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1. Introduction

Psychological "trauma" refers to a sudden intense surge of anxiety secondary to some
external event that exceeds the subject’s ability to cope with and to defend against.
However, the term “trauma” is actually difficult to define due to its subjective nature. The
American Psychiatric Association defines it as "an event or events that involves actual or
threatened death or serious injury, or a threat to the physical integrity of self or others."
Examples of such events include military combat, violent personal attack, natural or human-
made disasters, and torture. For children, sexually traumatic events may include age-
inappropriate sexual experiences without violence or injury (American Psychiatric
Association. and American Psychiatric Association. Task Force on DSM-1V, 1994).

Unfortunately, traumatic events happen to people all over the world. Estimates of the
prevalence of traumatic experiences are likely to vary with the method of assessment
(Breslau, 2002, Breslau et al., 1998, Copeland et al., 2007, Finkelhor et al., 2005, Frans et al.,
2005, Helzer et al., 1987). In particular, recent epidemiological studies have demonstrated
high rates (70%-80%) of lifetime traumatic experiences, suggesting that previous
epidemiological surveys may have underestimated the prevalence of traumatic events (de
Vries and Olff, 2009, Mills et al., 2011). Although all subjects exposed to traumatic events do
not come to exhibit mental disorders, childhood trauma increases the risk of mental
disorders during adulthood (Gilbert et al.,, 2009). Therefore, it is clinically important to
understand the biological and psychological changes induced by trauma.

Traumatic experiences induce a wide range of physical and psychological symptoms that
affect all aspects of life for survivors. These symptoms can involve clinically significant
distress and impairment in social, occupational, and other areas of functioning. Traumatic
experiences also lead to significant structural and functional changes in brain regions
implicated in emotional and cognitive processing. These brain areas include the medial
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prefrontal cortex (mPFC), which contains the anterior cingulate cortex (ACC) (Ansell et al.,
2012), the hippocampus, and the amygdala (Bremner, 2006, Kolassa et al., 2007, Shin et al.,
2006).

Recent advances in neuroimaging have revealed anatomical and functional connectivity
between the amygdala and the prefrontal cortex, which is dedicated to emotion regulation.
There is accumulating evidence that the amygdala and the prefrontal cortex play critical
roles in conditioning and the extinction of memories of traumatic fear. The prefrontal cortex
regulates stress-induced fear and anxiety-like behaviors via inhibitory effects on amygdala
output and processing (Akirav and Maroun, 2007, Bishop, 2007).

In this chapter, we will describe the structural (volumetric) and functional changes in the
amygdala and prefrontal cortex resulting from traumatic stresses. We will argue that there is
a structural and functional disconnection between the amygdala and the prefrontal cortex in
patients with trauma-related psychiatric disorders but not in controls. We will then present
evidence that traumatic experiences can disrupt the normal connectivity between the
amygdala and the prefrontal cortex, which suggests that effective interactions between these
two brain areas are needed for healthy outcomes of traumatic experiences.

2. Trauma-related structural and functional changes in the amygdala

Anatomically, the amygdala is an almond-shaped mass located above and in front of the
temporal horn of the lateral ventricle and anterior to the tail of the caudate nucleus. It is a
complex structure containing more than a dozen nuclei that are richly interconnected
(Pessoa, 2010). The amygdala also has extensive connections with cortical and subcortical
regions (Sah et al., 2003). Functionally, it is an essential component of the circuit involved in
implicit emotional learning and memory, emotional modulation of memory, emotional
influences on attention and perception, emotion and social behavior, and emotion inhibition
and regulation (Phelps and LeDoux, 2005). In particular, the amygdala mediates the
acquisition and expression of conditioned fear and the enhancement of emotional memory
(Koenigs and Grafman, 2009).

2.1. Traumatic experiences induce changes in amygdala volume

A number of studies have provided evidence of effects of trauma on amygdala volume.
Interestingly, the effects of traumatic stress on amygdala volume differ between children
and adults. Childhood trauma is associated with increases in amygdala volume, whereas
traumatic stress in adulthood is associated with reductions in amygdala volume. Two
studies have detected larger amygdala volumes in children and adolescents who have
experienced early institutional deprivation and subsequent adoption (Mehta et al., 2009,
Tottenham et al., 2010). Mehta et al. (2009) reported larger amygdala volumes in 14 adoptee
adolescents who had experienced severe early institutional deprivation in Romania than in a
group of non-institutionalized controls (n=11). The conditions of care in the Romanian
institutions that these children had experienced varied from poor to appalling. Tottenham et
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al. (2010) demonstrated that children who had been adopted out of an orphanage at older
ages (>15 months old) had larger amygdala volumes than early-adopted children (<15
months old) and non-adopted controls. Similarly, a recent study demonstrated that children
exposed to maternal depression (n=17) since birth had significantly larger amygdala
volumes than controls (n=21), whereas the two groups did not differ with respect to
hippocampal volume (Lupien et al., 2011).

In contrast, the total volume of the amygdala in adult breast cancer survivors (n=35) with a
history of cancer-related intrusive recollections was significantly smaller than in control
breast cancer survivors who had no such history (n=41) (Matsuoka et al., 2003). A study
using a voxel-based morphometry (VBM) method detected smaller amygdala volumes in
healthy adults (n=17) who were within a mile and a half of the World Trade Center on
September 11, 2001, than in the comparison group (n=19)(Ganzel et al., 2008). Mollica et al.
(2009) reported that South Vietnamese ex-political detainees exposed to torture and
traumatic head injury had a higher rate of depression than those without traumatic head
injury. Trauma/torture events were associated with bilateral loss of amygdala volume
(Mollica et al., 2009).

The results of most recent meta-analyses indicate that trauma-related psychiatric disorders
such as post-traumatic stress disorder (PTSD), major depressive disorder (MDD) and
borderline personality disorder (BPD), are associated with reductions in amygdala volume in
the adult. Sacher et al. (2012) analyzed 10 selected studies of adult patients with MDD and
found a significant decrease in left amygdala volume in the MDD group. Woon and Hedges
(2009) analyzed published data from nine studies comparing amygdala volumes in adult
subjects with PTSD, and found no significant effect on amygdala volumes. However, another
meta-analysis found significantly smaller left amygdala volumes in adults with PTSD than in
either healthy or trauma-exposed controls (Karl et al., 2006). In addition, Nunes et al. (2009) in
a meta-analysis of six studies demonstrated significantly reduced volumes of both right and
left hippocampi and amygdalae in patients with BPD. One meta-analysis reported that
amygdala volume in children with maltreatment-related PTSD did not differ from that in
healthy controls (Woon and Hedges, 2008). Thus human data on amygdala volumes in
patients with trauma-related psychiatric disorders have thus far yielded conflicting or varied
results. Therefore, disease states (or courses), symptom severity and histories of antidepressant
medication should be taken into consideration when interpreting the results of volumetric
studies on the amygdala in patients with trauma-related psychiatric disorders.

2.2. Traumatic experiences induce changes in amygdala function

In human neuroimaging studies, amygdalar hyper-responsiveness to emotionally negative
stimuli has been shown to be associated with trait anxiety (Etkin et al., 2004, Sehlmeyer et
al., 2011), PTSD (Shin et al., 2005, Rauch et al., 2000, Francati et al., 2007) and MDD (Sheline
et al., 2001, Siegle et al., 2007, Suslow et al., 2010).

A recent functional magnetic resonance imaging (fMRI) study of a large sample of healthy
adults (n=148) showed that childhood maltreatment (Childhood Trauma Questionnaire
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scores) was positively associated with right amygdala responsiveness to negative facial
expressions (Dannlowski et al., 2012). In addition, adverse early rearing environments in the
postnatal period were followed by heightened amygdala activity during childhood.
Tottenham et al. (2011) observed the brain activity of two groups of children while
performing an Emotional Face Go/No-Go task. The scanned fMRI obtained in the previously
institutionalized group of children showed enhanced activity in the amygdala in
comparison to the control (Tottenham et al., 2011). Similarly, the results of another fMRI
study comparing unipolar depressed patients with and without a history of significant early
life trauma (n=20) and healthy subjects (n=16) provided a robust positive correlation
between physical abuse and right amygdalar responses (Grant et al., 2011). Since childhood
trauma is a predisposing factor for PTSD and adult depression, the results of these studies
suggest that heightened amygdalar response is a mediator between childhood trauma and
the development of trauma-related psychiatric disorders such as PTSD and MDD.

3. Trauma-related structural and functional changes in the prefrontal
cortex

The prefrontal cortex consists of three major anatomical regions: the dorsolateral prefrontal
cortex (dIPFC), the orbitofrontal cortex (OFC), and the medial prefrontal cortex (mPFC). The
dorsolateral prefrontal cortex is a multimodal association area that participates in higher
cognitive functions (e.g., executive functions), whereas the OFC and the mPFC are
considered to make up the limbic (or paralimbic) area that participates in emotional and
motivational functions (Ichihara-Takeda and Funahashi, 2007). In particular, the
ventromedial prefrontal cortex (vmPFC) mediates the extinction of conditioned fear and the
volitional regulation of negative emotion (Koenigs and Grafman, 2009).

3.1. Traumatic experiences induce structural changes in the prefrontal cortex

There are mixed results from studies comparing the volumes of the prefrontal cortex in
children with maltreatment-related PTSD and those in non-maltreated children (McCrory et
al., 2011). However, reduced prefrontal volume in adults with traumatic experiences has
been a consistent finding. For examples, a previous VBM study that compared the gray
matter volume of cancer survivors with PTSD with the gray matter volume of those without
PTSD and of healthy subjects demonstrated that the gray matter volume of the right OFC
was significantly smaller in cancer survivors with PTSD (n=9) than in those without PTSD
(n=67) or healthy subjects (n=70) (Hakamata et al., 2007). Chronic exposure to harsh corporal
punishment was associated with a marked reduction in gray matter volume in the right
mPFC in young adults (18-25 years). There were also possible associations between harsh
corporal punishment and reduced gray matter volume in the left dIPFC and the right ACC
(Tomoda et al., 2009). Another recent VBM study examined whether healthy control subjects
and unmedicated patients with depression and/or anxiety disorders who reported
childhood emotional maltreatment before age 16 (n=84) displayed structural brain changes
compared with control subjects and patients who reported no childhood abuse (n=97). This
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study showed that self-reported childhood emotional maltreatment is associated with a
profound reduction of mPFC volume, even in the absence of physical or sexual abuse
during childhood (van Harmelen et al., 2010). A longitudinal multiwave neuroimaging
study in a cohort of direct survivors of a South Korean subway disaster (2003) was
conducted as a five-year follow-up case-control study. This study demonstrated that
disaster survivors early in the course of PTSD had greater cortical thickness in the dIPFC
regions than controls. This greater dIPFC thickness early after the trauma, which was
associated with earlier improvement and subsequent recovery from PTSD, gradually
reverted to the level of controls (Lyoo et al., 2011).

Based on the results of most recent meta-analyses, prefrontal cortical volume reduction is
frequently involved in both MDD and PTSD. A meta-analysis study of 41 studies found
significant volume reductions in the prefrontal cortex (especially the OFC) and ACC of
patients with MDD (Ansell et al. 2012). In particular, the subgenual ACC and OFC were
significantly smaller in antidepressant-free patients compared with medicated patients
(Bora et al., 2012). A previous meta-analysis also found significantly smaller ACC in adults
with PTSD than in trauma-exposed controls (Karl et al., 2006).

Changes in gray matter volume are associated not only with trauma-related psychiatric
disorders but also with recent adverse life events and perceived stress; these associations
suggest that some trauma-related changes in gray matter volume may act as vulnerability
markers that precede the presence of trauma-related psychiatric disorders (Ansell et al.,
2012). However, the exact mechanism that causes prefrontal volume reduction in patients
with trauma-related psychiatric disorders and after traumatic events remains unknown.
Acute or chronic traumatic stress may induce gray matter volume reduction by several
possible mechanisms including glucocorticoid-induced neuronal cell damage, glutamate-
mediated neuronal cell death (apoptosis) and decreased neurogenesis (Zhu et al., 2006, Oh
et al., 2012).

3.2. Traumatic experiences induce functional changes in the prefrontal cortex

It is known that trauma-related psychiatric disorders are associated with functional
abnormalities in the prefrontal cortex. The prefrontal cortex is involved in various affective
and cognitive functions supporting the processing of traumatic memories. Traumatic
experiences induce structural and functional abnormalities in the prefrontal area, and these
are implicated in deficient traumatic memory processing and the subsequent development
of trauma-related symptoms (McFarlane et al., 2002).

A recent study compared twelve adopted adolescents who suffered from deprivation of
early caregivers (early-life stress group, 9 females) with 21 healthy control adolescents (10
females) who lived with their biological parents. The subjects were tested using a cognitive
control task and analyzed using fMRI. The early-life stress group took longer to switch from
a prepotent response to an alternative response than the control group. Observation of
neural activity revealed greater activation of several regions involved in cognitive control
including the dIPFC and the striatum in the early-life stress group than in controls (Mueller
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et al., 2010). A previous study investigating the functional neuroanatomical correlates of
response inhibition in thirty right-handed medication-naive youths (10-16 years, n=16) with
post-traumatic symptoms (PTSS) and in a gender-matched control group of healthy youths
(n=14) found that the PTSS subjects performed similarly to the control subjects in the Go/No-
Go task. However, during the Go-No/Go task, the PTSS group had greater medial frontal
activation than the controls (Carrion et al., 2008).

A recent fMRI study in adults examined the relationship between recent negative life stress
and regional brain activity in adult subjects with MDD (n=15) and in individually matched
healthy controls (n=15). No significant effects of stress on brain activation in response to
negative words were found in the controls. However, in the MDD group, negative
correlations were found in the right ventrolateral prefrontal cortex (vIPFC), the subgenual
cingulate area and the nucleus accumbens. Positive correlations were also found bilaterally
in the orbitofrontal areas (Hsu et al. 2010). A previous fMRI study investigated the neural
activation patterns during recall of autobiographical traumatic episodes in BPD patients
compared with recall of negative (aversive) but nontraumatic episodes. Contrasting between
trauma and nontrauma conditions revealed activation of the OFC and Broca’s area in all the
subjects, as well as activation of the occipital-mesial and temporal-anterior areas (Driessen et
al., 2004).

In summary: structural neuroimaging studies have identified volumetric changes in the
amygdala and the prefrontal cortex in some subjects exposed to traumatic events. Functional
neuroimaging has also revealed activation abnormalities in the same areas in traumatized
subjects. These findings have prompted neuroimaging studies aimed at discovering the
relationship and interactions between the amygdala and the prefrontal cortex.

4. Trauma and amygdala-prefrontal connectivity

Using the diffusion tensor imaging (DTI) method, it is possible to delineate non-invasively
the structural connections between the amygdala and the prefrontal cortex in humans. The
amygdala is extensively interconnected with the prefrontal cortex, especially with the OFC
(Croxson et al.,, 2005). Numerous studies have shown that trauma-related psychiatric
disorders are associated with abnormal interactions between the amygdala and the
prefrontal area (Etkin and Wager, 2007). The prefrontal cortex is thought to be involved in
top-down regulation of the amygdala, while the amygdala in turn modulates prefrontal
cortical activity. Clarifying the exact neurobiological mechanism of the amygdala-prefrontal
dynamic interaction is essential for understanding the pathophysiology of trauma-related
psychiatric disorders and for treatment of these disorders.

4.1. Traumatic experiences disrupt amygdala—prefrontal connectivity

The amygdala and the prefrontal cortex are not only structurally but also functionally
interconnected. Traumatic experiences induce structural and functional changes in the
amygdala and prefrontal cortex, respectively. Changes in amygdala-prefrontal interactions
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may induce deficits in emotional processing. For examples, a recent DTI study showed that
individual differences in trait anxiety scores were negatively correlated with the mean
fractional anisotropy (FA) value of the entirety of the identified amygdala—vmPFC pathway.
This result suggests that the strength of the anatomical amygdala—prefrontal pathway
predicts lower levels of normal trait anxiety (Kim and Whalen, 2009). A previous study
analyzed structural and functional MRI data collected from a sample of 20 healthy subjects.
It found that greater vmPFC gray matter thickness was associated with greater reductions in
activation of the left amygdala during an affect-labeling task. This supports the idea that the
vmPFC has a general role in suppression of amygdala activity (Foland-Ross et al., 2010).

Changes in amygdala-prefrontal interactions are involved in the pathophysiology of
trauma-related psychiatric disorders. In a positron emission tomography (PET) study
examining glucose metabolism, there were significant positive correlations between right
OFC and ventral amygdala in healthy control subjects (n=24). BPD patients (n=26) had weak
correlations between amygdala and the anterior PFC. This study demonstrated a tight
coupling of metabolic activity between right OFC and ventral amygdala in healthy control
subjects that was not present in BPD patients (New et al., 2007). Patients with MDD were
characterized by decreased interaction between the amygdala and the prefrontal areas
(dorsal ACC and dIPFC) during emotional processing compared with healthy subjects.
Amygdala—prefrontal connectivity is significantly correlated with the severity of depression.
These results suggest that patients with reduced amygdala—dIPFC interaction have a longer
and more severe course of disease (Dannlowski et al., 2009). A recent fMRI study showed
that both medication-free MDD patients (n=29) and never-depressed subjects with cognitive
vulnerability to depression (n=26) displayed similar responses to emotional stimuli, with
significantly lower activity in the dIPFC and significantly greater activity in the amygdala
than healthy control subjects (n=31) (Zhong et al., 2011).

Numerous neuroimaging studies of PTSD have also revealed a pattern of hyperactivation in
regions involved in the generation of emotion (the amygdala and the insula) and
corresponding hypoactivation in regions involved in the regulation of emotion (the mPFC
and the ACC). Actually, relative to non-traumatized controls, subjects with PTSD showed a
marked reduction in activity in the mPFC and a small but significant enhancement in left
amygdala activity in response to overtly presented fearful face stimuli. This suggests that
traumatic life events disrupt the normal pattern of mPFC and amygdala regulation
(Williams et al., 2006). In addition, two other studies reported that the severity of PTSD
symptoms was negatively correlated with mPFC activity (Shin et al., 2005, Hopper et al.,
2007). Moreover, a recent study investigated the relationship between default mode network
connectivity and the severity of PTSD symptoms in subjects who had experienced an acute
traumatic event 6-12 weeks before. The results of this study suggest that the resting-state
connectivity of the posterior cingulate cortex/precuneus with the perigenual ACC and right
amygdala is associated with current PTSD symptoms and that the correlation with the right
amygdala predicts future PTSD symptoms (Lanius et al., 2010). Another study measuring
resting-state amygdala connectivity in male veterans with PTSD (n=15) and in combat
controls (n=14) showed greater positive connectivity between the amygdala and the insula



332 The Amygdala — A Discrete Multitasking Manager

in patients with PTSD than in controls, reduced positive connectivity between the amygdala
and the hippocampus, and a reduced anticorrelation between the amygdala and the dorsal
and rostral ACC (Sripada et al., 2012).

However, the mechanism underlying the alteration in connectivity between amygdala and
prefrontal cortex in trauma-related psychiatric disorders remains unclear. Several lines of
evidence have indicated that cortisol could be implicated (Henckens et al., 2010, Kern et al.,
2008, Urry et al., 2006, Veer et al., 2012). The strength of the resting-state functional
connectivity between the amygdala and the mPFC may be related to individual differences
in endogenous cortisol levels under relatively stress-free circumstances (Veer et al., 2012).
There is an adaptive mechanism of time-dependent modulation of the amygdala by
corticosteroids: rapid nongenomic effects of corticosteroids suppress overall amygdala
activity in a nonspecific manner, whereas slow genomic actions of corticosteroids normalize
responses to negative input by specifically altering prefrontal control (Henckens et al., 2010).
It has been suggested that serotonin (5-hydroxytryptamine) also plays a role in regulating
functional interactions between the amygdala and the prefrontal cortex (Davidson et al.,
2000, Siever, 2008). A recent neuroimaging study using two complementary methods
(psycho-physiological-interaction in a general linear model and dynamic causal modeling)
demonstrated that acute tryptophan depletion significantly altered the functional
connectivity between the amygdala and the right ventral ACC and the vIPFC when
processing angry vs. neutral faces (Passamonti et al., 2012).

4.2. Recovery and the amygdala—prefrontal connectivity

Interestingly, recent findings raise the possibility that more efficient crosstalk between the
amygdala and the prefrontal cortex predicts beneficial behavioral outcomes in terms of
emotion regulation and anxiety (Kim et al., 2011). It has been found that activity in specific
areas of the frontal cortex (dorsolateral, dorsal medial, anterior cingulate, orbital) varies
together with amygdala activity and that this functional connectivity is dependent on the
reappraisal task. Moreover, the strength of coupling between the amygdala and the
OFC/dorsal medial prefrontal cortex predicts the extent of attenuation of negative affect
following reappraisal (Banks et al., 2007). In addition, a recent fMRI study investigating the
effect of psychotherapy on coping demonstrated that a marked increased in mPFC activity
accompanied decreased amygdala activity during traumatic memory retrieval in partial
PTSD policemen (n=12) after psychotherapy and these findings were associated with
symptom attenuation (Peres et al., 2011).

5. Conclusion

Advances in neuroimaging technology have opened up new ways of understanding human
brain function. Numerous studies indicate that the amygdala and the prefrontal cortex are
important neuroanatomical structures involved in the response to traumatic stress and its
effects on learning and memory. In particular, the amygdala and the prefrontal cortex are
structurally and functionally interconnected. Traumatic experiences can be associated with
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lasting changes in these brain areas. These changes may result in an imbalance between the
amygdala and the prefrontal cortex that is typically characterized by hyperactivity of the
amygdala and hypoactivity of the prefrontal cortex. Investigations of the connection
between the amygdala and prefrontal cortex have provided a deeper understanding of the
role of the amygdala—prefrontal circuitry in trauma-related psychiatric disorders. Restoring
the imbalance between hyperactivity of the amygdala and hypoactivity of the prefrontal
cortex — in the form of robust structural and functional connectivity between the amygdala
and the prefrontal cortex — predicts beneficial outcomes in the treatment of trauma-related
psychiatric disorders.
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