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ABSTRACT KEYWORDS

There is significant variation in the way individuals react and respond to extreme stress and adversity.
While some individuals develop psychiatric conditions such as posttraumatic stress disorder or major
depressive disorder, others recover from stressful experiences without displaying significant symptoms of

biological markers;
depression; PTSD; resilience;
uncontrollable stress;

psychological ill-health, demonstrating stress-resilience. To understand why some individuals exhibit
characteristics of a resilient profile, the interplay between neurochemical, genetic, and epigenetic
processes over time needs to be explained. In this review, we examine the hormones, neuropeptides,
neurotransmitters, and neural circuits associated with resilience and vulnerability to stress-related
disorders. We debate how this increasing body of knowledge could also be useful in the creation of a
stress-resilient profile. Additionally, identification of the underlying neurobiological components related to
resilience may offer a contribution to improved approaches toward the prevention and treatment of

stress-related disorders.

Introduction

Stress can be defined as a physiological and psychological
reaction of the body toward an event or situation, com-
monly termed a “stressor.” The given stressor can be per-
ceived broadly as either challenging or threatening.'™
Challenges that are perceived as exhilarating, while at the
same time being manageable, are normally classified as
positive and beneficial to the individual, leading to
accomplishment. However, threatening experiences,
which are perceived as irritating or imposing significant
danger, may result in short-term or long-term physiolog-
ical and psychological ill health.*”

The brain is the central organ responsible for the
stress response. It processes perceptual information for
potential threats and initiates a response. Second, it regu-
lates the physiological and/or psychological responses
that can either be adaptive or damaging to the individ-
ual.* Further, the brain is responsible for establishing a
two-way communication between itself and the immune
and cardiovascular systems via endocrine and neural
mechanisms during the stress response.*®

The adaptive physiological response to acute stress com-
prises a process known as allostasis. This process performs
the function of maintaining the internal viability of the
organism amid changing environmental conditions.””” In
the short term, this is achieved by physiological changes in
the autonomic nervous system (ANS) through the

sympathetic nervous system (SNS), hypothalamic-pituitary-
adrenal (HPA) axis hormones, cytokines, and a number of
other systems.'>""

A physiological response to environmental stressors is
of evolutionary advantage as a function of the acute
stress response, more commonly known as the “fight-or-
flight” mechanism.'> However, if recovery is not accom-
panied by an adequate homeostatic response, the initial
response could ultimately result in harmful after
effects.”” The prevailing effects of stress have been con-
ceptualized as the allostatic load, which represents the
physiological and psychological consequences of
repeated chronic exposure to heightened neuroendocrine
responses. In turn, the cumulative effect of these
responses can result in psychopathological conditions
such as posttraumatic stress disorder (PTSD) and major
depressive disorder (MDD), among others.'*"

By examining how humans and animals adapt to
highly aversive environments, researchers have recently
identified some of the neural, neurochemical, genetic,
and epigenetic components that may characterize vul-
nerability, and conversely resilience, in individual
responses.'®'® This article assesses the role of these fac-
tors in relation to individuals who appear to show resil-
ience in the face of extreme or repeated traumatic
stressors. This review had three main objectives. First, to
understand the dynamic concept of stress and resilience

CONTACT Carlos Osério @ carlos.m.osorio81@gmail.com e Academic Department of Psychological Medicine; Institute of Psychiatry, Psychology and Neuro-
science, King's College London, Weston Education Centre, 10 Cutcombe Road, SE5 9RJ, United Kingdom.

© 2016 Taylor & Francis Group, LLC


http://dx.doi.org/10.1080/08964289.2016.1170661

Downloaded by [Kings College London] at 05:42 04 July 2016

2 (& COSORIOETAL.

and what differentiates a resilient from a nonresilient
individual; second, to identify the neurochemicals,
genetic, and epigenetic mechanisms hypothesized as a
basis of resilience or vulnerability to a stress-related dis-
order. Third, to understand whether the ability to cope
with high levels of stress are inborn, inherited, and/or
acquired through specific training (e.g., through a stress
inoculation process) or some combination of the previ-
ous. A comprehensive review of the current research and
introduction to the physical processes associated with
resilience is of interest and importance to the medical
community.

The literature search was conducted between February
2014 and June 2014. Relevant studies published in peer-
reviewed journals were identified through electronic
searches on PubMed, Web of Science, Embase, and Psy-
cINFO databases. Key search terms to identify title and/or
abstract included words such as “stress” OR “resilience” OR
“adaptation” OR “allostasis” OR “allostatic load” OR
“PTSD” OR “depression” combined with “physiology” OR
“psychopathology” OR “neurochemistry” OR “neuropep-
tide” OR “neurotransmitters” OR “hormones” OR “neuro-
biological factors” OR “endocrine system” OR “sympathetic
nervous system” OR “hypothalamic-pituitary-adrenal axis”
OR “central nervous system” OR “genes” OR “genetic” OR
“genetic varjation” OR “epigenetic” OR “psychiatric disor-
ders” OR “toxic.”

Understanding resilience to stress
Concept of resilience

Resilience is the dynamic process through which an indi-
vidual can adaptively overcome a stressful and/or trau-
matic event(s), while maintaining relatively normal
physical and psychological function over time."”*' Addi-
tionally, resilience is referred to as a two-dimensional
construct. This implies that when an individual has been
subject to a stressor (such as exposure to a life-threatening
event), the experience has led to a positive adjustment. As
such, this bi-dimensional construct implies two evalua-
tions. The first is about the significance of risk or adversity
associated with negative life conditions, and the second is
about how a positive “adaptation” is displayed through
behavior on social competence or success at that specific
life stage.”” In this context, individuals classified as stress
resilient are normally defined as exhibiting an enhanced
capacity of avoiding deleterious physiological and psy-
chological consequences as a result of exposure to
extreme stress, which could otherwise result in serious
stress-related psychiatric disorders, such as PTSD or
MDD.'** It is important to mention that resilience is not
conceptualized as the absence of a diagnosable psychiatric

condition but rather a constructive adaptation to adver-
sity and traumatic experience.'***

The characterization of resilience is still difficult to
conceptualize and operationalize, as it represents many
forms of successful adaptive biological, behavioral, and
cognitive responses to traumatic events.”"** As individu-
als exhibit a pattern of recuperation from life-threatening
experiences, researchers have sometimes used the con-
cept of resilience inappropriately. For example, other
adaptive responses to traumatic experiences such as
recovery from trauma can also be observed. The concept
of recovery from trauma indicates a trajectory in which
normal functioning temporarily gives way to a disrup-
tion through the manifestation of significant psychiatric
symptoms for a period of several months, followed by a
slow but yet significant recovery over months to levels of
functioning prior to trauma.'”** Therefore, while both
these responses are similar in the long-term, only the
resilient ones exhibit a stable trajectory of healthy func-
tioning over time.'”** In this review, we will only charac-
terize the biological stress responses known to be linked
with resilient phenotypes and how their enhanced neuro-
biological response is processed.

Neurochemical, genetic, epigenetic factors in
stress resilience

Neurochemical factors in stress resilience

A significant number of neurochemicals (e.g., neuropepti-
des, hormones, and neurotransmitters) are involved in
the acute psychobiological response to stress. These
neurochemicals have been investigated in relation to
stress resilience, and conversely, to the risk of psychopa-
thology.'™'® According to several studies, these neuro-
chemicals have been shown to be significantly altered by
stress and to perform an important functional interaction
in the brain, by mediating the neural circuits and molecu-
lar pathways relevant to cognitive functioning, fear condi-
tioning, regulation of reward, and social behavior.'™'” So
far, some of the neurochemical components linked to
stress resilience include constituents of the SNS, for exam-
ple norepinephrine (NE) and neuropeptide-Y (NPY) or
galanin, from the HPA Axis, corticotropin-releasing hor-
mone (CRH), cortisol, dehydroepiandrosterone (DHEA),
and from other systems including the dopaminergic,
serotonergic systems, brain-derived neurotropic factor
(BDNF), or neurosteroidogenic enzymes.'*'*%

Sympathetic nervous system (SNS)

Under circumstances of potential danger, the human and
animal SNS will release neurochemical components such
as epinephrine, the hormone responsible for the fight-
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or-flight response, and NE in order to protect the organ-
ism from the perceived threat. However, danger response
varies from one individual to the other, and therefore
stress responses can vary significantly.'>%°

In cases where individuals exhibit an unusual hyper-
sensitive SNS response to stress, they can be subject to a
higher risk of chronic anxiety, intrusive memories, fear,
hypervigilance, and in some cases be diagnosed as having
PTSD.” It is also recognized that the maintenance of an
SNS response within a certain level of activation (not so
high to result in psychiatric symptoms however) has
been observed in highly resilient individual.***’

Norepinephrine (NE). NE is a catecholamine present
within cells of the central (CNS) and peripheral nervous
system (PNS) and is known to work as a neurotransmit-
ter during the stress response.”” NE is particularly noted
for its function in cognitive alertness and vigilant con-
centration in individuals under stress.”” Under stressful
circumstances, the organism will release NE from the
brainstem nuclei and locus coeruleus. In turn, NE modu-
lates the fight-or-flight response along with epinephrine
by immediately increasing its heart rate, pressing the lib-
eration of glucose from energy stores and so increasing
blood stream-to-skeletal muscle and brain oxygen sup-
ply.*® A higher activation of the NE system is known for
inhibiting functions in the prefrontal cortex, and there-
fore promoting instinctual responses over more complex
cognitive responses.*’

Clinical evidence suggests that abnormal regulation of
brain NE systems is observed in patients with PTSD,
through symptoms such as re-experiencing, hyper-
arousal, tachycardia, increased diastolic blood pressure,
and diaphoresis.27 However, studies that evaluated the
blockade of S-adrenergic receptors in the amygdala were
thought to ameliorate the development of aversive mem-
ories in human and animal studies.'>>! Thus, based on
these findings, some authors suggested that a reduced
responsiveness of NE could be linked with resilience to
stress.'”

Neuropeptide-Y (NPY). NPY is a 36-amino acid neuro-
peptide highly expressed in the mammalian brain and
known to act as a neurotransmitter. It is produced in sev-
eral areas of the brain, such as the hypothalamus, and is
believed to have several important functions, including
reducing anxiety, stress, pain perception, circadian
rhythms, and lowering blood pressure.””*> Normally, NPY
is released with NE when the SNS is highly activated. One
of its main functions is to restrain the ongoing release of
NE and to prevent SNS overshoots.””>* Numerous studies
have proved the valuable function of NPY in mediating
resilience and vulnerability to stress in both animals and

BEHAVIORAL MEDICINE (&) 3

humans.****>* For example, studies with small rodents
presenting PTSD-like behavior exhibit a significant down-
regulation of NPY in various areas of the brain, particularly
the hippocampus and amygdala. Additionally, centrally
administered NPY doses in these small rodents showed a
reverse in these negative behaviors (such as lower predator-
scent stress).” Studies conducted on military personnel
participating in particularly stressful training, known as
Survival, Evasion, Resistance, and Escape (SERE), com-
pared highly resilient members of the US Special Forces
with their regular infantry counterparts. The Special Forces
participants were shown to produce higher concentrations
of NPY and exhibit an enhanced physical and psychologi-
cal performance, followed by a reduced vulnerability to
stress-induced anxiety and dissociation. These robust
increases of NE in the US Special Forces personnel were
followed by similar robust increases in the levels of
NPY.29’34

In support of the importance of NPY as a mediating
factor in the stress response, one study compared a
healthy civilian control group to a group of military vet-
erans diagnosed as having PTSD. In a study comprised
of a rest stage and a stress stage, the findings revealed
that the veteran group displayed lower levels of NPY in
each phase.’ Studies of veterans with PTSD showed that
they exhibited a significant increase in NE levels, which
was not positively accompanied by a significant increase
in their NPY levels. It is hypothesized that this main-
tained symptoms of anxiety, hypervigilance, and intru-
sive combat-related memories.?’° Additionally, other
clinical studies have also shown that decreased concen-
trations of NPY in plasma and cerebrospinal fluid were
observed in individuals with PTSD and MDD.*”**

In view of the current evidence, NPY can be seen as a
novel molecular therapeutic target aimed to ameliorate
and/or treat symptoms of PTSD. Indeed, a recent study
examining the properties of intranasal NPY in a single
prolonged stress animal model of PTSD showed reduc-
ing anxiety-like behaviors, particularly when adminis-
tered before the stress task.>® In term of human studies,
we are only aware of one approved by the US National
Institutes of Health to investigate the safety and efficacy
of intranasal NPY administration to individuals suffering
from PTSD. At the time of writing this review the study
was in the recruitment phase and as such results were
not available for inclusion.*

Galanin. Galanin is a 30-amino acid neuropeptide exis-
tent in humans and encoded by the GAL gene, which is
extensively expressed in the brain, and is known to have
a significant effect in the SNS response. While the func-
tional role of galanin is still vastly unknown, this neuro-
peptide appears to have some neuroprotective activity in
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the PNS and in the promotion of neurogenesis.*"** Gala-
nin is known to have an effect on the cardiovascular and
sleep regulation, anxiety response, learning skills, mem-
ory, and pain response control.*’ Further to this, galanin
is also known to be an inhibitory hyperpolarizing neuro-
peptide, like NPY.**

A significantly high percentage, approximately 80%,
of noradrenergic neurons located in the locus coeruleus
(situated in the nucleus of the pons) are involved in the
physiological response to stress and panic and co-express
galanin.'®* Galanin is normally released when NE is
highly activated. Consequently, its activity reduces the
firing action of the locus coeruleus.**® In rodent behav-
ioral studies, centrally administered galanin has been
known to modulate anxiety-like behaviors and when
injected directly into the central nucleus of the amygdala;
it was shown to block the negative effects of stress.*”**
These findings suggest that the noradrenergic response
to stress leads to the release of galanin into the central
nucleus of the amygdala as a protection against the anx-
iogenic effects of NE.'” Conversely, researchers who
studied knockout mice galanin receptors found that
these animals showed increased anxiety-like behavior,
leading to an augmented vulnerability to anxiety and iso-
lation."" According to these findings, the response to
stress noradrenergic response may be contingent on a
balance established between NE, NPY, and galanin
transmission.'?

Novel approaches to evaluate the enhanced therapeu-
tic characteristics of galanin are currently underway. For
example, a study that evaluated small rodents exposed to
different sets of experiences and stress tasks revealed that
both physical exercise and galanin therapy rodent groups
exhibit decreased anxiety-like behaviors, while the group
of rodents deprived of exercise exhibit increased anxiety-
like behaviors. According to the authors, both physical
exercise and galanin therapy groups demonstrated
increased levels of galanin.*’

Hypothalamic-pituitary-adrenal (HPA) axis

A complex set of brain interactions between the hypothala-
mus, the pituitary gland, and the adrenal gland known as
HPA axis play a crucial role in the human and animal stress
response.”>**>*> Under an immediate threatening or stress-
ful event, the hypothalamus releases a peptide hormone and
neurotransmitter known as CRH into the hypothalamic-
hypophyseal portal system (the connection between the
hypothalamus and anterior pituitary) to mediate its stress
response. The hypothalamic-hypophyseal portal system will
then carry out the CRH into the anterior lobe of the pituitary
where it will stimulate the production of another polypep-
tide tropic hormone known as adrenocorticotropic hor-
mone (ACTH). In turn, the ACTH hormone stimulates the

synthesis of two steroid hormones, cortisol and DHEA, into
their stress response.”

In several human and animal studies, resilience has
been associated with the brain’s ability to moderate
stress-induced increases in CRH and cortisol. This oper-
ation occurs through an elaborate negative feedback sys-
tem, which involves an optimal functioning and
equilibrium of mineralocorticoid and glucocorticoid
receptors.”>*

Corticotropin-releasing hormone (CRH). CRH is a 41-
amino acid peptide hormone and neurotransmitter
encoded by the CRH gene and is known to play an
important role in the acute stress response. Particularly
in increased arousal, motor activity and reduced reward
expectations and activated fear behaviors.”> CRH acts via
the two receptors (CRH-1 and CRH-2), which are nor-
mally secreted by the paraventricular nucleus of the
hypothalamus in response to stress.’® Studies that evalu-
ated different concentration levels found that increased
CRH concentrations have been associated with PTSD,
MDD, and symptoms of fear and anxiety.”” > Con-
versely, those individuals who displayed reduced CRH
concentrations were normally found be to resilient
individuals."

CRH-1 and CRH-2 receptors are spread in the differ-
ent areas of the brain. CRH-1 receptor is normally found
in the hippocampus, basolateral amygdala, and neocor-
tex, while CRH-2 receptor is normally found in the dor-
sal raphe, medial, and cortical nuclei of the amygdala
and lateral septum.”® The CRH-1 signaling is known to
play a role in the anxiogenic circuit and leads to anxiety-
like responses, while the CRH-2 controls the effects of
CRH-1 signaling, and can either be anxiogenic or anxio-
lytic.’"* In rodent studies where they exhibited a defi-
ciency in the CRH-1 receptor, the animals displayed a
reduced anxiety-like behavior and a diminished stress
response. However, animals that exhibited a deficiency
in the CRH-2 receptor showed augmented anxiety like-
behaviors and were hypersensitive to stress.**"*°. Accord-
ing to these findings, the triggering of the CRH-1 recep-
tors are potentially linked with anxiety-like responses,
while the triggering of the CRH-2 receptors are poten-
tially linked with anxiolytic-like responses. Although evi-
dence exists highlighting the properties of CRH in
animals, until now it has not been possible to examine
the CRH-1 and CRH-2 receptors in humans."’

Cortisol. Cortisol is a glucocorticoid that is part of the
class of the steroid hormones produced by the zona fasci-
culata of the adrenal cortex. Its primary function is to
mobilize and replenish energy stores.”” Cortisol is also
known to perform an important role in the stress
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response by way of significant increases in vigilance,
increased arousal, consolidation of memory, and selec-
tive attention.®® While cortisol has an important regula-
tory effect on the amygdala, hippocampus, and
prefrontal cortex, the prolonged exposure to high levels
of cortisol in the organism proved to have significant
toxic effects, particularly in the neurodegeneration of the
hippocampus, resulting in memory and learning defi-
cits.” Studies that included cortisol supplementation in
healthy individuals revealed that the repeated adminis-
tration of cortisol led to significant cognitive impair-
ments, similar to those observed in patients diagnosed
with depression.®® It is also well documented that exces-
sively low and high cortisol levels have been found in
individuals with a PTSD diagnosis.”” Recent findings
suggest that in order to modulate the negative effects of
cortisol, DHEA (which is also secreted with cortisol)
serves a protective role, and 1is associated with
resilience.'®

Dehydroepiandrosterone (DHEA) and DHEA sulfate
ester (DHEA-S). DHEA and DHEA-S are two endoge-
nous hormones secreted by the adrenal cortex, and are
known to be the most abundant circulating steroid hor-
mones present in humans.”"””> While their precise
mechanisms of action are not completely understood,
some studies suggest that DHEA and its derivative sul-
fate ester might serve in a variety of physiological aspects
in the organism. These include control of fatness, min-
eral metabolism, sexual functioning, anti-inflammatory,
and antioxidant effects.”" "> Further studies also hypoth-
esized that DHEA may exert a protective response
against stress.”"’

Several military studies highlighted the beneficial
properties of DHEA and DHEA-S in supporting a pro-
tective role. A number of studies were conducted on
healthy military personnel undergoing the SERE training
school or the Combat Diver Qualification Course. The
results showed that soldiers who performed better under
acute stress had a higher increased of DHEA or higher
DHEA-to-cortisol ratio in the blood. These soldiers also
showed a superior physical and psychological perfor-
mance and reported fewer symptoms of dissociation.”" "
A further innovative study provided endogenous DHEA
supplementation in a randomized, controlled, double-
blind field study. They used a treatment versus control
group, within a group of soldiers undergoing SERE train-
ing. The study focused on higher salivary concentrations
of DHEA and DHEA-S as a result of DHEA treatment,
none of the group differences resulted in a superior per-
formance or in a reduction of dissociative symptoms.”*
In general, DHEA administration studies with humans
have failed to show any evidence of improved
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neurocognitive performance on their outcomes.”>”®
However, there has been a double-blind, placebo-con-
trolled trial study which found improved mood and
memory recollections after DHEA treatment in a sample
of healthy young men. However, individuals in this latest
study were not exposed to any form of stress task.”’

Nevertheless, studies evaluating these two steroid hor-
mones reported that a reduced concentration of DHEA
ratio-to-cortisol can be translated into a higher risk of
experiencing chronic fatigue syndrome, anxiety, anorexia
nervosa, depression, schizophrenia, and PTSD.”! Yet,
this pattern of findings has not been observed thoroughly
in all PTSD studies, which in relation to each other show
conflicting results.”®””

Dopaminergic system, dopamine

Dopamine is a hormone and neurotransmitter impli-
cated in various neural functions including attention,
motivational behavior, and motor control. Dopamine is
also known to play an important role in the stress
response.®’ Stress inhibits the release of dopamine in the
nucleus accumbens, an area mainly associated with the
reward pathway, and activates the release of dopamine in
the medial prefrontal cortex, an area associated in com-
plex cognitive behavior, personality expression, decision
making, and moderating social behavior.'” A further
study evaluated lesions of dopamine neurons in the
medial prefrontal cortex; the results suggested that
reduced prefrontal cortical dopamine levels lead to the
maintenance of the fear response, an outcome normally
observed in individuals with PTSD.*' Conversely, studies
that identified high levels of dopamine release in the
medial prefrontal cortex resulted in cognitive
impairment. Thus, the data suggest that there is an opti-
mal range for stress-induced increases in dopamine,
released in the medial prefrontal cortex that may facili-
tate advantageous behavioral responses. There has, until
now, been little research concerning the function of
dopamine in stress-related disorders."

Serotonergic system, serotonin

Serotonin is a monoamine neurotransmitter present in the
CNS. It is known to have an effect on the regulation of
appetite, sleep, feelings of well-being, and happiness. Sero-
tonin is also known for its effects on mood and anxiety.
The acute stress response is linked with the augmented
serotonin turnover in different areas of the brain, particu-
larly in the lateral hypothalamus, amygdala, prefrontal
cortex, and nucleus accumbens.'®>**® The liberation of
serotonin in the brain is known to have both anxiolytic
and anxiogenic effects, and this outcome is mediated by
which part of the forebrain and receptors are stimulated.
For example, stimulation of the serotonin 2A receptor
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results in anxiogenic effects, while the stimulation of the
serotonin 1A are anxiolytic and potentially associated
with adaptive reactions to stressful occurrences.**** Two
additional serotonin receptors, particularly the serotonin
1B and 2C receptors, have also been studied and though
to be associated with adaptive reactions to stressful
circumstances.”

Brain-derived neurotropic factor (BDNF)
BDNF is a protein encoded by the BDNF gene and is part
of the neurotrophin family of growth factors.*>*® This
neurotropic factor works in specific neurons of the CNS
and PNS, and is known for supporting the survival of
existing neurons, by stimulating the growth and differenti-
ation of new neurons and synapses.*”*® BDNF is
expressed in several regions of the brain such as the
amygdala, prefrontal cortex, hippocampus, and basal fore-
brain, and is implied in anxiety and mood disorders."®
Numerous studies have reported that a down-regula-
tion of BDNF in the hippocampus has been observed in
small rodents exposed to various types of stressors and
in depressed patients who successfully committed sui-
cide.*”*® According to some authors, hippocampal
BDNF expression may have a significant influence in
both stress resilience and risk of psychiatric problems. '®
BDNF acts through the BDNF-tyrosine kinase B
(BDNF-TrkB) receptor. According to some human and
animal studies that evaluated the BDNF-TrkB pathway,
this receptor was related with PTSD symptomatology.”*
Conversely, those studies which administered antide-
pressants found an increase in BDNF-TrkB receptors in
the hippocampus and prefrontal cortex and a potential
role to hippocampal neurogenesis.”” However, this evi-
dence was not observed in all BDNF-TrkB studies.'®

Neurosteroidogenic enzymes, allopregnanolone
(ALLO)

ALLO is a cholesterol-derived neuroactive steroid pres-
ent in the CNS that is synthesized from progesterone, a
steroid hormone, in a two-step pathway, by action of the
5a-reductase and 3o-hydroxysteroid dehydrogenase
enzymes, both steroidogenic enzymes.”* In particular,
certain 3a-reduced metabolites of progesterone such as
ALLO are potent positive allosteric modulators of the
Gama-Aminobutyric Acid (GABA,) receptor, particu-
larly known for being the chief inhibitory neurotransmit-
ter in the vertebrate CNS.”>**

Stress increases ALLO levels in the brain to concen-
trations that can activate the GABA, receptors, and
according to several studies, ALLO might have potential
pharmacologic properties, particularly anticonvulsant
and anxiolytic actions.”**> New hypotheses concerning
the putative anxiolytic and antidepressant properties of

ALLO involve the role of stress in the HPA Axis dysregu-
lation.”>® Acute stress produces an increase in ALLO
levels, which negatively modulates the stress-induced
HPA Axis activation, thus aiding the recovery of physio-
logical homeostasis after a stressful stimuli.””*® For
example, in a study of small rodents, forced-swimming
stress induced a time-dependent increase in the amount
of ALLO and progesterone, both in the plasma and in
brain areas such as cerebral cortex, hypothalamus, and
plasma by producing protection against the damaging
effects of stressors.”” Nevertheless, other studies investi-
gating chronic stress response highlight a significant
reduction in the ALLO concentration levels. This sug-
gests that chronic stress may alter ALLO synthesis and
lead to a dysregulation in the HPA Axis.”® In a recent
study of small rodents, chronic stress was associated with
a significant reduction in endogenous ALLO levels and
an increased risk of anxiety-like behaviors and depres-
sion.”® The exogenous administration of ALLO from the
onset of isolation-induced chronic stress and a period of
chronic stress was able to reduce the occurrence of anxi-
ety-like behaviors and depression, and regulate the HPA
Axis dysfunction.”® Based on these findings, it appears
that ALLO is a key regulator of physiological functions
and potentially important variable in resilience.

Early genetic factors in stress resilience

Genetics is the process of trait inheritance through the
sharing of molecular structure and function of genes, gene
behavior and distribution, variation, and change among
similar or related organisms.” Genetic factors play a very
significant function in the determination of an individual’s
response to stress and therefore regulate his or her risk or
resilience to a psychiatric condition.!”'® Indeed, studies
developed with identical twins have projected an overall
heritability rate of 32% to 38% in PTSD cases.'” Some
studies considering individuals’ deoxyribonucleic acid
(DNA) genetic make-up and their particular history of
exposure to environmental stressors found that stress regu-
lation response could be significantly affected by geneti-
cally modified differences in reactivity of the SNS, of the
CNS through the HPA Axis, the noradrenergic and dopa-
minergic system, the serotonergic system, and the
BDNE."”'*1% We should mention here that this area is still
largely unexplained and particularly unknown.'”!

Sympathetic nervous system (SNS) related genes

Regulation of the SNS can also be affected by genetic fac-
tors. Demonstrating the fundamental role of SNS reactiv-
ity is a study that evaluated the genetically modified
variation of SNS activity in a group of healthy individuals,
found that a polymorphism in the alpha adrenergic-2
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receptor gene appears to be considerably linked with their
autonomic  hyper-responsiveness.'”>  Further, —another
study found that during stress exposure, NPY levels were
disturbed by polymorphism in the gene encoding of the
NPY molecule.'” This suggests that the association
between the noradrenergic system (NE) and stressor
might be mediated by different alpha-2 adrenergic recep-
tors subtypes. Consequently, when researchers evaluated
the effects of mice knocked out by the alpha-2A adrener-
gic receptor, their findings suggested this receptor dis-
played stress-protective functions. Opposing these
findings other studies have shown the alpha-2C adrener-
gic receptor was involved in stress susceptibility.'*"'**

The SNS response to stress may also be disturbed by
changes in the NPY-gene.'”'® Supporting this evidence,
a study found that two NPY haplotypes have been asso-
ciated with increased vulnerability to anxiety symptoms
after experiencing severe adversity during youth.'””
Another study evaluated the effects of NPY genetic
expression on emotions and stress resilience and revealed
that the presence of lower haplotype-driven NPY expres-
sion was predictive of diminished resilience, assessed by
the presence of a higher emotional-induced activation of
the amygdala in the brain.'® Still, the long term variant
of the NPY encoding gene was related to a reduced
PTSD susceptibility and negative emotional states in
depression.' %'’

Hypothalamic-pituitary-adrenal (HPA) axis-related
genes

Changes in genes that control HPA Axis reactivity
appear to contribute significantly to modifications in bio-
logically based stress response systems and influence
resilience or vulnerability to psychiatric conditions.'**'*®
Polymorphisms (mutation in the genotype) and haplo-
types (combination of DNA sequences) in two key genes
of the HPA axis include the corticotropin-releasing-hor-
mone receptor 1 gene (CRHRI1 gene) and the FK506-
binding protein 5 gene (FKBP5), both potentially known
for interacting with early life trauma (childhood mal-
treatment or abuse) and predictive of later life stress-
related psychiatric conditions.'®® A significant number of
studies have examined CRHR1 gene variation in PTSD
and MDD in individuals exposed to life-threatening cir-
cumstances. For example, the genetic marker spanning
the CRHRI receptor gene rs110402 has been associated
with cortisol levels and the developing of depression in
adult males who experienced trauma during their child-
hood.'” Other studies found protective effects of the
CRHRI TAT haplotype rs7209436, rs110402, rs242924
genetic markers in adults who have been victims of
childhood maltreatment.''® Concerning the FKBP5 gene,
studies have shown the involvement of this gene in the

BEHAVIORAL MEDICINE (&) 7

modulation of the glucocorticoid receptor activity and
signaling, and predicted the severity of the onset of
depression and PTSD symptoms in adult with childhood
trauma.''"''?

Noradrenergic and dopaminergic genes system
Another polymorphism that has been associated with vul-
nerability to a psychiatric condition is found in the gene that
codes catechol-o-methyltransferase (COMT), an enzyme
degraded in the noradrenergic and dopaminergic sys-
tems.'"> The COMT Val158Met polymorphism has been
studied in relation to stress and psychiatric disorders, sug-
gesting an association with cases of PTSD.'"* For example,
in a human study evaluating traumatic load, diagnosis of
PTSD and COMT Vall58Met polymorphism, results
showed that a gene environment interaction among the
human COMT Val158 Met polymorphism and the magni-
tude of traumatic events experienced increased the risk of
developing PTSD."** Another study was developed with a
sample of Vietnam and Gulf War veterans who experienced
significant amounts of operational stress. Its findings also
suggested that COMT Vall58Met polymorphism moder-
ated the effect of PTSD-related processes on right anterior
cingulate cortex volume.'"”

Polymorphisms in the dopaminergic receptor genes
have also been associated in the risk of developing
depression and PTSD. According to a study that evalu-
ated the Dopamine Transporter gene polymorphism
(DAT1), the results suggest that this gene contributed
significantly to a susceptibility to PTSD in those individ-
uals with a previous history of trauma.''® Additionally,
studies that evaluated the Dopamine receptor gene D2
polymorphism (DRD2) suggest that determined DRD2
signaling explained part of personality traits related to
emotion processing as well as individuals variability in
specific brain responses to emotionally relevant
inputs.""” Another study that evaluated the Dopamine
receptor gene D4 polymorphism (DRD4) showed that
this polymorphism influenced vulnerability to stress and
trauma and a significant higher risk of developing a case
of PTSD.'**

Serotonergic gene system

Several studies assessing the polymorphic trait characteris-
tics of the serotonin transporter gene, through the effects
of gene multiplied by environment interactions, have pro-
moted advances in the area of stress-related disorders.'®
For example, in studies that evaluated the interaction
between stress and the polymorphism in the promoter
region of the serotonin transporter gene (5-HTTLPR),
results showed the presence of the shorter allele of 5-
HTTLPR linked with an increased risk for depression and
PTSD."'®'*° Conversely, human studies evaluating the
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presence of the long allele of the 5-HTTLPR found a posi-
tive association with self-reported emotional resilience.'*'

Brain-derived neurotropic factor (BDNF) genes

Recent scientific evidence suggests that BDNF Val66-
Met polymorphism may be potentially linked with
the modulation of the stress reactivity in
humans.'?*'?* For example, a study that evaluated the
BDNF Val66Met polymorphism in a group of healthy
university students found that the BDNF Val66Met
carriers were more susceptible for anxiety symptoms
and exhibited an increased cortisol stress response in
face of stressful events.'”> Two further studies also
identified an association between this polymorphic
gene and cases of depression and anxiety. A clinical
study found that depressed patients with the BDNF
Val66 Met polymorphism exhibited higher rates of
chronic MDD.'* Another study found that the
BDNF Val66Met polymorphism interacted with early
life stress to predict anxiety and depression.'*

Most of the evidence gathered in this area does not
support a positive association between BDNF Val66Met
polymorphism and stress-related disorders, particularly
MDD and/or PTSD."**'*” For example, a meta-analysis
that evaluated the association between BDNF Val66Met
polymorphism and depressed (MDD) individuals did
not find an association between these two variables.'*®
Another meta-analysis that evaluated the same polymor-
phism with anxiety disorders also did not find an associ-
ation between the variables.'*® A further meta-analysis
did not found an association with PTSD."'*’

Epigenetic factors in stress resilience

Epigenetics corresponds to the functional alterations in the
chromatin structure that trigger long-lasting modifications
in gene expression without creating changes in the DNA
sequence.'*”"** These functional alterations help to regulate
the phenotype and gene expression of an individual using
mechanisms such as DNA methylation and histone methyl-
ation and acetylation, among others.'”'® Recent research
with monozygotic twin studies have determined that during
the lifetime of these individuals, there is a meaningful and
profound accumulation of epigenetic differences that could
be explained by distinctive life development events and/or
stressful experiences.”” In fact, various studies have shown
that hardship and adversity experienced during youth can
result in persistent epigenetic marks in the genome that alter
gene expression and induce both neural and behavioral
changes across adulthood."** These epigenetic modifications
are known to be implicated in social and maternal behavior,
learning and memory deficits, depression, and PTSD symp-
tomatology.'**'*° Recent advances in our understanding of

the epigenetics of the regulation of stress focuses on at least
two distinct aspects of stress-induced epigenetic pathology
or resilience. This is through mechanisms such as DNA
methylation or histone methylation, and/or acetyla-
tion."*>'*% Although there has been recent progress toward
understanding the epigenetic regulation of stress and how
such mechanisms contribute to susceptibility and resilience
to stress-related disorders, careful interpretation is required
as this area remains largely unexplained.'*

DNA methylation

DNA methylation is a biochemical process known for
altering the expression of genes in cells when cells divide
and differentiate. It is also known to be factor in the neu-
ral development of the organism and is potentially linked
to psychiatric disorders."*® A series of studies have
already linked the biochemical process of DNA methyla-
tion to psychiatric conditions.'**"*° Post-mortem studies
of suicide victims with a history of childhood abuse
found that increased DNA methylation of a specific exon
1, glucocorticoid receptor (NR3C1) gene expression pro-
moter in the hippocampus decreased hippocampal GR
expression. This in comparison with other postmortem
victims of sudden or accidental death without history of
childhood abuse.'* Another human study aimed to
compare the expression of DNA methyltransferase
(DNMT) messenger Ribonucleic Acid (mnRNA) between
individuals who committed suicide and had a MDD
diagnosis with individuals who died suddenly as a result
of other causes other than suicide. The first ones had sig-
nificant alterations in the DNMT gene transcripts
expression in brain areas including the frontopolar cor-
tex, amygdala and the paraventricular nucleus of the hip-
pocampus.”** Thus, this study shown that DNMT-3B
expression was augmented in areas like the frontopolar
cortex, previously known to be linked with an increase in
DNA methylation of the y-aminobutyric acid (GABA)
(A) receptor alpha-1 subunit promoter region.'®'>*
Additionally, another study aimed to evaluate the effect
of gene expression and PTSD-associated methylation in
33 candidate genes. Their findings suggested that higher
DNA methylation of Mannosidase Alpha Class 2C
Member 1 (MAN2C1) shown to relate with higher expo-
sure to potentially traumatic situations and predictive of
PTSD."”® Nevertheless, the precise role of MAN2CI1 in
the stress response remains unclear.'*®

Histone methylation and acetylation

Histone methylation is a biochemical process through
which a methyl group is shifted into amino acids of histone
protein in chromosomes.'*> As a mechanism, histone meth-
ylation is linked with stimulation of the neural pathways
and potentially for its function in learning and long-term
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memory."”’ Scientific studies have already showed that
female rats have different behavioral patterns of interaction
with their offspring. While some mother rats exhibit
increased levels of nurturing behaviors (such as nursing,
licking, grooming), others do not."*® These different nurtur-
ing behaviors have a significant impact, where offspring of
high-nurturing mothers are known for exhibiting less fear-
fulness, anxiety, reduced corticosterone responses to stress,
increased central benzodiazepine receptor density in the
amygdala and locus coeruleus, and higher quantities of glu-
cocorticoid receptors (GR) gene promoter in the hippocam-
pus.”®*"*  Interestingly, superior hippocampal GR
expressions in the offspring are thought to be mediated by
the transcription factor Nerve Growth Factor-Inducible
protein A (NGFI-A)."” For example, in a study where off-
spring rats received low levels of nurturing care from their
mothers exhibited an augmented methylation of the GR
gene promoter at the NGFI-A binding site in the hippocam-
pus.”*” Thus, lower levels of GR expression in the hippo-
campus led to several traits in adulthood, including higher
levels of corticosterone (both before and after stress expo-
sure), and higher levels of anxiety-like behaviors. Thus, these
differences observed in methylation appear the first weeks of
life and continue into their adulthood.'*

Histone acetylation is the biochemical process by
which the lysine for the histone core is acetylated as part
of gene regulation.'** According to some rodent studies,
histone acetylation has been observed in several regions of
the hippocampus after exposure to acute stress, which
could potentially lead to its role in memory formation
and stress response.'”> Scientific evidence that histone
acetylation could have a significant role in depression was
found through studies showing that the intracerebral and
systemic administration of several histone deacetylase
inhibitors, either alone or combined with antidepressants,
where results showed, in a variety of animal models,
improved antidepressant responses.'>> Another animal
study revealed that histone acetylation (H3Kl4ac) is
briefly reduced and then augmented in the nucleus
accumbens (a central region of the limbic system) after
chronic social defeat stress, where this action was reflected
by a decrease in histone deacetylase 2 (HDAC2). Support-
ing this evidence, another study also found similar effects
in the nucleus accumbens of depressed humans who have
been evaluated postmortem.'*" They highlighted that his-
tone acetylation has an important function in the develop-
ment of stress and depression.'*"'** Additionally, another
study supported the impact of histone acetylation in ani-
mal models by providing evidence that overexpression of
dominant negative HDAC2 in the nucleus accumbens
resulted in antidepressant-like behaviors, compared to
controls. However, an overexpression of a similar version
of the HDAC2 (strongly related with chromatin) in small
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rodents was linked with more depression-like behav-
iors."** However, animal studies with the histone deacety-
lase 5 (HDACS5) suggest a protective effect in the nucleus
accumbens. For example, a study with small rodents sub-
jected to chronic social defeat stress exhibited a reduction
in the HDACS expression, while chronic antidepressant
treatment led to an increased HDACS5 expression. Thus,
lacking of HDACS5 expression increased depressive-like
behaviors when compared with controls.'**

Developmental factors and stress resilience over
the life cycle

The accrued scientific evidence also suggests that environ-
mental stress over the life cycle can be extremely impor-
tant in explaining an individual’s risk to a stress-related
psychiatric injury, and conversely, stress resilience.'**'*
Human and animal studies suggest that severe stressful
experiences during early life can negatively affect the
development of stress response system and cause
long-lasting ill-health.'®'*"'*"  Strong, frequent, and
prolonged activation of the stress response system during
childhood has been labelled toxic stress (e.g. physical/
emotional abuse, chronic neglect, constant exposure to
violence). This can disturb the normal development of the
brain and other systems and increase the risk of stress-
related disorders in adulthood. Thus, the higher number
of stressful and/or adverse experiences encountered in
childhood the higher risk of these individuals to develop
cognitive, emotional, and development problems. 148 In
fact, studies that evaluated parental neglect and abusive
behavior toward children during the early weeks of life
found fewer stress management skills, lower self-indepen-
dence, and higher levels of anxiety and stress. This was
reflected in increased HPA axis and CNS activity when
the same individuals were subjected to stressors in later
life.'"*” Additionally, these early life stressor experiences
led to hyper-functioning of NE system, reduction in the
hippocampal volume, and amygdala responsiveness to
negative facial expressions.'*>'*’

Research in human and animal models suggest that
certain factors can play an exceptionally important role in
determining whether an early traumatic experience can
result in vulnerability or resilience to a psychiatric disor-
der. One of the factors known to play an important role in
these circumstances is the degree of control that an indi-
vidual has over the stressor. Another factor is the possibil-
ity of changing the situation.'"'® It is already known that
when individuals are led to believe that they are unable to
change stressful circumstances, “learned helplessness”
occurs.””" Learned helplessness is a mental state where an
individual, after experiencing ongoing adverse stimuli
considered painful or unpleasant, becomes incapable and/
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or unwilling to avoid consequent encounters with the
given stimuli. Even if there is the possibility of avoiding it,
because they have learnt by experience that the stressor
cannot be controlled or avoided."” This has been
confirmed through a classic study involving dogs exposed
to erratic shocks."”" In studies with animals subjected to
shocks that could be avoided by behavioral modification,
learned helplessness seemed not to occur.’”® Thus, evi-
dence indicates that individuals may learn resilience
through experience and hardship, in particular by devel-
oping qualities that facilitate appropriate coping strategies,
adaptation, and recovery from stress.'®! Studies also
suggest that it may be possible to inoculate individuals
against the negative effects of exposure to high levels of
stress.'>*1%> This concept, termed “stress inoculation,”
happens when an individual acquires an adaptive stress
response to the negative effects of following stressors.
Stress inoculation is thus seen as a form of immunity
against similar stressors which might occur in the future,
essentially being analogous to vaccine induced immunity
against disease.'*®

Particularly, animal studies tend to support the stress-
inoculation concept and show that early-life exposure to
stressful events may protect against some of future nega-
tive effects of stress.'”” One study evaluated the contribu-
tion of early stressors in the emotional stability of small
rodents. The researchers randomly exposed a group of
infant rats to intermittent foot shocks, sufficient to elicit
evasive movements, as a stress task, alongside a control
group that did not experience shock. When they sub-
jected the same two groups of rodents to a new stressful
situation, those that had been intermittently subjected to
stress displayed an enhanced coping response and a
lower emotional response.'*”!*®

Discussion

The neural mechanisms that underlie resilience to
stress are extremely complex, involving the interac-
tion of neurobiologic, genetic, and epigenetic compo-
nents, together with the environment.'”'®!'” While
genetic factors interact with neurobiological and epi-
genetic factors thereby affecting the biological charac-
teristics and regulation of neurochemical receptors,
environmental factors produce epigenetic alterations
in individuals, influencing resilience to stress or risk
of a psychiatric condition.'®™"® While not part of this
review, other factors such as personality, tempera-
ment, physical fitness, and social support also play a
pivotal role in resilience.

Our growing understanding of resilience leads us to con-
sider how we could establish a resilient profile by examining
the complexity of interacting factors. We first noted that a

significant number of neurochemical elements (such as
NPY, DHEA, CRH, galanin, ALLO) have been linked to the
acute stress response and can be associated with resilience to
stress.''"*>** Each specific pathway and neurochemical
element conveyed some protection or promoted resilience
when facing stress. However, none of these neurobiological
effects was highly significant as inconsistencies were
reported regarding neuro-protective effects.

As some researchers have highlighted, the neurobio-
logical concept of resilience cannot be regarded as the
interaction of a single neurochemical element but rather
the interaction of multiple neurochemical elements
within a complex network of cells in the human
brain.*>'*” In fact, a study that evaluated the negative
cumulative effects of multiple physiological dysregula-
tions showed that when considering any of the biological
markers individually, a decline in health status was not
found to have any predictive value. Instead, when all
markers were considered, they predicted an accentuated
cognitive decline and a change in cardiovascular activ-
ity.>** If a similar model were applied to stress-resilient
individuals, by combining neurochemistry and its known
components to confer protection and including high-lev-
els of NPY, galanin, DHEA, ALLO, and the low levels of
CRH activation, we may come closer to identifying a
neurobiological profile of stress-resilient individuals.*’
The same strategy may also be observed of genetic and
epigenetic traits.

Further complication arises in relating neurobiological
processes to psychological states under the overarching
concept of resilience. For example, a particular neuro-
chemical may be found to be co-present with psychologi-
cal symptoms of stress or resilience however this co-
presence may not be sufficient to establish direction of
causation. Meaning its presence may conceivably be a
cause or conversely a response to intrusive symptomology.
Indeed the relation that holds between the neurobiology
and psychology of resilience represents a significant obsta-
cle that will need to be addressed in future research.

This review focuses on the underlying neurochemical
and physiological processes associated with resilience. As
such we did not include literature concerning the impor-
tant psychological factors and character traits related to
the subject. However, it should be noted that active cop-
ing strategies, humor, hardiness, and extraversion can
promote resilience through fostering feelings of mastery,
commitment, and competence as well as the ability to
help others through bonding. Importantly, the propen-
sity of resilient individuals to express positive emotions,
in relation to negative events, enables them to control
their anxiety and fears.'"" A significant number of stud-
ies have also indicated positive social support has an
important factor in maintaining physical and
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psychological well-being. These studies found that higher
levels of social support are able to reduce and/or attenu-
ate the impact of PTSD and/or MDD, !>%:160 Additionally,
there is an emerging literature which also suggests that a
positive social support environment can moderate indi-
vidual environmental and genetic vulnerabilities and
increase their resilience.'®!

Further, encountering and overcoming stress-induc-
ing situations may have a beneficial effect on the life
cycle, in particular over one’s perception of control and
sense of stress mastery. However, as different individuals
have different stress thresholds, a stressor that may pro-
mote resilience in one individual could result in
increased vulnerability in another individual. The line
between learned helplessness and stress inoculation is a
fine one because of the variability of individuals in their
biological, psychological, and social competences.'®

Choosing to focus on the neurobiological domain for
signs of resilience entailed a neglecting of the psychological
and social domains. As we understand them, the neurobio-
logical, genetic, epigenetic, and environmental signs of resil-
ience are akin to variables."*” In better understanding these
variables and the relation they stand in to each other we will
begin to see a more complete picture of the neurobiology of
resilience emerge. As research continues, facilitated by
advancing technology, our understanding will continue to
deepen. In turn this will enable the creation of more com-
prehensive profile of a stress resilient individual.

The notion of a stress resilient profile will be of use to
those who operate in high-stress environments. First, in
relation to the successful completion of the given task
and secondly in relation to the individual’s post-task
physical and psychological well-being. Initial steps in
this area have been taken in studies investigating mem-
bers of the US and Belgian Special Forces Units.**"'**7'%
The United Kingdom is yet to conduct resilience related
neurobiological research within its military population,
this, despite having a tradition of epidemiological
research in military mental health.'®”

While understanding in the neurobiological domain is
advancing, this review has shown that the mechanism of
resilience in concert with the psychological domain
requires further research. For example, the concept of
stress inoculation, mentioned previously, presupposes a
psychological or cognitive process in understanding and
adaption to the life stressor. In this sense resilience is
learned.

The concept of a neurobiological stress-resilient pro-
file begs the question as to whether one can be created by
supplementation. Supplementation may conceivably be
used prophylactically as an inoculation against stress and
the prevention or mediation of intrusive symptomatol-
ogy. Interestingly, a number of studies have isolated
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hormones related to resilience, an example being
increased levels of DHEA measured in individuals who
demonstrated greater physical and psychological perfor-
mance under stress. However a further human study
showed DHEA supplementation did not manifest in any
observable advantage. While neurobiological insights
into a resilient profile are being gained the creation of
one remains at the moment elusive, without recourse to
the psychological domain.

The benefits of improved neurochemistry on psycho-
logical performance through prophylactic supplementa-
tion is a topic of fascination and one that will continue to
be explored. As it is, however, we should remain aware of
an example from history which illustrates this area of
research also has the potential to be mishandled with
negative consequence when applied.'® The use of prophy-
lactic drugs that target the CNS may reduce fatigue and
enhance psychological resilience; however it can also inter-
fere with the individual’s moral judgement and mood.'®*

Conclusion

In conclusion, the promotion of resilience and
prevention of psychopathology are of fundamental
concern to the medical community. Moving forward and
building on the important insights gained from the
current research, an interdisciplinary approach combin-
ing neurobiological, genetic, epigenetic, and personality
traits, as well community and group interactions, may
work to facilitate the development of a stress-resilient
profile. This in turn would be significant step toward the
prevention and treatment of stress-related psychiatric
conditions such as PTSD or MDD.

Funding

AHY receives support from the National Institute for Health
Research (NIHR) Mental Health Biomedical Research Centre
at South London and Maudsley NHS Foundation Trust and
King’s College London.

References

[1] Selye H. The evolution of the stress concept: The origi-
nator of the concept traces its development from the
discovery in 1936 of the alarm reaction to modern ther-
apeutic applications of syntoxic and catatoxic hor-
mones. Am Sci. 1973;61:692-699.

[2] Selye H. Confusion and controversy in the stress field. J
Human Stress. 1975;1:37-44.

[3] Mason JW. A historical view of the stress field. ] Human
Stress. 1975;1:6-12.

[4] McEwen BS. Physiology and neurobiology of stress and
adaptation: Central role of the brain. Physiol Rev.
2007;87:873-904.



Downloaded by [Kings College London] at 05:42 04 July 2016

12 (&) C.OSORIOETAL.

(5]

(6]

(7]

(8]

(9]

(10]

(11]

McEwen BS, Stellar E. Stress and the individual: Mecha-
nisms leading to disease. Arch Intern Med.
1993;153:2093-2101.

McEwen BS. The neurobiology of stress: From serendip-
ity to clinical relevance. Brain Res. 2000;886:172-189.
Sterling P, Eyer J. Allostasis: A new paradigm to explain
arousal pathology. In: Fisher S, Reason J, eds. Handbook
of Life Stress, Cognition and Health. New York: John
Willey and Sons; 1988:629-649.

Karatsoreos IN, McEwen BS. Psychobiological allostasis:
Resistance, resilience and vulnerability. Trends Cogn Sci.
2011;15:576-584.

McEwen BS. Allostasis and allostatic load: Implications
for neuropsychopharmacology. Neuropsychopharmacol.
2000;22:108-124.

Charney DS. Psychobiological mechanisms of resilience
and vulnerability: Implications for successful adaptation
to extreme stress. Am J Psych. 2004;161:195-216.

Feder A, Charney DS, Collins K. Pathways to resil-
ience—Neurobiology of resilience. In: Southwick S, Litz
BT, Charney DS, Friedman M, eds. Resilience and Men-
tal Health: Challenges across the Lifespan. Cambridge,
UK: Cambridge University Press; 2011:1-29.

Cannon WB. The Wisdom of the Body. Washington,
DC: W. W. Norton & Company; 1963.

Charney DS. Neuroanatomical circuits modulating fear
and anxiety Dbehaviors. Acta Psychiatr Scand.
2003;108:38-50.

Heim C, Nemeroff CB. Neurobiology of posttraumatic
stress disorder. CNS Spectrum. 2009;14:13-24.
Rasmusson AM, Vythilingam M, Morgan CA, 3rd. The
neuroendocrinology of posttraumatic stress disorder:
New directions. CNS Spectrum. 2003;8:651-656.

Russo SJ, Murrough JW, Han MH, Charney DS, Nestler
EJ. Neurobiology of resilience. Nat Neurosci.
2012;15:1475-1484.

Feder A, Nestler EJ, Charney DS. Psychobiology and
molecular genetics of resilience. Nat Rev Neurosci.
2009;10:446-457.

Wu G, Feder A, Cohen H, et al. Understanding resil-
ience. Front Behav Neurosci. 2013;7:1-15.

Bonanno GA. Loss, trauma, and human resilience: Have
we underestimated the human capacity to thrive after
extremely aversive events? Psychol Trauma. 2008;1:
101-113.

de Kloet ER. About stress hormones and resilience to
psychopathology. ] Neuroenocrinol. 2008;20:885-892.
Luthar SS, Cicchetti D, Becker B. The construct of resil-
ience: A critical evaluation and guidelines for future
work. Child Dev. 2000;71:543-562.

Luthar SS, Cicchetti D. The construct of resilience:
Implications for interventions and social policies. Dev
Psychopathol. 2000;12:857-885.

Southwick SM, Bonanno GA, Masten AS, Panter-Brick
C, Yehuda R. Resilience definitions, theory, and chal-
lenges: Interdisciplinary perspectives. Eur J Psychotrau-
matol. 2014;5:1-14.

Bonanno GA. Uses and abuses of the resilience con-
struct: Loss, trauma, and health-related adversities. Soc
Sci Med. 2012;74:753-756.

Haglund ME, Nestadt PS, Cooper NS, Southwick SM,
Charney DS. Psychobiological mechanisms of resilience:

(27]

(36]

Relevance to prevention and treatment of stress-related
psychopathology. Dev Psychopathol. 2007;19:889-920.
Jansen AS, Nguyen XV, Karpitskiy V, Mettenleiter TC,
Loewy AD. Central command neurons of the sympa-
thetic nervous system: Basis of the fight-or-flight
response. Science. 1995;270:644-646.

Southwick SM, Bremner JD, Rasmusson AM, Morgan
CA, 3rd, Arnsten A, Charney DS. Role of norepineph-
rine in the pathophysiology and treatment of posttrau-
matic stress disorder. Biol Psychiatry. 1999;46:
1192-1204.

Morgan CA, 3rd, Wang S, Mason J, et al. Hormone pro-
files in humans experiencing military survival training.
Biol Psychiatry. 2000;47:891-901.

Morgan CA, 3rd, Wang S, Southwick SM, et al. Plasma
neuropeptide-Y concentrations in humans exposed to mili-
tary survival training. Biol Psychiatry. 2000;47:902-909.
Krystal JH, Neumeister A. Noradrenergic and seroto-
nergic mechanisms in the neurobiology of posttrau-
matic stress disorder and resilience. Brain Res.
2009;1293:13-23.

McGaugh JL. The amygdala modulates the consolida-
tion of memories of emotionally arousing experiences.
Annu Rev Neurosci. 2004;27:1-28.

Heilig M, Widerlov E. Neurobiology and clinical aspects
of neuropeptide Y. Crit Rev Neurobiol. 1995;9:115-136.
Corder R, Castagne V, Rivet JM, Mormede P, Gaillard
RC. Central and peripheral effects of repeated stress and
high NaCl diet on neuropeptide Y. Physiol Behav.
1992;52:205-210.

Morgan CA, 3rd, Rasmusson AM, Wang S, Hoyt G,
Hauger RL, Hazlett GA. Neuropeptide-Y, cortisol, and
subjective distress in humans exposed to acute stress:
Replication and extension of previous report. Biol Psy-
chiatry. 2002;52:136-142.

Cohen H, Liu T, Kozlovsky N, Kaplan Z, Zohar J, Mathe
AA. The neuropeptide Y (NPY)-ergic system is associ-
ated with behavioral resilience to stress exposure in an
animal model of post-traumatic stress disorder. Neuro-
psychopharmacol. 2012;37:350-363.

Rasmusson AM, Hauger RL, Morgan CA, 3rd, Bremner JD,
Charney DS, Southwick SM. Low baseline and yohimbine-
stimulated plasma neuropeptide Y (NPY) levels in combat-
related PTSD. Biol Psychiatry. 2000;47:526-539.

Sah R, Ekhator NN, Strawn JR, et al. Low cerebrospinal
fluid neuropeptide Y concentrations in posttraumatic
stress disorder. Biol Psychiatry. 2009;66:705-707.

Hou C, Jia F, Liu Y, Li L. CSF serotonin, 5-hydroxyin-
dolacetic acid and neuropeptide Y levels in severe major
depressive disorder. Brain Res. 2006;1095:154-158.
Sabban EL, Serova LI, Alaluf LG, Laukova M, Peddu C.
Comparative effects of intranasal neuropeptide Y and
HS014 in preventing anxiety and depressive-like behav-
ior elicited by single prolonged stress. Behav Brain Res.
2015;295:9-16.

Murrough JW. A dose escalation study of intranasal
neuropeptide Y in post-traumatic stress disorder
(PTSD). https://clinicaltrials.gov/ct2/show/study/
NCT01533519. Accessed December 16, 2015.

Evans H, Baumgartner M, Shine J, Herzog H. Genomic
organization and localization of the gene encoding
human preprogalanin. Genomics. 1993;18:473-477.


https://clinicaltrials.gov/ct2/show/study/NCT01533519
https://clinicaltrials.gov/ct2/show/study/NCT01533519

Downloaded by [Kings College London] at 05:42 04 July 2016

(571

Mechenthaler I. Galanin and the neuroendocrine axes.
Cell Molec Life Sci. 2008;65:1826-1835.

Holmes A, Yang R], Crawley JN. Evaluation of an anxi-
ety-related phenotype in galanin overexpressing trans-
genic mice. ] Molec Neurosci. 2002;18:151-165.

Ito M. Functional roles of neuropeptides in cerebellar
circuits. Neuroscience. 2009;162:666—672.

Southwick SM, Morgan CA, 3rd, Vythilingam M, Krys-
tal JH, Charney DS. Emerging neurobiological factors in
stress resilience. PTSD Res Quart. 2003;14:1-8.

Sevcik J, Finta EP, Illes P. Galanin receptors inhibit the
spontaneous firing of locus coeruleus neurones and
interact with mu-opioid receptors. Eur J Pharmacol.
1993;230:223-230.

Bing O, Moller C, Engel JA, Soderpalm B, Heilig M.
Anxiolytic-like action of centrally administered galanin.
Neurosci Lett. 1993;164:17-20.

Moller C, Sommer W, Thorsell A, Heilig M. Anxiogenic-
like action of galanin after intra-amygdala administration
in the rat. Neuropsychopharmacol. 1999;21:507-512.
Sciolino NR, Smith JM, Stranahan AM, et al. Galanin medi-
ates features of neural and behavioral stress resilience
afforded by exercise. Neuropharmacol. 2015;89:255-264.
Herman JP, Cullinan WE. Neurocircuitry of stress: Cen-
tral control of the hypothalamo-pituitary-adrenocortical
axis. Trends Neurosci. 1997;20:78-84.

Tsigos C, Chrousos GP. Hypothalamic-pituitary-adre-
nal axis, neuroendocrine factors and stress. | Psychosom
Res. 2002;53:865-871.

Jones T, Moller MD. Implications of hypothalamic-
pituitary-adrenal axis functioning in posttraumatic
stress disorder. ] Am  Psychiatr Nurses Assoc.
2011;17:393-403.

de Kloet ER, Joels M, Holsboer F. Stress and the brain:
From adaptation to disease. Nat Rev Neurosci.
2005;6:463-475.

de Kloet ER, Derijk RH, Meijer OC. Therapy Insight: Is
there an imbalanced response of mineralocorticoid and
glucocorticoid receptors in depression? Nat Clin Pract
Endocrinol Metab. 2007;3:168-179.

Claes S]. Corticotropin-releasing hormone (CRH) in
psychiatry: From stress to psychopathology. Ann Med.
2004;36:50-61.

Southwick SM, Vythilingam M, Charney DS. The psy-
chobiology of depression and resilience to stress: Impli-
cations for prevention and treatment. Ann Rev Clin
Psychol. 2005;1:255-291.

Bremner JD, Licinio J, Darnell A, et al. Elevated CSF
corticotropin-releasing factor concentrations in post-
traumatic stress disorder. Am ] Psych. 1997;154:
624-629.

Baker DG, West SA, Nicholson WE, et al. Serial CSF
corticotropin-releasing hormone levels and adrenocorti-
cal activity in combat veterans with posttraumatic stress
disorder. Am J Psych. 1999;156:585-588.

Nemeroff CB. Recent advances in the neurobiology of
depression. Psychopharmacol Bull. 2002;36:6-23.
Holsboer F, Ising M. Stress hormone regulation: Biolog-
ical role and translation into therapy. Ann Rev Psychol.
2010;61:81-109.

Paez-Pereda M, Hausch F, Holsboer F. Corticotropin
releasing factor receptor antagonists for major

BEHAVIORAL MEDICINE (&) 13

depressive disorder. Expert Opin Investig Drugs.
2011;20:519-535.

Binder EB, Nemeroff CB. The CRF system, stress,
depression and anxiety-insights from human genetic
studies. Mol Psychiatry. 2010;15:574-588.

Hauger RL, Risbrough V, Oakley RH, Olivares-Reyes
JA, Dautzenberg FM. Role of CRF receptor signaling in
stress vulnerability, anxiety, and depression. Ann N Y
Acad Sci. 2009;1179:120-143.

Bale TL, Contarino A, Smith GW, et al. Mice deficient
for corticotropin-releasing hormone receptor-2 display
anxiety-like behaviour and are hypersensitive to stress.
Nat Genet. 2000;24:410-414.

Bale TL, Picetti R, Contarino A, Koob GF, Vale WW,
Lee KF. Mice deficient for both corticotropin-releasing
factor receptor 1 (CRFR1) and CRFR2 have an impaired
stress response and display sexually dichotomous anxi-
ety-like behavior. J Neurosci. 2002;22:193-199.

Coste SC, Kesterson RA, Heldwein KA, et al. Abnormal
adaptations to stress and impaired cardiovascular func-
tion in mice lacking corticotropin-releasing hormone
receptor-2. Nat Genet. 2000;24:403-409.

Gold PW, Drevets WC, Charney DS. New insights into
the role of cortisol and the glucocorticoid receptor in
severe depression. Biol Psychiatry. 2002;52:381-385.
Fiorentino L, Saxbe D, Alessi CA, Woods DL, Martin JL.
Diurnal cortisol and functional outcomes in post-acute
rehabilitation patients. ] Gerontol. 2012;67:677-682.
Newcomer JW, Selke G, Melson AK, et al. Decreased
memory performance in healthy humans induced by
stress-level cortisol treatment. Arch Gen Psychiatry.
1999;56:527-533.

Southwick SM, Axelrod SR, Wang S, et al. Twenty-four-
hour urine cortisol in combat veterans with PTSD and
comorbid borderline personality disorder. ] Nerv Ment
Dis. 2003;191:261-262.

Morgan CA, 3rd, Southwick SM, Hazlett GA, et al. Rela-
tionships among plasma dehydroepiandrosterone sul-
fate and cortisol levels, symptoms of dissociation, and
objective performance in humans exposed to acute
stress. Arch Gen Psychiatry. 2004;61:819-825.

Morgan CA, 3rd, Rasmusson AM, Pietrzak RH, Coric
V, Southwick SM. Relationships among plasma dehy-
droepiandrosterone and dehydroepiandrosterone sul-
fate, cortisol, symptoms of dissociation, and objective
performance in humans exposed to underwater naviga-
tion stress. Biol Psychiatry. 2009;66:334-340.

Taylor MK. Dehydroepiandrosterone and dehydroepi-
androsterone sulfate: Anabolic, neuroprotective, and
neuroexcitatory properties in military men. Mil Med.
2013;178:100-106.

Taylor MK, Padilla GA, Stanfill KE, et al. Effects of
dehydroepiandrosterone  supplementation  during
stressful military training: A randomized, controlled,
double-blind field study. Stress. 2012;15:85-96.

van Niekerk JK, Huppert FA, Herbert J. Salivary cortisol
and DHEA: Association with measures of cognition and
well-being in normal older men, and effects of three
months of DHEA supplementation. Psychoneuroendoc-
rinol. 2001;26:591-612.

Barnhart KT, Freeman E, Grisso JA, et al. The effect of
dehydroepiandrosterone supplementation to



Downloaded by [Kings College London] at 05:42 04 July 2016

14 C. OSORIO ET AL.

(771

(78]

symptomatic perimenopausal women on serum endo-
crine profiles, lipid parameters, and health-related qual-
ity of life. J Clin Endocrinol Metabol. 1999;84:3896-
3902.

Alhaj HA, Massey AE, McAllister-Williams RH. Effects of
DHEA administration on episodic memory, cortisol and
mood in healthy young men: A double-blind, placebo-con-
trolled study. Psychopharmacol. 2006;188:541-551.
Sondergaard HP, Hansson LO, Theorell T. Elevated
blood levels of dehydroepiandrosterone sulphate vary
with symptom load in posttraumatic stress disorder:
findings from a longitudinal study of refugees in Swe-
den. Psychother Psychosom. 2002;71:298-303.

Yehuda R, Brand SR, Golier JA, Yang RK. Clinical cor-
relates of DHEA associated with post-traumatic stress
disorder. Acta Psychiatr Scand.2006;114:187-193.

Pani L, Porcella A, Gessa GL. The role of stress in the
pathophysiology of the dopaminergic system. Mol Psy-
chiatry. 2000;5:14-21.

Morrow BA, Elsworth JD, Rasmusson AM, Roth RH.
The role of mesoprefrontal dopamine neurons in the
acquisition and expression of conditioned fear in the
rat. Neurosci. 1999;92:553-564.

Harvey BH, Naciti C, Brand L, Stein DJ. Serotonin and
stress: Protective or malevolent actions in the biobehav-
ioral response to repeated trauma? Ann N Y Acad Sci.
2004;1032:267-272.

Akimova E, Lanzenberger R, Kasper S. The serotonin-
1A receptor in anxiety disorders. Biol Psychiatry
2009;66:627-635.

Benekareddy M, Vadodaria KC, Nair AR, Vaidya VA.
Postnatal serotonin type 2 receptor blockade prevents
the emergence of anxiety behavior, dysregulated stress-
induced immediate early gene responses, and specific
transcriptional changes that arise following early life
stress. Biol Psychiatry. 2011;70:1024-1032.

Jones KR, Reichardt LF. Molecular cloning of a human
gene that is a member of the nerve growth factor family.
Proc Nat Acad Sci. 1990;87:8060-8064.

Maisonpierre PC, Le Beau MM, Espinosa R, 3rd, et al.
Human and rat brain-derived neurotrophic factor and
neurotrophin-3: Gene structures, distributions, and
chromosomal localizations. Genomics 1991;10:558-568.
Acheson A, Conover JC, Fandl JP, et al. A BDNF auto-
crine loop in adult sensory neurons prevents cell death.
Nature. 1995;374:450-453.

Huang EJ, Reichardt LF. Neurotrophins: Roles in neuro-
nal development and function. Annu Rev Neurosci.
2001;24:677-736.

Duman RS, Monteggia LM. A neurotrophic model for
stress-related mood disorders. Biol Psychiatry.
2006;59:1116-1127.

Duman RS. Neuronal damage and protection in the
pathophysiology and treatment of psychiatric illness:
Stress and depression. Dialogues Clin Neurosci.
2009;11:239-255.

Mahan AL, Ressler KJ. Fear conditioning, synaptic plas-
ticity and the amygdala: Implications for posttraumatic
stress disorder. Trends Neurosci. 2012;35:24-35.

Masi G, Brovedani P. The hippocampus, neurotrophic
factors and depression: Possible implications for the

[103]

[104]

[105]

[106]

[107]

[108]

[109]

pharmacotherapy  of
2011;25:913-931.

Bali A, Jaggi AS. Multifunctional aspects of allopregna-
nolone in stress and related disorders. Prog Neuropsy-
chopharmacol Bio Psych. 2014;48:64-78.

Melcangi RC, Panzica GC. Allopregnanolone: State of
the art. Prog Neurobiol. 2014;113:1-5.

Evans ], Sun Y, McGregor A, Connor B. Allopregnano-
lone regulates neurogenesis and depressive/anxiety-like
behaviour in a social isolation rodent model of chronic
stress. Neuropharmacol. 2012;63:1315-1326.

Girdler SS, Klatzkin R. Neurosteroids in the context of
stress: Implications for depressive disorders. Pharmacol
Therapeut. 2007;116:125-139.

Purdy RH, Morrow AL, Moore PH, Jr., Paul SM. Stress-
induced elevations of gamma-aminobutyric acid type A
receptor-active steroids in the rat brain. Proc Nat Acad
Sci. 1991;88:4553-4557.

Schule C, Nothdurfter C, Rupprecht R. The role of allo-
pregnanolone in depression and anxiety. Prog Neuro-
biol. 2014;113:79-87.

Vogel F, Motulsky AG. Human Genetics: Problems and
Approaches. New York: Springer; 1997.

Southwick SM, Charney DS. The science of resilience:
Implications for the prevention and treatment of
depression. Science. 2012;338:79-82.

Lukey BJ, Tepe V. Biobehavioral Resilience to Stress.
London: Taylor and Francis; 2008.

Finley JC, Jr., O’Leary M, Wester D, et al. A genetic
polymorphism of the alpha2-adrenergic receptor
increases autonomic responses to stress. ] Appl Physiol.
2004;96:2231-2239.

Kallio J, Pesonen U, Kaipio K, et al. Altered intracellular
processing and release of neuropeptide Y due to leucine
7 to proline 7 polymorphism in the signal peptide of
preproneuropeptide Y in humans. FASEB Journal.
2001;15:1242-1244.

Jimenez-Rivera CA, Segarra O, Santacana G, Hoffman
T, Savage DD, Weiss GK. Chronic imipramine treat-
ment induces downregulation of alpha-2 receptors in
rat’s locus coeruleus and A2 region of the tractus solitar-
ius. Life Sciences. 1996;58:287-294.

Donner J, Sipila T, Ripatti S, et al. Support for involve-
ment of glutamate decarboxylase 1 and neuropeptide Y
in anxiety susceptibility. Am ] Med Genet.
2012;159b:316-327.

Zhou Z, Zhu G, Hariri AR, et al. Genetic variation in
human NPY expression affects stress response and emo-
tion. Nature. 2008;452:997-1001.

Domschke K, Dannlowski U, Hohoff C, et al. Neuro-
peptide Y (NPY) gene: Impact on emotional processing
and treatment response in anxious depression. Eur Neu-
ropsychopharmacol. 2010;20:301-309.

Gillespie CF, Phifer J, Bradley B, Ressler KJ. Risk and
resilience: Genetic and environmental influences on
development of the stress response. Depress Anxiety.
2009;26:984-992.

Heim C, Bradley B, Mletzko TC, et al. Effect of child-
hood trauma on adult depression and neuroendocrine
function: Sex-specific moderation by CRH receptor 1
gene. Front Behav Neurosci. 2009;41:1-10.

depression. CNS  Drugs.



Downloaded by [Kings College London] at 05:42 04 July 2016

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

Polanczyk G, Caspi A, Williams B, et al. Protective effect
of CRHRI gene variants on the development of adult
depression following childhood maltreatment: Replica-
tion and extension. Arch Gen Psychiatry. 2009;66:
978-985.

Binder EB, Bradley RG, Liu W, et al. Association of
FKBP5 polymorphisms and childhood abuse with risk
of posttraumatic stress disorder symptoms in adults.
JAMA. 2008;299:1291-1305.

Zimmermann P, Bruckl T, Nocon A, et al. Interaction of
FKBP5 gene variants and adverse life events in predict-
ing depression onset: Results from a 10-year prospective
community study. Am J Psych. 2011;168:1107-1116.
Heinz A, Smolka MN. The effects of catechol O-methyl-
transferase genotype on brain activation elicited by
affective stimuli and cognitive tasks. Rev Neurosci.
2006;17:359-367.

Kolassa IT, Kolassa S, Ertl V, Papassotiropoulos A, De
Quervain DJ. The risk of posttraumatic stress disorder
after trauma depends on traumatic load and the cate-
chol-o-methyltransferase Val(158)Met polymorphism.
Biol Psychiatry. 2010;67:304-308.

Schulz-Heik R]J, Schaer M, Eliez S, et al. Catechol-O-
methyltransferase Vall58Met polymorphism moderates
anterior cingulate volume in posttraumatic stress disor-
der. Biol Psychiatry. 2011;70:1091-1096.

Segman RH, Cooper-Kazaz R, Macciardi F, et al. Associa-
tion between the dopamine transporter gene and post-
traumatic stress disorder. Mol Psychiatry. 2002;7:903-907.
Blasi G, Lo Bianco L, Taurisano P, et al. Functional vari-
ation of the dopamine D2 receptor gene is associated
with emotional control as well as brain activity and con-
nectivity during emotion processing in humans. | Neu-
rosci. 2009;29:14812-14819.

Ptdcek R, Kuzelova H, Stefano GB. Dopamine D4 recep-
tor gene DRD4 and its association with psychiatric dis-
orders. Medical Sci Monitor. 2011;17:215-220.

Karg K, Burmeister M, Shedden K, Sen S. The serotonin
transporter promoter variant (5-HTTLPR), stress, and
depression meta-analysis revisited: Evidence of genetic
moderation. Arch Gen Psychiatry. 2011;68:444-454.

Xie P, Kranzler HR, Poling J, et al. Interactive effect of
stressful life events and the serotonin transporter 5-
HTTLPR genotype on posttraumatic stress disorder
diagnosis in 2 independent populations. Arch Gen Psy-
chiatry. 2009;66:1201-1209.

Stein MB, Campbell-Sills L, Gelernter J. Genetic varia-
tion in SHTTLPR is associated with emotional resil-
ience. Am J Med Genet. 2009;150:900-906.

Alexander N, Osinsky R, Schmitz A, Mueller E, Kuepper
Y, Hennig J. The BDNF Val66Met polymorphism
affects HPA-axis reactivity to acute stress. Psychoneur-
oendocrinol. 2010;35:949-953.

Colzato LS, Van der Does AJ, Kouwenhoven C, Elzinga
BM, Hommel B. BDNF Val66Met polymorphism is
associated with higher anticipatory cortisol stress
response, anxiety, and alcohol consumption in healthy
adults. Psychoneuroendocrinol. 2011;36:1562-1569.

Lee Y, Lim SW, Kim SY, et al. Association between the
BDNF Val66Met polymorphism and chronicity of
depression. Psychiatry Investig. 2013;10:56-61.

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

(141]

BEHAVIORAL MEDICINE (&) 15

Gatt JM, Nemeroff CB, Dobson-Stone C, et al. Interac-
tions between BDNF Val66Met polymorphism and
early life stress predict brain and arousal pathways to
syndromal depression and anxiety. Molec Psych.
2009;14:681-695.

Verhagen M, van der Meij A, van Deurzen PA, et al.
Meta-analysis of the BDNF Val66Met polymorphism in
major depressive disorder: Effects of gender and ethnic-
ity. Molec Psych. 2010;15:260-271.

Wang T. Does BDNF Val66Met polymorphism confer
risk for posttraumatic stress disorder? Neuropsychobiol.
2015;71:149-153.

Frustaci A, Pozzi G, Gianfagna F, Manzoli L, Boccia S.
Meta-analysis of the brain-derived neurotrophic factor
gene (BDNF) Val66Met polymorphism in anxiety disor-
ders and anxiety-related personality traits. Neuropsycho-
biol. 2008;58:163-170.

Dudley K], Li X, Kobor MS, Kippin TE, Bredy TW. Epi-
genetic mechanisms mediating vulnerability and resil-
ience to psychiatric disorders. Neurosci Biobehav Rev.
2011;35:1544-1551.

Vialou V, Feng J, Robison AJ, Nestler EJ. Epigenetic
mechanisms of depression and antidepressant action.
Annu Rev Pharmacol Toxicol. 2013;53:59-87.

Fraga MF, Ballestar E, Paz MF, et al. Epigenetic differen-
ces arise during the lifetime of monozygotic twins. Pro-
ceed Nat Acad Sci. 2005;102:10604-10609.

Sun H, Kennedy PJ, Nestler EJ. Epigenetics of the
depressed brain: Role of histone acetylation and methyl-
ation. Neuropsychopharmacol. 2013;38:124-137.
McGowan PO, Sasaki A, D’Alessio AC, et al. Epigenetic
regulation of the glucocorticoid receptor in human
brain associates with childhood abuse. Nat Neurosci.
2009;12:342-348.

Poulter MO, Du L, Weaver IC, et al. GABAA receptor
promoter hypermethylation in suicide brain: Implica-
tions for the involvement of epigenetic processes. Biol
Psychiatry. 2008;64:645-652.

Uddin M, Galea S, Chang SC, et al. Gene expression and
methylation signatures of MAN2C1 are associated with
PTSD. Dis Markers. 2011;30:111-121.

Koenen KC, Guffanti G, Yan L, et al. Genetics of PTSD.
In: Friedman MJ, Keane TM, Resick PA, eds. Handbook
of PTSD: Science and Practice. New York: The Guildford
Press; 2014:300-312.

Kramer JM. Epigenetic regulation of memory: Implica-
tions in human cognitive disorders. Biomol Concepts.
2013;4:1-12.

Caldji C, Tannenbaum B, Sharma S, Francis D, Plotsky
PM, Meaney M]J. Maternal care during infancy regulates
the development of neural systems mediating the
expression of fearfulness in the rat. Proceed Nat Acad
Sci. 1998;95:5335-5340.

Weaver IC, Cervoni N, Champagne FA, et al. Epigenetic
programming by maternal behavior. Nat Neurosci.
2004;7:847-854.

Grunstein M. Histone acetylation in chromatin struc-
ture and transcription. Nature. 1997;389:349-352.
Covington HE, 3rd, Maze I, LaPlant QC, et al. Antide-
pressant actions of histone deacetylase inhibitors. ] Neu-
rosci. 2009;29:11451-11460.



Downloaded by [Kings College London] at 05:42 04 July 2016

16 C. OSORIO ET AL.

(142]

(143]

(144]

[145]

[146]

(147]

[148]

[149]

[150]

[151]

[152]

[153]
[154]

[155]

Bagot RC, Labonte B, Pena CJ, Nestler EJ. Epigenetic
signaling in psychiatric disorders: Stress and depression.
Dialogues Clin Neurosci. 2014;16:281-295.

Renthal W, Maze I, Krishnan V, et al. Histone deacety-
lase 5 epigenetically controls behavioral adaptations to
chronic emotional stimuli. Neuron. 2007;56:517-529.
Rende R. Behavioral resilience in the post-genomic era:
Emerging models linking genes with environment.
Front Hum Neurosci. 2012;650:1-5.

Kaufman J, Plotsky PM, Nemeroff CB, Charney DS.
Effects of early adverse experiences on brain structure
and function: Clinical implications. Biol Psychiatry.
2000;48:778-790.

Heim C, Newport DJ, Mletzko T, Miller AH, Nemeroff
CB. The link between childhood trauma and depression:
Insights from HPA axis studies in humans. Psychoneur-
oendocrinol. 2008;33:693-710.

Heim C, Nemeroff CB. The role of childhood trauma in the
neurobiology of mood and anxiety disorders: Preclinical
and clinical studies. Biol Psychiatry. 2001;49:1023-1039.
Shonkoff JP, Garner AS. The lifelong effects of early
childhood adversity and toxic stress. Pediatrics.
2012;129:232-246.

Dannlowski U, Stuhrmann A, Beutelmann V, et al. Lim-
bic scars: Long-term consequences of childhood maltreat-
ment revealed by functional and structural magnetic
resonance imaging. Biol Psychiatry.2012;71:286-293.
Davidson RJ, McEwen BS. Social influences on neuro-
plasticity: Stress and interventions to promote well-
being. Nat Neurosci. 2012;15:689-695.

Overmier JB, Seligman ME. Effects of inescapable shock
upon subsequent escape and avoidance responding. J
Comp Physiol Psychol. 1967;63:28-33.

Nolen JL. “Learned helplessness.” Encyclopaedia Bri-
tannica. http://www.britannica.com/topic/learned-help
lessness. Accessed June 15, 2015.

Seligman ME, Maier SF. Failure to escape traumatic
shock. J Exp Psychol 1967;74:1-9.

West LJ. Psychiatric aspects of training for honorable sur-
vival as a prisoner of war. Am ] Psych. 1958;115:329-336.
Doran AP, Hoyt G, Morgan CA, 3rd. Survival, evasion,
resistance and escape (SERE) training: Preparing mili-
tary members for the demands of captivity. In: Kennedy
CH, Zillmer EA, eds. Military Psychology—Clinical and
Operational Applications. New York: The Guilford
Press; 2006:241-261.

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

Meichenbaum D. Stress Inoculation Training. New
York: Pergamon Press; 1985.

Levine S. Plasma-free corticosteroid response to electric
shock in rats stimulated in infancy. Science
1962;135:795-796.

Lyons DM, Parker KJ, Schatzberg AF. Animal models of
early life stress: Implications for understanding resil-
ience. Dev Psychobiol. 2010;52:402-410.

Ozbay F, Fitterling H, Charney D, Southwick S. Social
support and resilience to stress across the life span: A
neurobiologic  framework. Curr Psychiatry Rep.
2008;10:304-310.

Arnberg FK, Hultman CM, Michel PO, Lundin T. Social
support moderates posttraumatic stress and general dis-
tress after disaster. ] Trauma Stress. 2012;25:721-727.
Ozbay F, Johnson DC, Dimoulas E, Morgan CA, 3rd,
Charney DS, Southwick SM. Social support and resil-
ience to stress: From neurobiology to clinical practice.
Psychiatry. 2007;4:35-40.

Bowes L, Jaffee SR. Biology, genes, and resilience:
Toward a multidisciplinary approach. Trauma, Violence
Abuse. 2013;14:195-208.

Simmons AN, Fitzpatrick S, Strigo IA, et al. Altered
insula activation in anticipation of changing emotional
states: Neural mechanisms underlying cognitive flexibil-
ity in Special Operations Forces personnel. Cog Neurosci
Neuropsychol. 2012;1-6.

Taverniers J, Taylor MK, Smeets T. Delayed memory
effects after intense stress in Special Forces candidates:
Exploring path processes between cortisol secretion and
memory recall. Stress. 2012; 16:311-320.

Taverniers J, Van Ruysseveldt J, Smeets T, von
Grumbkow J. High-intensity stress elicits robust cor-
tisol increases, and impairs working memory and
visuo-spatial declarative memory in Special Forces
candidates: A field experiment. Stress. 2010;13:323-
333.

Vythilingam M, Nelson EE, Scaramozza M, et al.
Reward circuitry in resilience to severe trauma: An
fMRI investigation of resilient special forces soldiers.
Psychiatry Res. 2009;172:75-77.

Burki TK. Profilee KCMHR—Dispelling myths about
military health. Lancet. 2012;380:1136.

Tracey I, Flower R. The warrior in the machine: Neuro-
science goes to war. Nat Rev Neurosci. 2014;15:
825-834.


http://www.britannica.com/topic/learned-helplessness
http://www.britannica.com/topic/learned-helplessness
https://www.researchgate.net/publication/301562111

	Abstract
	Introduction
	Understanding resilience to stress
	Concept of resilience

	Neurochemical, genetic, epigenetic factors in stress resilience
	Neurochemical factors in stress resilience
	Sympathetic nervous system (SNS)
	Norepinephrine (NE)
	Neuropeptide-Y (NPY)
	Galanin

	Hypothalamic-pituitary-adrenal (HPA) axis
	Corticotropin-releasing hormone (CRH)
	Cortisol
	Dehydroepiandrosterone (DHEA) and DHEA sulfate ester (DHEA-S)

	Dopaminergic system, dopamine
	Serotonergic system, serotonin
	Brain-derived neurotropic factor (BDNF)
	Neurosteroidogenic enzymes, allopregnanolone (ALLO)

	Early genetic factors in stress resilience
	Sympathetic nervous system (SNS) related genes
	Hypothalamic-pituitary-adrenal (HPA) axis-related genes
	Noradrenergic and dopaminergic genes system
	Serotonergic gene system
	Brain-derived neurotropic factor (BDNF) genes

	Epigenetic factors in stress resilience
	DNA methylation
	Histone methylation and acetylation


	Developmental factors and stress resilience over the life cycle
	Discussion
	Conclusion
	Funding
	References

