele Frequency, and Call Rate

Hardy-Weinberg Minor Allele Call Rate,
dbSNP ID Position Equilibrium Test P Value Frequency %
rs3800373 35650460 .45 0.45 95.0
rs992105 35663160 .94 0.18 97.1
rs9296158 35675060 .60 0.49 95.3
rs737054 35683460 >.99 0.07 97.3
rs1360780 35715550 .51 0.42 97.5
rs1334894 35723110 >.99 0.02 96.3
rs9470080 35754410 .34 0.47 93.3
rs4713916 35777960 .53 0.11 94.5

Abbreviation: SNPs, single-nucleotide polymorphisms.

15 seconds, and 60°C for 1 minute. The
SDS version 2.2 software (Applied Bio-
systems) was used for allelic discrimi-
nation. For quality control, 9% of the
samples were genotyped as duplicates
across and within a 384-well plate. Only
0.03% of discordances were recorded
and excluded from the analyses. Call
rates for SNPs ranged from 93% to 97%,
which included some samples that
failed all assays and for which DNA
quality was inferior. We used Haplo-
view’ to determine the linkage-
disequilibrium structure of the SNPs
within the FKBP5 gene and to test for
Hardy-Weinberg Equilibrium. The SNP
identifications, their location, the
Hardy-Weinberg Equilibrium test P val-
ues, minor allele frequencies, and call
rate percentages are shown in TABLE 3.

Ancestry Informative Markers.
Population stratification is a potential
confounder in association studies of
complex traits. If such allele-frequency
heterogeneity within a population is
coupled to similar population hetero-
geneity in the outcome of interest,
naive tests of interaction could yield
spurious results if the resulting con-
founding is neglected in analysis.
Because 95.2% of our sample partici-
pants were self-identified as being of
black race (which is known to contain
varying degrees of genetic admixture
of sub-Saharan African, European, and
Native American ancestry), we took
steps to ensure our results were robust
to potential confounding from popula-
tion stratification by genotyping 134
ancestry informative markers’" in a
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subset of 280 individuals from our
sample using single-base primer
extension and a Beckman SNPstream
instrument (Beckman-Coulter, Fuller-
ton, California). Genotyping of ances-
try informative markers and data
analysis for estimates of ancestry were
performed by DNA Print Genomics,
Sarasota, Florida (http://www.dnaprint
.com). Maximum likelihood estimates of
individual biogeographical ancestry ad-
mixture were determined by using meth-
ods described previously’® and by using
a 4-continental population model. The
choice of a 4-continential population
model was based on previously pub-
lished hypothesis-free cluster analyses
of worldwide populations.”" This model
lent itself to use the terms European
(genetic ancestry shared among Euro-
peans, Middle Eastern, and to a lesser ex-
tent South Asians), sub-Saharan Afri-
can, East Asian, and Indigenous
American (genetic ancestry shared
among American Indians, Latin and
South American Indians, and certain
Central Asian populations). The names
of these parental populations were cho-
sen to describe extant elements of ge-
netic structure and are arbitrary in that
they are reflective of modern popula-
tion distributions—not necessarily the
distributions of the original parental
populations 15 000 to 50 000 years ago.
Individuals with more than 35 failed an-
cestry informative marker genotypes
were excluded from the analysis (7%),
because their individual biogeographi-
cal ancestry admixture could not be
estimated with sufficient certainty.

Statistical Analyses
Primary, Descriptive, and Secondary
Analyses. Our primary analyses were the
main FKBP5 SNP effects on PTSD symp-
tom severity and their interaction effects
with child abuse and non—child abuse
trauma (690 participants for interaction
with non—child abuse trauma and 678 par-
ticipants for interaction with child abuse).
Secondary analyses included BDI scores
as outcome (number same as for PSS out-
come), FKBP5 SNP genotype dependent
correlation of child abuse severity and
PTSD symptom severity (n=728),and ef-
fectson the DST (n=80), as well as analy-
sisusing CRHRI genotypes (number same
as for FKBP5 SNP interactions). Descrip-
tive analyses were run on a sample of 900
individuals with valid PTSD measures.
Regression Analyses. We used a varia-
tion of linear regression to examine the
effects of trauma exposure, FKBP5 geno-
types, and their potential interaction on
PSSscores. For FKBPS5 genotype, we mod-
eled a participant’s genotype at each SNP
under an additive model that is equiva-
lent to coding of the number of copies of
areference allele that the participant pos-
sesses. For trauma exposure, we included
both child abuse (the 3-level child abuse
TEI score) and non—child abuse trauma
exposure (using the 4-level non—child
abuse trauma TEI score) as predictors. We
chose to separate these 2 types of trauma
exposure based on the above described
research, suggesting that exposure to child
abuse increases risk for development of
PTSD bothasaresponse to the child abuse
itselfand in response to other non—child
abuse stressors. Because child abuse is re-
lated to increased likelihood of subsequent
exposure to additional traumatic stressors,
we wanted to control for the possibility
thateffects associated with our child abuse
variables were not artifacts of increased
overall trauma exposure alone. Within the
regression model, we further modeled the
potential confounding effects of age, sex,
level of depressive symptoms (BDI total
score), total number of experienced non—
child abuse trauma types, and genetic an-
cestry (by incorporating the ancestry es-
timates based on analysis of the ancestry
informative markers). Due to missing phe-
notypeand genotype information on some
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participants,a maximum number of 676
individuals and a minimum of 633 indi-
viduals were informative in the regression
models for the interaction effects. The in-
dividuals in the group with 676 and 633
thatactually entered the analyses were not
different in age, sex, self-described race,
income, employmentstatus, relationship
status, child abuse trauma exposure, as
wellas PTSD and depression severity from
the remainder of the total 900 individu-
als. They did, however, have higher child
abuserates. In the individuals entering the
analyses, the no abuse group size ranged
from 67.5% to 68.6% (and were not dif-
ferent) vs 77.1% to 79.0% in the excluded
individuals (P=.01 to P=.14).
Permutation Analyses. As the non-
normality of PSS and possible sparse-
cell counts in the FKBP5-trauma inter-
action strata could each invalidate the
asymptotic P values produced by re-
gression models, we established the sig-
nificance of main environment, geno-
type, or genotype-trauma interaction
effects using permutation procedures
that randomly assigned the sample PSS
scores to participants (sampled with-
out replacement), while holding each
participant’s genotype and environmen-
tal variables fixed.”®® For each analy-
sis, we based inference on 10000 to
100 000 permutations. We conducted
these analyses by using appropriate
components of SAS version 9.1 (SAS

FKBP5 POLYMORPHISMS AND POSTTRAUMATIC STRESS DISORDER

Institute, Cary, North Carolina). Due to
smaller cell sizes, we also used these
permutation-based analyses to estab-
lish the main genotype or genotype and
PTSD interaction effects on the DST.

Correlation Analyses. For descrip-
tive and quantitative examination of
genotype X continuous environment
(CTQ total score) interaction of PTSD
symptom severity, we used partial cor-
relation controlling for age and sex, cor-
relating the semiquantitative child abuse
measures of the CTQ total score with the
current continuous PSS score in the
whole sample as well as the sample strati-
tied by FKBP5 SNP genotype. The sig-
nificance of the interaction of FKBP5 SNP
genotype and CTQ total scores on PSS
was established using permutation-based
methods, and the post hoc genotype-
dependent differences of the correlation
coefficients were established by convert-
ing the correlation coefficients of each
genotype group to Fisher Z scores by
Z=In[(r+1)/(r-1)]/2. We then estimated
the standard error of difference between
the 2 correlations by SE={[1/(n;-3)] + [1/
(n,-3)1}"?and divided the difference be-
tween the 2 Z scores by the standard er-
ror. If the Z value for the difference was
1.96 or higher, the difference in the cor-
relation was significant at P=.05 level.
If the difference was 2.58 or higher, the
difference in the correlation was signifi-
cant at P=.01 level.®

Correction for Multiple Testing. To
ensure an overall significance level of
P=.05 for the primary analyses (main
FKBP5 SNP effects on PTSD symptoms,
interaction of FKBP5 SNPs with child
abuse or non—child abuse trauma expo-
sure on adult PTSD symptoms), we cor-
rected for the examination of 24 tests (8
tests of the main effects of the FKBP5 SNPs,
8 tests of interaction between each SNP
and non—child abuse trauma exposure,
and 8 tests of interaction between each
SNP and categorical measure of child
abuse). We used the conservative Bonfer-
roni method for such a multiple-testing
correction, which yielded a significance
threshold of a=.002. Inan exploratory ap-
proach, wealso genotyped 3 CRHR1 SNPs
based on previous results from our group
in examining depression.” When we cor-
rected for this additional set of 9 tests (3
CRHRI1 SNPs, main effectand interaction
of SNP X child abuse or non—child abuse
trauma exposure), the a level after cor-
rection was .05/33=.0015.

RESULTS
Descriptive Analyses

Non-Child Abuse Trauma Exposure
and PTSD Symptoms. To analyze the
differential roles of gene X environ-
ment interaction with PTSD in adult
participants, we first had to demon-
strate that within our participant popu-
lation, the level of total non—child abuse

]
Table 4. Non-Child Abuse Trauma Exposure and PTSD Symptoms

Level of Non-Child Abuse Trauma?

PTSD Symptom Scale

None (n = 159)

1 Type (n =183)

2-3 Types (n = 265)

=4 Types (n = 215)

Mean (SD) [95% CI]

3.58 (6.27) [2.60-4.56]P:C

7.30 (10.04) [5.83-8.76]¢:9

11.57 (11.66) [10.16-12.98]°

16.74 (12.90) [15.00-18.47]¢

Abbreviations: Cl, confidence interval; PTSD, posttraumatic stress disorder.
2No. of types of non—child abuse (primarily adult) trauma experienced.

bp < 005 difference in PTSD Symptom Scale from 1 type of trauma.

Cp < .001 difference in PTSD Symptom Scale from other groups.

dp < 005 difference in PTSD Symptom Scale from no trauma.

]
Table 5. Child Abuse Trauma Exposure and PTSD Symptoms

Level of Child Abuse Trauma?®

PTSD Symptom Scale

None
(n = 566)

1 Type
(n=189)

2 Types
(n=54)

Mean (SD) [95% Cl]

8.03 (10.48) [7.17-8.90]°

14.65 (11.92) [12.94-16.36]°

20.93 (14.32) [17.02-24.84]¢

Abbreviations: Cl, confidence interval; PTSD, posttraumatic stress disorder.

2No. of types of child abuse trauma experienced.

bp < 001 difference in PTSD Symptom Scale from other groups.
€p < .001 for both differences in PTSD Symptom Scale from no abuse and 2 types.
dp < 001 for both differences in PTSD Symptom Scale from no abuse and 1 type.
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Table 6. Interaction of Child Abuse Trauma and Non-Child Abuse Trauma?

PTSD Symptom Scale, Mean (SEM)?

No 1 Type 2 Types
Non-Child Abuse Trauma Child Abuse of Child Abuse of Child Abuse
None 3.18 (0.50) 5.24 (1.73) 11.00 (5.57)
1 Type 5.80 (0.78) 12.32 (1.98) 14.44 (2.21)
2-3 Types 9.90 (0.81) 15.78 (1.42) 18.00 (4.49)
=4 Types 13.77 (1.15) 17.70 (1.45) 23.97 (2.49)

Abbreviation: PTSD, posttraumatic stress disorder.

@Note that significant effects are observed for both non—child abuse trauma (Fsges=16.2, P<.001) and child abuse

trauma (Fog0s=14.4, P<<.001).
PThe PTSD Symptom Scale ranges from O to 51.

traumatic exposure contributes signifi-
cantly to current PTSD symptoms. To
perform these analyses, we first used a
general linear model (controlling for age
and sex), using the PSS total score as
the dependent variable and the TEI cat-
egorical variable representing number
of types of non—child abuse traumatic
experiences as the independent vari-
able. We found a significant sex effect
(F1818=29.5, P<<.001) and a very ro-
bust non—child abuse trauma expo-
sure effect (F353=61.9, P<.001)
(TABLE 4). In the zero types of non-
child abuse trauma group, the mean
(SD) PSS score was 3.58 (6.27) and in
the 4 or more types of trauma group,
we found continuous increases by more
than 5-fold to 16.74 (12.90).

Child Abuse Trauma Exposure and
PTSD Symptoms. We next examined
whether child abuse exposure also pre-
dicted the level of current PTSD symp-
tomatology (TABLE 5). We performed the
same analyses as above with the categori-
cal child abuse variable (none, 1 type
[physical or sexual], and 2 types [physi-
cal and sexual]). Similar to the effect of
non—child abuse trauma, we also found
asignificant effect in the presence of child
abuse (F,50,=50.9, P<<.001). The expe-
rience of child abuse increased the mean
(SD) PSS scores from 8.03 (10.48) in the
no child abuse group to 14.65 (11.92)
in the 1 type and 20.93 (14.32) in the 2
types of child abuse group.

Non-Child Abuse Trauma Expo-
sure, Child Abuse, and PTSD
Symptoms. Using a general linear
model that included both non—child
abuse trauma and child abuse trauma
(TABLE 6) and their interaction term as
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predictors of adult PTSD symptoms, we
observed significant main effects of the
2 terms (non—child abuse trauma:
F3806=16.2, P<.001; child abuse
trauma: F, gos=14.4, P<<.001) and sex
(F1806=20.2, P<.001) as described
above, but no significant interaction
(Feg06=0.51, P=.79) between the 2 main
predictors. The presence of 1 type of
child abuse increases the PSS score at
each non—child abuse trauma level by
4.58 points on average (range, 2.03-
6.51) and the presence of 2 types of
child abuse increases the PSS score at
each non—child abuse trauma level by
9.04 points on average (range, 7.79-
10.20), suggesting that exposure to
child abuse increases risk for higher lev-
els of PTSD symptoms in response to
non—child abuse trauma exposure.

Primary Genetic Analyses

Main Effect of FKBP5 Polymor-
phisms on PTSD Symptoms. Based on
previous data supporting a clear role of
FKBP5 in modulating the glucocorti-
coid response to stress, as well as evi-
dence supporting association of FKBP5
variants with risks for and rate of recov-
ery from affective disorders,”” we hy-
pothesized that genetic variation at
FKBP5 may influence liability to PTSD.
We examined 8 SNPs spanning 120 kb
of the FKBPS5 locus (Table 3) but found
no significant main effect of FKBP5 geno-
types on PSS total score (FIGURE 1).
Interaction of FKBP5 Polymor-
phisms With Non-Child Abuse
Trauma to Predict PTSD Symptoms.
We next examined whether FKBP5 poly-
morphisms interact with increasing lev-
els of non—child abuse (primarily adult)

trauma to predict adult PTSD symp-
toms. We regressed PSS scores on FKBP5
genotype, non—child abuse trauma (using
the 4-level variable), and the interac-
tion between genotype and non—child
abuse trauma, adjusting for age and sex.
We did not find any significant interac-
tion effects using permutation-based
methods (Figure 1). These data demon-
strate that FKBP5 polymorphisms do not
appear to have a simple role in moder-
ating the effects of non—child abuse
trauma exposure on PTSD outcomes.
Interaction of FKBP5 Polymor-
phisms With Child Abuse to Predict
PTSD Symptoms. We then regressed PSS
scores on FKBP5 genotype, child abuse
(3-level variable), and the interaction be-
tween genotype and child abuse, adjust-
ing for age and sex. In this analysis, we
identified 4 SNPs that showed significant
interactions with child abuse after correct-
ing for multiple testing (interaction
P<.002) (Figure 1). All4 associated SNPs
arein fairly high linkage disequilibrium,
with pair-wise r* values ranging from 0.53
to 0.87 (Figure 1). The most significant
SNP,1s9296158, islocated in intron 5 with
an interaction P<<.0004. Two of the as-
sociated SNPs, rs3800373 and rs1360780,
have previously been reported to associ-
ate with differential glucocorticoid-
mediated responses by Binder etal.”” For
all 4 significant SNPs, we observed a simi-
lar additive mode of interaction, and there
appears to be a gene dose-dependent pro-
tection from severe child abuse—associated
increasesinadult PTSD scores (TABLE 7).
In the group of individuals with 2 types
of child abuse, individuals homozygous
for the protective G allele of rs9296158
had a mean (SEM) PSS score of 13.54
(3.76); in the heterozygous group, the
mean PSS score was 21.25 (2.03);and in
the group homozygous for the risk allele
A, the mean PSS score was 31.11 (5.37).
The PSS scores of more than 20 indicate
clinical significant PTSD and higher scores
indicate more severe PTSD, with a maxi-
mum of 51 points that can be reached in
thatscale.”% Interestingly, the genotypes
previously associated with a higher num-
ber of previous depressive episodes and
faster response to antidepressant treat-
ment” were the genotypes with the high-
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estlevel of adult PTSD symptoms in the
presence of child abuse.

Exploratory/Secondary
Genetic Analyses

FKBP5 and Child Abuse Interaction.
Given the prior data on FKBP5 and ma-
jor depression, and the observation that
in our sample the 3-level child abuse
variable is significantly and positively
correlated with our 4-level non—child
abuse trauma variable (n=851, Pear-
son correlation=0.271; controlling for
age and sex, P<<.001), we reexamined
the above interaction controlling for
BDI score as a continuous measure of
depression symptoms or the 4-level
non—child abuse trauma variable in ad-
dition to age and sex. After adjusting
for these variables, the interaction terms
of child abuse and FKBP5 SNPs re-
mained significant for 2 of the 4 SNPs
(rs9296158 and rs3800373; interac-
tion P=.07 for rs1360780 and interac-
tion P=.06 for rs9470080). In addi-
tion, we also conducted a regression
analysis with BDI as the dependent vari-
able. None of the FKBP5 SNPs showed
asignificant interaction of genotype and
child abuse to predict depression out-
come (controlling for age and sex) af-
ter controlling for multiple testing.
Thus, these data suggest that the FKBP5
genotype may interact with childhood
trauma to predict adult PTSD severity,
even when controlling for age, sex,
non—child abuse trauma level, and se-
verity of depressive symptoms.
Genotype-Dependent Correla-
tions of Child Abuse and PSTD Symp-
tom Severity. We explored the geno-
type-dependent correlations of child
abuse and PSTD symptom severity in-
teraction effect using an ordinal vari-
able of child abuse, which contains 154
points ranging from a CTQ score of 25
to 120. This allowed us to examine cor-
relation analysis without having to group
individuals into only 3 child abuse lev-
els, which can lead to small group sizes.
There is also importance in validating
these effects with a separate, broader, and
more continuous measure of child abuse.
Thus, we investigated the interaction of
the genotypes of the 4-associated

©2008 American Medical Association. All rights reserved.

FKBP5 POLYMORPHISMS AND POSTTRAUMATIC STRESS DISORDER

FKBP5 SNPs with the CTQ total score
to predict PTSD symptom severity. Per-
mutation-based analyses showed an in-

teraction effect with rs9296158 geno-
type and the continuous environment
measure with P=.01 and P=.03 for

Figure 1. FKBP SNPs and Main Genetic Effect on PTSD Symptoms and Interaction Effects
With Non-Child Abuse Trauma Levels and Child Abuse
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SNPs indicate single-nucleotide polymorphisms; PTSD, posttraumatic stress disorder. A, The plot shows the
negative log;, of the P value for the main genetic effect (filled circles), the interaction of FKBP5 SNP genotypes
and non—child abuse trauma level (open squares), and the interaction of FKBP5 SNP genotypes and child abuse
(open triangles) to predict adult PTSD symptoms. The x-axis shows the position of the SNPs on chromosome
6 and the y-axis shows the P value for the respective effects, plotted as the negative log;, of the P value. Dot-
ted line indicates P<.002. B, The position of the FKBP5 gene and its exons (filled rectangles) on chromosome
6 as well as a linkage disequilibrium (LD) plot of all tested SNPs using r? as the measure of LD is also shown.
r’=1 indicates complete LD and is depicted by the darkest shade of blue. r?< 1.0 are printed in the respective
square for compared SNPs, with darker shades of blue representing higher levels of LD.
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]
Table 7. Interaction of FKBP5 Genotype and Level of Child Abuse Predicts PTSD Symptoms in Adults

PTSD Symptom Score, Mean (SEM)

No. of No Child No. of 1 Type of No. of 2 Types of
FKBP5 Genotypes Participants Abuse Participants Child Abuse Participants Child Abuse
rs9296158
AA 107 7.28 (0.93) 42 16.92 (1.85) 9 31.11 (6.37)2
AG 223 7.89 (0.69) 88 12.89 (1.16) 24 21.25 (2.03)
GG 107 8.80 (1.08) 31 14.33 (2.28) 14 13.54 (3.76)
rs3800373
cC 89 7.03 (0.98) 35 17.65 (2.04) 8 29.00 (5.60)P
AC 210 8.11(0.74) 7 12.71 (1.24) 23 22.96 (2.35)
AA 137 7.97 (0.89) 49 15.17 (1.75) 16 13.75 (3.31)
rs1360780
T 81 7.17 (1.02) 36 16.82 (2.08) 7 31.00 (6.04)P
CT 222 7.97 (0.70) 77 13.12 (1.23) 26 21.28 (2.32)
cC 150 8.23 (0.87) 50 14.51 (1.73) 15 14.00 (3.53)
rs9470080
TT 94 6.76 (0.99) 44 16.40 (1.84) 10 31.20 (4.69)P
cT 224 8.25 (0.69) 88 13.23 (1.17) 23 20.05 (2.26)
CC 109 8.42 (1.07) 28 14.90 (2.39) 13 14.38 (3.97)

Abbreviation: PTSD, posttraumatic stress disorder.
8lnteraction P < .001.
Interaction P < .002.

Table 8. FKBP5 SNP Genotype-Dependent Correlations of CTQ Total Score and PSS Scores

CTQ Correlation With PSS Score

Dependent on FKBP5 Genotype Genotype
rs9296158
AA AG GG
No. of participants 164 360 172
Pearson correlation R value 0.470 0.374 0.169
Z values for difference AANAG =1.17 AG/GG = 2.352 AA/GG = 3.00P
rs1360780
CC CT TT
No. of participants 238 347 125
Pearson correlation R value 0.210 0.390 0.455
Z values for difference CC/TT = 2.462 CT/CC =2.332 TT/CT=0.74
rs3800373
AA AC CcC
No. of participants 171 352 156
Pearson correlation R value 0.248 0.350 0.435
Z values for difference AA/CC = 2.59P AC/AA = 2.302 CC/AC = .83
rs9470080
CcC CT TT
No. of participants 222 336 135
Pearson correlation R value 0.215 0.392 0.465
Z values for difference CC/TT =1.91 CT/CC =1.20 TT/CT =1.03

Abbreviations: CTQ, Childhood Trauma Questionnaire; PSS, PTSD Symptom Scale; PTSD, posttraumatic stress dis-
order; SNP, single-nucleotide polymorphism.

ap < 05.
bp < 01.

1s3800373 and P=.07 for rs1360780. To
better describe and quantify these dif-
ferences, we reinvestigated positive cor-
relations of child abuse severity and PSS
and BDI scores stratifying by the geno-
types of the 4-associated FKBP5 SNPs.

1300 JAMA, March 19, 2008—Vol 299, No. 11 (Reprinted)

Partial correlation (controlling for age
and sex) of CTQ total score and PSS
scores yielded highly significant corre-
lations of child abuse and PTSD symp-
tom severity in the whole sample
(r=0.347, P=3.7 X107?"). However,

when stratifying this analysis by the
1$9296158 genotypes (Table 7), we ob-
served significantly higher correlation
coefficients in the AA vs GG group (z
value for difference of correlation coef-
ficient=3.00, P<.01) and the AG vs GG
group (z value for difference of correla-
tion coefficient=2.35, P<.05) for cor-
relations between CTQ total score and
PSS score. Similar effects were ob-
served with 2 other SNPs, rs1360780
and rs3800373 (TABLE 8). Interest-
ingly, although BDI scores and the CTQ
total scores also showed highly signifi-
cant positive correlations (R=0.39,
P=6.9X107%), there were no signifi-
cant differences of the correlation coef-
ficients among the 3 rs9296158 geno-
type groups.

Genetic Admixture and Popula-
tion Stratification. Based on statistical
analysis of the ancestry informative marker
genotype data from the subsample, we
found that sub-Saharan African ancestry
estimates for participants ranged between
41% and 100%, withamean of 83.6%; Eu-
ropeanancestry estimates ranged between
0% to 54%, with a mean of 10.9%; Indig-
enous Americanancestry estimates ranged
between 0% to 19%, withamean of 3.3%;
and East Asian ancestry estimates ranged
from 0% to 33%, with amean of 2.3%. We
found that the degrees of ancestry from
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these subpopulations were not signifi-
cantly correlated with total PSSscore, level
of non—child abuse trauma exposure or
presence of child abuse (all Pearson cor-
relation coefficients between 0.01 and
-0.04). Inaddition, using the percentage
ancestry estimates for these 4 populations
as covariate in the interaction analysis did
notalter the observed SNP X environment

FKBP5 POLYMORPHISMS AND POSTTRAUMATIC STRESS DISORDER

interactions. This evidence suggests that
population stratification is not likely con-
founding in our analyses.

Effects of CRHR1 SNPs on PTSD
Symptom Severity. Because we have re-
cently reported interactions of CRHR1
SNPs with child abuse on adult depres-
sion,”! we tested the 3 SNPs with the
strongest interaction effects (rs110402,

1$242924, and rs7209436) for the effect
on PTSD symptom severity. None of the
3 SNPs showed a significant main effect
or interaction effect with child abuse or
non—child abuse trauma exposure on
PTSD symptom severity.

DST, PTSD, and FKBP5 SNP. To as-
sess whether FKBP5 SNPs had a func-
tional consequence on GR sensitivity

Figure 2. Glucocorticoid Receptor Sensitivity, PTSD, and FKBP5 SNPs
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PTSD indicates posttraumatic stress disorder; SNPs, single-nucleotide polymorphisms. Mean serum cortisol concentration with 95% confidence interval (Cl) is shown
in participants who were tested at baseline and after 0.5 mg of dexamethasone (postdexamethasone suppression). The 4 panels represent the mean cortisol concen-
trations at baseline and postdexamethasone for individuals without probable PTSD (no PTSD) or with probable PTSD stratified by rs3800373, rs9296158, rs1360780,
and rs9470080 genotypes. Individuals were categorized as risk allele carriers when they carried the C, A, T, or T alleles of these SNPs, respectively. Carriers of the AA,
GG, CC, or CC homozygote genotypes of rs3800373, rs9296158, rs1360780, and rs9470080, respectively, were labeled as carrying the presumed protective geno-
types. We found a significant interaction of genotype carrier- and PTSD-status on cortisol suppression (repeated measures analysis of variance: rs3800373, F; 76=6.03,
P=.02; rs9296158, F,73=8.76, P< .004; rs1360780, F,,,=3.95, P=.05; rs9470080, F,;,=5.32, P=.02; but also using permutation-based methods on percentage
cortisol suppression). Although the risk alleles seem to be associated with less suppression (ie, glucocorticoid receptor resistance) in the no PTSD group, they are as-
sociated with greater suppression of cortisol from baseline to postdexamethasone in the group with PTSD. For rs9296158 GG carrier with no PTSD and rs9470080 CC
carrier with no PTSD, the lower bound of the 95% ClI had a negative value and was truncated at zero.
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changes observed in PTSD, we exam-
ined the interaction of probable PTSD
diagnosis and the 4 FKBP5 SNPs with
significant gene X environment inter-
actions on the change in cortisol con-
centration before and after 0.5-mg dexa-
methasone. These data were available
for 80 individuals and, for any given
genotype, we had full genotype, phe-
notype, and DST data for 75 to 78 in-
dividuals. In this sample, the mean (SD)
serum concentrations of cortisol on day
1 were 12.08 (5.06) pg/dL (to convert
to nmol/L, multiply by 27.588) and fol-
lowing dexamethasone, mean (SD) con-
centrations were 3.65 (4.38) pg/dL.
When we examined the change from
baseline cortisol to the dexamethasone-
suppressed cortisol concentration using
repeated measures analysis of vari-
ance, we found significant interac-
tions between risk allele carrier status
and PTSD categorical diagnosis (prob-
able diagnosis based on PSS inven-
tory), with repeated measure of corti-
sol (rs9296158: F, ;3=8.76, P<.004;
rs3800373: F, ;=6.03, P=.02;
rs1360780: F, 79=3.95, P=.05; and
rs9470080: F, ;;=5.32, P=.02)
(FIGURE 2), but no significant main ef-
fects. These data suggest that the ma-
jority of the patients with the risk alleles
with PTSD show enhanced suppres-
sion to dexamethasone or enhanced GR
sensitivity, which has been reported to
be a possible endocrine signature of
PTSD. In contrast, those individuals
with the putative resilience genotype
with PTSD appear to show the oppo-
site effect. These results are supported
by permutation-based analyses using
percentage suppression as outcome and
FKBPS5 risk allele carrier status and
probable PTSD as predictors.

COMMENT

Our results indicate that levels of child
abuse and non—child abuse trauma each
independently predicted the level of
adult PTSD symptomatology. Al-
though polymorphisms in FKBP5 did
not directly predict the level of PTSD
symptoms or interact with the level of
non—child abuse trauma to predict
PTSD symptoms, SNPs within the

1302 JAMA, March 19, 2008—Vol 299, No. 11 (Reprinted)

FKBP5 locus robustly interacted with
the level of child abuse to predict the
level of adult PTSD symptoms.

The most novel and important find-
ing of our study was the interaction be-
tween FKBP5 polymorphisms and child
abuse history to predict the levels of adult
PTSD symptoms. The polymorphisms
seem to belong to the same bin of SNPs,
all in high linkage disequilibrium, which
is associated with functional differ-
ences in FKBP5 expression and conse-
quent alterations in GR function. Nota-
bly, all 4 SNPs showing a significant
interaction effect had either been re-
ported to be associated with higher
FKBP5 protein levels or a stronger in-
duction of FKBP5 mRNA by cortisol in
healthy probands (rs1360780 and
1rs3800373),”" or were in strong linkage
disequilibrium with these SNPs
(19296158 and rs9470080). The SNP
genotypes that were associated with the
highest FKBP5 mRNA induction in pe-
ripheral blood mononuclear cells by cor-
tisol’” were also the ones that were as-
sociated with the highest vulnerability to
PTSD symptoms following child abuse.
Individuals carrying the other allele
seemed to be protected from the devel-
opment of PTSD symptoms in a gene-
dose dependent manner. This is in agree-
ment with the finding of Segman et al*
who showed that trauma-induced in-
creased levels of FKBP5 mRNA expres-
sion in peripheral blood mononuclear
cells immediately following medical
trauma were predictors of the presence
of PTSD at 4 months after the trauma.

FKBP5 expression is induced by glu-
cocorticoids as part of an intracellular ul-
trashort negative feedback loop for GR
activity,” with increased expression of
FKBP5 reducing glucocorticoid bind-
ing affinity”* and nuclear translocation
of the GR,” resulting in resistance to glu-
cocorticoid activation. Thus, the alleles
previously associated with high FKBP5
protein/mRNA expression’ should be as-
sociated with GR resistance. This is pre-
cisely what we observed in individuals
without PTSD symptoms. The healthy
carriers of these alleles showed less dexa-
methasone suppression and thus more
GR resistance.

This functional association appears
to be switched in patients with PTSD
symptoms. These same alleles were as-
sociated with a higher dexamethasone
suppression ratio and thus increased GR
sensitivity, which is associated with
PTSD,** while the protective geno-
type was associated with relative GR re-
sistance in patients with PTSD symp-
toms. This environment-dependent
reversal of the functional association
may be similar to the effects previ-
ously reported in patients with depres-
sion, where less cortisol response in the
dexamethasone-CRH test (an indica-
tion of increased GR sensitivity) was ob-
served with the same alleles that had
been associated with more FKBP5 pro-
tein and thus presumably GR resis-
tance in healthy controls.””

Our study is the first to our knowl-
edge to provide evidence directly sup-
porting a developmental or symptom-
dependent difference in the functional
consequences of these FKBP5 SNPs on
GR sensitivity. We hypothesized that
specific FKBP5 alleles may enhance the
effects of acutely released cortisol fol-
lowing child abuse on FKBP5 mRNA
expression and that abnormal FKBP5
expression leads to maladaptive changes
in GR sensitivity. These changes re-
sulted in long-term alterations of HPA
axis sensitivity, such as GR hypersen-
sitivity that effect adult response to
trauma. Consistent with this notion, al-
terations of HPA axis responsive-
ness?* have been previously identi-
fied as risk factors for PTSD.

PTSD has been suggested to result in
part from initial overconsolidation of
traumatic memories®® or, conversely,
abnormal extinction of such memo-
ries.®8* Thus, alterations in FKBP5 func-
tion could conceivably be involved in ab-
normal GR-mediated signaling in
neurons involved with stress response
and memory formation. Polymor-
phisms within the FKBP5 gene that lead
to altered GR responsiveness could pro-
mote sensitization of the neural sys-
tems involved in stress response and
emotional memory processing, thereby
placing children who have been abused
with specific genetic variants at higher
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risk for PTSD or PTSD-spectrum symp-
toms when exposed to other types of
traumas. This hypothesis may be sup-
ported by the finding that the alleles of
1s3800373 and rs1360780, which are as-
sociated with higher risk for PTSD symp-
toms following severe child abuse in our
study, were also associated with higher
levels of peritraumatic dissociation in
children after medical trauma.”® Nota-
bly, peritraumatic dissociation has pre-
viously been identified as another risk
factor for the development of PTSD.'°

It is presently not clear if the associ-
ated polymorphisms represent the ac-
tual functional variants that lead to the
differential FKBP5 expression patterns
or are in linkage disequilibrium with a
so far untyped, potential functional vari-
ant. Denser fine-mapping of this region
combined with resequencing and in vitro
and in vivo functional studies may al-
low definitive identification of the ge-
netic variants mechanistically respon-
sible for the interactions and associations
observed herein. The fact that in our
study 154713916, located in a potential
regulatory region 5’ upstream of FKBPS5,
did not show a significant interaction
effect, although in Binder et al’* it had
similar association patterns to rs1360780
and 1s3800373, is likely due to the dif-
ferent extent of linkage disequilibrium
observed among these SNPs in the pre-
sent sample of black individuals vs the
previous sample of ethnic German indi-
viduals (linkage disequilibrium was sub-
stantially stronger in the German
sample).

Depression and PTSD show a high
comorbidity,® so that concurrent de-
pressive symptoms could confound our
genetic interaction analysis for PTSD
symptom outcome. However, control-
ling for current depressive symptoms,
which were measured with the BDI, did
not alter the observed interaction effect
on PTSD symptoms and there was no
gene X child abuse effect observed
when BDI score was used as the out-
come. Although the PSS and BDI scores
strongly and significantly correlate in
our sample (Pearson correlation=0.68,
P<.001), our observation of a PTSD
symptom-specific effect suggests that

©2008 American Medical Association. All rights reserved.
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interaction of FKBP5 genotypes with
child abuse history might influence
PTSD symptoms not captured by the
BDI, and thereby not shared with de-
pression. Additional evidence suggest-
ing separate gene X environment in-
teractions for depression and PTSD
symptomatology also comes from the
lack of an interaction effect between
SNPs in the CRHRI gene and child
abuse on PTSD symptom severity, de-
spite the fact that these SNPs show
strong interaction effects on the symp-
tom severity of adult depression.”

One major limitation of our study is
that we cannot present an independent
replication, so that at this level of vali-
dation, it can only be considered hypoth-
esis generating. The supporting evi-
dence from functional effects of the
polymorphisms in the DST serve to
strengthen our finding that awaits inde-
pendent replication. Another limita-
tion is the lack of ancestry informative
marker data on the complete sample. We
do, however, feel the existing ancestry
results among our sample of 280 par-
ticipants genotyped for the 134 ances-
try informative markers help to allevi-
ate the concern of confounding by
population stratification. The ancestry es-
timates in our subsample genotyped for
the ancestry informative markers are not
correlated with PSS or BDI scores.” Be-
cause confounding due to population
stratification only occurs when there is
both correlation between outcome and
ancestry as well as correlation between
SNP genotypes and ancestry, our re-
sults are not likely susceptible to bias aris-
ing from confounding due to popula-
tion structure.

Limitations in the phenotype side are
that we used retrospective reports of
child abuse. It is well-documented that
reports of trauma are correlated with
PTSD symptoms,*#” and we have to ac-
knowledge that the retrospective re-
ports of child abuse and also non—
child abuse trauma can therefore be
biased in favor of an association be-
tween these reports and PTSD symp-
toms. A similar limitation is the lack of
examination of the time since the in-
dex trauma. Furthermore, because we

have used PTSD symptom severity and
not diagnosis as an outcome measure
and our sample has very high levels of
multiple trauma exposure, our results
may not be comparable with those ob-
tained in studies with PTSD diagnosis
as outcome and studies with less varia-
tion in trauma type or fewer overall
types of trauma exposure. However,
several studies have now indicated that
multiple trauma exposure across the
lifespan is the rule rather than the ex-
ception in samples similar to our
study>®# (eg, low income, urban, high
percentage of black or Latino partici-
pants) and that multiple trauma expo-
sure is related to increased mental and
physical health risk.®?! Understand-
ing risk and resilience in response to
multiple trauma exposures is of high
public health importance.

Our sample was also derived from
primarily impoverished, inner-city out-
patient primary care clinics and par-
ticipants were not presenting for treat-
ment for PTSD so that we cannot
directly generalize our findings to a
clinical or epidemiological setting.
Comparability with other studies and
populations may be further limited as
methods of assessment and defini-
tions of child abuse vary greatly across
studies. Finally, the mechanisms ac-
counting for the relationship of child
abuse to increased risk for PTSD in
adulthood are not well understood. It
may be that child abuse directly im-
pacts psychological and biological de-
velopmental processes or that child
abuse is associated with other vari-
ables (child/parental temperament,
broader family environment, attach-
ment) that impact psychological and
biological development or an interac-
tion of the 2.

CONCLUSIONS

Data reported herein suggest that ge-
netic variation in the FKBP5 gene,
which is involved in glucocorticoid sig-
nal transduction, may alter sensitiza-
tion of the stress-response pathway dur-
ing development, placing those
individuals who have had significant
child abuse at significant risk for PTSD
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in the face of other traumatic experi-
ences. These genotypes potentially serve
as predictors of both risk and resil-
ience for adult PTSD among survivors
of child physical and sexual abuse.

Our genetic results support the hypoth-
esis that the glucocorticoid response sys-
temmoderates the effects of early life stress
onadult PTSD symptoms and that GR hy-
persensitivity may be important in the
pathophysiology of this disorder. These
results suggest the possibility that heri-
table differences in glucocorticoid-
mediated neural functioning exacerbate
or dampen the effects of child abuse on
the stress hormone system, thus altering
HPA axis sensitivity and risk for PTSD in
adulthood.
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Influence of Child Abuse on Adult Depression

Moderation by the Corticotropin-Releasing Hormone Receptor Gene
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Context: Genetic inheritance and developmental life
stress both contribute to major depressive disorder in
adults. Child abuse and trauma alter the endogenous stress
response, principally corticotropin-releasing hormone
and its downstream effectors, suggesting that a
gene X environment interaction at this locus may be im-
portant in depression.

Objective: To examine whether the effects of child abuse
on adult depressive symptoms are moderated by genetic
polymorphisms within the corticotropin-releasing hor-
mone type 1 receptor (CRHRI) gene.

Design: Association study examining gene X environ-
ment interactions between genetic polymorphisms at the
CRHRI locus and measures of child abuse on adult de-
pressive symptoms.

Setting: General medical clinics of a large, public, ur-
ban hospital and Emory University, Atlanta, Georgia.

Participants: The primary participant population was
97.4% African American, of low socioeconomic status,
and with high rates of lifetime trauma (n=422). A sup-
portive independent sample (n=199) was distinct both

ethnically (87.7% Caucasian) and socioeconomically (less
impoverished).

Main Outcome Measures: Beck Depression Inventory
scores and history of major depressive disorder by the Struc-
tured Clinical Interview for DSM-IV Axis I Disorders.

Results: Fifteen single-nucleotide polymorphisms span-
ning 57 kilobases of the CRHRI gene were examined. We
found significant gene X environment interactions with
multiple individual single-nucleotide polymorphisms (eg,
rs110402, P=.008) as well as with a common haplotype
spanning intron 1 (P<<.001). Specific CRHRI polymor-
phisms appeared to moderate the effect of child abuse
on the risk for adult depressive symptoms. These pro-
tective effects were supported with similar findings in a
second independent sample (n=199).

Conclusions: These data support the corticotropin-
releasing hormone hypothesis of depression and suggest
that a gene X environment interaction is important for the
expression of depressive symptoms in adults with CRHR1
risk or protective alleles who have a history of child abuse.

Arch Gen Psychiatry. 2008;65(2):190-200

LTHOUGH NUMEROUS STUD-
ies suggest that both ge-
netic and environmental
influences contribute sub-
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ence of significant adverse life events.'*®

Although the serotonin transporter is an
attractive genetic candidate for moderat-
ing the adverse effects of life events, epi-
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stantively to vulnerability
to major depressive disorder (MDD), the
search for direct genetic influences con-
tributing to the risk for depression has been
inconclusive so far. Recent studies'? ex-
amining genetic variants predisposing to
MDD suggest that they may only do so via
interaction with environmental vari-
ables. Several reports have now repli-
cated the finding that the short allele of a
functional repeat polymorphism located
in the promoter region of the serotonin
transporter locus SLC6A4° increases vul-
nerability to depression only in the pres-

demiological studies clearly indicate that
the vulnerability to depression is influ-
enced by several genes.’

Genes regulating the effects of stress via
the hypothalamic-pituitary-adrenal (HPA)
axis have been implicated in the physi-
ological and pathological regulation of
stress reactivity.!®!! The physiological
stress response is primarily mediated by
the release of hypothalamic corticotropin-
releasing factor, also known as cortico-
tropin-releasing hormone (CRH), from
nerve terminals in the median eminence
arising in the paraventricular nucleus,
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which stimulates adrenocorticotropin release from the
anterior pituitary that in turn induces the release of cor-
tisol from the adrenal cortex. Overactivity of the HPA axis
is a hallmark of MDD and is at least partly due to a hy-
peractivity of CRH neurons.'>"?

In addition to its effects on the HPA axis, CRH activity
at the CRH type 1 receptor (CRHR1) in extrahypotha-
lamic regions is also thought to produce symptoms of anxi-
ety and depression. Preclinical animal models of depres-
sion'*"” and clinical studies of patients with depression'®!”
have found increased CRH concentrations in the cerebro-
spinal fluid as well as altered CRHR1 messenger RNA ex-
pression and CRH binding in limbic brain regions (eg, hy-
pothalamus, amygdala, and other areas mediating emotion
response), lending support to this theory. Furthermore,
a nonblinded study demonstrated clinical efficacy of a
CRHRI antagonist in patients with depression.'® Finally,
single-nucleotide polymorphisms (SNPs) in the CRHRI
gene (Entrez Gene ID 1394 or RefSeq ID NM_004382) have
been associated with MDD in Han Chinese individuals,'
and response to antidepressant medications appears to vary
with CRHRI haplotypes in Mexican American persons.*

Studies suggest that HPA axis hyperactivity related to
MDD may be a function of early life stress (ELS).?"** Given
the relationships between ELS, MDD, and the dysregula-
tion of the CRH and CRHR1 system, we hypothesized that
genetic polymorphisms altering the function of CRHR1 may
moderate the effects of child abuse on adult depression.

DR METHODS R

SAMPLING AND PHENOTYPING METHODS
Sample and Sample Recruitment

The data from this study were collected as part of a larger study
investigating the roles of genetic and environmental factors in
predicting response to stressful life events in a predominantly
African American urban population of low socioeconomic sta-
tus. The sample for the replication study is discussed later. Re-
search participants were approached, either while waiting for
their medical appointments or while waiting with others who
were scheduled for medical appointments, in the waiting rooms
of the primary care clinic or obstetrical-gynecological clinic of
alarge, urban, public hospital. Subjects who indicated willing-
ness to participate provided written informed consent, partici-
pated in a verbal interview, and provided a salivary sample for
DNA extraction (described later). The data presented in this
article are from the first 560 subjects screened (we have in-
complete genotype or phenotype data for some subjects, so the
total number of subjects in the analysis will be fewer than 560,
with exact sample sizes stated in the “Results” section). The
final genetic analysis was performed on a subset of 422 of these
subjects. All of the procedures in this study were approved by
the institutional review boards of Emory University School of
Medicine and Grady Memorial Hospital, Atlanta, Georgia. Demo-
graphic data on sex, self-identified race/ethnicity, education,
employment, disability status, and monthly household in-
come are presented in Table 1. The mean (SD) age in the sample
was 38.4 (13.3) years (range, 18-81 years).

Procedure

Participants verbally completed a battery of self-report mea-
sures, including the Beck Depression Inventory (BDI) and the

Table 1. Primary Sample Demographics
Participants,
Characteristic No. (%)
Sex
Male 194 (39.0)
Female 303 (61.0)
Self-identified race/ethnicity
African American or black 484 (97.4)
Caucasian or white 4(0.8)
Hispanic or Latino 2(0.4)
Asian 1(0.2)
Mixed 5(1.0)
Other 3(0.6)
Education
< 12th Grade 153 (30.8)
High school graduate or GED 217 (43.7)
Some college or technical school 78 (15.7)
Technical school graduate 21 (4.2)
College graduate 21(4.2)
Some graduate school 9(1.8)
Employment status
Currently unemployed 338 (67.6)
Currently employed 162 (32.4)
Disability status
Not currently receiving disability assistance 394 (79.3)
Currently receiving disability assistance 103 (20.7)
Household monthly income, $
0-249 158 (31.8)
250-499 51 (10.3)
500-999 136 (27.4)
1000-1999 106 (21.3)
> 2000 46 (9.3)

Abbreviation: GED, general equivalency diploma.

brief Childhood Trauma Questionnaire (CTQ), which took 45
to 75 minutes to complete (dependent in large part on the ex-
tent of the participant’s trauma history and symptoms). We read
instruments to participants to guard against relatively high rates
of impaired literacy. Each person was paid $15.00 for partici-
pation in this phase of the study.

Phenotype Measures

Beck Depression Inventory. Depressed mood was assessed with
the 21-item BDI,* a well-validated, commonly used, continu-
ous measure of the level of depressive symptoms. In this sample,
the BDI had a standardized « coefficient of .99 (mean [SD] BDI
score, 14.43 [13.11]). In addition, we examined validity of the
BDI using data collected in a later phase of the study for which
the Structured Clinical Interview for DSM-IV Axis I Disorders
(SCID-1),** a validated interview assessment of DSM-IV mood
disorders, was administered. In this subsample of participants
(n=202), 19.3% met the criteria for current MDD and 40.1%
met criteria for lifetime MDD. In addition, 1.1% met criteria
for current bipolar I disorder and 2.0% met lifetime criteria for
bipolar I disorder; 2.2% met criteria for current bipolar II dis-
order and 3.0% met lifetime criteria for bipolar Il disorder. Based
on MDD diagnosis with the SCID-I, the BDI total scores for those
with current MDD (mean [SD] BDI total score, 28.26 [15.01])
were significantly different from the BDI total scores for those
without a current MDD diagnosis (mean [SD] BDI total score,
13.48 [12.73]) (Fy,,3=32.9; P<.001). Additionally, because
these analyses were performed in subjects identified in a gen-
eral medical clinic, it is possible that the BDI score is a proxy
for medical-related depressive symptoms separate from MDD.
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To examine this, we used history of prescribed medications as
a proxy variable for the medical illness category. Although we
have only limited diagnostic information, we have medical phar-
maceutical data for approximately 120 subjects from the full
genotype and phenotype data set. Similar to the linear regres-
sion analyses with permutations for SNP analyses (described
later), we used linear regression with permutation procedures
(using 10 000 permutations with BDI as the dependent vari-
able and each of the 13 medical variables as predictors) to es-
tablish whether the proxy variables for different types of medi-
cal illness predict the BDI score. These permutation procedures
randomly assigned the sample BDI scores to subjects (sampled
without replacement) while holding each subject’s medical pre-
scription variables fixed. We conducted these analyses using
appropriate components of SAS version 9.1 statistical soft-
ware (SAS Institute, Inc, Cary, North Carolina). There were no
significant effects found for any of the 13 available classes of
medications examined (all P>.10). This demonstrates that the
moderation effects of child abuse and CRHRI genotype were
unlikely affecting medical condition as a possible contributor
to depressive symptoms.

Childhood Trauma Questionnaire. The CTQ? is a self-report
inventory assessing 3 types of childhood abuse: sexual, physi-
cal, and emotional. Studies have established the internal con-
sistency, stability over time, and criterion validity of both the
original 70-item CTQ and the current brief version.? The CTQ
yields a total score and subscale scores for each of the types of
child abuse. Our CTQ data demonstrated good internal con-
sistency reliability (a=.99 for physical abuse; o =.94 for sexual
abuse; a=.93 for emotional abuse; and a=.98 for the total of
these 3 scales). Bernstein and Fink?’ established scores for none,
mild, moderate, and severe for each type of abuse. The data from
the CTQ were used to classify participants into 2 categories for
each type of abuse (physical, sexual, and emotional): (1) those
with CTQ scale scores in the none to mild range, and (2) those
with CTQ scores in the moderate to severe range. We then cre-
ated a composite variable across all of the 3 types of abuse. Using
this composite, we divided participants into 2 groups with re-
spect to the numbers of types of abuse that fell into the mod-
erate to severe range: (1) those with no type of abuse in the
moderate to severe range, and (2) those with at least 1 type of
abuse in the moderate to severe range.

ADDITIONAL SUPPORTIVE SAMPLE

A sample of 204 women recruited at the Women’s Mental Health
Center at Emory University had been assessed for lifetime psy-
chiatric diagnoses using the SCID-I** and for the presence of
child abuse using the CTQ. The severity of child abuse was then
scored as none to mild vs moderate to severe. In this sample,
the mean (SD) age was 31.9 (5.0) years, and 87.7% were Cau-
casian or white, 7.0% were African American or black, 3.7%
were Native American, and 1.6% were Asian. As compared with
the previous sample, subjects in this sample were primarily
middle-income Americans. The mean (SD) number of years of
education in this sample was 16.0 (2.0) years. Among the sub-
jects, 23.6% reported moderate to severe child abuse. Most sub-
jects (96.4%) fulfilled criteria for at least 1 Axis I DSM-IV di-
agnosis, with 62.6% of the patients presenting with a principal
lifetime diagnosis of MDD. The other reported lifetime diag-
noses included bipolar I disorder, bipolar II disorder, panic dis-
order, generalized anxiety disorder, anxiety disorder not oth-
erwise specified, obsessive-compulsive disorder, specific phobias,
dysthymia, depressive disorder not otherwise specified, brief
psychotic disorder, schizophrenia, mood disorder due to the
general medical condition, cannabis abuse, opioid abuse, post-

traumatic stress disorder, adjustment disorder, and binge eat-
ing. Women with these latter diagnoses did not fulfill criteria
for MDD at any time and represented the group with no MDD.

GENETIC METHODS

DNA Extraction

We extracted DNA from saliva collected into Scope mouth-
wash (Procter and Gamble, Cincinnati, Ohio) (n=46) or into
Oragene saliva kits (DNA Genotek Inc, Ottawa, Ontario, Canada)
using the Qiagen M48 system (Qiagen, Hilden, Germany). High-
quality DNA was available for 502 individuals.

SNPs and Genotyping

Fifteen SNPs validated in African populations were selected from
public databases (dbSNP, http://www.ncbi.nlm.nih.gov/projects
/SNP/; HapMap, http://www.hapmap.org) to span the CRHRI gene
(NM_004382) from the promoter region to the 3’ end of the gene,
with an average intermarker distance of 4.1 kilobases (kb) over
a total region of 57 kb. Ten of these SNPs had a minor allele fre-
quency greater than 5.0% and were thus included in the analysis
(full SNP information is available from us, and identification num-
bers of 10 selected SNPs are listed in Figure 1A). In our popu-
lation, we observed moderate linkage disequilibrium (LD) in this
gene, especially in the part containing the coding regions with 2
separate blocks of LD (Figure 1A). All of the SNPs were geno-
typed using a TagMan allelic discrimination assay*” developed for
use on the 7900HT instrument (Applied Biosystems, Foster City,
California) in 502 individuals using predesigned and validated
TaqMan assay reagent kits containing 1 pair of polymerase chain
reaction primers and 1 pair of fluorescently labeled probes (Ap-
plied Biosystems). Assay identification numbers for all of the 15
assays are available on request. Polymerase chain reactions were
performed in 5-pL reaction volumes in 384-well plates and con-
tained 5 ng of DNA. The standard protocol provided with the kit
was followed. Thermal cycler conditions were 95°C for 10 min-
utes and then 40 cycles of 95°C for 15 seconds and 60°C for
1 minute. The SDS 2.2 software (Applied Biosystems) was used
for allelic discrimination. For quality control, 9.0% of the samples
were genotyped as duplicates across and within a 384-well plate.
Only 2 discordances were recorded with the 6255 unique geno-
types (0.03%) and excluded from the analysis. All of the SNP iden-
tification numbers, their locations, Hardy-Weinberg equilib-
rium, and minor allele frequencies are available on request.

Ancestry-Informative Markers

Genotyping of ancestry-informative markers (AIMs) and data
analysis for estimates of ancestry were performed by DNA Print
Genomics, Sarasota, Florida (http://www.dnaprint.com). One
hundred thirty-four AIMs were genotyped in 280 individuals
from our sample using single-base primer extension and a Beck-
man SNPstream instrument (Beckman-Coulter, Fullerton, Cali-
fornia). Maximum likelihood estimates of individual biogeo-
graphical ancestry admixture were determined using methods
described previously by others® and 134 AIMs*-*! chosen from
the genome based on their information for a continental, 4-popu-
lation model. The choice of a 4-population model was based
on previously published hypothesis-free cluster analyses of
worldwide populations,*'** and this model lent itself to use of
the terms European (genetic ancestry shared among Euro-
pean, Middle Eastern, and, to a lower extent, South Asian popu-
lations), sub-Saharan African, East Asian, and indigenous Ameri-
can (genetic ancestry shared among American Indian, Latin and
South American Indian, and certain Central Asian popula-
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tions). The names of these parental populations were chosen
to describe extant elements of genetic structure and are arbi-
trary in that they are reflective of modern population distribu-
tions—not necessarily the distributions of the original paren-
tal populations 15 000 to 50 000 years ago. Individuals with more
than 35 failed AIM genotypes were excluded from the analysis
(7.1%) because their biogeographical ancestry admixture could
not be estimated with sufficient certainty.

STATISTICAL ANALYSIS
LD Structure

We used Haploview® to determine the LD structure of the SNPs
within the CRHRI gene and test for Hardy-Weinberg equilib-
rium (Figure 1A). We also compared the LD structure of a
subgroup of CRHRI SNPs across our study population and 2
populations genotyped in the HapMap project (Yorubans [a sub-
Saharan African population] and Centre d’Etude du Polymor-
phisme Humain [Caucasian population]). We compared a tag
SNP selection for the CRHRI locus based on these HapMap popu-
lations covering the same area on chromosome 17 using an r*
cutoff of 0.75 and a minor allele frequency greater than 0.05.
We found that across HapMap populations, our SNP sample
covers at least 60.0% of the genetic variation described in Hap-
Map. In addition, we used 3 SNPs that have not yet been typed
in the HapMap project that cover additional, likely overlap-
ping genetic variation of the gene.

Regression and Permutation Analyses
for Interaction Effects

We used linear regression to assess whether SNPs in the CRHRI1
gene interacted with child abuse to influence BDI scores. For these
analyses, a maximum sample size of 422 individuals was infor-
mative, but the total sample sizes for the single-SNP analyses vary
by a maximum of 5.0% depending on the call rate of each indi-
vidual SNP. We first considered single-SNP analyses that re-
gressed the BDI outcome (continuous variable) on genotype (coded
under an additive model), with child abuse coded into the 2 groups
of none to mild and moderate to severe. We further adjusted the
regression models for potential confounders including age, sex,
and ancestry. We established the significance of genotype—child
abuse interaction effects using permutation-based proce-
dures** that randomly assigned the sample BDI scores to sub-
jects (sampled without replacement) while holding each sub-
ject's genotype and environmental variables fixed. This permutation
method is robust against nonnormal distribution of the out-
come variable as we observed with the BDI scores in this popu-
lation. For each analysis, the empirical P value was based on 10 000
permutations. We conducted these analyses using appropriate
components of SAS version 9.1 statistical software.

After completing the single-SNP interaction analyses, we next
considered whether SNP-based haplotypes interacted with child
abuse to influence BDI scores. Using linear regression, we mod-
eled the BDI score as a function of the various haplotypes (coded
under an additive model), child abuse, and the haplotype—
child abuse interaction effects. We pooled all of the haplo-
types with less than 10.0% estimated frequency into a rare cat-
egory. We further adjusted the regression models for potential
confounders, such as age and sex. We assessed the signifi-
cance of haplotype-environment interaction effects using per-
mutation procedures that randomly shuffled BDI scores within
the sample while holding genotype and environmental data for
each subject fixed. For each interaction analysis, we based in-
ference on 100 000 permutations.
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Figure 1. Main and interaction effects of CRHR1 single-nucleotide
polymorphisms (SNPs) with child abuse on adult depression. A, CRHR1 linkage
disequilibrium (LD) map demonstrating the physical location (arrows) and LD
pattern of the selected CRHR7 SNPs. For initial genotyping, we selected 15
SNPs covering the gene from the promoter region to the 3’ end of the gene,
with an average intermarker distance of 4.1 kilobases (kb) over a total region of
57 kb. The x-axis shows the position on chromosome 17. Ten of these SNPs
had a minor allele frequency greater than 5.0% and were thus included in the
analysis. The lower part shows an LD plot generated with Haploview using r? as
the measure of LD, which ranges from 1 (or complete LD, indicated by black
squares) to 0 (or absence of LD, indicated by white squares). In our population,
we observed moderate LD in this gene, especially in the part containing the
coding regions with 2 separate blocks of LD according to the confidence
interval method. B, Main genetic effects. The Pvalues (log scale) for the main
genetic effect (for a model containing SNP genotype, Childhood Trauma
Questionnaire scores, age, and sex as independent variables and Beck
Depression Inventory scores as outcome) for all of the genotyped subjects
(n=422), subjects with no to mild child abuse (n=262), and subjects with
moderate to severe child abuse (n=160). Concordant with a

gene X environment interaction effect, the main genetic effect is carried by
individuals with moderate to severe child abuse and is stronger than in the
whole sample, whereas no SNPs significant in the whole sample remain
significant in the group with no to mild child abuse. C, Interaction effects. The
y-axis shows the Pvalue (log scale) for the interaction effect of the 10 SNPs
that were present with a minor allele frequency greater than 5.0%. Horizontal
lines indicate P=.05 (nominally significant) and P=.0094 (significance level
after correction for multiple testing as described in the text).
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Table 2. Protective Effects of CRHR1 Alleles and Haplotypes in Second Sample?
No MDD Lifetime MDD
(n=74) (n=126)
No to Moderate to No to Moderate to I
Mild Abuse, Severe Abuse, Mild Abuse, Severe Abuse,
CRHR1 Alleles No. (%) No. (%) P No. (%) No. (%) P
and Haplotypes (n=53) (n=21) Value (n=100) (n=26) Value
rs7209436
GG 21 (40.4) 5(23.8) ] 37 (37.0) 8(30.8) ]
Gil} 22 (42.3) 9 (42.9) .04 36 (36.0) 13 (50.0) 46
1T 9(17.3) 7 (33.3) 27 (27.0) 5(19.2)
s242940
AA 18 (34.6) 3(14.3) ] 32 (32.0) 9 (36.0) ]
AG 24 (46.2) 11 (52.4) .03 35 (35.0) 10 (40.0) .20
GG 10 (19.3) 7 (33.3) 33 (33.0) 6 (24.0)
Protective haplotype block 1, TCA copies, No.
0 22 (41.5) 5(25.0) ] 36 (36.0) 9 (34.6)
1 22 (41.5) 8 (40.0) .04 36 (36.0) 12 (46.2) .31
2 9 (17.0) 7 (35.0) 28 (28.0) 5(19.2)
Protective haplotype best SNPs, TAT copies, No.?
0 23 (43.4) 5(25.0) ] 36 (36.4) 9 (34.6) ]
1 21 (39.6) 8 (40.0) .03 35 (35.3) 12 (46.2) .31
2 9 (17.0) 7 (35.0) 28 (28.3) 5(19.2)

Abbreviations: MDD, major depressive disorder; NS, nonsignificant; SNPs, single-nucleotide polymorphisms.

Distribution of the estimated copy numbers of the protective alleles (rs7209436 and rs242940) as well as of the protective TCA and TAT haplotypes between
women with no to mild child abuse compared with those with moderate to severe child abuse, with or without lifetime diagnosis of MDD as diagnosed with the
Structured Clinical Interview for DSM-IV Axis | Disorders. The P values represent the directional 1-tailed P values comparing the respective genotype frequencies

between the 2 levels of child abuse for the no MDD and lifetime MDD groups.

bThe sample size for the TAT haplotype in the lifetime MDD group with no to mild abuse is 99.

Haplotypes

We estimated the haplotype frequencies for the 3 SNP haplo-
types of LD blocks 1 and 2 (Figure 1A) as well as for the 3 SNP
haplotypes consisting of the 3 SNPs with the strongest
gene X environment interaction effects (rs7209436 and
rs110402 located in block 1 and rs242924 between the 2
blocks). The haplotype block structure was determined using
the confidence interval method according to Gabriel et al*® as
implemented in the Haploview software. Given that we gen-
erated only genotype data, the phase of the underlying haplo-
types of a particular subject may be unknown. Therefore, we
estimated sample haplotype frequencies using an expectation
maximization algorithm®” and used these frequencies to cal-
culate each subject’s posterior haplotype-pair probability
given his or her genotype data. This was done using the
SNPHAP program (http://slack.ser.man.ac.uk/progs/snphap
.html). We then applied a conservative haplotype test that used
only those subjects whose posterior haplotype-pair probabil-
ity exceeded 95.0%. However, because the region has a low de-
gree of haplotype complexity (high LD with a few common hap-
lotypes), this excluded only 5.2% of subjects from interaction
analysis.

Correction for Multiple Testing

We applied the program SNPSpD (http://genepi.qimr.edu.au
/general/daleN/SNPSpD/) to adjust the nominal significance level
for the testing of multiple SNP variants within the CRHRI gene.
The program, based on the work of Nyholt,*® applies spectral
decomposition techniques to determine the effective number
of independent SNPs in regions where LD exists. The software
then implements a Bonferroni correction that divides the nomi-
nal significance level of .05 by this effective number of inde-

pendent SNPs. Using this method, we determined that o=.0094
provides an appropriate threshold to declare significance within
the CRHRI gene after correcting for multiple testing.

Statistical Analyses
in the Second Supportive Sample

The second supportive sample was clinical in nature, so we tested
the protective effects of the protective alleles and haplotypes
against development of MDD as opposed to other types of psy-
chiatric disorders in the presence of moderate to severe child
abuse (Table 2). Haplotypes with a posterior haplotype prob-
ability greater than 95.0% could only be estimated in 199 women
for the block 1 haplotype and 198 women for the 3 best SNP
haplotypes. Differences in the SNP genotypes of rs7209436,
154792887, 15110402, rs242940, and rs242924 and in the copy
number frequency of the TCA haplotype, formed by rs7209436,
154792887, and rs110402, respectively, and of the TAT hap-
lotype, formed by rs7209436, rs110402, and rs242924, respec-
tively, between the groups with no to mild vs moderate to se-
vere child abuse were tested separately for patients with a lifetime
diagnosis of MDD and patients with no lifetime diagnosis of
MDD using contingency tables and an additive genetic model
(linear by linear association). Our specific directional hypoth-
eses were that the protective alleles of these SNPs and both the
TCA and TAT haplotypes (which were protective in the Afri-
can American sample) would also be protective, and thus over-
represented, in women with moderate to severe child abuse but
no lifetime diagnosis of MDD. Thus, we report 1-tailed P val-
ues for the analyses of these directional hypotheses. The fre-
quencies of the SNPs and for the common haplotypes formed
by rs7209436, rs4792887, and rs110402 and by rs7209436,
rs110402, and rs242924 in the replication sample are re-
ported in Table 2.
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CHILD ABUSE AND ADULT DEPRESSION

To examine the interaction of the CRHRI genotype and
ELS, we initially analyzed data from our first sample group
of 560 low-income, primarily (97.4%) African Ameri-
can adults living in an urban area. Of the 476 subjects
with complete CTQ and BDI phenotypes, we first exam-
ined the effects of child abuse on adult depression. As
expected based on prior literature, higher CTQ abuse
scores predicted higher adult BDI scores (F;47,=37;
P<.001) (Figure 2A). Additionally, when child abuse
is divided into the none to mild and moderate to severe
groups, we see a significant difference in BDI scores (none
to mild: n=300, mean BDI score, 11.58; moderate to se-
vere: n=176, mean BDI score, 19.74; P<.001).

CRHR1 POLYMORPHISMS AND LD STRUCTURE

The gene encoding CRHRI is located on chromosome
17q21.31 and contains 13 exons spanning 51 kb. Of the
502 participants in the study from whom we obtained
DNA, 422 were genotyped for 15 SNPs located in a
57-kb region spanning the 5" promoter region to the 3’
end of the CRHRI gene, with an average intermarker
distance of 4.1 kb (Figure 1A). We identified 2 blocks
of LD: one within intron 1 spanning at least 8 kb (block
1), and the second from introns 2 through 9 spanning
at least 18 kb (block 2). Ten of the SNPs showed a
minor allele frequency greater than 5.0% and were thus
included in the gene X environment regression analysis
described later.

CRHRI1 POLYMORPHISMS INTERACT WITH
CHILD ABUSE TO PREDICT ADULT DEPRESSION

To test the primary hypothesis that genetic polymor-
phisms in the CRHR1 gene moderate the effects of child
abuse on adult depression, we used linear regression—
based methods. We first performed single-SNP analyses
in which we regressed, using permutation analyses, con-
tinuous BDI scores on genotype (coded under an addi-
tive model), child abuse (none to mild vs moderate to
severe), and the interaction between genotype and child
abuse, adjusting for potential confounders such as age
and sex. Statistical significance of main effects and in-
teractions were evaluated using a permutation-based
analysis (see the “Methods” section). Prior to adjusting
for multiple comparisons, 7 of the 10 tested SNPs showed
asignificant interaction (lowest P=.008 for rs110402) with
child abuse for the prediction of adult depression
(Figure 1B and C).

INTERACTION OF INDIVIDUAL CRHRI
POLYMORPHISMS, CHILD ABUSE,
AND DEPRESSION

To correct for multiple comparisons, we used spectral
decomposition techniques to determine the effective num-
ber of independent SNPs in regions where LD exists. Using

this method, we determined that a=.0094 provides an
appropriate threshold to declare significance within the
CRHRI gene. This « level is derived from 5.3 indepen-
dent tests accounting for the moderate extent of LD across
the 10 tested SNPs.

The interactions between child abuse and 2 of the
CRHRI SNPs—rs110402 and rs7209436—remained sig-
nificant after correction for multiple testing (Figure 2B
and C), and 5 others showed significant interaction ef-
fects prior to correction (Figure 2D and Figure 3). The
rs110402 and rs7209436 SNPs both reside in the first LD
block of CRHRI that spans intron 1 of the gene and are
in high LD (r?=0.93). For both SNPs, no significant geno-
type effect on depression was detected in the no to mild
abuse group, with the mean BDI scores from these sub-
jects ranging from 10.91 to 12.67 across genotypes
(Figure 2B and C). Among individuals in the moderate
to severe abuse groups, the rare allele of both SNPs had
a protective effect on the severity of adult depressive symp-
toms. While individuals homozygous for the common
alleles (CC for rs7209436 and GG for rs110402) had av-
erage BDI scores of 22.33 to 22.49 (reflective of moder-
ate depressive symptoms), heterozygous individuals had
significantly lower BDI scores (mean, 16.31-16.39, re-
flective of mild depressive symptoms) and individuals ho-
mozygous for the rare alleles (TT or AA, respectively)
had a mean BDI score of 10.22 (reflective of low to ab-
sent levels of depressive symptoms) despite the pres-
ence of at least 1 type of moderate to severe child abuse.
The data suggest an additive protective genetic effect of
the rare allele of these 2 SNPs in those exposed to child
abuse. We also note that similar interactive gene dosage
patterns were seen across the other SNPs that were sig-
nificant prior to correction, including rs242924
(Figure 2D), rs4792887, rs242940, rs173365, and
1s242948 (Figure 3).

CRHR1 HAPLOTYPES SHOW SIMILAR
GENE X ENVIRONMENT INTERACTION

A similar permutation-based linear regression approach
was applied to investigate gene X environment interac-
tions involving common CRHRI haplotypes (haplotype
frequency>10.0%) in haplotype blocks 1 and 2
(Figure 1A) as well as a haplotype defined by the 3 SNPs
carrying the strongest gene X environment interactions
in the individual SNP analysis. In block 1, we observed
3 common haplotypes of approximately equal fre-
quency (30.4%-34.1%) that summed to account for ap-
proximately 98.5% of the observed haplotypes
(Figure 4). Haplotype interaction analysis showed a sig-
nificant interaction effect of child abuse and haplotypes
within block 1. This association was accounted for by the
haplotype formed of alleles T (rs7209436), C (rs4792887),
and A (rs110402), which appears to be protective in a
dose-dependent manner (P<<.001) (Figure 4A and C).
The other 2 common haplotypes within block 1 and those
within block 2 did not show a significant interaction effect.

We then investigated the haplotypes formed by the 3
most significant SNPs in the single-SNP analysis, of which
2 are located in block 1 (rs7209436 and rs110402) and 1
is between blocks 1 and 2 (rs242924). These 3 SNPs form
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Figure 2. Child abuse interacts with the CRHR1 genotype to enhance risk for depression in adults. A, Mean Beck Depression Inventory (BDI) scores (n=476) are
predicted by continuous scores on the Childhood Trauma Questionnaire (CTQ) physical, sexual, and emotional abuse scales divided into quartiles (quartile 1: CTQ
score=15.0-17.5 [n=117]; quartile 2: CTQ score=17.5-22.0 [n=112]; quartile 3: CTQ score=22.0-31.0 [n=123]; quartile 4: CTQ score >31 [n=124]). The error
bars indicate SEM. The overall analysis of variance comparing the 4 groups on the BDI was significant (F;47,=37.12; P<<.001). Post hoc analysis indicated
significant differences (P<.001) between all pairs of groups except for between groups 2 and 3. Effect of rs7209436 (B), rs110402 (C), and rs242924 (D)
genotypes and child abuse on adult depression. Error bars indicate SEM. The sample sizes for no to mild child abuse and moderate to severe child abuse are as
follows: rs7209436: CC, 110 and 84, respectively; CT, 115 and 61, respectively; TT, 23 and 9, respectively (B); rs110402: GG, 108 and 84, respectively; AG, 114
and 61, respectively; AA, 23 and 9, respectively (C); and rs242924: GG, 112 and 87, respectively; GT, 111 and 60, respectively; TT, 24 and 10, respectively (D).
Pvalues of significance (based on conservative linear permutation analyses) for the main effect of genotype in the moderate to severe abuse group are shown.

2 common “yin and yang” haplotypes in our sample ac- scores were nonsignificant, ranging from -0.033 to 0.048
counting for more than 95.0% of the observed haplotypes for the 4 different tested populations) nor adult BDI scores
(CGG=66.5% and TAT=28.8%) (Figure 4B and C). The (Pearson correlations of genetic ancestry with BDI total
haplotypes formed by these 3 SNPs showed a significant scores were nonsignificant, ranging from -0.094 to 0.099).
interaction with child abuse on adult BDI scores (P=.003). To confirm that admixture was not an important con-
The presence of the rarer haplotype appears to decrease the founder in our analysis, we reinvestigated the interac-
risk of adult depressive symptoms in an additive manner tion effect of rs110402, the SNP with the lowest P value,

in those with a history of child abuse. by using linear regression and adding the percentages of

sub-Saharan and European ancestry as independent vari-
ables. In this model, the interaction effect between the
rs110402 genotype and child abuse on BDI scores was

Varying degrees of genetic admixture of sub-Saharan Afri- lgss than P=.05 (P=.04 In a smaller sample of 210 indi-
can, European, and Native American ancestry have been viduals). Percentages of sub-Saharan and European an-

reported in African American individuals®*? and could cestry were not significant predictors in this model, with
lead to population stratification and thus spurious asso- P values of '_38 and :80’ respectively. Be?au.se. the B Vz_d'
ciation results. To control for potential differences in ge- ues for the interaction term were not significantly dif-

GENETIC ADMIXTURE
AND POPULATION STRATIFICATION

netic ancestry, we genotyped 134 AIMs.?!*° Differences ferent with and without ancestry in the model (B [SE],
in the extent of admixture in our sample do not account 6.56 [2.70] and 5.59 [2.01], respectively), we also con-
for the observed results because genetic ancestry was cor- cluded that ancestry is not a confounder in our analysis.
related with neither the extent of child abuse (Pearson Overall, the interaction term remained at P=<.05 for 5
correlations of genetic ancestry with CTQ total abuse of the 10 CRHRI SNPs when adjusting for admixture.
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Figure 3. Effect of rs242940 (A), rs173365 (B), rs4792887 (C), and rs242948 (D) genotypes and child abuse on adult depression. Error bars indicate SEM. The
sample sizes for no to mild child abuse and moderate to severe child abuse are as follows: rs242940: AA, 98 and 74, respectively; AG, 113 and 69, respectively;
GG, 31 and 13 respectively (A); rs173365: GG, 79 and 56, respectively; AG, 114 and 78, respectively; AA, 51 and 21, respectively (B); rs4792887: CC, 107 and 58,
respectively; CT, 105 and 70, respectively; TT, 29 and 26, respectively (C); and rs242948: GG, 84 and 57, respectively; GT, 107 and 79, respectively; TT, 64 and
22, respectively (D). Pvalues of significance for the main effect of genotype in the moderate to severe abuse group are shown.

SUPPORTIVE EVIDENCE
FROM AN INDEPENDENT SAMPLE

These data suggest that certain alleles of the CRHRI gene
may provide a protective effect on the risk for depression
in adults with a history of child abuse. To confirm this hy-
pothesis, we genotyped rs7209436, rs110402, rs4792887,
15242924, and rs242940 in an independent sample that was
ethnically (87.7% Caucasian) and socioeconomically (less
impoverished) distinct from the original population de-
scribed earlier. We analyzed the allele distribution of the
previously identified protective SNP alleles and haplo-
types TCA (rs7209436, rs110402, and rs4792887)
(Figure 4A and C) and TAT (rs7209436, rs110402, and
15242924) (Figure 4B and C) in women with and without
a lifetime diagnosis of MDD and with and without child
abuse (n=199). For haplotype block 1, we found the fol-
lowing frequencies: TCA, 42.1%; CGG, 43.0%; and CTG,
13.1%. For the best SNP haplotype, we found frequencies
0f 41.6% for TAT and 56.0% for CGG.

We hypothesized that we would find an overrepre-
sentation of 2 copies of the protective haplotypes in
women with a history of moderate to severe child abuse
but who had not developed MDD within their lifetimes.
Indeed, we found a significant overrepresentation of the
protective alleles of the tested SNPs (most significant in
replication 157209436 and rs242940) and of 2 protec-
tive copies of both the TCA and TAT haplotypes in this
group (Table 2). In the group with child abuse but no

MDD, 35.0% carried 2 copies of these haplotypes; how-
ever, in the group with no child abuse and no MDD, only
17.0% had 2 copies (Table 2). In contrast, in the group
with a lifetime diagnosis of MDD, there were no signifi-
cant differences in the distribution of haplotype copy num-
bers regardless of child abuse history.

The group with a history of child abuse but no MDD
appears to be protected from depression despite the in-
creased psychosocial risk. Notably, this group also has a
relative increase in the copy numbers of protective CRHR1
alleles compared with those with a history of lifetime de-
pression (Figure 4D), underscoring the potential pro-
tective effects of the identified genotypes in 2 indepen-
dent and ethnically different samples.

B COMMENT By

Our results demonstrate that genetic variants in CRHRI are
moderators of the effects of child abuse on adult depres-
sive symptoms in 2 independent, ethnically different popu-
lations. A haplotype formed by 3 SNPs located in intron 1
of the CRHRI gene is most significantly associated with di-
minished effects of child abuse on adult depressive symp-
toms. Similar effects were seen on a single-SNP basis and
with haplotypes formed by the 3 most significant SNPs.
These genotypes and haplotypes potentially serve as pre-
dictors of both risk and resilience for adult depression in
men and women with a history of child abuse. The pro-
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Figure 4. Effect of estimated CRHR1 haplotypes and child abuse on adult depressive symptoms. The frequencies of the estimated individual haplotypes within the
first linkage disequilibrium block (A) and of the 3 most significant single-nucleotide polymorphisms (SNPs) (B). C, The effects of the estimated copy numbers of
specific haplotypes on adult depression in the presence or absence of moderate to severe child abuse. Error bars indicate SEM. Only haplotypes with an
estimation likelihood greater than 95.0% were included in the analysis. The sample sizes for no to mild child abuse and moderate to severe child abuse were as
follows: TCA haplotype: 0 copies, 107 and 82, respectively; 1 copy, 109 and 60, respectively; 2 copies, 21 and 9, respectively; TAT haplotype: 0 copies, 118 and
91, respectively; 1 copy, 106 and 54, respectively; 2 copies, 19 and 9, respectively. Pvalues of significance for the interaction effect of haplotype in the moderate
to severe abuse group are shown. D, A graphical representation of the number of copies of the TAT haplotype in a smaller but ethnically and socioeconomically
separate sample. In this separate sample, the best SNP haplotype frequencies were 41.6% for TAT and 56.0% for CGG. The frequencies of TAT haplotypes are
shown within child abuse groups for those with no history of major depressive disorder (MDD) and those with a lifetime history of MDD. The protective alleles
appear to be present at a higher rate in those with moderate to severe child abuse who have no lifetime MDD compared with those with a lifetime history of MDD.

tective effect was seen in a predominantly African Ameri-
can sample as well as in a sample that was predominantly
Caucasian, and the effect was observed with both current
depressive symptoms and lifetime diagnosis of MDD.

It is unlikely that any of these SNPs are actually func-
tional variants in the CRHRI gene; instead, they are pre-
sumably in LD with an as-yet untyped, potentially func-
tional variant. Given the haplotype block structure of the
gene, the pattern of association (Figure 1), and the fact
that a haplotype in the first LD block showed the most
significant interaction effect (Figure 4), it is likely that
the causal variant is located in the 5’ region of the gene
(ranging from the first 2 kb of the promoter to intron 2).
Increasing evidence suggests that much of the regula-

tion of gene function is within the noncoding re-
gions.*** Intron 1 of CRHRI contains 3 highly con-
served regions that may have regulatory functions
(according to the UCSC Genome Browser database, http:
//genome.ucsc.edu/). Functional intronic regulatory ele-
ments have been reported for several genes**; there-
fore, these CRHRI intronic regions could affect
transcriptional modulation of gene function. Denser fine
mapping of this region combined with resequencing fol-
lowed by in vitro and in vivo studies may allow for the
identification of potentially functional variants.

One potential limitation to this study is the use of BDI
scores as a continuous variable to measure current de-
pression symptoms, as our genotype effects measure the
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interactions with child abuse on adult depression symp-
toms rather than MDD per se. However, this limitation
could also be seen as a strength of the study. As pointed
out in the “Methods” section, a significant percentage of
our sample received a SCID-I-based DSM diagnosis of
MDD, and these data strongly validate our BDI mea-
sures of depression. Additionally, current research on the
assessment of psychopathology points to a number of ad-
vantages of a continuous or dimensional assessment of
psychopathology, including depressive symptoms. Other
potential limitations are the limited size and different phe-
notype measure (presence or absence of lifetime MDD)
in the second supportive study sample. Despite the limi-
tations of this additional sample, we believe that both hav-
ing a supporting result within a different socioeconomi-
cally based sample and finding the apparent protective
effects of the CRHRI polymorphisms using the SCID-I
diagnoses support the main findings from the larger pri-
mary sample. In the future, we would also like to know
the differential effects of age, sex, and type of abuse among
other factors that may mediate these effects.

Several studies suggest that depression-related HPA axis
hyperactivity may be related to ELS, which may form the
physiological basis for the finding that abuse during early
life substantially elevates adult risk for depression.*!** For
example, plasma adrenocorticotropin and cerebrospinal
fluid CRH concentrations appear to correlate with per-
ceived ELS more strongly than with current depression se-
verity.** Preclinical studies indicate that the persistent hy-
peractivity of the HPA axis associated with ELS is mediated
by hyperactive CRH neurons, with chronic activation of
CRHRI in limbic brain regions.*#" It is reasonable to hy-
pothesize that alterations in CRHRI responsiveness dur-
ing these early emotional critical periods could alter later
risk for HPA axis overactivity and depression.

Our genetic results support the hypothesis that the CRH
and CRHR1 system moderates the effects of ELS on adult
psychopathology. Our data also point out that genetic as-
sociation and linkage studies that fail to take the environ-
ment into account may miss important genetic variants
involved in the etiology of complex diseases. Given the clini-
cal and preclinical data'>'*'¢21%% that overactivity of CRH-
ergic neurotransmission is associated with depressive and
anxiety-like symptoms, itis reasonable to expect that the pro-
tective polymorphisms identified here associate with either
decreased sensitivity of the CRHR1 or increased negative feed-
back regulation of its functioning. These results suggest the
possibility that heritable differences in CRH-mediated neu-
rotransmission exacerbate or dampen the effects of child abuse
on the stress hormone system, potentially modulating HPA
axis sensitivity, extrahypothalamic CRH-ergic circuits, and
risk for depressive symptoms in adulthood.
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In the medial prefrontal cortex, the prelimbic area is emerging as a
major modulator of fear behavior, but the mechanisms remain
unclear. Using a selective neocortical knockout mouse, virally
mediated prelimbic cortical-specific gene deletion, and pharmaco-
logical rescue with a TrkB agonist, we examined the role of a
primary candidate mechanism, BDNF, in conditioned fear. We found
consistently robust deficits in consolidation of cued fear but no
effects on acquisition, expression of unlearned fear, sensorimotor
function, and spatial learning. This deficitin learned fear in the BDNF
knockout mice was rescued with systemic administration of a TrkB
receptor agonist, 7,8-dihydroxyflavone. These data indicate that
prelimbic BDNF is critical for consolidation of learned fear memories,
but itis not required for innate fear or extinction of fear. Moreover,
use of site-specific, inducible BDNF deletions shows a powerful
mechanism that may further our understanding of the pathophysi-
ology of fear-related disorders.

learning | plasticity | prefrontal cortex | Cre/LoxP | inducible knockout

In healthy individuals, the prefrontal cortex and amygdala are
critical for processing fearful and other emotional stimuli and
for learning to extinguish fears in situations that are no longer
threatening (1, 2). In contrast, patients suffering from post-
traumatic stress disorder (PTSD) or anxiety disorders describe
persistent anxiety-provoking memories that are severely debili-
tating and cannot be extinguished (3-6). Therefore, the exper-
imental analysis of fear modulation and extinction is critical for
an understanding of the neurobiology of fear inhibition. The
medial prefrontal cortex (mPFC) is suggested to be an important
region for the regulation of fear (7-13). Although it is estab-
lished that the infralimbic cortex (IL) region of the mPFC is
required for fear extinction (9, 11, 14), the role of the prelimbic
cortex (PL) in the regulation of fear learning and extinction are
yet to be fully understood. Although previous studies have shown
that lesions of the PL do not affect acquisition or expression of
fear (7, 9, 15), inactivation reduces freezing behavior in pre-
viously fear-conditioned rats (16). Additionally, activation of PL
neurons are required for the expression of previously learned
fears (17, 18), and microstimulation of the PL potentiates
expression of conditioned fear (19). Moreover, these neurons
have also shown plasticity after fear conditioning (18, 20, 21) and
have sustained activity to conditioned tones (22). Overall, these
data suggest that the PL is necessary for the expression of pre-
viously learned fear, but the mechanisms remain unclear.

One potential candidate may be BDNF and its receptor tyrosine
kinase receptor B (TrkB); they are known to regulate neuronal
structure and function and are important for synaptic plasticity
(23-26). Additionally, in vivo studies have shown a role for BDNF
in learning and memory, including fear conditioning (27-31).
More specifically, we have previously shown that disruption of
TrkB activation using lentiviral expression of a dominant-negative
form of TrkB (TrkB.T1) into the basolateral amygdala blocked the
acquisition of fear (27) and the consolidation of extinction (29),
suggesting that BDNF-dependent activation of TrkB within the
amygdala regulates the learning of fear and extinction memories.

www.pnas.org/cgi/doi/10.1073/pnas.0909359107

This role of BDNF has yet to be investigated in the subregions of
the mPFC and may play an important role in the plasticity of fear-
learning circuitry. Because BDNF is highly expressed in the PL,
which projects heavily to basolateral amygdala (32), we hypothe-
sized that prelimbic BDNF-dependent plasticity is necessary for
the expression and possibly extinction of learned fear memories.
To test our hypothesis, we used different approaches with (i) a
neocortical BDNF knockout mouse, (ii) reversal of the BDNF
knockout phenotype with a newly identified TrkB receptor ago-
nist, and (iii) viral-mediated BDNF deletions limited to the
prelimbic cortex.

Results

Neocortical BDNF Knockout Mice Have Impaired Learned Fear. To
examine the role of cortex-specific BDNF in modulating fear, we
used a newly developed cortex-specific BDNF knockout mouse
model (33). Expression of Cre recombinase in these mice includes
the PL and neocortex but spares the more ventral IL, along with all
other paleocortical and subcortical regions, with no expression in
hippocampus, thalamus, striatum, hypothalamus, or amygdala (Fig.
14 and Fig. S1). These Cre-driver mice were crossed with transgenic
homozygous BDNF-floxed (fBDNF) mice (34), allowing us to
selectively delete BDNF expression in select areas of the neocortex
when Cre expression is present (Fig. 1 B and C). In the littermate
control mice (Cre™"), BDNF is abundantly expressed in the pre-
frontal cortex, including PL and IL (Fig. 1D), whereas BDNF
knockout mice (Cre™'") have loss of BDNF expression in the PL,
sparing BDNF expression in the more ventrally located IL (Fig. 1C).
Cre expression was also confirmed with a LacZ reporter mouse (35)
(Fig. 14 and E). Cortical BDNF deletion in Cre '~ overlays directly
on the regions expressing LacZ (Fig. 1 C and F). We also generated
mutant mice by crossing the Cre™’~ line with a floxed-stop fluo-
rescent reporter line (36). Membrane-bound eGFP allowed visu-
alization of cellular patterns of the neocortical Cre expression (Fig.
1G), confirming neocortical and prelimbic-specific Cre expression.

After confirming the neocortex-specific deletion of BDNF, we
examined the effects of this inducible deletion on a number of
behavioral tasks. We found that Cre*’~ BDNF knockout mice
were similar to Cre™" littermate controls in locomotor function,
baseline startle response, shock reactivity (a control for pain sen-
sitivity), and prepulse inhibition (a control for auditory function
and sensorimotor gating) (Fig. 2). These data suggest that neo-
cortical BDNF is not required for these sensory, pain, and startle
behaviors and for normal locomotor function. Additionally, there
were no differences between Cre*/~ and Cre™~ mice on measures
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Fig. 1. Selective neocortical BDNF knockout mice. (A) Cortex Cre*’~ mice were
crossed with the floxed-stop lacZ reporter mouse line. X-gal staining is shown
across anterior-posterior coronal slices. (B) In situ hybridization of Cre mRNA
in cortex Cre*~ mice. PL, prelimbic cortex; IL, infralimbic cortex. (C) Cre*'~,
fBDNF neocortex selective knockout mice have loss of cortical BDNF mRNA
compared with (D) Cre™~, fBDNF littermates with intact BDNF expression. (E)
LacZ expression in Cre*~, Rosa LacZ mice extends into the PL and (F) overlays
with the specificknockout of BDNF in the fBDNF crosses. (G) Cortex Cre*~ mice
were crossed with fluorescent reporter mice (36) with labeled Cre expression
(eGFP) in the PL that spares the ventral IL. Red, Td tomato; green, eGFP; blue,
DAPI.

of anxiety-like behavior or unlearned/innate fear as measured by
the elevated-plus or open-field mazes (Fig. 2 B and C).

The neocortical BDNF knockout mice (Cre*'") subsequently
underwent cue-dependent fear conditioning, because we
hypothesized that BDNF in the PL is required for learning or
expression of cued fear. The Cre*’~ had normal acquisition of
fear and expression of newly acquired fear memories, which was
measured during cue-dependent fear training to five pairings of
conditioned stimulus (CS) tones and unconditioned stimulus
(US) shocks (Fig. 34). To test their short-term memory, these
mice were tested 1 h after the cessation of fear training; they
were placed in a different context and measured for fear
behavior (freezing) to the presentation of three CS tones. The
Cre*/~ had attenuated fear responses to the tone compared with
the Cre™" littermate controls (¢(15) = 2.13; *P < 0.05) (Fig. 3B).

To investigate long-term fear memory, another group of
neocortical BDNF knockout mice (Cre*/~) and controls (Cre™")
were similarly fear-conditioned and tested 24 h later for
expression of previously learned fear to the presentation of 15
trials of CS cues in a different context. The Cre*/~ had robustly
attenuated freezing to the presentation of the CS-tones test
compared with Cre™~ (¢(29) = 2.44; *P < 0.05) (Fig. 3C) and
diminished freezing during the first and third blocks of five CS-
tone presentations (F; 9, = 5.93; *P < 0.05) (Fig. 3D).

A different set of neocortical BDNF knockout mice were fear-
conditioned as above followed by extinction 24 h later with 50 CS
tones in the absence of the US. The next day, these mice were
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Fig. 2. Neocortical BDNF knockout mice have normal locomotor, anxiety-like,
and sensory responsiveness. (A) Locomotor activity was assessed in open-field
fBDNF, Cre™~, and Cre*'~ mice that showed no differences in distance traveled
over 10 min. (B) Anxiety-like behavior was also assessed in the open field, where
there were no differences between groups in time spent in the field center or
surround. There were also no differences in (C) anxiety-like behavior assessed
on an elevated-plus maze or in (D) baseline startle, (E) shock reactivity, or (F)
prepulse inhibition as measured by startle responses (n = 8 per group).

exposed to another 50 CS tones in the extinction-retention test. All
groups significantly extinguished fear during the extinction train-
ing period (Fig. 3 E and F). Although there were only trends
in freezing during the prolonged extinction training period, the
Cre*’~ had significantly less average freezing during the retention
test (#(25) = 2.34; *P < 0.05) (Fig. 3E) and less freezing during the
first and fifth blocks of 10 tone presentations during the retention
test (Fy,134 = 4.22; *P < 0.05) (Fig. 3G) compared with animals
with normal cortical BDNF expression. Because the Cre™’~
knockout mice consistently showed lower initial levels of fear, the
rate of extinction was also examined by percent of initial freezing,
which examines relative extinction rates, and there were no dif-
ferences between groups (Fig. 3H). We also determined that the
Cre*/~ still maintained similar levels of freezing to the CS tested at
least to 72 h after fear conditioning (Fig. S2), indicating that the
low levels of freezing in the Cre ™'~ mice after extinction was not
caused by decay of their fear learning over the time course of the
extinction retention test (48 h postconditioning). Together, these
data suggest that neocortical BDNF deletions that involve PL but
not IL lead to deficits in rapid short-term and long-term learning
and memory to the conditioned cue but do not impair extinction.

7,8-Dihydroxyflavone Rescues Impairment of Fear Conditioning Seen
in Cortical BDNF Knockout Mice. To investigate BDNF activation of
TrkB, use of potential new TrkB-acting therapeutic agents have
been limited because of the lack of any identified TrkB agonists
that fully mimic the actions of BDNF at brain TrkB receptors in
vivo. Most recently, Jang et al. (37) successfully screened a
chemical library for compounds that activate TrkB in vitro,
revealing a number of flavone derivatives; the most potent of
these, 7,8-dihydroxyflavone (7,8-DHF), binds with high affinity to
the TrkB receptor and provokes its dimerization and autophos-
phorylation, leading to downstream-signaling cascade activation
(37). Systemic administration of this compound in mice sub-
stantially activates TrkB in the brain, inhibits neuronal cell death,
decreases infarct volumes in stroke in a TrkB-dependent manner,
and is neuroprotective in an animal model of Parkinson’s disease.
We, therefore, examined whether or not systemic administration
of 7,8-DHF would rescue the fear-learning deficit found in these
neocortical BDNF knockout mice. Fig. 44 shows that neocortical
tissue from these mice expressed significantly less BDNF protein
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Fig. 3. Neocortical BDNF expression is required for short-term and long-term memory of conditioned fear but not extinction. (A) Neocortical BDNF knockout
mice (Cre*") and fBDNF littermate controls (Cre™") acquired fear after cued fear conditioning with five tone-shock pairings. (B) One hour later, Cre*'~
expressed less overall freezing than Cre™~ during the presentation of a three CS-tone test (n = 8 per group). (C) In separate experiment, Cre*’~ and Cre™~ were
fear trained to a tone cue, and 24 h later, Cre*’~ expressed less overall freezing than Cre™~ during the 15-tone test (n = 15 Cre™~; n = 16 Cre*""). (D) Cre*~
showed less freezing during the first and third blocks of CS tone presentations (n = 15 Cre™; n=16 Cre*"). (E) To investigate extinction learning, additional
cortical BDNF knockout mice were fear trained to a tone cue. One day later, they were extinction trained, and 1 day later, they were tested for extinction
retention. Average freezing during extinction training and extinction retention tests to 50 CS tones each day was recorded (n = 13 Cre™~; n = 14 Cre*"). (F)
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extinction was normalized to percentage of initial freezing levels for each group with no differences between groups (*P < 0.05 Cre*~ versus Cre™").

in Western blots and that systemic 7,8-DHF increased the phos-
phorylation of TrkB in this tissue. These data reveal that despite
the lack of cortical BDNF gene expression, endogenous TrkB
receptors within the brain are activated with systemic 7,8-DHF.

Neocortical BDNF knockout mice (Cre*'”) and littermate
controls (Cre™") were cue fear-conditioned by administering
five pairings of tone (6 kHz) coterminating with shock followed 24
h later by fear testing. Cre*’~ showed significantly less total
freezing compared with Cre™~ after the initial predrug fear-
conditioning session [#(32) = 3.073; P < 0.05] (Fig. 4B). This
was supported by an overall significant genotype effect (F 160 =
9.445; P < 0.05) with freezing deficits in the Cre*'~ during predrug
testing sessions in the first three blocks of CS trials (Fig. 4 B and D,
predrug). These mice were then retrained 30 min after the
administration of either 7,8-DHF (5 mg/kg, i.p.) or vehicle using a
new, different CS tone (12 kHz) and training context. There were
no differences in freezing between groups during fear acquisition
to the new CS (Fig. 4C). These mice were then tested to the new
CS 24 h later in the absence of drug (Fig. 4 B and D, postdrug).
The Cre*'~ injected with vehicle still had freezing deficits com-
pared with their littermate controls. In contrast, Cre*'~ injected
with 7,8-DHF now had equivalently robust fear expression as the
control mice (genotype effect F; 174 = 15.483; P < 0.05; drug by
genotype interaction Fy 174 = 15.314; P < 0.05) (Fig. 4D, post-
drug). Notably, the agonist was only present and active during the
fear-conditioning period (Fig. 4 B and C), but it was no longer
present during the fear test. This provides additional evidence
that the mPFC BDNF deletion does not affect expression of
conditioned fear but is required for learning or consolidating of
fear memories. Also of note was that the additional TrkB acti-
vation did not increase the fear learning in the Cre ™~ control mice
beyond their drug-free level. Together, these data suggest that
systemic 7,8-DHF can rescue the learning deficit in mice with a
selective neocortical BDNF deletion by activating TrkB receptors
in the absence of endogenous neocortical BDNF.

Targeted Lentivirus-Mediated Inducible BDNF Deletion Within PL.
Based on prior studies suggesting a specific role for the PL in fear
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expression (16), we hypothesized that the PL is the likely neo-
cortical subregion requiring BDNF within our transgenic mice. To
test this, we used the fBDNF mice in combination with Cre-
mediated gene deletion in a localized fashion through bilateral
injections of Cre-expressing (LV-Cre) or control eGFP-expressing
(LV-GFP) lentivirus vectors (31, 38) targeting the PL. First, we
showed that robust Cre expression was observed when this lenti-
virus was injected into LacZ reporter mice (35) (Fig. 54 and B).
Using in situ hybridization for Cre and BDNF mRNA, we then
showed that lentivirus-mediated Cre expression (Fig. 5C) overlays
with the loss of BDNF expression (Fig. 5 D and E) in the PL with
only minor dorsal spread in the LV-Cre infected mice. In the LV-
GFP control mice, GFP was strongly expressed in the PL (Figs. 5 F
and G). Nissl stain illustrated minimal cell damage by lentivirus
infection into PL in LV-GFP (Fig. SH) and LV-Cre mice (Fig. 5I).

To examine whether or not specific deletions of prelimbic
BDNF would attenuate fear expression, mice were trained with
cue-dependent fear conditioning (as described above) 10 days
after lentiviral infections. The LV-Cre mice with prelimbic
BDNF deletions had no differences in acquisition and expression
of newly acquired fear compared with LV-GFP controls (Fig.
6A4). As hypothesized, 24 h later, when tested for fear to the cue,
the LV-Cre mice had a massive decrease in average freezing
compared with the controls [#(12) = 3.25; *P < 0.05] (Fig. 6B)
and throughout the test (F; 14, = 11.66; *P < 0.05) (Fig. 6C and
Fig. S3). These findings replicate the deficit of fear observed in
the neocortex BDNF knockout mice with an even more dramatic
loss of fear expression.

Additionally, the LV-Cre mice showed no differences in
locomotor activity in the open-field maze (Fig. 6D). They also
showed no difference in baseline anxiety level in terms of time
spent in the center of the open-field maze (Fig. 6F), time spent
in the open arms of the elevated-plus maze (Fig. 6F), or novelty
seeking in the novel-object recognition test, which serves as a
measure of both novelty seeking and non-emotional learning
(Fig. 6G). These data with virus-mediated, inducible BDNF
prelimbic deletions replicate our similar findings in the neo-
cortical BDNF knockout mice, indicating that the deficits in
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freezing are not caused by altered locomotion or sensory func-
tion, and innate fear remained intact.

Discussion

In summary, the transgenic neocortical BDNF knockout mice had
robust deficits in freezing following cued fear conditioning at both
1 h and 24 h after fear conditioning, and extinction learning was
moderately enhanced. Notably, the mice acquired fear and
expressed immediate fear learning and freezing normally. Addi-
tionally, the neocortical BDNF knockout phenotype was rescued
with the systemic TrkB agonist, 7,8-DHF, showing that BDNF
activation is required for fear learning but not during fear testing
for normal expression. Together, these data indicate that the
presence of BDNF within PFC is important for learning or con-
solidation of both short-term and long term-memory. In the
absence of BDNF, the knockout mice may potentially have dra-
matically altered or adapted circuitry, leading to rapid change in
the output during the presentation of CS and the deficit observed
even at the 1-h short-term test. Therefore, BDNF signaling may be
critical for strengthening of neural connections in neocortical
regions known to regulate expression of cued fear during learning.

The Western blot analyses of the cortical tissue of the neo-
cortical BDNF knockouts revealed robust loss of BDNF protein in
the cortex, whereas cortical TrkB-receptor expression remained
unchanged. Moreover, systemic 7,8-DHF administration resulted
inincreased phosphorylated TrkB in the cortex. This indicates that
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A Control

Fig. 5. Inducible BDNF deletion in PL with Cre lentivirus. (A and B) Robust
lentiviral Cre expression was labeled by LacZ when injected into Rosa LacZ
reporter mice in striatum. (C) Cre recombinase mRNA expression showed the
infection site targeting the PL. (D) BDNF mRNA was specifically deleted in
the PL and (E) overlays with the infection of Cre recombinase lentivirus. Red,
BDNF mRNA,; green, Cre mRNA. LV-GFP control infections in the PL of fBDNF
mice at (F) 40x magnification and (G) 100x magnification. Nissl stain with
cresyl violet showed no appreciable cell damage after lentiviral infection of
(H) LV-GFP or (/) LV-Cre. (Scale bars: 500 pm.)

systemic 7,8-DHF does cross the blood-brain barrier and targets
TrkB activation, which replicates the initial findings of Jang et al.
(37); however, our case was specifically within neocortical tissue of
BDNF knockout mice. We then found that 7,8-DHF was able to
rescue the fear learning deficit in mice that had a neocortex-spe-
cific deletion of BDNF. These behavioral data parallel the protein
analyses of 7,8-DHF increasing phosphorylated-TrkB levels in the
cortex, both suggesting that cortical TrkB receptor activation is
important for fear learning or consolidation. Future studies
remain to determine whether or not 7,8-DHF augments fear
learning by targeting TrkB receptors in the prefrontal cortex or
via downstream projections to TrkB in the basolateral amygdala to
enhance plasticity in these mice that lack endogenous prefrontal
BDNF expression.

In combination with the neocortical BDNF knockout mouse
findings, the prelimbic lentivirus experiments show normal fear
expression during the learning/acquisition period of training, but
robust deficits in fear after consolidation; this provides further
evidence that BDNF expression in the PL is likely necessary for the
strengthening of fear-expression circuitry involved during the con-
ditioned learning of fear memories. Notably, the viral-mediated PL
BDNF deletions seem to have a more robust deficit in learned fear
than the neocortical knockouts, suggesting greater specificity to the
role of prelimbic cortical BDNF in regulating fear. Additionally,
the neocortical transgenic Cre recombinase is driven by a chol-
ecystokinin (CCK) promoter and likely preferentially targets an
interneuron population within the select areas of the neocortex.
Thus, the more extensive cellular (excitatory, inhibitory, and glial)
BDNF deletion that is obtained with the PL-targeted lentiviral
approach using a cytomegalovirus constitutive promoter may lead
to more dense behavioral effects because of the enhanced regional
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specificity combined with a more dense BDNF deletion within this
area. Overall, these data are consistent with reports that the IL is
the major mPFC site involved with extinction, whereas PL is
involved with driving output of learned fear and gating of fear
extinction (9, 16, 19, 22). Future studies remain to determine
whether or not BDNF is important for the plasticity of PL and IL
circuits that may interact together synergistically to modulate
expression and extinction of learned fear.

The viral-mediated PL BDNF deletions in adult mice also
provide evidence that the deficits in learning or consolidation of
fear in the neocortical BDNF knockout mice is unlikely caused by
BDNF-induced structural changes in the cortex during develop-
ment. This is further supported by our studies showing that both
the neocortical BDNF knockout mice and the induced PL BDNF
deletion mice have generally intact sensory and motor functions;
this indicates that the deficits in freezing (fear expression) were not
simply caused by alterations in motor or sensory deficits. Future
experiments will determine the differential role of PL and IL
BDNF in the extinction of fear memories.

These data may seem inconsistent with recent pharmacological
inactivation studies indicating that PL is not necessary for long-
term fear memory but specifically for output during fear expres-
sion (16, 39). One explanation for this difference is that the cortical
BDNF knockouts or PL BDNF deletions are permanent, and they
may lead to structural changes and adaptations in the existing
circuitry between the prefrontal cortex and targets, including the
amygdala. However, our data also show that a single systemic dose
of the BDNF agonist, 7,8-DHF, rescued this effect, and after this
treatment, fear expression is normalized, even in the absence of
the drug. Thus, a more parsimonious explanation may be that
BDNF, whether acting locally within intracortical circuits or dis-
tally (e.g., in PL projections to amygdala), may be required at the
time of plasticity to alter the output of cue-specific fear but not for
the process of fear expression itself. Note that our data showing
normal fear expression to unconditioned shocks during acquisition
are consistent with this interpretation. Moreover, future studies
remain to determine whether or not prefrontal BDNF may be
targeting downstream regions such as the basolateral amygdala,
where we have previously shown TrkB in the basolateral amygdala
to be critical for fear learning (29).

In addition to animal studies that indicate the importance of
mPFC interaction with the amygdala for normal fear learning and
extinction, neuroimaging has shown that the human PFC is
involved in fear modulation (1, 2). Clinical studies also implicate
dysfunction between these two regions in many affective disorders,
including anxiety (4), depression (3), and fear-related disorders
like PTSD (5, 6). Most relevant to our findings are recent studies
indicating that BDNF polymorphisms are correlated with
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prefrontal cortex anatomy (40), and they may be implicated in
emotionality and anxiety disorders (41, 42). Overall, our studies
provide support for BDNF-mediated neuroplasticity as a molec-
ular mechanism underlying prelimbic-specific regulation of fear
learning, likely within mPFC-amygdala circuits, which may ulti-
mately lead to improvements in pathophysiology and treatment of
uncontrollable fear in patients.

Methods

Animals. Lentivirus experiments used homozygous BDNF-floxed mice (34)
(Bdnft™3'2¢}; Jackson Labs), which possess loxP sites both upstream and down-
stream of exon 5 of the BDNF gene. The cortex-specific Cre mouse line, previously
described as “transgenic line C” (33), was created when the coding sequence for
Cre recombinase was placed downstream of a 3-kb CCK promoter. The cortex-
specific Cre line was crossed to floxed BDNF mice, floxed-stop[Jackson Labs, Gt
(ROSA)265or] lacZ reporter mice (35), and floxed-stop EGFP-tdTomato mice (36).
All experiments were performed on group-housed adult (2-4 months) males. All
procedures used were approved by the Institutional Animal Care and Use
Committee of Emory University and were in compliance with National Institutes
of Health guidelines for the care and use of laboratory animals.

Drugs. 7,8-DHF (TCl) was dosed systemically (i.p.) at 5 mg/kg in vehicle (17%
DMSO in PBS).

Cre Recombinase Lentivirus Infection. LV-Cre or a GFP-expressing control vector
(LV-GFP), delta8.9, and VSV-g were cotransfected into HEK293T cellsto produce
replication-incompetent virus, which was concentrated by ultracentrifugation
as described previously (27, 29, 31) to 1 x 10° infectious particles per milliliter.
LV-GFP or LV-Cre virus was bilaterally injected using a Hamilton syringe on a
microinjection pump into the PL (Bregma; AP +2.0; ML +0.4; DV —1.2) using
stereotaxic surgery under ketamine/dormitor anesthesia.

Anxiety Measures. The elevated-plus maze is a platform with two walled,
closed arms and two nonwalled, open arms connected by an open center. The
mice were placed onto the center between the plus maze arms and were
recorded exploring the plus maze for 5 min. The open field was an open
Plexiglass box. Mice were allowed to explore for 10 min. Activity data were
obtained and analyzed using the Activity Software (Med Associates Inc.).

Novel Object Recognition. Mice explored an open-field box for 10 min each
day for 3 days. On the following day, two identical objects were placed in the
open-field box, and the mice explored objects for 5 min. Four hours later, one
of the objects was replaced by a novel object, and mice explored the objects
for 5 min. Twenty-four hours later, another novel object was introduced
along with one familiar object, and mice explored the objects for 5 min. Time
spent exploring objects was recorded.

Cue-Dependent Fear Conditioning. Mice were preexposed to conditioning
chambers (San Diego Instruments) 3 days before training. During cued fear
training, mice received five paired CS tones (30's, 6 or 12 kHz, 90 db) and US
shock (500 ms, 1.0 mA) trials with a 5-min intertrial interval (ITl). Startle
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response to the shocks and percentage of time spent freezing to the tones
was measured by SR-LAB software (San Diego Instruments).

Cued Fear Expression, Extinction Training, and Retention. The expression of
fear memory was tested 24 h after fear conditioning in a novel context
(modular test chambers; Med Associates Inc.). The mice were exposed to 3 (1-h
test), 15 (24- and 72-h tests), and 50 (extinction and retention tests) CS tones
with a 1.5-min ITI. Freezing during the tone presentations was measured with
FreezeView software (Coulbourn Instruments). Extinction retention tests
occurred 24 h after extinction training.

In Situ Hybridization and Histology. Mice were killed, and brains were col-
lected, flash frozen on dry ice, sectioned on a cryostat (16 pm/section), and
stored at —80 °C. Cre expression and BDNF deletion were confirmed with in
situ hybridization (28). In brief, slides were pretreated and hybridized with
355-UTP labeled with antisense riboprobes for BDNF (exon 5) or Cre. After a
stringent wash protocol, slides were exposed to Biomax MR film (Eastman
Kodak Co.). For LacZ/XGal staining, slide-mounted tissue was fixed in 4%
paraformaldehyde and incubated at 37 °C overnight in 1 mg/mL X-Gal. For
Niss| staining, slide-mounted tissue was counter stained with Cresyl violet.

Western Inmunoblotting. The BDNF knockout mice were injected with 5 mg/kg
7,8-DHF i.p., and 2 h later, they were killed; cortex tissue was homogenated,
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lysed in lysis buffer, and centrifuged, and the supernatant was collected. The
normalized proteins were subjected to SDS/PAGE analysis and transferred to a
nitrocellular membrane. Western blotting analysis was performed with anti-
TrkB Y816 (gift from Moses Chao, NYU School of Medicine, New York, NY) and
TrkB antibodies (Cell Signaling Technology Inc.), both diluted at 1:1,000.

Statistical Analyses. Fear acquisition, expression, and extinction data were
analyzed by two-way or three-way ANOVA with repeated measures, where
appropriate. Other behavioral tests were analyzed by ANOVAs or Student’s t
test, where appropriate. Statistically significant main effects or interactions
by ANOVA were followed by post hoc least-squares difference tests for
multiple comparisons. Data are presented as mean + SEM; significance was
set at P < 0.05.
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Physiological markers of anxiety are increased
in children of abused mothers
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Background: A growing number of studies indicate that low income, African American men and women
living in urban environments are at high risk for trauma exposure, which may have intergenerational
effects. The current study employed psychophysiological methods to describe biomarkers of anxiety in
children of traumatized mothers. Methods: Study participants were recruited from a highly trauma-
tized urban population, comprising mother-child pairs (n = 36) that included school-age children.
Mothers were assessed for childhood abuse with the Childhood Trauma Questionnaire, as well as
symptoms of depression and posttraumatic stress disorder (PTSD). The children were measured for
dark-enhanced startle responses and heart-rate variability. Results: Dark-enhanced startle was found
to be higher in children whose mothers had high levels of childhood physical abuse, as compared to
children whose mothers had low levels of physical abuse. During the habituation phase of the startle
experiment, children whose mothers had high levels of childhood emotional abuse had higher sympa-
thetic system activation compared to children of mothers with low emotional abuse. These effects
remained significant after accounting for maternal symptoms of PTSD and depression, as well as for the
child’s trauma exposure. Conclusion: These results demonstrate that children of mothers who have
history of childhood physical and emotional abuse have higher dark-enhanced startle as well as greater
sympathetic nervous system activation than children of mothers who do not report a history of child-
hood physical and emotional abuse, and emphasize the utility of physiological measures as pervasive
biomarkers of psychopathology that can easily be measured in children. Keywords: Child abuse,
maternal trauma, child anxiety, startle response, heart-rate variability.

Childhood maltreatment has pervasive and detri-
mental neurobiological and psychological conse-
quences; for recent review, see Heim, Shugart,
Craighead, and Nemeroff (2010). Studies have sug-
gested that abuse during childhood is associated
with higher prevalence of adult mood and anxiety
disorders (McCauley et al., 1997). The negative
impact of early adverse events on the brain has been
established for more than a decade: animal models
as well as human clinical studies of early life stress
have found long-term neurobiological effects (Car-
penter et al.,, 2009; Heim et al., 2000; Plotsky &
Meaney, 1993). Our laboratory has recently found
that high levels of child abuse are associated with
increased startle reactivity in adulthood (Jovanovic
et al., 2009). Furthermore, different types of abuse
(i.e., physical, sexual, emotional) appear to have
differential effects on neurobiology; emotional and
sexual, but not physical, abuse has been found to
alter neuroendocrine function (Cicchetti, Rogosch,
Gunnar, & Toth, 2010). On the other hand, we found
that sexual and physical abuse, but not emotional
abuse, were associated with psychophysiological
changes (Jovanovic et al., 2009).

Conflict of interest statement: No conflicts declared.

There is substantial evidence that maternal trau-
ma exposure and subsequent psychopathology have
transgenerational effects and are related to altered
biological and psychological outcomes in their chil-
dren. The effects of maternal trauma may be mod-
erated by negative parenting behavior, parental
psychopathology, shared trauma exposure, genetic
or epigenetic risk (Grillon et al., 2005; Yehuda, Bell,
Bierer, & Schmeidler, 2008). One study found that
Holocaust survivors with post-traumatic stress dis-
order (PTSD) were more likely to engage in emotional
abuse/neglect toward their children which, in turn,
predicted alterations in their offspring’s PTSD
symptoms (Yehuda, Halligan, & Bierer, 2001a;
Yehuda, Halligan, & Grossman, 2001b). Another
study which examined women exposed to Septem-
ber 11 WTC attacks during pregnancy, reported that
trauma exposure altered hypothalamic—pituitary—
adrenal (HPA) axis function in their infants, sug-
gesting in utero transmission (Yehuda et al., 2005).
A recent study examined the effects of maternal
child abuse on their infants’ cortisol levels and
found that children of mothers with a history of
abuse had decreased baseline cortisol levels (Brand
et al., 2010). Maternal behavior towards her child,
such as increased impulsiveness, may mediate
the relationship between the mother’s history of
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abuse and negative child outcomes (Mohler et al.,
2009).

There is a small body of literature on physiological
outcomes in children for whom maternal mental
illness and/or trauma exposure place them at
increased risk for psychopathology. One of the only
longitudinal studies of such vulnerability traits in
offspring of probands with anxiety disorders found
that high-risk offspring had greater autonomic
reactivity and increased startle responses compared
to low-risk offspring (Merikangas, Avenevoli, Dierker,
& Grillon, 1999; Monk et al., 2001). Grillon and col-
leagues (Grillon, Dierker, & Merikangas, 1997) found
that greater startle magnitude delineated children of
parents with anxiety disorders from children of par-
ents with alcohol abuse or dependence. A recent
multi-generational study of patients with major
depression found that heightened startle magnitude
was evident in the 3rd generation of the probands,
showing a pervasive transgenerational effect (Grillon
et al., 2005). Similarly, maternal psychopathology
appears to increase sympathetic nervous system
activity in their offspring (Dierckx et al., 2009).

Several peripheral psychophysiological measures
have been used as indices of hyper-arousal and
anxiety, including the acoustic startle response
(ASR) and heart-rate variability (HRV). These mea-
sures offer non-invasive methods for assessing
neurobiological activity, such as neural activity
within the central limbic system, and the autonomic
nervous system. The acoustic startle response is
characterized by an integrative, reflex contraction of
the skeletal musculature in response to a sudden
intense stimulus (Landis & Hunt, 1939). It is medi-
ated by a simple subcortical three-neuron circuit
(Davis, 1992), but is modulated by limbic brain
structures such as the amygdala in fearful or anxi-
ogenic situations (Davis, 1992). For example, deliv-
ering startle probes in the dark reliably increases
startle responses in humans (Grillon, Pellowski,
Merikangas, & Davis, 1997). This effect of darkness
is an analogue of light-enhanced startle in rodents,
which is dependent on the limbic structure of the
bed nucleus of the stria terminalis (Walker & Davis,
1996). The availability of such animal models and
ability to capitalize on the understanding of under-
lying neurocircuitry is a great advantage of the
startle measure relative to electrodermal measures
such as skin conductance. Furthermore, dark-
enhanced startle requires no training or delivery of
aversive stimuli, and is thus more tolerable for
pediatric populations. HRV measures autonomic
nervous system control of cardiac activity and can be
assayed across different frequency bands using
power spectral analysis; the high-frequency band
(HF-HRYV) is a measure of parasympathetic, or vagal
inputs to the heart. The ratio of the low-frequency to
the high-frequency band (LF/HF HRV ratio) is a
measure of sympathovagal balance. These measures
provide more detailed insight into cardiovascular

stress reactivity compared to heart-rate; they have
frequently been measured in children and adoles-
cents and have been associated with both acute
anxiety (Arai et al., 2009; Hannesdottir, Doxie, Bell,
Ollendick, & Wolfe, 2010; Monk et al., 2001) as well
as trait anxiety (Monk et al., 2001) and hyper-arou-
sal (Greaves-Lord et al., 2007).

Based on the above-mentioned transgenerational
neurobiological changes associated with maternal
trauma, and our previous studies of altered startle
reactivity in adults with a history of child maltreat-
ment, we hypothesized that maternal child abuse
history would be related to altered startle and auto-
nomic nervous system responses in their children.
This is the first study to examine these physiological
markers in children of abused mothers; it is the first
step to developing laboratory paradigms that mea-
sure phenotypes of risk in a highly traumatized
population. This step is of great importance in
assessing high-risk children for precursors of psy-
chopathology that may lead to early interventions.

Method
Study sample and psychological assessment

Thirty-six children and their mothers participated in
the study. The participants were recruited from the
waiting rooms of the Primary Care, Obstetrics Gyne-
cology or Child and Adolescent Psychiatry Outpatient
Clinic (CAPOC) at the Grady Health System in Atlanta,
GA. Inclusion criteria for the mothers were: 18-65 years
of age, primary caretaker of a 6- to 13-year-old child,
willing and able to sign informed consent; exclusion
criteria were active psychosis, bipolar disorder, suicide
ideation, and significant medical illness. Eligible child
participants were between 6 and 13 years of age and
willing to participate; exclusion criteria were autism
spectrum disorders, bipolar or psychotic disorders, or
cognitive disability. Prior to their participation, all
mothers signed informed consent as well as parental
permission for their children, and the children provided
study assent approved by the Emory University Insti-
tutional Review Board and the Grady Research Over-
sight Committee.

The Structured Clinical Interview for DSM-IV (First,
Spitzer, Williams, & Gibbon, 1995) was administered to
all mothers. In addition to the diagnostic interview, all
participants completed the Childhood Trauma Ques-
tionnaire (CTQ), the PTSD Symptom Scale (PSS), the
Beck Depression Inventory (BDI), and the Traumatic
Events Screening Inventory Parent Report (TESI). The
CTQ is a self-report inventory assessing perceived
childhood physical, sexual, and emotional abuse.
Bernstein and Fink (1998) established scores for none,
mild, moderate, and severe for each type of abuse. The
data from the CTQ were used to classify participants
into two categories for each type of abuse (physical,
sexual, and emotional): (1) low abuse included those
with CTQ scale scores in the ‘none to mild’ range, and
(2) high abuse included those with CTQ scores in the
‘moderate to severe’ range. The PSS is a psychometri-
cally valid 17-item self-report scale assessing PTSD
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symptomatology over the two weeks prior to rating
(Falsetti, Resnick, Resick, & Kilpatrick, 1993). The PSS
provides a continuous measure of PTSD symptom
severity and has been validated with the Clinician
Administered PTSD Scale (CAPS; (Foa, Riggs, Dancu, &
Rothbaum, 1993; Foa & Tolin, 2000). The BDI consists
of a 21-item questionnaire (Beck, Ward, Mendelsohn,
Mock, & Erbaugh, 1961). This instrument provides a
well-validated, commonly used, continuous score of
depressive symptoms. The TESI is a 24-item parent-
report version of a structured clinical interview that
inquires about the child’s lifetime experience trauma
exposure (Ribbe, 1996).

Data acquisition and experimental design

The physiological data were acquired using Biopac
MP150 for Windows (Biopac Systems, Inc., Aero Cami-
no, CA). The acquired data were filtered, rectified, and
smoothed using MindWare software (MindWare Tech-
nologies, Ltd., Gahanna, OH) and exported for statisti-
cal analyses. Startle data were collected by recording
the eyeblink muscle contraction using the electromy-
ography (EMG) module of the Biopac system. The
startle response was recorded with two Ag/AgCl elec-
trodes; one was placed on the orbicularis oculi muscle
below the pupil and the other 1cm lateral to the first
electrode. A common ground electrode was placed on
the palm. Impedance levels were less than 6 kilo-ohms
for each participant. The startle probe was a 108-
dB(A)SPL, 40 ms burst of broadband noise deliv-
ered through headphones (Maico, TDH-39-P). The
maximum amplitude of the eyeblink muscle contraction
20-200 ms after presentation of the startle probe was
used as a measure of startle magnitude.

Heart-rate variability (HRV) data were acquired using
the electrocardiogram (ECG) module of the Biopac sys-
tem. ECG was recorded using two disposable Ag/AgCl
electrodes pre-coated with electrolyte gel; one was
placed on the right side of the upper torso, 1cm below the
clavicle, and the second on the inside surface of the left
wrist. Respiration was measured using a chest band
transducer. HRV was quantified during one-minute
intervals by spectral analysis of the time-sampled int-
erbeat interval series, according to the methods recom-
mended by the Society for Psychophysiological Research
Committee on Heart Rate Variability (Berntson et al.,
1997). The LF/HF HRV ratio was derived from high-
frequency HRV sampled from 0.12 to 0.40 Hz and
low-frequency HRV sampled from 0.04 to 0.12 Hz.

The experimental paradigm began with a 2-minute
acclimation period during which no startle probes were
delivered, followed by a startle habituation segment,
and a dark-enhanced startle segment that occurred
without interruption. The startle habituation segment
consisted of two blocks with four startle probes in each
block, for a total of eight probes. Immediately following
habituation, participants underwent the dark-
enhanced segment consisting of two blocks each with
eight startle probes. In each block, four startle probes
were delivered in the dark phase and four were deliv-
ered in the light phase. The light and dark phases
alternated, with each phase lasting one minute. The
order of light and dark was counterbalanced across
subjects. The lights in the startle booth were controlled
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by a timer which was synchronized with the presenta-
tion of the startle probes. Across the entire experimental
session, inter-trial intervals ranged from 9 to 22 sec-
onds. The session duration was 8 minutes long
(2 minutes acclimation, 2 minutes habituation, and
4 minutes dark-enhanced segment).

Statistical analyses

The group variables in the analyses were derived from
the abuse categories on the CTQ. For each type of abuse
(physical, sexual, and emotional), subjects were divided
into Low and High Maternal Abuse groups, according to
the norms defined by Bernstein and Fink (1998). High
Abuse included mothers who reported ‘moderate to
severe’ levels of childhood abuse. If a mother reported
high levels of abuse on more than one type of abuse, she
was included in the High Abuse group for each category
of abuse. The Low Abuse group included those with
CTQ scale scores in the ‘none to mild’ range. We in-
cluded the subjects with mild levels of abuse in the
same category as those with no abuse due to the high
prevalence of childhood trauma in this population.

Child demographic data such as age, and maternal
clinical data such as PTSD and depression symptoms,
were compared between the maternal abuse groups
using analyses of variance (ANOVA). Baseline levels of
startle magnitude and HRV during the habituation
phase were compared between maternal abuse groups
using 2-way mixed ANOVAs with Habituation Block
(2 levels) as the within-subjects factor. The startle and
HRV data during the dark-enhanced segment were
analyzed in a 3-way mixed ANOVA, with Block (2 levels)
and Phase (Light, Dark) as repeated measures factors
and maternal Abuse (High, Low) as the between-groups
factor. The dependent variables were startle magnitude
and the LF/HF HRV ratio. Significant interactions were
decomposed into respective univariate ANOVAs com-
paring diagnostic groups, with child sex and age used as
covariates in the between-groups analyses of psycho-
physiological data in order to control for neurodevelop-
mental differences across age and between males and
females (Gogtay et al., 2004). Finally, in order to examine
the differential contributions of maternal abuse history
and psychopathology to the dependent measures, we
performed hierarchical regression analyses in which the
child’s age and sex, maternal symptoms of PTSD (PSS
score) and depression (BDI score), and maternal child-
hood abuse levels (CTQ scores for Physical, Emotional,
and Sexual Abuse) were added at each step to predict
startle magnitude and HRV indices. Separate regression
analyses were conducted for each dependent variable
(LF/HF HRV ratio and Dark-enhanced startle).

In the repeated measures ANOVAs, we used the
Sphericity Assumed statistic to correct for violations of
the sphericity assumption. All analyses were performed
in SPSS 18.0 for Windows (SPSS, Inc.) with an alpha
level of 0.05.

Results
Participant characteristics

Thirty-six (18 male, 18 female) children and their
mothers participated in the study. The age of the
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children ranged from 6 to 13 years (M = 9.4,
SD = 2.1). Of the 36 children, three stopped the
session during the startle habituation phase, and
another four children discontinued after the first
dark-enhanced segment. The seven children that did
not complete the startle sessions were younger than
those that did complete (F(1,34) =4.14, p = 0.095),
but did not differ from the other 29 children on any
other variables. Therefore, the final sample for the
results of the habituation data and the first block of
the dark-enhanced segment was 33, and for the
second block of the dark-enhanced segment 29.
Three sets of analyses were performed — one for
each type of abuse (Low vs. High Physical Abuse, Low
vs. High Emotional Abuse, and Low vs. High Sexual
Abuse). Table 1 shows descriptive and clinical
data for each analysis. Across all abuse types, the
children in the Low Abuse categories were younger
than those in the High Abuse categories (Physical
Abuse, F(1,32) =5.78, p=0.02; Emotional Abuse,
F(1,32) = 7.96, p<0.01; Sexual Abuse, F(1,32)=
6.41, p = 0.02). The distribution of boys and girls did
not differ significantly between groups. As expected,
the mothers in the High Abuse groups had signifi-
cantly higher symptoms of PTSD and depression than
mothers in the Low Abuse groups (Physical Abuse,
PSS: F(1,32) =5.79, p=0.02, BDI: F1,32) = 6.69,
p=0.02; Emotional Abuse, PSS: F (1,32) = 6.28,
p=0.02, BDI: F (1,32) = 13.06, p=0.001; Sexual
Abuse, PSS: F (1,32) =15.89, p<0.001, BDI: F
(1,32) =11.13, p=0.002). In order to account for
possible moderating effects of these variables, we
performed stepwise regression analyses (see below).

Physiological data: habituation phase

A repeated measures ANOVA of startle magnitude
across the two Habituation Blocks and between High
and Low Physical Abuse groups showed no effect of
Block, no main effect of Abuse group, and no

interaction effect. The same was true for Emotional
and Sexual Abuse groups. On the other hand, the
analysis of LF/HF HRV ratio across the two Habit-
uation Blocks revealed a significant interaction effect
of maternal Physical Abuse and Block, F (1,31) =
6.26, p = 0.02, but no main effects of Block or Abuse.
High and Low Emotional Abuse also interacted
significantly with Habituation Block on LF/HF HRV
ratio, F (1,31) =7.09, p=0.01. Maternal Sexual
Abuse was not associated with LF/HF HRV ratio
either as an interaction effect or as a main effect.

Follow-up univariate analyses of LF/HF HRV ratio
within each Habituation Block demonstrated that
children of mothers with High Physical Abuse tended
to have greater ratios (M = 1.88, SE = 0.48) than
children of mothers with Low Physical Abuse
(M =0.68, SE =0.33) during the first Block, F
(1,32) = 3.88, p = 0.06. Similarly, children of moth-
ers with High levels of Emotional Abuse had signifi-
cantly higher ratios (M = 2.31, SE = 0.53) than those
of mothers with Low levels of Emotional Abuse
(M =0.62, SE=0.31) during the first Block, F
(1,32) = 7.10, p=0.01. There were no group differ-
ences during the second Habituation Block. We
repeated this analysis using a univariate ANCOVA
with child demographics (age and sex), maternal
psychopathology (PSS and BDI), as well as child
trauma exposure on the TESI, as covariates, and the
effect of maternal abuse remained significant, F(1,
26) = 5.29, p=0.03. These results suggest that
children of mothers with a history of high levels of
abuse have greater sympathetic nervous system
activation relative to parasympathetic activation.

In order to examine the differential contributions
of maternal abuse and psychopathology on the above
effects, we entered child demographics, maternal
psychopathology, and maternal abuse history as
predictors in a stepwise hierarchical regression
model. In the first analysis, the dependent variable
was the LF/HF HRV ratio during the first block of

Table 1 Demographic and clinical data for the sample, divided between childhood abuse groups

Child demographics

Maternal psychopathology

Maternal Abuse Group Age Sex PTSD Depression
Physical Childhood Abuse M £ SD % female M = SD M = SD
Low (n = 22) 8.9+2.0 54.5 11.5+11.0 17.3£10.0
High (n=11) 10.7+£2.0* 45.5 22.3+13.9* 28.5+14.7*
Emotional Childhood Abuse M £ SD % female M = SD M = SD
Low (n = 24) 8.9+2.1 54.2 11.9£10.7 16.7+9.7
High (n=9) 11.1+1.4* 44 .4 23.7+15.0* 32.2+13.6**
Sexual Childhood Abuse M £ SD % female M = SD M = SD
Low (n=17) 8.6+2.2 52.9 7.7£7.9 14.848.5
High (n=16) 10.4+1.8* 50.0 22.7+12.8%* 27.7+£13.3**

The High and Low Maternal Abuse groups differ significantly in age of the child and the degree of maternal psychopathology.
Childhood trauma was assessed using the Childhood Trauma Questionnaire (CTQ); PTSD symptoms were assessed using the PTSD
Symptom Scale (PSS); Depression symptoms were assessed using the Beck Depression Inventory (BDI).

*p < 0.05; **p < 0.01.
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Table 2 Regression analysis of predictors of increased sympathovagal balance

Habituation LF/HF HRV ratio

Model R? R? change F Change p
1. Child’s demographics 0.02 0.02 0.34 0.71
2. Maternal psychopathology 0.20 0.18 2.95 0.07
3. Maternal childhood physical abuse 0.25 0.05 1.80 0.19
4. Maternal childhood emotional abuse 0.46 0.21 9.48 0.005
5. Maternal childhood sexual abuse 0.46 0.00 0.02 0.90

Hierarchical regression analyses examining the contributions of child demographics (age, sex), degree of maternal psychopathology
(PTSD, MDD), and level of each type of maternal childhood abuse on LF/HF HRV ratio in children during the first block of the
experiment. Abbreviations: PTSD: posttraumatic stress disorder; MDD: major depression disorder; LF/HF HRV: low frequency to

high frequency heart-rate variability.

Habituation. Table 2 shows the results of the
regression analysis, which showed that after con-
trolling for other variables, maternal Emotional
Abuse accounted for 20.6% of the variance in HRV, F
change(1,25) = 9.48, p = 0.005, while neither Physical
nor Sexual Abuse had significant effects. In order to
examine the effect of the child’s own trauma expo-
sure, we repeated the regression analyses and added
maternal report of the child’s exposure to trauma
(TESI) in the final step. This analysis revealed an
even stronger relationship between maternal child-
hood Emotional Abuse and increased sympathetic
activation after controlling for the child’s trauma F
change(1,20) = 14.88, p = 0.001.

Physiological data: dark vs. light phase

A 3-way repeated measures ANOVA of startle mag-
nitude across the two Dark-enhanced Blocks (2 lev-
els) as well as Phase (Dark vs. Light), between High
and Low Physical Abuse groups, showed a trend
level effect of Block, F (1,27) = 3.32, p=0.08, and a
significant main effect of Phase, F (1,27) = 14.19,
p = 0.001, as well as a significant interaction effect of
Phase and Physical Abuse, F(1,27) = 4.86, p = 0.04,
see Table 3. For the other two types of abuse, there
was also a significant effect of Phase, but no inter-
action of maternal Abuse group and Phase. On the

other hand, the analysis of LF/HF HRV ratio across
the two Dark-enhanced Blocks and Phase revealed a
significant 3-way interaction effect of maternal
Physical Abuse and Phase and Block, F (1,26) =
4.13, p = 0.05, but no main effects of Block, Phase,
or Abuse. High and Low Emotional Abuse also
showed a 3-way interaction on LF/HF HRV ratio, F
(1,26) = 4.03, p = 0.05. Maternal Sexual Abuse was
not associated with LF/HF HRV ratio either as an
interaction effect or as a main effect. The 3-way
analyses were followed up by 2-way ANOVAs within
each Block, given that four children discontinued the
session after the first block.

A 2-way analysis of Phase (Dark vs. Light) and
maternal Physical Abuse during the first Block
revealed a significant interaction effect, F(1,29) =
5.80, p = 0.02, with children of High Abuse mothers
showing a greater increase in startle during the Dark
Phase compared to children of mothers with Low
levels of abuse. There were no group or interaction
effects in the second block. The 2-way interaction
was followed up by examining the relative increase
during the Dark vs. Light phase in each group. In
order to compare the change in startle magnitude
between groups and control for individual differ-
ences in startle response, we calculated a difference
score (startle during Dark Phase minus startle dur-
ing Light Phase) for the first block. A univariate

Table 3 Child startle results across experimental conditions (Dark vs. Light Phase) in the first block and groups (High vs. Low

Maternal Abuse)

Child startle magnitude (uV) Effect
Maternal Abuse Group Light Dark Phase Abuse Phase x Abuse
Physical Childhood Abuse M SE M SE p=0.01 ns p=0.02
Low (n = 22) 40.7 9.0 45.4 8.7
High (n=11) 46.3 12.7 75.1 12.4
Emotional Childhood Abuse M SE M SE p=0.01 ns p=0.04
Low (n = 24) 43.6 8.6 50.3 8.7
High (n=9) 39.8 14.0 68.7 14.2
Sexual Childhood Abuse M SE M SE p=0.05 ns ns
Low (n=17) 44.4 10.2 51.3 10.5
High (n= 16) 40.6 10.5 59.6 10.8

Startle magnitude was greater in the dark phase; for physical and emotional abuse, there was a significant Phase x Abuse group
interaction.
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Figure 1 Mean dark-enhanced startle (difference score between
Dark and Light Phases) during the first block in children of
mothers with High and Low Physical Abuse

analysis of the difference score between Abuse
groups found a significantly greater difference
between Dark and Light in the High Abuse group
compared to the Low Abuse group, F (1,32) = 6.00,
p=0.02 (see Figure 1). We repeated this analysis
using a univariate ANCOVA with child demographics
(age and sex), maternal psychopathology (PSS and
BDI), as well as child trauma exposure on the TESI,
as covariates, and the effect of maternal abuse
remained significant, F(1, 26) = 6.61, p = 0.02. Two-
way ANOVAs of Phase and Abuse on LF/HF HRV
ratio separately within each Block of the Dark-en-
hanced segment found no significant interaction or
main effects of either Physical or Emotional Abuse.
A regression analysis using the same predictors as
above and the difference score between the Dark and
Light phase as the dependent variable was per-
formed. Table 4 shows the results of this analysis,
with maternal Physical Abuse alone accounting for
16% of the variance in Dark-enhanced startle, F
change(1,26) = 5.55, p = 0.03, while neither Emo-
tional nor Sexual Abuse had significant effects.
Again, the child’s trauma exposure strengthened
the association between maternal trauma and the
child’s Dark-enhanced startle, F change(1,20) = 8.81,
p = 0.008. Since controlling for the child’s trauma

did not reduce or eliminate the effect on child’s
startle, these data suggest that maternal, rather than
child, trauma is accounting for the observed effect.

Discussion

In this study of children growing up in low-income
urban environments at high risk for trauma expo-
sure and subsequent psychopathology, maternal
childhood physical abuse was related to increased
dark-enhanced startle in their offspring. In addition,
childhood emotional abuse of the mother predicted
increased sympathetic nervous system activation to
the startle probe in her children. On the other hand,
maternal sexual abuse was not associated with
psychophysiological markers in the children.
Importantly, the relationship between maternal
abuse and child psychophysiology was not
accounted for by either maternal psychopathology or
the child’s own trauma exposure.

A growing body of literature suggests familial
aggregation of anxiety disorders (e.g., (Cooper,
Fearn, Willetts, Seabrook, & Parkinson, 2006; Last,
Hersen, Kazdin, Orvaschel, & Perrin, 1991), as well a
‘vicious cycle’ of abuse from one generation to the
next (Egeland, Jacobvitz, & Sroufe, 1988). Intergen-
erational transmission of psychopathology has been
found in several studies examining the effects of
maternal PTSD (Yehuda et al., 2001a, 2001b) and
depression on the presence of anxiety symptoms
in first and even second generation offspring
(Warner, Wickramaratne, & Weissman, 2008). This
transmission likely involves both behavioral and
biological mechanisms; for example, mothers with a
history of child abuse show alterations in their
responses to their own children (Méhler et al., 2009)
as well as child-relevant stimuli (Casanova, Do-
manic, McCanne, & Milner, 1994). Such disruptions
in the interactions between abused mothers and
their children could result in heightened child anxi-
ety. On the other hand, biological mechanisms are
implicated in studies showing that trauma exposure
in mothers alters HPA axis function in their children
(Brand et al., 2010; Yehuda & Bierer, 2008; Yehuda
et al., 2005), which has been found to be a risk factor
for developing PTSD (Yehuda, 2002). Aside from this

Table 4 Regression analysis of predictors of increased dark-enhanced startle

Dark-enhanced startle

MODEL R? R? change F change P

1. Child’s demographics 0.03 0.03 0.52 0.60
2. Maternal psychopathology 0.09 0.06 0.85 0.44
3. Maternal childhood physical abuse 0.25 0.16 5.55 0.03
4. Maternal childhood emotional abuse 0.25 0.00 0.04 0.84
5. Maternal childhood sexual abuse 0.32 0.06 2.20 0.15

Hierarchical regression analyses of potential predictors of increased dark-enhanced startle, examining the contributions of child
demographics (age, sex), degree of maternal psychopathology (PTSD, MDD), and level of each type of maternal childhood abuse on
dark-enhanced startle in children during the first block of the experimental session. Abbreviations: PTSD: posttraumatic stress

disorder; MDD: major depression disorder.
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small number of neuroendocrine findings, no other
research studies that we are aware of have found
effects of maternal trauma on physiological markers
of anxiety in their children.

The physiological markers that were affected by
maternal trauma in this study, namely, dark-
enhanced startle and LF/HF HRV ratio, have been
associated with arousal and anxiety. Dark-enhanced
startle is the human analogue of light-enhanced
startle in rodents, which is dependent on nuclei in
the limbic system (Walker & Davis, 1996). This
startle index is elevated in adults with PTSD and
trauma survivors without PTSD (Grillon, Morgan,
Davis, & Southwick, 1998) as well as children at risk
for anxiety disorders (Grillon, Dierker et al., 1997).
LF/HF HRV ratio is related to the balance between
the sympathetic and parasympathetic components
of the autonomic nervous system — in addition to
being an acute measure of arousal, this is also an
index of cardiovascular health (Monk et al., 2001). It
is possible that maternal trauma increases risk of
negative mental and physical health outcomes in
their children. A recent meta-analysis of HRV studies
suggests that sympathetic drive is higher than
parasympathetic tone in anxiety disorders (Cohen &
Benjamin, 2006), a finding that is consistent with
heightened LH/HF HRV ratio as a marker of anxiety
in our study of children of abused mothers. We
found that this measure was specifically associated
with high levels of emotional abuse experienced by
the mother in her childhood, while dark-enhanced
startle was related to physical maternal abuse. There
is an emerging body of research on the ways in which
specific types of childhood abuse demonstrate dif-
ferential effects on neurobiology (Cicchetti et al.,
2010). For example, Carpenter and colleagues (Car-
penter et al., 2009) found that emotional abuse and
age at time of abuse predicted reactivity to cortisol in
adulthood. In our previous study of adults with a
history of childhood abuse, we found that sexual and
physical abuse, but not emotional abuse, increased
startle responses (Jovanovic et al., 2009).

Dark-enhanced startle was significantly elevated
in offspring of abused mothers during the first block
of the session, but not the second block. The dis-
crepancy between Block 1 and Block 2 could be due
to a tendency for the startle response to habituate
from one block to the next; although the average
startle magnitude in the dark was still greater than
the light in the second block, overall all startle
responses were reduced. It is possible that the initial
impact of darkness has the greatest effect on startle.
Notably, the four children who discontinued the
session did not account for the effect of darkness in
the first block. The effect remained even after the
four children were removed from the analysis of the
first block. The advantage of the main effects being
present in the initial phase of the experiment is that
the session could be potentially shortened, thereby
making it even more tolerable to children.
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It is important to note that maternal PTSD and
depression symptoms, while increased in the moth-
ers with high compared to low levels of childhood
abuse, did not account for the increased physiolog-
ical activation in their children. After controlling for
maternal psychopathology, it was maternal trauma
that predicted the children’s responses. Further-
more, the effects were also not accounted for by the
child’s own trauma exposure. Given that mothers
with childhood trauma may raise their children in
environments that increase risk of trauma exposure,
this would be a likely candidate for the effects of
intergenerational transmission of psychopathology.
However, the maternally reported trauma exposure
of the child did not contribute to the child’s physio-
logical responses. Clearly, a limitation of the study is
reliance of maternal report for the measure of child
trauma levels. Specifically, it is possible that moth-
ers withheld information about overly harsh or
abusive parenting. Therefore, one possible explana-
tion for our data is that maternal history of abuse
may have led to increased levels of harsh verbal and/
or physical punishment towards the child resulting
in increased stress reactivity (as indicated by
increased dark-enhanced startle and increased
sympathetic nervous system activation to the startle
probe). Our future research will include interviews
with the children in the absence of the mothers,
to get a more direct measure of child trauma
exposure.

A limitation of the study is the use of a retrospec-
tive self-report measure of child abuse. While this
instrument has been validated in previous studies
(Bernstein et al., 2003; Bradley et al., 2008), there
may be inherent reporting bias in adult assessments
of childhood trauma history. Given that we do not
have longitudinal, objective measures of child abuse
we are relying on the subjects’ perception of their
abuse history. However, given the high rates of
trauma exposure, substance abuse, and history of
incarceration in this low-income population, it is
likely that the reported abuse is accurate. The CTQ
has shown very good convergence with other mea-
sures of child abuse, indicating that it is a valid
instrument (Bernstein et al., 1994). Furthermore,
this subjective perception may in fact be related to
individual sensitivity, which in itself may be a risk
factor for psychopathology. In order to tease these
contributing factors apart, future studies may
incorporate a more direct measure of child abuse
and utilize prospective approaches.

Additional limitations of the study are the small
sample size, and the lack of inclusion of clinical
anxiety measures for the children. Follow-up studies
will collect these measures to see if they correlate
with the physiological indices. Of interest will also be
to collect measures of sleep quality in the children to
see whether darkness has relevance in their daily
functioning. Here we present our preliminary and
highly novel results of the association between
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maternal trauma and child physiological markers
that have been previously associated with anxiety
(Dierckx et al., 2009; Grillon, Dierker, and Meri-
kangas, 1997a; Monk et al., 2001; Waters et al.,
2008). The low-income African American population
under investigation is at high risk for both trauma
exposure and anxiety disorders. Anxiety disorders
begin to develop in children as young as 5 years old
(Paus, Keshavan, & Giedd, 2008) — investigating
early biomarkers of these disorders is a high
research priority in the field of psychiatry.
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Key points

nervous system activity in their children.
child’s own trauma exposure.

anxiety in children.

e Prior studies have found that heightened dark-enhanced startle responses and dysregulated sympathovagal
balance are associated with anxiety in adults and children.

e The current study found that maternal childhood physical abuse was associated with heightened dark-en-
hanced startle in their children during the initial phase of the experiment.

e The current study found maternal childhood emotional abuse was associated with heightened sympathetic

e The effects of maternal childhood trauma were not accounted for by maternal PTSD or depression, or the

e This is the first study to find transgenerational effects of maternal trauma on psychophysiological markers of
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Post-traumatic stress disorder is
associated with PACAP and the PAC1
receptor

Kerry J. Ressler">#, Kristina B. Mercer’, Bekh Bradley>?, Tanja Jovanovic?, Amy Mahan*, Kimberly Kerley', Seth D. Norrholm??,
Varun Kilaru?, Alicia K. Smith?, Amanda J. Myers®, Manuel Ramirez®, Anzhelika Engel®, Sayamwong E. Hammack®,
Donna Toufexis*®, Karen M. Braas’, Elisabeth B. Binder>® & Victor May’

Pituitary adenylate cyclase-activating polypeptide (PACAP) is known to broadly regulate the cellular stress response. In
contrast, it is unclear if the PACAP-PACI receptor pathway has a role in human psychological stress responses, such as
post-traumatic stress disorder (PTSD). Here we find, in heavily traumatized subjects, a sex-specific association of
PACAP blood levels with fear physiology, PTSD diagnosis and symptoms in females. We examined 44 single
nucleotide polymorphisms (SNPs) spanning the PACAP (encoded by ADCYAPI) and PAC1 (encoded by ADCYAPIRI)
genes, demonstrating a sex-specific association with PTSD. A single SNP in a putative oestrogen response element within
ADCYAPIRI, rs2267735, predicts PTSD diagnosis and symptoms in females only. This SNP also associates with fear
discrimination and with ADCYAPIR] messenger RNA expression in human brain. Methylation of ADCYAPIRI in
peripheral blood is also associated with PTSD. Complementing these human data, ADCYAPIRI mRNA is induced with
fear conditioning or oestrogen replacement in rodent models. These data suggest that perturbations in the PACAP-PAC1
pathway are involved in abnormal stress responses underlying PTSD. These sex-specific effects may occur via oestrogen
regulation of ADCYAPIR]. PACAP levels and ADCYAPIRI SNPs may serve as useful biomarkers to further our

mechanistic understanding of PTSD.

PACAP was first isolated from ovine hypothalamic extracts based on
its ability to stimulate cyclic AMP production in anterior pituitary
cells'. It is a highly conserved member of the VIP/secretin/glucagon
peptide family, with pleiotropic functions in development, cell signal-
ling, metabolism, homeostasis and cell protection**. Among these
myriad functions, studies have demonstrated (1) high expression of
PACAP peptide and its selective PACI1 receptor in hypothalamic and
limbic structures, (2) PACAP regulation of corticotropin releasing
hormone and autonomic function, (3) actions of PACAP in stress-
related behaviour, (4) reduced anxiety-like phenotypes in PACAP
and PAC1 receptor null mice, and (5) blunted corticosterone response
in knockout animals after emotional stressors. Thus, PACAP-PACI1
receptor signalling is integrally involved in stress mechanisms”®. We
hypothesized that PACAPergic systems may be important mediators
of abnormal stress responses following psychological trauma con-
tributing to PTSD, which is an extreme maladaptive and debilitating
psychiatric disorder affecting up to 40% of individuals over lifetime
exposure to traumatic events™'.

Little is known about the biological processes regulating PTSD and
other stress-related responses. To examine whether the PACAP-PACI1
pathway is associated with PTSD in a high risk, heavily traumatized
population, we analysed blood levels of PACAP, and genetic variation
and methylation of the PACAP (ADCYAPI) and PACI receptor
(ADCYAPIRI) genes, in a cohort of more than 1,200 highly traumatized
subjects with and without PTSD (see Supplementary Tables 1 and 2 for
demographic information).

PACAP levels associated with PTSD in females

Using radioimmunoassay, we first examined PACAP peptide levels
in peripheral blood samples from a previously described, highly
traumatized, at risk population''""* that had been matched on age,
sex, and trauma histories (n = 64, see Supplementary Tables 1-3 for
demographics). We found that PTSD symptoms (PTSD symptom
scale'!) were significantly correlated with PACAP38 (PACAP peptide
containing 38 residues) blood levels in females (P < 0.005, » = 0.497,
Fig. 1a), but not in males (P> 0.5). Also in females, PTSD diagnosis
was associated with PACAP38 levels (P=0.001), with higher
PACAP38 found in the PTSD cohort. Furthermore, PACAP levels
(median split, low versus high) were differentially associated with
PTSD symptoms in females (Fig. 1b). PACAP38 levels also predicted
differential response on all three symptom clusters necessary to fulfil
diagnostic criteria for PTSD (intrusive re-experiencing (for example,
trauma flashbacks), avoidance (for example, avoidance of trauma
reminders) and hyperarousal (for example, increased startle res-
ponse)) in females but not males (Fig. 1c). These analyses were
repeated in a second, all female cohort (N = 74) with similar findings
(Fig. 1d; high versus low PACAP38 levels, controlling for age, sub-
stance abuse and total trauma exposure, one-tailed t-tests: total symp-
toms, P = 0.05, hyperarousal symptoms, P = 0.001; and percentage
with clinically significant symptoms, z* = 4.9, P < 0.05). These obser-
vations were especially notable, as females may be at twice the risk for
PTSD as compared to males™', implicating roles for sex hormones,
especially oestrogen, in the disorder>"7. When we controlled for

"Howard Hughes Medical Institute, Chevy Chase, Maryland 20815, USA. ?Department of Psychiatry and Behavioral Sciences, Emory University School of Medicine, Atlanta, Georgia 30322, USA. 3Atlanta VA
Medical Center, Atlanta, Georgia 30033, USA. *Yerkes National Primate Research Center, Atlanta, Georgia 30329, USA. ®University of Miami, Miller School of Medicine, Miami, Florida 33136, USA.
Department of Psychology, University of Vermont, Burlington, Vermont 05401, USA. ”Departments of Anatomy and Neurobiology and Pharmacology, University of Vermont College of Medicine,

Burlington, Vermont 05401, USA. 8Max Planck Institute of Psychiatry, Munich 80804, Germany.
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Figure 1 | PACAP blood levels predict PTSD symptoms in females. a, PTSD
symptoms (scale range 0-51), relative to plasma PACAP38 blood levels (pM);
(N = 34 females; r = 0.497, P = 0.005). b, Total PTSD symptoms plotted
relative to sex and levels of plasma PACAP38 (N = 64, low: <20 pM, high:
>20pM); females with high PACAP blood levels have increased symptoms
(**P < 0.0005). ¢, PACAP levels (low versus high) are also differentially
associated with PTSD intrusive, avoidance and hyperarousal symptoms in
females (N = 64,**P < 0.005). d, PACAP levels (low versus high) were
examined in a replication sample of highly traumatized women, with
differential association in hyperarousal symptoms (left, N = 74,**P = 0.002)
and in the percentage of subjects with significant symptoms (right, * = 4.9,
P <0.05). e, Acoustic startle reflex (EMG) relative to the fear conditioning trial
in subjects without PTSD (blue) versus with PTSD (red). Habituation is seen in
non-PTSD subjects during late acquisition (bar). f, Startle magnitude during
the late acquisition period versus trial type (noise alone, CS+ and CS—),
showing that females with high PACAP levels show enhanced startle responses
to both fear cues (CS+, P = 0.02) and safety cues (CS—, P = 0.005) (N = 27; 16
male, 11 female). Dashed lines, low PACAP; solid lines, high PACAP; blue,
male; red, female. Bars represent mean = s.e.m., N values for each group at
bottom of bar graphs.

common stress-related phenomena (depression and history of sub-
stance abuse), the effect of PACAP level on PTSD remained
(P < 0.05). In contrast, there was no effect of PACAP level on depres-
sion symptoms or substance abuse when controlling for PTSD.

In addition to the psychological symptoms that define the syn-
drome, subjects with PTSD have been found to have abnormally high
conditioned fear responses. This high level of fear may result from a
combination of an inability to habituate to aversive stimuli, a
decreased ability to extinguish (learn to inhibit) fear memories, and
possibly an over-consolidation of the original fear memory'®~>*
Hence, we determined the physiological (electromyographic) levels
of conditioned fear for 27 participants (16 male, 11 female) with
PACAP blood levels. Fear potentiation was determined by measuring
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the acoustic startle reflex in the presence of startle cues alone, or startle
cues combined with stimuli paired (conditioned stimulus, CS+) or
unpaired (CS—) with an aversive airblast. Female (but not male)
subjects with high PACAP38 levels demonstrated markedly increased
startle reflex responses to both CS+ (P = 0.02) and CS— (P = 0.005)
cues. This was particularly pronounced during the late acquisition
phase when normal subjects had habituated to the fearful stimuli
(Fig. 1e, ). In aggregate, these data suggest that PACAP38 peptide
is strongly associated with the psychological and physiological symp-
toms of PTSD in women with a history of trauma.

ADCYAPIRI associated with PTSD in females

To assess whether there may be a genetic association of PTSD with
polymorphisms in either the PACAP (ADCYAPI) or PACI receptor
(ADCYAPIRI) locus, we performed a tag-SNP analysis (r* = 0.8;
minor allele frequency (MAF) = 0.1) across both genes with a total
of 44 SNPs (14 ADCYAPI and 30 ADCYAPIRI SNPs). Using logistic
regression, we examined whether each SNP was associated with PTSD
diagnosis in this cohort of highly traumatized urban civilian subjects
(n=798)'"'>*, in total, or stratified by gender (females: n = 503;
males: n=295). Only the ADCYAPIRI receptor SNP rs2267735
(P=0.0002 in females; NS in males) remained significant after
experiment-wide multiple correction for sex and 44 independent tests
(Fig. 2a and b, Supplementary Fig. 1). No SNPs in the peptide
ADCYAPI gene met experiment-wide criteria for association (Sup-
plementary Fig. 2). Given these striking gender differences and recent
data demonstrating that ADCYAPIRI gene expression may be
dynamically modulated by oestrogen®, the distribution of oestrogen
response elements (EREs) within the ADCYAPIRI gene was examined
(Supplementary Table 4). We found that rs2267735 was within a
predicted ERE (Fig. 2c, Genomatix; matrix similarity = 0.877, core
similarity = 1.0). Because rs2267735 is positioned within the central
variable region of the consensus sequence, in silico analyses do not
currently allow us to predict how the ‘C’ versus ‘G’ allele may differ-
entially alter ERE function, and further in vitro analyses are warranted.

We next determined if the association between rs2267735 and
PTSD diagnosis could be replicated in an additional 439 subjects.
These subjects were from the same overall study, but were interviewed
and had DNA collected after the original discovery population. Thus
they served as a replication source from the same population but
distinct in time and with different interviewing staff. The table in
Fig. 3a shows the logistic regression results for males and females
separately in the initial population described in the tag-SNP analysis,
the replication sample from the same population, and the combined
sample of 1,237 individuals. The main effect of the SNP on PTSD
diagnosis could be replicated in women (P < 0.05) and combining
both samples increased the significance of the association (N = 763,
P <0.00002). As in the discovery sample, no effects were observed in
males (male combined sample N = 474, P = 0.7).

To further examine ADCYAPIRI rs2267735 SNP associations with
continuous PTSD symptom levels in females, we analysed both an
additive and a dominant model with total PTSD symptoms and symp-
tom subscales using the combined samples (Fig. 3b—e). The ‘CC’ geno-
type was most robustly associated with total PTSD symptoms, and
among subscales, hyperarousal symptoms were the most strongly asso-
ciated with rs2267735. Notably, even after controlling for childhood
trauma history and adult trauma, age and race (which slightly reduces
total N owing to missing data), the rs2267735 ‘CC’ genotype was asso-
ciated with higher levels of PTSD hyperarousal symptoms compared to
‘G’ carriers in women (P = 0.0008, Fig. 3e), but not men (P = 0.51).

We repeated the above analyses with Beck depression inventory
(BDI) symptoms and history of life-time substance abuse, and found
no associations with these measures and rs2267735 (Supplementary
Fig. 3), suggesting that this association may be relatively specific to
PTSD. To address whether rs2267735 might be associated with other
severe psychiatric illnesses, we performed analyses using bipolar
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Figure 2 | Genetic association of PACI receptor (ADCYAPIRI) with
PTSD. a, 30 SNPs spanning the ADCYAPIRI gene (x axis), with the —log(P-
value) of logistic regression for each SNP association with PTSD (diagnosis
based on DSM-IV criteria from PTSD Symptom Scale). Subjects were analysed
with logistic regression in females only (N = 503) or males only (N = 295).
Horizontal lines represent the nominal P = 0.05 or the corrected P-value,
P=10.0011 (44 SNPs, correcting for 30 ADCYAPIRI SNPs and 14 ADCYAPI
SNPS; Supplementary Fig. 1). rs2267735 is the only SNP remaining significant
after multiple corrections (P = 0.0002). b, Table of P-values resulting from the
association of each genotyped, ADCYAPIRI SNP with PTSD diagnosis (by
gender). The location on chromosome 7 for each SNP including the distance
(bp) between the SNPs is given. The average distance between SNPs is 2.5 kb.
SNP 152267735 is located in an intron of ADCYAPIRI, and is not in linkage
disequilibrium with other SNPS (for African Americans in our population, data
not shown). ¢, rs2267735 (C/G), in red, is located within a canonical oestrogen
response element (ERE) binding site (capital letters, conserved canonical ERE
nucleotides; blue letters, mismatches with the ADCYAPIRI gene and canonical
ERE; reverse strand shown).

disorder, schizophrenia, and Alzheimer’s disease samples. From the
data of the Genetic Association Information Network (GAIN)
publicly accessible database (http://www.genome.gov/19518664), we
analysed the association of rs2267735 (included on the Affymetrix 6.0
SNP array) with bipolar disorder as well as schizophrenia. We did not
observe a significant association of this SNP with these two disorders
in subjects with African American (954 cases, 1,195 controls) or
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startle (startle™"™ — startle™™) is significantly increased in females with

152267735 ‘CC’ genotype. N values are shown at base of each bar, bars represent
mean * s.e.m. Nvalues are slightly different across analyses owing to differences
in number of subjects across measures. *P < 0.05; **P < 0.001; ***P < 0.0002.

European (1,378 cases, 1,351 controls) ancestry. Specifically, we found
that all pre-computed P-values for associations of rs2267735 with
schizophrenia or bipolar disorder were higher than P uncorrected =
0.01, indicating no major contribution of this variant.

Additionally, we examined the association of rs2267735 and
Alzheimer’s in a previously characterized Alzheimer’s disease sample®.
In this cohort of 342 subjects, we found no association with rs226735
and Alzheimer’s disease diagnosis using either the additive genetic
model (P =0.19) or the dominant/recessive model (P = 0.89). These
data suggest that we find robust associations with rs2267735 in women,
but not men, with PTSD. In contrast, we find no association with
depression symptoms, substance abuse, Alzheimer’s disease, bipolar
disorder, or schizophrenia across different samples. Note that for all
of these negative results, owing to the limited sample sizes, we cannot
rule out the possibility that rs2267735 may be associated with PTSD in
men or with other disorders with a smaller effect size than we see with
PTSD in women.

To parallel our results with plasma PACAP38 levels, we next
examined whether physiological measures of fear are differentially
associated with the ADCYAPIRI rs2267735 SNP. In PTSD, but not
depression'®, fear response to an inhibitory CS—, or ‘safety signal’, is
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exaggerated. The discrimination between CS+ and CS— improves
across the training procedure in controls, but not in those with PTSD.
We examined whether rs2267735 was associated with impaired fear
discrimination late in conditioned acquisition, during the same
period noted in Fig. le. Notably, females with the ‘CC’ genotype were
significantly less able to discriminate CS+ from CS— signals (Fig. 3f,
sex X genotype interaction, P < 0.05, and ‘CC’ versus ‘G’ carriers in
females, P < 0.05).

We next examined whether a difference in dark-enhanced startle, a
measure of increased anxiety in humans that is similar to light-
enhanced startle in rodents***, was differentially associated with
1rs2267735. Again, we found that females, but not males, with the
‘CC’ genotype showed significantly more startle in the dark compared
to the light (Fig. 3g, males, N=35 P=0.71; females, N =53,
P=0.02). Together, these data suggest that the ADCYAPIRI
rs2267735 SNP may be relatively specific in its association with
PTSD psychological and physiological phenotypes. Further, the
robust association of rs2267735 with hyperarousal symptoms sug-
gests that the role of PACAP-PACI may be specifically involved in
the normalization of the stress response, a process which is particu-
larly dysregulated in PTSD.

ADCYAPIRI methylation and mRNA expression

Environmental, genetic and epigenetic mechanisms are likely to
moderate the long-term effects of trauma exposure. Using the
Ilumina HumanMethylation27 BeadChip, we interrogated methyla-
tion in DNA extracted from peripheral blood at the first site within the
ADCYAPIRI CpG island (Supplementary Fig. 2). Methylation at this
site was significantly associated with total PTSD symptoms (Fig. 4a,
N =94,r=0.354, P <0.0005) in a sex-independent manner. Further,
CpG methylation level (median split) was associated with PTSD
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Figure 4 | ADCYAPIRI methylation and mRNA expression. a, Methylation
within the first CpG island of ADCYAPIRI (f value, Illumina cg27076139) is
positively correlated with total PTSD symptoms (both sexes; N = 107;
r=0.354, P < 0.0005). b, Subjects with PTSD have higher levels of
ADCYAPIRI methylation (median split, N = 107; Xz analyses, P < 0.005).

¢, ADCYAPI mRNA levels are inversely correlated with ADCYAPIRI mRNA
levels in cortex (from prior data set'’)(r = —0.219; P < 0.001). d, ADCYAPIRI
mRNA levels are differentially expressed in females compared to males based
on imputed ADCYAPIRI rs2267735 genotype (from prior data set'?)

(*P < 0.05 male versus female CC carriers, **P < 0.05, one-tailed, CC versus
G-carriers). Bars represent mean = s.e.m. N values for each group at bottom of
each graph.
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diagnosis (Fig. 4b, %*=8.1, P<0.005), but not depression
(P>0.05, Supplementary Fig. 3e). There was no significant asso-
ciation between methylation of ADCYAPI and PTSD symptoms.
These data suggest that ADCYAPIRI is regulated, in part, through
epigenetic mechanisms that contribute to differential function of the
PACI1 receptor in PTSD.

To examine the potential relationship of genotype and brain mRNA
expression as described previously”’, we used a brain mRNA expres-
sion data set® to test whether ADCYAPIRI rs2267735 is associated
with differential gene expression. We first examined whether cortical
ADCYAPIRI and ADCYAPI mRNA levels were correlated. As shown
in Fig. 4c, these mRNA levels were significantly inversely correlated
(r=—0.219, P < 0.001, including males and females), suggesting that
brain levels of PACAP peptide and PAC1 mRNA are tightly regulated.

We next used a previously analysed data set with combined genome-
wide association and brain mRNA expression data® to examine
whether ADCYAPIRI rs2267735 imputed genotypes were associated
with differential ADCYAPIRI expression in brain. We found a sex X
genotype effect (Fig. 4d, F(3,99) = 4.3, P < 0.05) with females with the
‘CC’ genotype expressing significantly less ADCYAPIRI mRNA than
males (F(1,33) = 5.5, P<<0.05) or than females who are ‘G’ carriers
(one-tailed, F(1, 45) = 2.87, P<0.05). Thus, mRNA encoding the
PACAP peptide and PAC1 receptor appeared to be tightly regulated
within the human cortex, and ADCYAPIRI mRNA levels were
associated with the ADCYAPIRI rs2267735 SNP.

Fear induces Adcyaplrl in mouse amygdala

Despite prior studies examining PACAP-PACI receptor function in
central/peripheral nervous system development, endocrine homeosta-
sis, metabolism, cellular protection/regeneration and chronic stress
responses™*'~**, a role for PACAP signalling in fear conditioning
has not been evaluated. Given our data implicating PACAP in PTSD,
we wondered if AdcyapIr] mRNA was differentially regulated in mice
using Pavlovian fear conditioning®™*, a means of studying acute fear
and trauma responses that has been proposed to model PTSD"**. We
performed classical fear conditioning experiments using male mice, in
which a previously neutral tone CS (6 kHz) was paired with 10 foot-
shocks (1 mA, 0.5s; Fig. 5a). This conditioning paradigm consistently
provides robust fear learning in mice leading to changes in gene
expression within the amygdala, a region critical for fear learning and
expression. Quantitative PCR analyses shows that amygdala AdcyapIr]
mRNA increased ~1.5-fold during the consolidation of fear (Fig. 5b,
P<0.05), with a similar trend within the medial prefrontal cortex
(mPFC). When peak freezing was compared with brain mRNA levels,
we find a significant correlation between fear learning and AdcyapIrl
mRNA (Fig. 5¢, * = 0.49, P < 0.05).

Oestrogen induces Adcyaplrl in rat BNST

To further establish the relationship between PACAP-PACI receptors
and oestrogen in a validated model of sex hormone regulation, we
examined oestrogen-induced changes in Adcyapl and AdcyaplIrl tran-
scripts in the bed nucleus of stria terminalis (BNST) in female rats. The
BNST is a component of the extended amygdala that is subject to sig-
nificant gonadal hormonal control”*”**. In rodents, it is critical for emo-
tional behaviour, mediating stress responses and the light-enhanced
startle response. We examined gene expression in the BNST in ovarec-
tomized female rats following 21-day implantation of continuous release
oestrogen pellets. Compared to control implants, oestradiol increased
Adcyap] transcripts in the dorsal and ventral BNST 2.1- and 3.4-fold,
respectively (P=0.01, Fig. 5d). Additionally, oestradiol increased
Adcyaplr] mRNA 1.5-fold in the dorsal BNST samples (P <0.05,
Fig. 5e), and future studies should also examine oestradiol sensitivity
of these genes in amygdala. While these rodent studies are complex and
have differing experimental designs, our data clearly illustrate dynamic
PACAP-PACI receptor regulation within central areas mediating fear,
stress and oestrogen responsiveness.
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Figure 5 | Regulation of Adcyaplrl and Adcyapl mRNA in rodent models.
a, Percentage of time freezing, in mice, to the conditioned tone (CS+) following
tone-shock pairings during the conditioned fear trials. b, RT-PCR analyses of
mRNA levels within mouse amygdala and mPFC 2 h after fear conditioning or
in control handling conditions, showing a significant increase in amygdala
Adcyaplrl mRNA (N = 15, 1.47 fold, P < 0.05) and a non-significant trend in
mPFC (1.19 fold change). ¢, Correlation between average amygdala and PFC
Adcyaplr] mRNA and percentage freezing at trial 4, demonstrating an
association between Adcyaplr] mRNA with rate of fear learning (r* = 0.49,
P <0.05). d, Adcyapl mRNA in rat BNST in female rats (N = 12 per group)
following ovarectomy and oestradiol implant versus vehicle replacements.
Adcyap]l mRNA is increased in both dorsal BNST (dBNST, 2.1-fold) and
ventral BNST (VBNST, 3.4-fold) after oestradiol implantation. e, Adcyaplrl
transcripts are also increased in dorsal BNST (1.6-fold, N = 4 per group). Bars
represent mean * s.e.m. *P < 0.05.

Discussion

Since its identification more than 20years ago, PACAP has been
increasingly implicated in diverse cellular stress response pathways
and neurotrophic function. However, the organizational role of the
PACAP system in orchestrating behavioural stress responses has yet
to be clarified. Our data suggest that PACAP-PACI receptor expres-
sion and signalling may be integrally involved in regulating the psy-
chological and physiological responses to traumatic stress. Further,
we report an association of an ERE-embedded ADCYAPIRI SNP with
PTSD, and we demonstrate fear- and oestrogen-dependent regulation
of PACAP systems within stress-responsive regions of the brain.
These data may begin to explain sex-specific differences in PTSD
diagnosis, symptoms and fear physiology. Future work targeting the
PACAP-PACI receptor system may lead to novel and robust bio-
markers; it may also further our understanding of the neural mechan-
isms underlying pathological responses to stress, and help identify
potential therapeutic targets for the prevalent and debilitating syn-
drome of PTSD.

METHODS SUMMARY

This highly traumatized, civilian, cross-sectional cohort has been previously
described in candidate gene-association studies of PTSD and depression'' ™",
Research interviews, salivary DNA and blood samples were collected from patients
receiving services in the primary care clinics at Grady Memorial Hospital (Atlanta,
Georgia, USA). All study procedures have been reviewed and approved by the
Emory Institutional Review Board and the Grady Hospital Research Oversight
Committee. PTSD measures in this manuscript are based on the PTSD symptom
scale’, which has been validated within this population using the Clinician
Administered PTSD Scale. PACAP38 radioimmunoassay (1:30,000, Peninsula
Laboratories) was performed at University of Vermont, using double antibody
immunoprecipitation as described"'. For genotyping, pairwise tagging (* > 0.8,
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MAF > 0.1) was used to choose tag-SNPs for both ADCYAPI and ADCYAPIRI.
The coordinates were chr. 18 885000-906000 and chr. 7 31048667-31117836 for
ADCYAPI and ADCYAPIRI, respectively (NCBI B36), which includes approxi-
mately 10 kilobases (kb) upstream and 5 kb downstream of the coding regions for
both genes. Genotypes for the tag-SNPs were generated using Sequenom iPlex
with follow-up analyses using Tagman. For methylation analyses, bisulphite-
converted DNA was whole-genome amplified, fragmented, and hybridized to
the HumanMethylation27 BeadChip (Illumina). Individual samples were stratified
to separate BeadChips according to PTSD status to limit bias. The BeadChips were
scanned using a BeadStation 500GX, and the methylation level (f value) was
calculated using the Methylation Module of the BeadStudio software. The eyeblink
component of the acoustic startle response was measured by electromyographic
recordings of the right orbicularis oculi muscle with two 5-mm Ag/AgCl electrodes
filled with electrolyte gel, as described'®". The mouse fear conditioning and rat
oestrogen replacement studies are described in detail in Supplementary Methods.
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