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Summary

A dysregulated fear response is one of the hallmark clinical presentations of patients suffering
from posttraumatic stress disorder (PTSD). These patients show overgeneralization of fear and in
tandem an inability to inhibit fear responses in the presence of safety. Here, we summarize our
recent findings using a conditional discrimination paradigm, which assesses safety signal
processing (AX+/BX—) in combat and civilian PTSD populations. Overall, PTSD subjects
demonstrate a lack of safety signal learning and an inability to modulate the fear responses with
safety cues. We then review studies of the neurobiology of fear expression and inhibition in
humans and non-humans, in order to provide a background for preliminary studies using reverse
translation procedures in which the same AX+/BX— paradigm was used in rhesus macaques.

1. Clinical Phenomenology of Fear Inhibition to Safety Signals

Excessive fear and anxiety, along with an inability to overcome these emotions, are some of
the defining characteristics of many anxiety disorders, such as phobias, panic disorder and
posttraumatic stress disorder (PTSD). Several theorists (Amstedler et al., 2009; Friedman,
2010; Keane et al., 1985) have proposed that fear conditioning processes are involved in the
etiology and maintenance of PTSD. According to the Diagnostic and Statistical Manual of
Mental Disorders, 4™ edition (DSM-IV; APA, 1994), the diagnosis of PTSD requires
exposure to a traumatic event and a cluster of symptoms associated with that event (e.g.,
psychological and physiological reactions to trauma reminders, and avoidance of such
reminders). Over-generalization of trauma-related stimuli or situations (i.e. an impaired
ability to discriminate between danger and safety cues (Jovanovic et al., 2010a; Jovanovic et
al., 2009) can lead to hyper-vigilance and exaggerated physiological responses that are part
of the PTSD clinical presentation. For example, combat veterans with PTSD may experience
uncontrollable fear in response to a previously learned fearful cue (e.g. helicopter sound),
even when surrounded by many cues that should signal safety (e.g. the company of a loved
one, far away from site of combat experience, etc.).

Conceptualizing PTSD within the framework of fear conditioning allows for the use
laboratory paradigms, such as fear-potentiated startle, to better understand altered fear
processing and to develop better treatments for this disorder. Although exposure to severe
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trauma is a defining criterion of PTSD, approximately 80% of individuals exposed to such
trauma do not develop the disorder (Gillespie et al., 2009; Hoge et al., 2004), indicating that
there are factors that increase vulnerability in some individuals. As noted above, most
trauma victims show fear and related reactions after a traumatic event but these effects
diminish over time in resilient individuals (Rothbaum and Davis, 2003). This resilience may
reflect an intact ability to inhibit learned fear while the development of chronic PTSD in
traumatized individuals that do not recover represents a failure of fear inhibition. The
inability to suppress conditioned fear may be due to a complex gene x environment
interaction between one‘s individual predisposition(s) and environmental factors, such as
early life stress and the frequency, degree, and intensity of traumatic event(s).

1.1. Testing Safety Signal Learning in a Human Paradigm

Fear-potentiated startle is defined by the relative increase in the amplitude of the acoustic
startle reflex when elicited in the presence of a conditioned stimulus (CS+) previously paired
with an aversive stimulus (unconditioned stimulus, US) compared to startle amplitude
elicited in the absence of that cue. Fear-potentiated startle can be demonstrated in animals
and humans (Ameli et al., 2001; Davis et al., 1993; Grillon and Baas, 2003; Grillon and
Davis, 1997). As a result, it provides an objective measure of the fear response and is an
ideal paradigm for translational research. Fear inhibition involves learning of safety signals,
i.e. the ability to discriminate between danger and safety cues and suppressing fear
responses in the presence of safety cues. In the laboratory, fear inhibition is typically
measured by pairing one cue with a fearful event and another that signals the absence of that
event.

Myers and Davis (2004) developed a discrimination procedure in rats that allows for an
independent evaluation of fear acquisition and inhibition of fear. The procedure, referred to
as a conditional discrimination and abbreviated as AX+/BX—, is based on earlier learning
theory experiments that were designed for other purposes (Wagner et al., 1968; Wagner and
Rescorla, 1972). In this experiment, an aversive event is paired with a third stimulus, X,
depending on the presence of either A or B. A evokes the fear response with training as the
subject learns that A and X presented together predict the aversive unconditioned stimulus
(US). B becomes inhibitory in that B presented with X predicts safety from the US. In a
critical subsequent test trial, presentation of A and B together (AB) results in a reduced fear
response compared to the response to A.

In translating this model to a human paradigm (Jovanovic et al., 2005), we only used
compound stimuli in the experiment since we were concerned that people may see single
cues as categorically different from two cues (i.e. a configural strategy - (Grillon and Ameli,
2001). To avoid such configural strategies, we presented A or B in compound with X
designated by different shapes of different colors on a computer monitor with a “+” sign
between the elements of the compound (see Figure 1 for description of the trials; Figure 2
shows a diagram of the entire experimental session used with our clinical populations).

Furthermore, in order to assess awareness of experimental contingencies, we used a
response keypad during training to assess expectation of the US on a trial-by-trial basis
(Lovibond and Shanks, 2002). We used an aversive blast of air to the larynx as the US; this
stimulus has produced robust fear conditioning in our studies without discouraging
participation from patients (Jovanovic et al., 2009). We found that the aware subjects
startled more in the presence of AX than to noise alone, and startled less in the presence of
AB than AX, indicating they were both potentiating to the fear stimulus and inhibiting the
fear response in the presence of safety signals (Jovanovic et al., 2005). To demonstrate that
B was indeed a safety cue, we had to show that subjects could immediately transfer safety
on a subsequent AB test trial, that is, that the decrement in startle to AB relative to AX was
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not an effect of learning that AB was non-reinforced. In order to ensure that this reduction is
not due simply to the absence of X, we included a fourth trial type, AC, in which A was
paired with a novel stimulus C (Jovanovic et al., 2005). In some studies, novelty has been
found to reduce fear conditioned responses; this phenomenon is referred to as external
inhibition (Pavlov, 1927). The novelty of combining AB could have reduced fear responses
irrespective of the safety cue — therefore the AC trial controlled for this effect. We tested
this by focusing on the first three presentations of AB and found that the subjects did indeed
show immediate transfer on those trials and that this effect was not due to external
inhibition, given that AB was significantly lower than AC (Jovanovic et al., 2005).
Furthermore, the response pad data indicate that the subjects were transferring safety on a
cognitive level as well: on the very first presentation of AB, the subjects immediately
recognized B as a safety signal and dramatically reduced the level of danger expected with
A when it was paired with B. Having validated the paradigm in healthy humans, we applied
it to a clinical population of combat veterans with PTSD.

1.2. Safety Signal Learning and Transfer in Combat-Related PTSD

Very few studies in the literature have used Pavlovian fear conditioning procedures
measured by potentiation of the startle in combat veterans. Studies that used instructed fear
paradigms, in which the subjects are explicitly told which cues are associated with aversive
stimuli, found increased potentiated startle responses in PTSD subjects compared to controls
across the entire startle session (Grillon et al., 1998; Morgan et al., 1995). The authors
argued that heightened contextual anxiety in the PTSD subjects, rather than more explicit
cue fear, accounted for their overall increase in startle. Contextual conditioning occurs when
a combination of various stimuli associated with the context results in a increased fear
potentiated startle; in the human paradigm this was observed by a shift in the startle response
to the noise alone trials in anticipation of the shock once the electrodes were attached to the
subject‘s wrist (Ameli et al., 2001; Grillon et al., 1998). In cue conditioning, startle is
increased in the presence of the CS+ relative to the noise alone trial; i.e. the difference
between the CS+ and NA trials is the operation measure of fear of the specific CS+ (Davis et
al., 1993). One study of Gulf war veterans (Grillon and Morgan, 1999) used a conditioning
paradigm and found equivalent levels of fear potentiation to the CS+ in the PTSD and
control groups. However, the PTSD subjects also potentiated to the CS—, whereas the
controls did not. This result indicates that PTSD subjects may either have had learning
deficits that precluded them from learning about which specific cue predicts the US, or they
could not inhibit fear-potentiated startle to the context in the presence of a safety signal.

We examined inhibition of conditioned fear using startle as well as contingency awareness
in order to differentiate between these two hypotheses. Subjects were instructed to respond
on each CS trial by pressing one of three buttons: a button marked ‘+’ when they expected
the US, a second button marked ‘- when they did not expect the US, and a third button
marked 0’ they were uncertain of the contingency. Our study of Vietnam veterans indicated
that all subjects, regardless of PTSD status, showed significantly greater US expectancy to
AX than to either BX or AB trials, indicating an intact ability to learn danger and safety
signals on a cognitive level (Jovanovic et al., 2009). With the startle data, however, a current
diagnosis of PTSD was related to impaired fear inhibition. Subjects with a history of PTSD,
but with low current symptoms, responded similarly to healthy controls, showing both fear
potentiation to the danger signal (AX+), discrimination between danger (AX+) and safety
(BX-) trials, and transfer of safety on conditioned inhibition trials (AB). On the other hand,
the PTSD patients with high symptoms showed strong fear potentiation to danger, but no
significant difference in discrimination between danger and safety (AX+ vs. BX-), and did
not transfer safety on the AB test trials (see Figure 3A), (Jovanovic et al., 2009). We
replicated these findings in a sample of Croatian combat veterans with PTSD; in this
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population, which was culturally different and much younger than the Vietnam veteran
cohort, PTSD patients also demonstrated a lack of fear inhibition on the AB transfer test on
the startle measure but had normal safety signal contingency awareness (Jovanovic, et al.,
unpublished data).

The discrepancy between the expectancy ratings and startle data was most apparent on the
inhibition test trials. On the first AB test trial, all subjects indicated they did not expect to
get an airblast: although this corresponded to the inhibition in startle observed in the low
symptom patients, startle in the high symptom patients was still increased regardless of their
expectancy. In our previous studies of fear-potentiated startle and US expectancy ratings, we
found that startle and expectancy can be dissociated, especially with regard to safety cues
(Jovanovic et al., 2006; Norrholm et al., 2006).

1.3. Safety Signal Learning and Transfer in Civilian-Related PTSD

Although the PTSD diagnosis was developed to better diagnose Vietnam veterans, PTSD is
not limited to combat trauma. Studies of PTSD in civilian populations have demonstrated a
wide range of traumatic events that lead to the development of the disorder, such as motor
vehicle accidents (Jones et al., 2005), sexual assault (Rothbaum et al., 2001), including
intimate-partner violence (Krause et al., 2006), and natural disasters, such as hurricanes
(Galea et al., 2007). A growing number of studies (Breslau et al., 2004; Schwartz et al.,
2005; Switzer et al., 1999) indicate that low income, African Americans living in urban
environments are at especially high risk for both exposure to traumatic events and PTSD.
We used the AX+/BX— paradigm in a highly traumatized civilian population from inner-city
Atlanta (Jovanovic et al., 2010a; Jovanovic et al., 2010b). As was the case in our combat
PTSD studies, individuals who met criteria for PTSD had higher potentiation of the startle
response to safety signals than traumatized controls and, furthermore, neither did they
demonstrate startle discrimination between danger (AX+) and safety signals (BX—), nor did
they transfer safety on the AB trial (Figure 3B) (Jovanovic et al., 2010b). Again we found
that impaired safety signal learning was limited to the startle data; the contingency
awareness data demonstrated that both groups learned to expect the US only on the
reinforced trials (Jovanovic et al., 2010b). The discrepancy between the awareness data and
the startle data further replicates that PTSD is associated with difficulty in appropriately
responding to safety cues physiologically, even when there is cognitive awareness of safety.
These laboratory data correspond to the clinical presentation of patients who respond to
reminders with uncontrollable fear, even when they realize that they are no longer in danger.

It is important to note that, unlike the early studies by Grillon and colleagues (Morgan et al.,
1995), we did not find group differences in baseline startle magnitudes to the noise probe in
either the combat or civilian PTSD studies (Jovanovic et al., 2010a; Jovanovic et al., 2009).
In our studies, baseline startle magnitude refers to the noise alone (NA) startle trials, i.e.,
those that are delivered in the session in the absence of CS presentation. Therefore, the
effects of PTSD were only seen in cue specific fear-potentiated startle, i.e. the difference
between startle in the presence of the CS and startle to the probe alone. Subtracting noise
alone startle from the CS trials reduces the effect of individual differences in baseline startle
response and focuses only on the effect of fear conditioning (as shown in Figure 3A, B, and
C).

1.4. Safety Signal Learning in PTSD vs. MDD

PTSD and major depressive disorder (MDD) can develop independently, but are frequently
comorbid in individuals who experience traumatic events. The National Comorbidity Survey
of 1995 (Kessler et al., 1995) estimated that 48% of individuals who met criteria for PTSD
also met criteria for MDD. Given the complexity of clinical symptoms, biomarkers of
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specific symptoms could provide a useful tool to discriminate between these disorders.
Additionally, understanding physiological differences that may specifically underlie PTSD
symptomatology is critical for elucidating differential neural circuitry in stress-related
psychopathology.

Given the high comorbidity between PTSD and depression, we wanted to see whether safety
signal learning deficits were specific to PTSD. In order to investigate whether the AX+/BX—
paradigm can be used to differentiate between these disorders, we categorized our subjects
into four groups: No diagnosis control, MDD only, PTSD only, and Comorbid PTSD and
MDD (Jovanovic et al., 2010a). Patients with a PTSD diagnosis with or without comorbid
depression did not demonstrate discrimination between danger and safety cues and did not
inhibit fear on the safety transfer trials (Figure 3C); however, this finding may be secondary
to the lack of discrimination. On the other hand, subjects with MDD without PTSD showed
equivalent levels of discrimination and safety transfer as the no diagnosis controls. This
study provides strong evidence that a reduced capacity for inhibition of fear-potentiated
startle and impaired safety signal learning are specific to PTSD, as the MDD and control
subjects did not show these deficits (see Table 1).

MDD in addition to PTSD appeared to exacerbate the impairment because this group had
the greatest level of startle potentiation to AB (Figure 3C). However, this group also had
much higher symptoms of PTSD than the PTSD only group. Because we controlled for level
of trauma history by including it as a covariate in between-group analyses, the lack of safety
signal expression may relate to the disorder rather than just trauma-related pathology
(Breslau et al., 2000).

1.5. Discussion of Clinical Findings

The findings in our clinical populations strongly suggest that safety signal learning and
transfer are specific markers of PTSD symptoms. These results support an increasing
number of investigations that have found deficient safety signal processing in PTSD
(Blechert et al., 2007; Bremner et al., 2005; Jovanovic et al., 2009; Lissek et al., 2009; Milad
et al., 2008; Peri et al., 2000; Wessa and Flor, 2007). A small number of prospective studies
suggest that impaired suppression of fear may be associated with vulnerability for PTSD
(Guthrie and Bryant, 2006; Pole et al., 2009). A study of police academy cadets found that
greater skin conductance responses to threatening stimuli and slower habituation prior to
trauma exposure were predictive of PTSD symptom severity after trauma exposure (Pole et
al., 2009).

A similar study with firefighters found that reduced extinction of fear conditioned responses
examined before the index trauma explained almost a third of the symptoms in later
traumatized individuals (Guthrie and Bryant, 2006). While fear acquisition refers to learning
that something is dangerous, extinction is a mechanism by which an individual learns that
something which was previously fear eliciting is no longer dangerous, i.e., that it is safe. In
fear extinction paradigms, a stimulus that was previously paired with an aversive stimulus
(the CS+) is then repeatedly presented without the US, so that it no longer elicits a fear
response (Myers et al., 2006; Norrholm et al., 2006). A great deal of evidence indicates that,
following extinction, fear to the CS is not erased, but instead the CS now also engages a
parallel inhibitory process which competes with or suppresses fear elicited by that same CS
(Myers and Davis, 2002). Because the CS now has both excitatory and inhibitory properties,
it is difficult to tease apart whether a given experimental manipulation that affects extinction
does so by affecting inhibition or excitation. Data from our recent study on extinction
(Norrholm et al., 2010a) suggest that the early phase of extinction involves excitation, as is
it predicted by the level of fear expression to the CS+ (i.e., the danger signal) at the end of
acquisition. On the other hand, a high degree of fear remaining during late extinction is
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related to impaired inhibition, as it is best predicted by responses to the CS- (i.e. safety
signal) at the end of acquisition (Norrholm et al., 2010a). Safety signal learning, such as can
be measured using the AX+/BX— paradigm, appears to independently target inhibitory
processes; however, extinction likely engages the same mechanisms.

Although extinction and safety signal learning (i.e. conditioned inhibition) are similar in
many respects they also differ. Conditioned inhibition is defined by the fact that the safety
cue will transfer inhibition to another excitatory cue (Rescorla, 1969). This is what we see in
the AB transfer test after AX+/BX— training in rats, monkeys and humans. Thus the B cue
(the safety signal) transfers inhibition to the A cue. In fear extinction paradigms, a stimulus
that was previously paired with an aversive stimulus (the CS+) is then repeatedly presented
without the US, so that it no longer elicits a fear response (Myers et al., 2006; Norrholm et
al., 2006). Extinction is context specific because if the subject is tested in a context other
than the context present during extinction training, the fear response returns (Bouton and
Bolles, 1979). One might expect, therefore, that the "extinction context” would act like a
safety signal so that it would also inhibit fear to another excitatory cue. However, a direct
test of this hypothesis found no evidence for such transfer (Bouton and King, 1983). Thus,
although both conditioned inhibition and extinction in a particular context both involve
inhibitory processes they behave differently vis-a-vis transfer of inhibition to another cue.

It is possible that a decreased ability to inhibit fear is a risk factor for developing the
disorder and contributes to the maintenance of the disorder. In support of this hypothesis, a
recent study demonstrated that genetic polymorphisms of the serotonin transporter were
linked to a faster rate of fear-potentiated startle acquisition (Lonsdorf et al., 2009). On the
other hand, our study, which examined current symptom severity in Vietnam veterans,
suggests that fear inhibition may be a state-dependent rather than a trait phenomenon
(Jovanovic et al., 2009). Another possibility is that some aspects of fear inhibition, such as
the ability to learn safety cues, may be vulnerability traits (Guthrie and Bryant, 2006),
whereas others, such as memory of safety cues, may be acquired as part of the disorder
(Milad et al., 2008).

Conditioned inhibition focuses on active suppression of fear responses through learned
safety signals; although fear itself may involve subcortical areas of the brain located
primarily in the limbic circuitry, safety signals may require a cognitive, cortical component
(Bremner et al., 2005; Weike et al., 2008). This premise is supported by data showing that
awareness of the non-reinforcement contingency of the CS- is necessary for inhibiting fear
responses on the AX+/BX— paradigm (Jovanovic et al., 2006), however Figures 2 and 3
clearly show that it is not sufficient. Furthermore, a recent study by Weike and colleagues
examined the temporal domain of fear conditioning with a danger and safety signal and
demonstrated that safety signal processing was slower than danger processing (Weike et al.,
2008). The authors argued that top-down cognitive processes are involved in responses to
safety signals, which accounts for the increased latency in response.

Impaired safety signal processing in PTSD is consistent with current neurocircuitry models
of exaggerated amygdala activity and decreased prefrontal cortex activity in this disorder
(Liberzon and Sripada, 2007; Rauch et al., 2006; Rauch et al., 2000; Shin et al., 2005).
Recent studies have also indicated that inhibitory control from the dorsal anterior cingulate
cortex is deficient in PTSD (Lanius et al., 2004; Shin et al., 2007); this brain area has also
been found to be associated with fear expression in humans using fMRI (Milad et al.,
2007a). Functional neuroimaging studies that have examined connectivity between
prefrontal cortex and the amygdala have demonstrated impaired inhibition of the amygdala
in PTSD (Lanius et al., 2004).
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Although this review has focused on negative affect such as fear, impairments in processing
positive affect may also be part of the PTSD syndrome. Appetitive reversal learning tasks
and decision-making tasks such as the lowa Gambling Task could be useful in evaluating
patients with PTSD. It would be very interesting to know if the ventromedial prefrontal
cortex is hypoactive in PTSD patients not only during aversive modulation/suppression of
fear, but also under appetitive conditions, thus suggesting a general deficit in PFC function.
Several studies have suggested that PTSD patients have impaired reward processing (Elman
et al., 2009; Hopper et al., 2008; Sailer et al., 2008). In all of these studies, there appeared to
be a “lack of motivation” element to the performance of PTSD patients, associated with
alterations in the striatum. The lowa Gambling Task might provide insights outside of just
issues of motivation. In support of this, a recent fMRI study examining normal brain activity
during the lowa Gambling Task demonstrated activation in both the vmPFC as well as the
ventral striatum (Li et al., 2010). In addition, Rogan et al., 2005 reported
electrophysiological evidence in mice that a cue signaling the absence of footshock
markedly activated field potentials in the caudate-putamen (Rogan et al., 2005).

A general deficit in inhibitory function is also supported by studies of altered response
inhibition in PTSD. For example, in a simple Go/No Go task the subject is instructed to
press a button when they see one character on the screen, but suppress the button-press
under certain conditions (such as a change in background color) (Mueller et al., 2010). This
task engages neural circuitry involved in cognitive control of action, such as the anterior
cingulate cortex (ACC). Activation in the rostral part of the ACC has been found to be
deficient during such cognitive control tasks in PTSD populations (Carrion et al., 2008;
Falconer et al., 2008). Interestingly, a study of treatment responders and non-responders,
found that PTSD patients who responded to CBT showed increases in volume of this area
with structural MRI (Bryant et al., 2008). Interestingly, this same rostral area of the ACC in
the vmPFC is activated during fear extinction recall (Milad et al., 2007b). Although a more
general impairment in inhibitory processes mediated by the vmPFC may very well be an
underlying abnormality associated with several psychiatric disorders, the deficits in
inhibiting fear responses appear to be uniquely associated with re-experiencing and
hyperarousal symptoms of PTSD (Norrholm and Jovanovic, 2010). Another benefit of
specifically targeting inhibition of fear responses in PTSD research is that the groundwork in
neurocircuitry for these systems has been greatly developed in animal models (Jovanovic
and Ressler, 2010), and the field is well poised to discover novel approaches to prevention,
intervention, and therapy of the disorder (Friedman, 2010; Norrholm et al., 2010b; Ressler et
al., 2004; Rothbaum et al., 2008).

2. Reverse Translation of Fear Inhibition to Safety Signals

Fear conditioning offers a unique framework for translational studies, given that it can be
modeled in animal experiments. Animal models of fear conditioning and fear inhibition
provide useful tools for the study of these phenomena; therefore, it is essential to translate
these models to human research. Moreover, the use of similar methods across different
species allows for reverse translation, whereby a clinical phenomenon can be explored more
rigorously in animal models. Because AX+/BX— lends itself to study in both human and
non-human primates, we can examine the underlying neurobiology of safety signal learning
by using targeted lesion studies in rhesus macaques and then testing them with this startle
paradigm. We have begun to examine this hypothesis using rhesus macaque neonates that
were tested in the AX+BX— paradigm as adults (manuscript in prep). These results have
only appeared in abstract form (Kazama et al., 2010), thus only a summary will be provided
here.
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2.1. Testing Safety Signal Learning in a Monkey Model

The AX+/BX— paradigm was modified for non-human primates in several ways (Winslow
et al., 2008). First, the startle training was conducted in three stages followed by the test
session. In the first stage, the monkeys are fear conditioned to the A stimulus paired with the
airblast US (danger cue). In the next stage, the safety cue (B) is added to the training
session, so that the A cue is reinforced, and the B cue is never reinforced. In the third stage,
X is added to the training session, so that A and X presented together are reinforced, and B
and X presented together are never reinforced. The X cue was included for three reasons.
First, Myers and Davis (2004) found that prior experience with compound cues reduced the
probability that reduced fear on the critical AB transfer test would occur because the AB
compound cue was novel. In other words, prior experience with compound cues reduced
external inhibition. Secondly, because A and B are never presented prior to test, this reduces
the probability that the AB compound will be viewed as a single cue. Third, because B is
never put in compound with A prior to test, this reduces the amount of second order fear
conditioning that can accrue to B, which would interfere learning that B is a safety signal.
Another difference between the non-human primate and human paradigm, is the use of
multimodal stimuli, including visual, auditory, and tactile stimuli.

In the final test, which occurred 48 hours after the last AX+/BX— training session, the
monkeys were startled in the presence of each individual cue, as well as the AX and BX
compounds, and the AB compound presented for the first time. As in the human paradigm,
this procedure produces robust fear potentiation to AX, significant discrimination between
AX and BX (safety signal learning), and significant reduction of fear on AB, i.e., safety
signal transfer (Winslow et al., 2008).

2.2. Neural Underpinnings of Fear and Fear Inhibition

In humans, neuroimaging studies in normal subjects together with studies of patients
suffering from PTSD have revealed several key brain areas involved in the emotional
regulation of fear, with the primary focus being the hyper-excitation of the amygdala, for
review see (Shin et al., 2006). Through its connections with hypothalamic and brainstem
areas, the central nucleus of the amygdala has been repeatedly shown to mediate specific
signs of fear and anxiety, including all aspects of the fight or flight response, such as
increased heart-rate, cortisol, and an increase in acoustic startle response (Davis and
Whalen, 2001).

Although activation of the amygdala is central to the fear response (Davis, 1992; LeDoux,
2000), other brain areas, including the hippocampus and prefrontal cortex, are thought to
play a critical role in both learning safety signals and using those signals to functionally
down-regulate the amygdala and reduce the fear response (Myers and Davis, 2007; Quirk
and Beer, 2006; Sotres-Bayon and Quirk, 2010).

2.3. Role of the Amygdala in Safety Signal Learning

2.3.1. Human Amygdala—Many human neuroimaging studies have reported activation
of the amygdala to be strongly correlated with various aspects of the fear response, including
during fear acquisition (LaBar et al., 1998; Sehimeyer et al., 2009) and extinction (Phelps et
al., 2004), as well as the expression and recall of emotional memories (Hamann et al., 1999).
Additionally, neuroimaging data suggest that hyperactivity in the amygdala is common for
many anxiety disorders, including PTSD, social anxiety disorder, specific phobias and
others (Lorberbaum et al., 2004; Phan et al., 2006; Rauch et al., 2000; Schienle et al., 2005;
Shin et al., 2004; Stein et al., 2002; Straube et al., 2004; Tillfors et al., 2001; Veltman et al.,
2004; Williams et al., 2006).
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2.3.2. Non-Human Primate Amygdala—As is the case in humans, the monkey
amygdala appears to be critical for processing emotional information; for review, see Kalin
and Shelton (2003). Although several studies have shown that the monkey amygdala is
critical for adaptively responding to threats (Aggleton and Passingham, 1981; Izquierdo and
Murray, 2005; Kalin et al., 2001; Machado et al., 2009), until recently only one study had
specifically looked at its role in the acquisition of learned fear (Antoniadis et al., 2007).
Using a fear-potentiated startle paradigm adapted for monkeys, Antoniadis and colleagues
(Antoniadis et al., 2009, 2007) found that selective ibotenic acid lesions of the amygdala
blocked the acquisition, but not the expression of fear-potentiated startle, re-confirming the
evidence seen in both humans and rats that the amygdala is critical for fear learning. Our
own preliminary AX+/BX— data (manuscript in prep), supports the role of the amygdala in
fear learning, however safety-signal learning and the flexible modulation of the fear
response appear to be unaffected (see Table 2), suggesting that areas outside the amygdala
may be more important for these abilities.

2.4. Role of the Hippocampus in Safety Signal Learning

2.4.1. Human Hippocampus—As with the amygdala, several human neuroimaging
studies have noted hippocampal activity during fear learning, as well as during the
modulation of emotion (Sehlmeyer et al., 2009), and two studies reported activation during
Pavlovian extinction (Knight et al., 2004; Milad et al., 2007b). Additionally, human studies
examining the potential involvement of hippocampal dysfunction in PTSD have revealed
several important findings. First, decreased hippocampal activity was found while PTSD
patients experienced a symptomatic state (Bremner et al., 1997; Shin et al., 1999). Second,
human patients with PTSD have shown decreased hippocampal volumes, compared to either
trauma-exposed control subjects or trauma-unexposed healthy subjects (Bremner et al.,
1995). However, in a volumetric study using identical twins in which one sibling developed
PTSD and the other did not, Gilbertson and colleagues (Gilbertson et al., 2002) discovered
that smaller hippocampal volumes were found in both twins, suggesting that small
hippocampal volume may be a risk factor for developing PTSD. Third, fMRI studies have
shown decreased hippocampal activation that correlated with PTSD symptom severity
(Bremner et al., 1999; Shin et al., 1999). Conversely, Semple and colleagues (Semple et al.,
2000) reported elevated hippocampal activation in PTSD patients during baseline
conditions, without decreases in hippocampal activation during symptom provocation.

Additional studies, which have looked at cognitive deficits in PTSD patients, have found
evidence of possible hippocampal dysfunction, even going as far as to posit that PTSD
should be classified as a memory disorder; for review, see (Elzinga and Bremner, 2002). For
instance, PTSD patients have been reported to have deficits in declarative memory, intrusive
memories, fragmentation of memories, and trauma-related amnesia, all of which may
indicate hippocampal dysfunction (Elzinga and Bremner, 2002).

2.4.2. Non-Human Primate Hippocampus—There have been very few monkey studies
that have investigated the role of the hippocampus in the expression and regulation of
emotion. First, studies investigating the role of the hippocampus in defensive behaviors have
demonstrated that lesions of the hippocampus blunted emotional reactivity in response to
threatening stimuli (Chudasama et al., 2008; Machado et al., 2009). However, the ability to
acquire learned fear, measured with fear-potentiated startle, was not impacted by selective
hippocampal damage (Antoniadis et al., 2007). We investigated the potential role of this
structure in safety signal processing using adult non-human primates with early selective
hippocampal damage tested on the AX+/BX— paradigm (Kazama et al., 2010). As seen in
Table 2, with the exception of two animals that sustained inadvertent damage to both the
dorsomedial and ventral striatum, the data showed that the hippocampus is not necessary for
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either fear or safety signal learning, or the down-regulation of the fear response during the
safety transfer test.

2.5. Role of the Prefrontal Cortex in Safety Signal Learning

2.5.1. Human Prefrontal cortex—Recent reports from human studies suggest that the
ventromedial and lateral aspects of the prefrontal cortex may play a role in down-regulating
the amygdala (for review see (Davidson et al., 2002; Quirk and Beer, 2006), and that a
dysfunction of the ventromedial prefrontal cortex may be responsible for some PTSD
symptoms, particularly the inability to control the fear response long after the traumatic
event has passed. Evidence supporting this conclusion includes: 1) Morphometric MRI
studies showing decreased ventromedial prefrontal cortex volumes in PTSD patients
(Fennema-Notestine et al., 2002; Rauch, 2003), 2) Decreased activation in ventromedial
prefrontal cortex in PTSD patients during negative trauma-related narratives, combat
pictures and/or sounds, fearful facial expressions, and performance of emotional Stroop
interference tasks, as well as during a variety of symptom provocation paradigms (for
review see (Shin et al., 2006). 3) Neuroimaging studies demonstrating that ventromedial
prefrontal cortex activation is negatively correlated with PTSD symptom severity (Shin et
al., 2004; Williams et al., 2006) and with the magnitude of the conditioned response during
extinction in healthy subjects.

2.5.2. Non-Human Primate Prefrontal Cortex—It has long been known that damage
to the ventral surface of the prefrontal cortex (orbital frontal cortex, OFC) causes striking
deficits in social cognition (Butter et al., 1970). Some have hypothesized that these deficits
are due in part to an inability to modulate emotion-related behaviors (Kalin et al., 2007).
Monkeys with damage to the orbital frontal cortex show 1) abnormal aggressive behaviors
(either increased or decreased) (Butter et al., 1970; Machado and Bachevalier, 2007, 2006);
2) loss of dominance status (Butter and Snyder, 1972); and 3) decreased threat-induced
freezing and marginally decreased fearful responses to threatening stimuli (Kalin et al.,
2007). Although these findings clearly show a deficit in emotion regulation, currently, no
published studies have directly looked at the potential role of the orbital frontal cortex in
fear learning or safety signal learning in non-human primates. We have begun to examine
the potential role of various sub-regions of the OFC. Thus far, it appears that selective
damage to Brodmann areas 11 & 13 of the OFC do not impact fear and safety-signal
learning, or the flexible modulation of the fear response as measured by the AX+/BX—
Paradigm (see Table 2, manuscript in prep). We are currently investigating other sub-regions
of the OFC with the hopes of determining which areas are critical for these abilities.

3. General Discussion and Future Directions

Taken together, the clinical and animal model literature suggests several discreet but
interconnected areas of the brain wherein a healthy fear response becomes uncontrollable.
Furthermore, a reverse translational approach promises to shed further light on the
complicated interaction between areas such as the amygdala, which appear to be important
for fear learning, and that of other areas such as the hippocampus and prefrontal cortices,
which may be important for regulating learned fears. Understanding how these areas
contribute to healthy fear regulation will be critical for providing novel avenues of detection
and intervention, some of which may be proactive, particularly in the case of combat-related
PTSD.

3.1. Where Do We Go From Here With Clinical Research?

We suggest that one of the first studies to be conducted in clinical patients is to assess
whether lack of safety signal learning represents a risk factor for PTSD. To examine this
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question, AX+/BX—, or similar experimental paradigms in which subjects discriminate
between danger and safety cues, should be administered prior to trauma exposure. Such
prospective studies can be done in populations at high risk for trauma exposure, such as
soldiers, police, or firefighters. Such studies have been started with fear extinction
paradigms (Guthrie and Bryant, 2006); however AX+/BX— is optimal for targeting safety
signal learning. Alternatively, this paradigm might be administered in the immediate
aftermath of trauma to predict who will develop PTSD after six months, when the response
to trauma normalizes in most people. Although no conditioning studies of this nature have
been done, a prospective study of traumatized women found that a heightened startle
response is associated with later psychopathology (Griffin, 2008). Additionally, AX+/BX—
can be tested before and after PTSD treatment to see whether an improvement in symptoms
corresponds to improvements in safety signal learning. If this proves to be the case, than
safety signal learning deficits may be useful both in identifying vulnerable individuals, and
in tracking treatment progress.

Finally, functional neuroimaging studies such as fMRI can be conducted during the AX+/
BX— paradigm to see which brain areas are active during safety signal learning as well as
transfer. This may prove to be a challenging task, given that large numbers of trials are
needed in order to capture the blood oxygen level dependent (BOLD) change. However, fear
conditioning and fear extinction experiments have successfully been developed for use in
fMRI (LaBar et al., 1998; Milad et al., 2009; Phelps et al., 2004; Rauch et al., 2006).

3.2. Where Do We Go From Here With Animal Models?

As the unpublished findings presented above are the first studies to examine the neural basis
of safety-signal learning and conditioned inhibition using non-human primates, they should
certainly be considered just a starting point for further research. First, while we have
investigated the effects of early damage to the amygdala, hippocampus, and areas 11 and 13
of the orbital frontal cortex, there are several other areas of interest including the
ventromedial prefrontal cortex, lateral prefrontal cortex, anterior cingulate cortex, and the
striatum. Second, although the early lesion model is arguably more clinically relevant for
examining neurodevelopmental psychopathology, the use of temporary inactivation would
be more useful in answering questions while bypassing issues of re organization or recovery
of function. Thus, the combined knowledge gained from both approaches would give us a
more complete picture of the neural underpinnings of emotion regulation. Third,
understanding how safety signal learning and the flexible modulation of the fear response
develops in normal animals could be highly relevant for clinical work, and could be used to
identify critical windows within development where treatment/intervention would be most
effective. Currently, we are investigating other sub-regions of the orbital frontal cortex:
ventromedial areas 14 and 25; lateral area 12; and middle areas 11, 13, and anterior insular
cortex, using non-human primates with damage received in adulthood. Additionally, we will
be investigating the normal development of these abilities using a modified version of the
AX+/BX— fear-potentiated startle paradigm.
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HUMAN AX+/BX- PARADIGM:
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Figure 1.

Diagram of the trial design in the AX+/BX— human paradigm. CS=conditioned stimulus,

US=unconditioned stimulus
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Figure 2.

Diagram of the AX+/BX— session in the human paradigm.
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Figure 3.
Mean Fear-Potentiated Startle on AX+, BX—, and AB trials across diagnostic groups from

three studies. A. Fear-potentiated startle in Vietnam veterans with high symptoms of PTSD
(n=13) and low symptoms of PTSD (n=14), and healthy age-matched controls (n=28).
Figure adapted from (Jovanovic et al., 2009). B. Fear-potentiated startle in a traumatized
civilian sample with PTSD (n=29) and without PTSD (n=61). Figure adapted from
(Jovanovic et al., 2010b). C. Fear-potentiated startle in a traumatized civilian sample with
comorbid PTSD and MDD (n=22), PTSD only (n=14), MDD only (n=17), and neither
diagnosis (n=53). Figure adapted from (Jovanovic et al., 2010a). The Y-axis represents
average percent startle potentiation for each trial type. This value was derived as follows:
Percent Startle Potentiation = 100 x (startle magnitude during CS trials — NA startle)/(NA
startle).
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A. Early Amygdala B. Early Hippocampal C. Early Orbital Frontal Cortex
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FLAIR MRI Lesion Extent FLAIR MRI Lesion Extent Structural MRI Lesion Extent
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Figure 4.

Representative cases of each lesion group are represented by both the MR images showing
either edema resulting from cell death after neurotoxic damage for (A) and (B), or loss of
tissue due to aspiration for (C). Damage was then plotted onto an infant brain atlas as seen
on the right hand columns for (A, B, & C). Arrows indicate either unintended damage or
unintended sparing. Abbreviations: A=amygdala; ERh=entorhinal cortex; H=hippocampus;
PRh=perirhinal cortex; TE, temporal cortical area and TH/TF=cytoarchitectonic fields of the
parahippocampal gyrus as defined by von Bonin and Bailey (1947); Orbital Frontal Cortex
Areas 10, 11, 12, 13, 14, & 25 as defined by Broadmann (1909).
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