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PERIL AND PLEASURE: AN RDOC-INSPIRED

EXAMINATION OF THREAT RESPONSES AND REWARD
PROCESSING IN ANXIETY AND DEPRESSION

Daniel G. Dillon, Ph.D.,∗ Isabelle M. Rosso, Ph.D., Pia Pechtel , Ph.D., William D. S. Killgore, Ph.D.,
Scott L. Rauch, M.D., and Diego A. Pizzagalli, Ph.D.

As a step toward addressing limitations in the current psychiatric diagnostic sys-
tem, the National Institute of Mental Health recently developed the Research Do-
main Criteria (RDoC) to stimulate integrative research—spanning self-report,
behavior, neural circuitry, and molecular/genetic mechanisms—on core psycho-
logical processes implicated in mental illness. Here, we use the RDoC conceptu-
alization to review research on threat responses, reward processing, and their
interaction. The first section of the manuscript highlights the pivotal role of ex-
aggerated threat responses—mediated by circuits connecting the frontal cortex,
amygdala, and midbrain—in anxiety, and reviews data indicating that genotypic
variation in the serotonin system is associated with hyperactivity in this circuitry,
which elevates the risk for anxiety and mood disorders. In the second section,
we describe mounting evidence linking anhedonic behavior to deficits in psycho-
logical functions that rely heavily on dopamine signaling, especially cost/benefit
decision making and reward learning. The third section covers recent studies that
document negative effects of acute threats and chronic stress on reward responses
in humans. The mechanisms underlying such effects are unclear, but the fourth
section reviews new optogenetic data in rodents indicating that GABAergic in-
hibition of midbrain dopamine neurons, driven by activation of the habenula,
may play a fundamental role in stress-induced anhedonia. In addition to its
basic scientific value, a better understanding of interactions between the neu-
ral systems that mediate threat and reward responses may offer relief from the
burdensome condition of anxious depression. Depression and Anxiety 31:233–
249, 2014. C© 2013 Wiley Periodicals, Inc.
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INTRODUCTION
The Diagnostic and Statistical Manual of Men-
tal Disorders[1] and International Classification of
Diseases[2] provide a valuable common language for
clinicians and researchers, but they do not reflect recent
advances in our understanding of pathophysiology.
To address this limitation, the National Institute of
Mental Health (NIMH) launched the Research Domain
Criteria (RDoC) initiative. Rooted in a dimensional
approach to mental health, the RDoC matrix (http://
www.nimh.nih.gov/research-priorities/rdoc/nimh-resea
rch-domain-criteria-rdoc.shtml#toc_matrix) provides
a new framework for psychopathology research. The
matrix rows list five systems encompassing broad
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domains of function—Positive Valence Systems, Neg-
ative Valence Systems, Cognitive Systems, Systems for
Social Processes, and Arousal/Regulatory Systems—
whereas the columns list units of analysis: genes,
molecules, cells, circuits, physiology, behavior, and
self-report. Each domain includes several lower order
constructs. For example, Negative Valence Systems
comprise potential threat, acute threat, sustained threat,
loss, and frustrative nonreward, whereas Positive Valence
Systems include approach motivation, initial responsiveness
to reward, sustained responsiveness to reward, reward
learning, and habit. By focusing on core psychological
functions and incorporating data from several levels
of analysis, the RDoC initiative aims to fundamentally
advance our understanding of pathophysiology.

Inspired by the RDoC matrix, we review work on two
topics central to anxiety and depression—namely, threat
reponses and reward processing. We focus primarily on
vigilance for potential and acute threats, and with respect
to reward processing, we mainly consider reward antici-
pation, reward learning, and cost/benefit decision mak-
ing. The first two sections summarize the sizable threat
and reward literatures, integrating well-established find-
ings across behavioral, circuit, and molecular/genetic
levels of analysis. By contrast, the third and fourth sec-
tions highlight novel investigations of the effects of
threat and stress on reward processing. This work is im-
proving our understanding of stress-induced anhedonia,
and may inform therapeutic interventions for anxiety,
depression, and the burdensome condition of anxious
depression.

THREAT RESPONSES AND
ANXIETY

BEHAVIOR
Ethology provides a useful entryway into threat

research.[3] Organisms must be wary of predators and
conspecifics, and a consistent sequence of threat-related
behaviors—vigilance, risk assessment, defense—is ob-
served across mammals.[4] Anxiety disorders are marked
by increased threat vigilance, as documented by a meta-
analysis of studies using the emotional Stroop, emotional
spatial cueing, and dot-probe tasks that reported a re-
liable threat bias in clinically and subclinically anxious
samples, with no evidence for threat bias in nonanx-
ious individuals.[5] These findings converge with self-
report data confirming increased concern over uncer-
tain threats in anxious individuals, particularly those with
generalized anxiety disorder,[6] but diverge from results
in depressed subjects, who do not show increased threat
vigilance yet are slow to disengage from sad material,
especially if it is personally relevant.[7–9] Thus, threat
vigilance is a stronger indicator of anxiety than depres-
sion.

NEURAL CIRCUITS
Work in nonclinical samples has provided valuable

insight into the neural systems that mediate threat
signaling. To dissociate brain regions signaling acute
threat versus sustained anxiety, one functional mag-
netic resonance imaging (fMRI) study presented neg-
ative and neutral pictures at predictable and unpre-
dictable intervals.[10] The amygdala showed transient
responses to negative pictures that did not depend crit-
ically on predictability (Fig. 1A), underscoring its role
in acute threat signaling, and a similar response pro-
file was seen in the periaqueductal gray (PAG), a mid-
brain region activated during the experience of negative
emotion.[11] By contrast, the bed nucleus of the stria ter-
minalis (BNST; Fig. 1B) signaled sustained anxiety: it did
not show a transient response to negative pictures, but
instead displayed a linear increase in activation across
conditions as a function of anxiety (neutral/predictable
< neutral/unpredictable < negative/predictable <
negative/unpredictable). Of note, the ventral ante-
rior cingulate cortex/ventromedial prefrontal cortex
(vACC/VMPFC) showed the opposite response pattern,
with stronger activation when anxiety was lowest (neu-
tral/predictable condition) versus when it was highest
(negative/unpredictable condition). Furthermore, weak
vACC/VMPFC recruitment in unpredictable contexts
correlated with greater self-reported anxiety intoler-
ance. Collectively, these data support a role for the
vACC/VMPFC in safety signaling,[12] possibly reflect-
ing its regulatory influence on the amygdala.[13]

Many of the same regions emerged from fMRI stud-
ies designed to identify brain regions mediating anxiety
responses along a “threat imminence continuum.”[14, 15]

In these studies, participants navigated a maze while be-
ing chased by a virtual predator that delivered electri-
cal shocks. A forebrain-to-midbrain activation shift was
seen as the predator drew near (Fig. 1C). When the
predator was distant, activation was observed in the baso-
lateral amygdala[15] and vACC/VMPFC.[14, 15] By con-
trast, when the predator was imminent and shock de-
livery was unavoidable (“circa-strike”), activation of the
PAG,[14, 15] central amygdala,[15] dorsal anterior cingu-
late cortex (dACC),[14] and insula[14] was seen. Dread of
capture and decreased escape confidence correlated with
increased PAG activation in the circa-strike phase,[15]

and this was associated with motor errors that suggested
a panic-like response.[14]

These studies[14, 15] indicate that the vACC/VMPFC
is engaged during threat assessment and the PAG in ac-
tive defense, whereas the dACC circa-strike response
may reflect conflict between two response options: fight
or flight. The data also highlight functionally dissocia-
ble amygdala nuclei: the basolateral nucleus contributes
to threat assessment, whereas the central nucleus ini-
tiates defensive behavior through its connections with
the midbrain.[16, 17] Overall, this study maps the evolv-
ing threat response, which begins in the vACC/VMPFC
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Figure 1. Neural circuitry implicated in anxiety and threat responses. (A) The amygdala shows a transient response to threat cues. (B)
Sustained anxiety is reflected in activation of the BNST. Images A and B reprinted from Sommerville et al.[10] by permission of Oxford
University Press. (C) As a threatening predator moves closer, brain activation shifts from forebrain regions such as the VMPFC (purple)
to more posterior regions, prominently including the PAG in the midbrain (white). Image reprinted with permission of the Society for
Neuroscience, from Mobbs et al.;[14] permission conveyed through Copyright Clearance Center, Inc. (D) Together with the amygdala,
the insula shows a hyperactive response to threat cues in anxiety disorders. These data depict an exaggerated bilateral insula response to
phobia-related versus neutral words in spider phobics. Image reprinted from Straube et al.,[151] with permission from Elsevier. BNST,
bed nucleus of the stria terminalis; PAG, periaqueductal gray; VMPFC, ventromedial prefrontal cortex.

and basolateral amygdala, runs through the ACC, and
finishes in the PAG, insula, and central amygdala.[14, 15]

Anxiety disorders have been consistently linked to
aberrant responses in several of these regions. A meta-
analysis of fMRI and positron emission tomography
(PET) studies of specific phobia, social anxiety disorder,
and posttraumatic stress disorder (PTSD) confirmed hy-
peractive amygdala responses to negative stimuli across
these disorders.[18] Moreover, decreased activation of
the dACC, vACC, and VMPFC was seen and appeared
specific to PTSD, possibly contributing to emotional
dysregulation such as numbing and flashbacks.[19, 20] Fi-
nally, increased midbrain gray matter volume has been
observed in panic disorder[21] and correlated with disor-
der severity.[22] Thus, panic disorder may reflect struc-
tural or functional abnormalities in the PAG and other
regions mediating defensive responses.

Anxiety has also been linked to hyperactivity of the
insula, a brain region that responds to interoceptive sig-

nals (Fig. 1D).[12, 18] For instance, individuals high in
anxiety sensitivity worry about becoming anxious and
avoid anxiety-provoking stimuli,[23] and several reports
describe positive correlations between anxiety sensitivity
and indices of insula structure and function.[24–27] Thus,
insula hyperactivation may reflect a proclivity to monitor
the internal environment for potential “threats,” such as
rapid heartbeat.

Because many anxiety disorders have a childhood
onset,[28] considering developmental antecedents is im-
portant. Several studies have linked excessive threat
reactivity and anxiety to the behaviorally inhibited
temperament. Behavioral inhibition refers to extreme
caution and timidity upon exposure to novel stim-
uli, and it can be reliably coded in infancy.[29] Be-
haviorally inhibited children are at increased risk
for social anxiety disorder in early childhood[30] and
adolescence,[31] and this appears to be at least partly due
to lower activation thresholds in the sympathetic nervous
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system and hypothalamic–pituitary–adrenal axis.[29]

Strikingly, individuals who were behaviorally inhibited
at 2 years old display a stronger bilateral amygdala re-
sponse to novel faces in adulthood than their uninhibited
counterparts.[32, 33] Thus, social anxiety disorder may re-
flect a long-standing tendency for the amygdala to over-
react to novelty, including unfamiliar faces.

Finally, two findings from the fear conditioning lit-
erature provide additional evidence of the centrality of
learning and memory, and VMPFC/amygdala circuitry,
in pathological anxiety. First, anxiety is associated with
deficits in discriminative learning and fear extinction,
which could exacerbate symptoms and prolong their du-
ration. In discrimination paradigms, one conditioned
stimulus (CS+) is consistently paired with an aversive,
unconditioned stimulus (US), whereas a second condi-
tioned stimulus (CS−) is not. Healthy individuals typ-
ically develop a fear response to the CS+ but not the
CS−. By contrast, several studies report weak discrim-
inative conditioning in anxious individuals driven pri-
marily by excessive responding to the CS−.[34–36] This
may reflect failure to inhibit fear responses during CS−
presentation, or overgeneralization of fear responses
from the CS+ to the CS−.[37, 38] Second, there are re-
ports of heightened responses to the CS+ during ex-
tinction in anxious individuals.[39, 40] It will be impor-
tant to determine whether this reflects failure to learn
that the CS+ no longer predicts US delivery, or failure
to use that learning to override the previously formed
CS+/US relationship. Finally, maintaining fear extinc-
tion depends on memory retrieval processes mediated by
the VMPFC,[41] and this mechanism appears to be dys-
functional in some anxiety disorders (e.g., PTSD; [42]).

MOLECULES/GENES
Individual differences in threat circuitry responsivity

have been linked to variation in the serotonin trans-
porter gene (5-HTTLPR). Compared to long-allele ho-
mozygotes, 5-HTTLPR short-allele carriers showed bi-
lateral amygdala hyperactivation to fearful and angry
faces.[43–45] Furthermore, decreased functional coupling
between the amygdala and perigenual cingulate, as well
as decreased gray matter volume in both regions, has
been observed in short-allele carriers.[46] These findings
support hypotheses linking emotional stability to sero-
tonergic functioning,[47, 48] and suggest a genetic contri-
bution to amygdala hypersensitivity in anxiety.

However, caution must be exercised when extrapo-
lating from these studies to conclusions about exces-
sive anxiety. First, the initial demonstrations of amyg-
dala hyperactivation in 5-HTTLPR short-allele car-
riers involved healthy samples displaying normative
anxiety,[43, 44] suggesting that neither possession of the
short-allele nor amygdala hyperactivity is sufficient to
yield an anxious phenotype. Second, whether stress can
explain links between the 5-HTTLPR short allele and
anxiety—or psychopathology more broadly—is unclear.
Enthusiasm stems from a well-known report that the re-

lationship between 5-HTTLPR genotype and depressive
illness depends on life stress.[49] However, two meta-
analyses did not find support for this gene × environment
interaction,[50, 51] and another concluded that most can-
didate gene × environment interactions, including the 5-
HTTLPR × stress interaction, are unreliable,[52] largely
because most studies are underpowered. Neuroimaging
may help circumvent this limitation, as neural data lie
closer to the genetic effects of interest than self-report
data [but see 53]. Along these lines, one study found a
positive correlation between life stress and resting acti-
vation of the amygdala and hippocampus, but only in 5-
HTTLPR short-allele carriers.[54] Finally, it is important
not to overlook the environment in gene × environment
interactions. 5-HTTLPR short-allele carriers appear to
be exquisitely sensitive to environmental cues, which en-
genders anxiety when stressors abound. However, when
conditions are more salubrious, 5-HTTLPR short-allele
carriers may be especially able to take advantage.[55] For
instance, one study[56] used a gambling task to show that,
compared to long-allele carriers, 5-HTTLPR short alle-
les were more sensitive to changes in their chances of
winning, altering their behavior adaptively to maximize
their gains. Thus, increased responsivity to negative cues
in short-allele carriers may only be one side of the story—
they may be more sensitive to positive cues as well.[55]

SUMMARY
Heightened vigilance for potential threats is a promi-

nent feature of anxiety that is supported by the BNST,
basolateral amygdala, and vACC/VMPFC; other re-
gions, such as the PAG, central amygdala, dACC, and in-
sula, respond more robustly when threats are imminent.
Specific anxiety disorders have been associated with hy-
peractivity in some of these structures (amygdala, in-
sula) and hypoactivity in others (e.g., hypoactivation of
dACC, vACC, VMPFC in PTSD). Individual differ-
ences in amygdalar responses to potential threat vary
with 5-HTTLPR genotype, but this may be counterbal-
anced by greater sensitivity to positive features of the en-
vironment. Overall, the evident connections among ge-
netic, neural, and behavioral systems that support threat
vigilance make potential threat an excellent fit for the
RDoC initiative.

ANHEDONIA AND REWARD
PROCESSING

Although heightened negative affect characterizes
both anxiety and depression, anhedonia plays a
more central role in depressive illness.[57, 58] Anhe-
donia research has flourished with the development
of a basic literature that describes partially disso-
ciable neural systems for reward anticipation ver-
sus consummation,[59, 60] for learning cue–reward and
action–reward contingencies,[61] and for determin-
ing whether expending effort to obtain rewards is
worthwhile.[62] These functions depend heavily on
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dopamine circuits extending from the ventral tegmental
area (VTA), through the striatum (including the nucleus
accumbens [NAcc]), and into frontal regions such as
the medial orbitofrontal cortex (mOFC), VMPFC, and
ACC. Critically, depression is associated with dysfunc-
tion in this circuitry,[63] which is distinct from opioid and
endocannabinoid pathways more reliably linked to the
experience of pleasure.[64, 65] Indeed, although “anhedo-
nia” suggests reduced pleasure upon reward consumma-
tion, accruing evidence relates anhedonic depression to
blunted anticipatory pleasure[66–68], overly conservative
calculation of cost/benefit ratios[69–71], and deficits in re-
inforcement learning.[72, 73] This evidence will be suc-
cinctly reviewed below.

BEHAVIOR
Depression drains motivation to work harder for de-

sirable rewards. One study found a positive relationship
between how much a cartoon was enjoyed and how much
effort was expended to obtain it in healthy adults, but no
such relationship was seen in depressed participants.[66]

Moreover, anticipatory anhedonia was negatively corre-
lated with effort expenditure in this depressed sample,
suggesting that failure to anticipate pleasure sapped mo-
tivation. Similarly, when healthy individuals were given
a choice between completing an easy task for a small
reward or tackling a harder task to earn a larger re-
ward (with only a 50% chance of reward delivery in both
cases), increased trait anhedonia predicted fewer choices
of the hard task.[70] A second study using the same
methodology showed that depressed adults made fewer
high-effort/high-reward choices than controls, and the
number of such choices was negatively correlated with
the length of the current major depressive episode.[71] Fi-
nally, another study found that the prospect of increased
monetary rewards elicited extra effort on a handgrip task
in healthy volunteers, but not depressed adults.[74] In-
triguingly, the depressed group rated themselves as ex-
erting greater effort when more money was at stake even
though this was objectively incorrect, suggesting that
perceived and actual effort were decoupled. Overall, de-
pressed individuals are unlikely to mobilize extra effort
to obtain desirable outcomes, which may reflect antici-
patory anhedonia,[66, 67] overly conservative cost/benefit
calculations,[71] or failure of biological mechanisms that
translate incentive motivation into action.[74]

Anhedonic individuals also have difficulty modifying
their behavior as a function of positive reinforcement,
suggesting a deficit in reward learning. Our group has
developed a probabilistic reward task that uses a differ-
ential reinforcement schedule to probe this capacity.[75]

Briefly, participants make a difficult perceptual catego-
rization over the course of several trials, and the proba-
bility of reward delivery is three times higher following
one response versus the other. In healthy volunteers, this
manipulation reliably induces a bias toward the “rich”
(more frequently rewarded) response and away from the
“lean” response.[75]

Nonclinical participants with elevated depressive
symptoms[75] and adults with Major Depressive Disor-
der (MDD)[72, 76] develop weak response biases, suggest-
ing deficits in reward learning. A trial-by-trial analysis
showed that in MDD, the blunted response bias reflected
failure to sustain adaptive behavior: depressed individu-
als stopped choosing the rich response too hastily fol-
lowing nonrewarded trials.[72] Thus, the depressed par-
ticipants failed to integrate reinforcement history into
their decision making, and were unable to maintain a re-
sponse pattern that maximized reward delivery. Impor-
tantly, failure to develop a response bias at study entry
predicted failure to respond to 8 weeks of treatment for
depression.[76]

It is valuable to contrast the effects of depression in
these tasks with findings from the sweet taste test, in
which participants rate how much they enjoy increas-
ingly concentrated sucrose solutions. This task is one
of the purest measures of consummatory pleasure avail-
able, as it makes minimal demands on anticipatory re-
sponses or reward learning. Strikingly, depression does
not strongly affect results from this test,[77–79] and perfor-
mance is not linked to treatment response.[78, 79] Thus,
although motivation to work for rewards and reward
learning are negatively affected by depression, basic he-
donic responses appear intact.

NEURAL CIRCUITS
Psychopharmacological and neuroimaging data con-

firm a role for dopamine signaling in these and re-
lated tasks, with implications for anhedonia. For exam-
ple, in rodents[80] and healthy humans[81], low doses of
pramipexole (a D2 agonist) blocked response bias de-
velopment in our probabilistic reward task (Fig. 2A).
This effect is thought to reflect reduced phasic dopamine
release due to activation of presynaptic autoreceptors.
Consistent with this proposal, an fMRI study using
a different task found that low doses of pramipexole
reduced striatal and midbrain responses to monetary
rewards.[82] A separate PET study demonstrated that the
probabilistic reward task elicits dopamine release in the
dACC, mOFC, and VMPFC.[83] Because the mOFC
and VMPFC code reward value in humans,[84–86] ac-
tivation of these regions is unsurprising, given reward
delivery in the task. By contrast, dACC activation is
intriguing, especially because source localization of
electroencephalography data linked development of a
stronger response bias to a neural generator in the
dACC.[87] As already noted, depressed participants per-
formed poorly on this task because they abandoned
the more frequently rewarded response too quickly.
Work in nonhuman animals implicates the dACC in
the integration of reinforcement history into decision
making,[88] and it may be this psychological process that
drives dACC activation (and the link between putative
dACC signaling and response bias) in these studies. If
so, weaker dACC activation during task performance in
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Figure 2. Neural systems implicated in reward processing and anhedonia. (A) Administration of the D2 agonist pramipexole blunts the
development of a response bias in the probabilistic reward task, consistent with reduced phasic dopaminergic bursting due to activation of
presynapatic autoreceptors. Image reprinted from Pizzagalli et al.,[81] with kind permission from Springer Science and Business Media.
(B) Blunted reward learning signals, uncovered with a temporal difference model, during Pavlovian conditioning in medicated depressed
adults versus healthy controls. Image reprinted from Kumar et al.,[73] by permission of Oxford University Press. (C) A stronger response
to monetary gains in the bilateral dorsal caudate was seen in healthy controls versus unmedicated adults with MDD. Image reprinted
from Pizzagalli et al.[90]. Reprinted with permission from The American Journal of Psychiatry, (copyright C©2009). American Psychiatric
Association.

depressed versus healthy adults should be detectable via
neuroimaging.

There is also evidence linking poor reward learn-
ing in depression to altered responses in the striatum
and VTA/substantia nigra (VTA/SN), which contains
dopaminergic cell bodies. A combined computational-
modeling/fMRI study uncovered weaker reward learn-
ing signals in the ventral striatum and dACC of med-
icated, depressed adults versus healthy volunteers[73]

(Fig. 2B). More recently, unmedicated depression was
associated with poor reversal learning following unex-
pected reward delivery, and this was associated with weak
fMRI signals in the ventral striatum.[89] Furthermore,
depression had a strong, negative effect on dorsal caudate
(Fig. 2C) reward responses in the monetary incentive de-
lay task.[90] The dorsal caudate supports feedback-driven
contingency learning,[91] and its activation has been
found to normalize with treatment for depression.[92]

Moreover, caudate volume was negatively correlated
with anhedonia in clinical[90] and nonclinical[93] sam-
ples. Therefore, we speculate that depressed adults
may have greater difficulty learning action–reward
and stimulus–reward contingencies than their healthy
peers.

Along these lines, we found an explicit memory advan-
tage for rewarded versus nonrewarded stimuli in healthy
individuals, but this effect was not observed in unmed-
icated, depressed adults.[94] This group difference was
reflected in brain activation during encoding: compared
to controls, depressed adults showed weaker reward
responses in the VTA/SN. Furthermore, VTA/SN-
encoding activation predicted memory accuracy in con-
trols, but not depressed participants. Thus, negative ef-
fects of depression on dopamine circuitry implicated in
reward-driven learning and memory is a promising tar-
get for further investigation.
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MOLECULES/GENES
The DAT1 and catechol-O-methyltransferase

(COMT) genes have received significant attention in the
context of reward processing. The dopamine transporter
(DAT) removes dopamine from synapses, primarily
in the striatum, whereas COMT is an enzyme that
degrades dopamine, reducing its synaptic concentration
mainly in the PFC. The 9R DAT1 variant is more weakly
expressed than the 10R variant, leading to increased
striatal dopamine (but see [95]). Meanwhile, the COMT
met allele renders the enzyme less stable than the val al-
lele, leaving more dopamine in the PFC. Consequently,
several studies have asked whether genotypic variation
in DAT1 and COMT affects reward processing.

The answer is “yes,” but a firm understanding of rel-
evant mechanisms remains elusive. On one hand, re-
sponse bias magnitude in the probabilistic reward task
and willingness to expend effort for rewards were greater
in COMT met/met versus val/val homozygotes, consis-
tent with a beneficial role for higher PFC dopamine
concentrations.[96] Moreover, compared to DAT1 10R
homozygotes, DAT1 9R carriers were quicker to pull
a joystick to approach happy faces and push it away
to avoid angry faces,[97] suggesting that higher striatal
dopamine concentrations conferred increased sensitivity
to rewarding (happy) and nonrewarding (angry) faces.
Similarly, the DAT1 9R and COMT met alleles were
linked to stronger activation of striatal and PFC re-
gions during reward anticipation and consummation,
respectively.[98] These findings link boosted reward pro-
cessing with elevated dopamine concentrations.

However, this literature includes many counterintu-
itive findings. For example, one fMRI study reported a
complex gene–gene interaction with regard to ventral
striatum reward responses, with weak activation seen in
COMT met/met homozygotes with a DAT1 10R allele,
as well as COMT val/val homozygotes with a DAT1 9R
allele.[99] Another study found no effect of COMT on
reward responses, but possession of the met allele was
associated with ventral striatum and temporal pole acti-
vation during loss anticipation.[100] In yet another inves-
tigation, COMT val/val homozygotes learned changing
stimulus–reward contingencies faster than met/met ho-
mozygotes, while also showing stronger reward predic-
tion error signals in the ventral striatum.[101] Finally, a
positive correlation between ventral striatum reward re-
sponses and self-reported reward sensitivity emerged in
DAT1 10R homozygotes, but not 9R carriers.[95] These
findings are difficult to reconcile with results presented
in the preceding paragraph.

The complexity of this literature reflects the relatively
small number of studies, small sample sizes, and varia-
tions in experimental design. A more fundamental point
is that individual differences in reward processing must
reflect the influence of myriad genes. For example, in a
recent study, about 11% of the interindividual variance
in ventral striatal reward responses could be explained via
the additive effect of five genes affecting dopamine sig-

naling, but no single genotype predicted variance when
considered alone.[102]

SUMMARY
Depression is associated with anticipatory anhedonia,

unwillingness to work harder for greater rewards, and
impaired reinforcement learning—at least when rewards
are the reinforcement. These deficits appear to reflect
dysfunction in dopamine networks extending from the
VTA/SN and into the striatum, as well as in dACC cir-
cuitry implicated in cost/benefit analysis and the inte-
gration of reinforcement history into decision making.
Genotypic variation that influences dopamine concen-
tration in the PFC (COMT) and striatum (DAT) con-
tributes to individual differences in the responsivity of
these circuits, but a clearer understanding of these mech-
anisms is needed. Although much remains to be done,
this evidence supports the decision to focus on several
aspects of reward processing (e.g., approach motivation,
reward learning) in the RDoC initiative.

THE IMPACT OF THREATS AND
STRESS ON REWARD

PROCESSING IN HUMANS
The first two sections examined threat and reward

responses separately, but threats and stress can nega-
tively affect several facets of reward processing. For in-
stance, military training and final examinations blunted
responses to amusing films and a wide range of pleasant
activities in students.[103] More recently, healthy adults
faced with acute stressors, either in the laboratory[104]

or in natural settings,[105] showed blunted response bias
formation in the probabilistic reward task (Fig. 3A), and
individuals who perceived their lives as highly stress-
ful developed a weaker response bias than those who
did not.[106] Thus, stress impairs modulation of behav-
ior based on reinforcement contingencies, and recent
evidence suggests that these effects may be specific to
reward.[107, 108] Finally, an fMRI study demonstrated that
acute stress reduces neural responses to rewards (but not
punishments) in the human striatum,[109] highlighting
negative effects of stress on reward circuitry (see also
[110]).

Data from nonhuman animals indicate that reward
processing should be most negatively affected by chronic
stress,[111] particularly if it occurs during sensitive devel-
opmental periods.[112] Along these lines, an fMRI study
reported reduced anticipatory pleasure in adults exposed
to childhood maltreatment.[113] This was manifested by
weak anticipatory responses to reward cues—but not
loss or no-incentive cues—in the left putamen and left
globus pallidus (Fig. 3B). The localization of these find-
ings is noteworthy because globus pallidus lesions result
in profound anhedonia and apathy,[114, 115] and damage
to left hemisphere basal ganglia structures, especially the
pallidum and caudate, is highly predictive of poststroke
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Figure 3. Negative effects of stress on reward processing. (A) Acute stress blunts the formation of a response bias in the probabilistic
reward task. Image reprinted from Bogdan and Pizzagalli,[104] with permission from Elsevier and the Society of Biological Psychiatry.
(B) Compared to healthy controls, young adults exposed to childhood maltreatment display reduced responses to reward cues in
the left globus pallidus. This effect was specific to reward cues, as no group difference was observed in response to loss or no-
incentive cues. Image reprinted from Dillon et al.,[113] with permission from Elsevier and the Society of Biological Psychiatry. (C)
The combination of amygdala hyperactivity during risk anticipation (x-axis) plus NAcc hypoactivation in response to reward delivery
(y-axis) characterizes vulnerable individuals, who developed clinically relevant symptoms of PTSD and/or depression following stress
exposure. Note that although amygdala hyperactivity following stress exposure is plotted, the same finding was obtained with amygdala
hyperactivity measured prior to stress exposure. Image reprinted from Admon et al.,[121] by permission of Oxford University Press.

Depression and Anxiety



Review: Threat and Reward in Anxiety and Depression 241

depression.[116] Childhood sexual abuse (CSA) also im-
paired performance on a reinforcement learning task in
adulthood, with the data suggesting a link between CSA
and failure to apply reward-based learning in a novel
context.[108] These studies require replication, but they
converge with nonhuman animal data linking chronic
stress to dysfunction in brain reward networks.[111]

ANXIOUS DEPRESSION
The findings just described may have particular clin-

ical value, because they suggest a pathway to a burden-
some condition: anxious depression, or “cothymia.”[117]

Cothymia is common and places a heavy load on in-
dividuals, providers, and society, as it is treatment-
resistant[118] and results in extensive healthcare use.[119]

The etiology of cothymia is poorly understood, and neu-
roscience research is in early stages.[120] However, results
from an elegant prospective study[121] provide clues for
future work, even though cothymia was not directly in-
vestigated.

Briefly, healthy members of an elite corps of com-
bat paramedics completed an fMRI study when con-
scripted and again 18 months later, following exposure
to combat-related stressors. The fMRI sessions featured
a competitive game that required risky moves and de-
livered unexpected monetary rewards. The key finding
was that two neural markers predicted elevated symp-
toms of PTSD and depression following stress exposure:
heightened amygdala activation during risk anticipation,
plus reduced NAcc responses to unpredicted rewards
(Fig. 3C). Critically, amygdala hyperactivity in stress-
sensitive individuals was evident before combat expo-
sure, suggesting it may be a diathesis for stress-induced
psychopathology. However, exaggerated amygdala re-
sponses alone did not yield a clinical phenotype. Only
when combined with NAcc hyporeactivity to rewards—
a phenomenon that emerged after stress exposure—was
the link to elevated anxiety and depression reliable. This
noteworthy study suggests that preexisting hyperactivity
in threat circuitry, combined with stress-induced disrup-
tion of reward networks, may be critical for the onset of
psychopathology. Although the link to cothymia is spec-
ulative, particularly since it does not typically involve
such intense stress exposure, this work provides clear
neuroscientific hypotheses to pursue in more targeted
studies.[122]

NEURAL MECHANISMS OF
STRESS-INDUCED ANHEDONIA
Stress-induced anhedonia suggests interactions be-

tween neural systems that mediate threat and reward re-
sponses. What is the nature of such interactions, and
where do they take place? Initial answers are emerg-
ing from diverse sources, including electrophysiologi-
cal work in nonhuman primates, investigations of neu-
ral metabolism in rodents and humans, and applica-
tion of deep brain stimulation (DBS) as a treatment

for depression. However, the most striking data come
from a breakthrough new technology: optogenetics,
which permits precise manipulation of neurons classified
by the neurotransmitters they release. Evidence from
these methods is converging on two key findings. First,
dopaminergic neurons in the VTA receive inhibitory
GABAergic projections from a small sector of the VTA
called the rostromedial tegmental nucleus,[123] and these
VTA gamma-aminobutyric acid (GABA) neurons are
excited by the habenula.[124] Second, the habenula and
VTA GABA neurons respond strongly to aversive stim-
uli. Because of the fundamental role of VTA dopamine
neurons in reward processing, these two points suggest a
new hypothesis: stress increases metabolism in the habe-
nula, which drives activation of VTA GABA neurons and
results in inhibition of VTA dopamine neurons, leading
to anhedonic behavior. If this mechanism remained ac-
tive for a sustained period, it might elicit the onset of
anhedonic depression. The remainder of the study re-
views new evidence supporting this proposal.

ANATOMY, FUNCTION, AND CONNECTIVITY
OF THE HABENULA

The habenula is a small, bilateral structure occupy-
ing about 30–45 mm3 in each hemisphere in humans
(Fig. 4A and B). It is located at the dorsomedial ex-
tent of the thalamus, anterior to the pineal gland, and
is bounded medially by the third ventricle.[124–126] Sem-
inal electrophysiology studies in nonhuman primates
revealed that the lateral habenula’s response profile is
the opposite of VTA dopamine neurons: it is excited
by punishments, punishment-predicting cues, and re-
ward omission, and inhibited by unexpected rewards
and reward-predicting cues.[127, 128] Although the reli-
ability of habenula fMRI signals is unclear due to its
small size, there is evidence that this functional profile
is conserved in humans.[129, 130] Critically, the habenula
is densely connected, receiving inputs primarily from
the basal ganglia, hypothalamus, and limbic regions, and
sending efferents to the VTA, the raphé nucleus (where
serotonergic neurons originate) and the PAG, among
other regions.[124, 130–132] Although even this thumbnail
sketch is complex, the implication is clear: the habenula
receives input from regions related to motivation and
action selection, and can integrate and broadcast that
information via its connections to ascending dopamin-
ergic and serotonergic projections.

The most important detail in the current context is
that VTA GABA neurons receive excitatory input from
the lateral habenula and are positioned to inhibit VTA
dopamine neurons.[123, 132] Thus, when the lateral habe-
nula responds to aversive stimuli and excites VTA GABA
neurons, inhibition of midbrain dopaminergic neurons
is expected. The strongest evidence for this predic-
tion comes from optogenetics, which involves tagging
specific cell types (e.g., GABA or dopamine neurons)
with molecules that render them sensitive to particular
wavelengths of light.[133] Depending on the preparation,
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Figure 4. Activation of the habenula and VTA GABA neurons inhibits VTA dopamine neurons. (A) Red box highlights the habenula and
neighboring structures in a coronal MRI image. (B) Closeup of the habenula. Images A and B reprinted from Lawson et al.,[125] copyright
2013, with permission from Elsevier. (C) Optogenetic stimulation of VTA GABA neurons. The blue bar denotes the stimulation period,
the trace depicts the normalized firing rate of eight neurons (mean, heavy black trace; SD, shaded gray area). (D) Optogenetic inhibition
of VTA dopamine neurons during stimulation of VTA GABA neurons. The blue bar denotes the stimulation period, the trace depicts
the normalized firing rate of 12 dopamine neurons (mean, heavy gray trace; SD, light gray trace). Images C and D reprinted from Tan
et al.,[134] copyright 2012, with permission from Elsevier.

application of that wavelength can selectively excite or
inhibit the tagged neurons but not their neighbors, con-
ferring a degree of precision unattainable with conven-
tional methods.

When this approach was used to excite VTA GABA
neurons (Fig. 4C), a corresponding reduction in the
activation of VTA dopamine neurons was observed
(Fig. 4D), confirming predictions based on anatomy.[134]

Moreover, stimulation of VTA GABA neurons rapidly
induced conditioned place aversion, with rats avoiding
the chamber in which GABA stimulation had been de-
livered. This result demonstrates that, in addition to
inhibiting VTA dopamine neurons, excitation of VTA
GABA cells is aversive. Finally, the same study showed

that footshock also induces excitation of VTA GABA
cells and inhibition of VTA dopamine cells, lending eco-
logical validity to the optogenetic results.

CONFIRMING A ROLE FOR THE HABENULA IN
DEPRESSION

The study just reviewed raises the possibility that
the habenula and VTA GABA neurons may play a role
in depressive illness, and several findings support that
proposition. One study compared baseline metabolic ac-
tivity in rats bred to show learned helplessness or re-
silience in the face of acute stress.[135] Compared to re-
silient rats, congenitally helpless rats showed a 64–71%
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elevation in habenula metabolism, along with a 28% de-
crease in VTA metabolism (unselected, “normal” rats
showed an intermediate metabolic profile). These mea-
sures were obtained without stress exposure, suggesting
that elevated habenula metabolism and reduced VTA
metabolism may be a diathesis for learned helplessness.

Conceptually related work implicates the habenula
in human depression. In an early PET study,[136] acute
tryptophan depletion induced depressive relapse in
remitted patients, and the increase in depressive symp-
toms was positively correlated with increased habenula
activation. Similarly, a placebo-controlled fMRI study
reported increased habenula responses to emotionally
negative words following acute tryptophan deple-
tion in a sample of unmedicated, remitted depressed
participants.[137] Based on these studies and the encour-
aging findings in nonhuman animals, the habenula has
been proposed as a target for DBS in depression.[138]

Importantly, DBS would be used to inhibit the habenula.
Application of this approach in a single case of treatment-
resistant depression yielded promising results,[139, 140]

which should encourage follow-up work in larger
samples.

Of course, the majority of depressed patients are
not candidates for DBS; thus these findings might ap-
pear to have limited relevance for most treatment de-
cisions. However, baseline serotonin transporter con-
centration in the habenula (relative to the median raphé
nucleus) predicted response to selective serotonin reup-
take inhibitors,[141] indicating that assessment of habe-
nula physiology could inform the selection of front-line
antidepressants. This development lies in the future, but
it reflects accumulating evidence of a central role for the
habenula in human depression.

OPTOGENETICS AND ANHEDONIA
Investigating connectivity between the habenula and

serotonergic neurons in the raphé nucleus will clearly
prove important for understanding depressive illness.
Moreover, a study of human pain[130] revealed functional
and structural connections between the habenula and the
PAG. As noted earlier, the PAG is reliably elicited by
imminent threats, and increased PAG volume has been
linked to panic disorder. Therefore, the habenula may
contribute to aversive signaling in a manner that extends
beyond depression, and this may primarily reflect its abil-
ity to modulate serotonergic firing.

However, any relationship between habenula func-
tion and anhedonia should be mediated through its
effects—via VTA GABA cells—on VTA dopamine
neurons. Along these lines, an important optogenetic
study[142] showed that anhedonic symptoms of depres-
sion can be influenced by modulating activity in VTA
dopamine neurons. Two experiments from this elegant
study are particularly noteworthy. In the first, VTA
dopamine neurons were selectively inhibited as rats un-
derwent the forced swim test and a measure of sucrose
preference. Strikingly, optogenetic inhibition of VTA

dopamine neurons rapidly induced cessation of strug-
gling in the swim test (Fig. 5A) and dramatically reduced
sucrose preference (Fig. 5B). These classic markers
of depression-like behavior and anhedonia disappeared
shortly after optogenetic stimulation was stopped. Thus,
inhibition of VTA dopamine neurons induced a prode-
pressive phenotype.

In the second experiment, mice were first exposed to
the chronic mild stress (CMS) paradigm. This involved
twice-daily exposure to a battery of minor stressors over a
period of 8–12 weeks, which is known to induce anhedo-
nic behavior.[111] Indeed, compared to controls, mice ex-
posed to CMS displayed a weaker sucrose preference and
ceased struggling earlier in the forced swim test. Strik-
ingly, however, these prodepressive effects were rescued
within minutes by optogenetic stimulation of dopamine
VTA neurons (Fig. 5C and D), which normalized the be-
havior of CMS-exposed mice to the level demonstrated
by nonstressed animals.

This optogenetic investigation suggests two com-
plementary points: inhibiting VTA dopamine neurons
induces anhedonic, prodepressive behavior, whereas
exciting VTA dopamine reinstates normative reward re-
sponses and antidepressant behavior in mice exposed to
CMS. Together with the aforementioned demonstra-
tion that excitation of VTA GABA cells inhibits VTA
dopamine neurons, and the data linking stress to blunted
reward processing in humans, this study highlights a
neural mechanism that transduces stress and threat re-
sponses into anhedonic behavior. Whether the mecha-
nism differs substantially in humans is a crucial question,
but it is encouraging to note that both psychotherapy[92]

and pharmacotherapy[143] are capable of rescuing striatal
function in depressed adults. Thus, remediating stress-
induced dysfunction in reward pathways may be a viable
goal for treatment interventions.

CAUTIONS AND COMPLEXITIES
For any translational effort to be successful, addi-

tional complexities must be acknowledged. Most im-
portantly, the relationship between activation of VTA
dopamine cells and depressive behavior appears to de-
pend critically on the stress protocol. This was made
clear when the same group used optogenetics to modu-
late VTA dopamine neurons in mice exposed to social
defeat stress, rather than CMS.[144] In the social defeat
paradigm, a test mouse is introduced into the cage of a
larger, “resident” mouse, who typically attacks. When
done acutely, this manipulation renders mice suscep-
tible to further stressors but does not typically induce
anhedonia.[144] However, when this “subthreshold” ma-
nipulation was accompanied by phasic bursting of VTA
dopamine neurons (elicited via optogenetics), a robust
increase in depressive symptoms was observed: social in-
teractions decreased, as did sucrose preference. When
the social defeat paradigm is administered chronically
(e.g., over 10 days), anhedonia and depressive behaviors
are elicited in about 50–60% of mice, with the remainder
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Figure 5. Inhibition of VTA dopamine neurons induces a prodepressive phenotype, stimulation of VTA dopamine neurons elicits an
antidepressive phenotype. Optogenetic inhibition of VTA dopamine neurons reduces time spent struggling in the forced swim test
(A) and sucrose preference (B). Orange traces show data from mice treated with a light-sensitive molecule that hyperpolarizes cell
membranes upon illumination, gray traces show data from controls, and the yellow panel delimits the period of illumination. Exposure
to chronic mild stress (CMS) reduces time spent struggling in the forced swim test (C) and sucrose preference (D), but optogenetic
stimulation of VTA dopamine neurons rescues performance. Light blue traces show data from mice exposed to CMS and treated with a
light-sensitive molecule that depolarizes cell membranes upon illumination, gray traces show data from mice exposed to CMS but not
treated with the light-sensitive molecule, and purple and black traces show data from controls not exposed to CMS (purple, carrying
the light-sensitive molecule; black, no light-sensitive molecule). Blue panel delimits the period of illumination. Images A, B, C, and D
reprinted by permission from Tye et al.,[142] copyright 2013 and granted by Macmillan Publishers.

displaying resilience.[145] Strikingly, however, this study
also showed that if chronic social defeat is paired with
VTA dopaminergic bursts, resilient mice can be con-
verted into susceptible mice, as measured by decreased
social interaction and sucrose preference. By contrast, in-
hibition of dopamine circuitry extending from the VTA

to the NAcc reduced depressive behaviors following
chronic social defeat. Broadly speaking, these results are
the opposite of those obtained with CMS.[142]

It is not easy to reconcile these two sets of findings,
but the nature of the stressor may prove critical.[146]

In particular, chronic stress reduces dopamine bursting,
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whereas acute stressors elicit it,[147] and this may alter the
impact of additional bursting induced by optogenetics.
Alternatively, methodological differences between the
experiments (e.g., single vs. group housing of animals)
may prove relevant.[146] Regardless, additional work is
needed.

Indeed, we have glossed over other complexities.
For example, although most VTA dopamine neurons
show the “classic” responses to unexpected rewards and
reward-predicting cues, others respond to rewarding
and aversive stimuli and carry signals related to salience
rather than valence.[148, 149] Determining whether these
neurons are involved in depression is a goal for the future.
Finally, we have emphasized negative effects of stress
and threat on dopaminergic firing, but dopaminergic
firing can also delimit stress and threat responses. For
example, a study in knockout mice showed that stim-
ulus control over fear responses is lost if dopaminergic
responses to aversive stimuli are inhibited.[150] Given ev-
idence of poor discriminative learning and generalized
fear responses in anxiety disorders, this study suggests a
possibly underappreciated role for dopamine in human
anxiety.

CONCLUSION
This review integrated research on threat and reward

processing from several levels of analysis, consistent with
the RDoC approach, and emphasized novel findings
concerning the intersection of stress, threat, and reward
processing. We close with three final points. First, our
focus on threat and reward is not meant to suggest that
other RDoC domains are not equally important for un-
derstanding anxiety and depression. Second, by empha-
sizing behavioral, molecular genetic, and neural factors
in mental illness, we do not mean to understate the role of
the environment. Finally, for RDoC research to inform
clinical practice, additional emphasis must be placed on
replication studies.[52] Academic institutions and fund-
ing bodies favor novelty, but clinical practice demands
reliability. Thus, replication is essential, in order to iden-
tify robust findings with maximal clinical value.
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25. Schäfer A, Leutgeb V, Reishofer G, et al. Propensity and sen-
sitivity measures of fear and disgust are differentially related to
emotion-specific brain activation. Neurosci Lett 2009;465:262–
266.

26. Rosso IM, Makris N, Britton JC, et al. Anxiety sensitivity corre-
lates with two indices of right anterior insula structure in specific
animal phobia. Depress Anxiety 2010;27:1104–1110.

27. Killgore WDS, Britton JC, Price LM, et al. Neural correlates of
anxiety sensitivity during masked presentation of affective faces.
Depress Anxiety 2011;28:243–249.

28. Biederman J, Petty CR, Hirshfeld-Becker DR, et al. Devel-
opmental trajectories of anxiety disorders in offspring at high
risk for panic disorder and major depression. Psychiatry Res
2007;153:245–252.

29. Kagan J, Reznick JS, Snidman N. The physiology and psychology
of behavioral inhibition in children. Child Dev 1987;58:1459–
1473.

30. Biederman J, Hirshfeld-Becker DR, Rosenbaum JF, et al. Further
evidence of association between behavioral inhibition and social
anxiety in children. Am J Psychiatry 2001;158:1673–1679.

31. Schwartz CE, Snidman N, Kagan J. Adolescent social anxiety as
an outcome of inhibited temperament in childhood. J Am Acad
Child Adolesc 1999;38:1008–1015.

32. Schwartz CE, Wright CI, Shin LM, et al. Inhibited and unin-
hibited infants “grown up”: adult amygdalar response to novelty.
Science 2003;300:1952–1953.

33. Schwartz CE, Kunwar PS, Greve DN. A phenotype of early in-
fancy predicts reactivity of the amygdala in male adults. Mol
Psychiatry 2011;17:1042–1050.

34. Grillon C, Morgan CA III. Fear-potentiated startle conditioning
to explicit and contextual cues in Gulf War veterans with post-
traumatic stress disorder. J Abnorm Psychol 1999;108:134–142.

35. Herman C, Ziegler S, Birbaumer N, Flor H. Psychophysiolog-
ical and subjective indicators of aversive Pavlovian condition-
ing in generalized social phobia. Biol Psychiatry 2002;52:328–
337.

36. Orr SP, Metzger LJ, Lasko NB, et al. De novo conditioning
in trauma-exposed individuals with and without posttraumatic
stress disorder. J Abnorm Psychol 2000;109:290–298.

37. Lissek S, Powers AS, McClure EB, et al. Classical fear condi-
tioning in the anxiety disorders: a meta-analysis. Behav Res Ther
2005;43:1391–1424.

38. Mineka S, Oehlberg K. The relevance of recent developments in
classical conditioning to understanding the etiology and mainte-
nance of anxiety disorders. Acta Psychol (Amst) 2008;127:567–
580.

39. Blechert J, Michael T, Vriends N, et al. Fear conditioning in
posttraumatic stress disorder: evidence for delayed extinction of
autonomic, experiential, and behavioural responses. Behav Res
Ther 2007;45:2019–2033.

40. Michael T, Blechert J, Vriends N, et al. Fear conditioning in
panic disorder: enhanced resistance to extinction. J Abnorm Psy-
chol 2007;116:612–617.

41. Milad MR, Quirk GJ. Neurons in medial prefrontal cortex signal
memory for fear extinction. Nature 2002;420:70–74.

42. Milad MR, Pitman RK, Ellis CB, et al. Neurobiological basis of
failure to recall extinction memory in posttraumatic stress disor-
der. Biol Psychiatry 2009;66:1075–1082.

43. Hariri AR, Drabant EM, Munoz KE, et al. A susceptibility gene
for affective disorders and the response of the human amygdala.
Arch Gen Psychiatry 2005;62:146–152.

44. Hariri AR, Mattay VS, Tessitore A, et al. Serotonin transporter
genetic variation and the response of the human amygdala. Sci-
ence 2002;297:400–403.
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