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The role of extracellular heat shock proteins in posttraumatic stress

disorder-related inflammation

Abstract

Post-traumatic stress disorder (PTSD) is a debilitating psychiatric disorder that may
develop following exposure to life-threatening traumatic event. PTSD represents a serious
medical and economic burden for the society due to its relatively high life-time prevalence
rate and comorbidity with variety of other mental disorders and somatic illnesses. General
opinion is that the best results in understanding of PTSD pathogenesis, diagnosis and
treatment could be achieved by integrating psychological, biological and

pharmacotherapeutical approaches.

Current research has suggested that PTSD is associated with neuroendocrinological
disturbances and immune function alterations. The hypersensitivity of hypothalamic-pitui-
tary-adrenocortical (HPA) axis to cortisol feedback inhibition is considered the
neuroendocrine hallmark of PTSD, while the nature of PTSD-related immune alterations is
not well understood. Most studies report that PTSD is associated with excessive
inflammation, but unaltered inflammatory state and even decreased circulatory levels of
inflammatory markers were also reported. It has been hypothesized that excessive
inflammation in individuals with PTSD might be a consequence of insufficient
immunosuppression by cortisol. However, the data on cortisol levels and cortisol receptor

functioning in PTSD patients are inconsistent.

Exposure to a variety of stressors will induce intracellular heat shock proteins (HSPs)
with cellular functions beneficial for cell survival. For many years HSPs have been viewed
as intracellular proteins, but it is now known that they can be released from various
mammalian cells into the peripheral circulation, where they are capable of activating
pro-inflammatory responses. Taking that PTSD-associated excessive inflammation is not
likely to be caused by impaired anti-inflammatory action of cortisol, we hypothesize that it
might be a consequence of Hsp60 and Hsp70 induction and release by psychological

trauma.



The aim of the present study was to relate the parameters of inflammatory status
with circulatory levels of HSPs and cortisol, and to uncover possible associations between
inflammatory markers and extracellular HSPs with trauma-exposure, PTSD symptoms,
vulnerability and resilience to PTSD. Toward that end the relevant parameters were
determined in patients with current PTSD (N=118) and life-time PTSD (N=63), in
trauma-exposed individuals without PTSD (N=94) and in non-traumatized healthy subjects
(N=95). The measured parameters were: circulatory levels of a number of cytokines and
C-reactive protein, as inflammatory markers; intracellular levels of HSPs (Hsp90, Hsp70,
Hsp72 and Hsp60); plasma levels of HSPs (Hsp70, Hsp72 and Hsp60); plasma level of
cortisol before and after suppression of HPA axis by dexamethasone and the level of
corticosteroid receptors, glucocorticoid receptor (GR) and mineralocorticoid (MR), in

peripheral blood mononuclear cells (PBMCs).

Plasma levels of pro-inflammatory cytokines, markers of inflammation and
extracellular HSPs (eHsp60 and eHsp70) were determined by ELISA, while
semi-quantitative Western blot was performed for determination of lymphocyte level of

corticosteroid receptors and HSPs.

The results demonstrate that the alterations in plasma levels of cortisol, Hsp70s and
Hsp60, as well as the MR level and MR/GR balance in peripheral lymphocytes are not
associated with trauma exposure, current or life-time PTSD symptoms, resilience to PTSD,
vulnerability to PTSD and/or with remission of the disorder. However, vulnerability to
PTSD is characterized by hypersensitivity of HPA axis to cortisol and by increased level of
GR expression in PBMCs. The levels of expression of HSPs (Hsp90, Hsp70, Hsp72 and
Hsp60) in the lymphocytes do not vary between current PTSD, life-time PTSD, trauma
control and healthy control groups of subjects. Interestingly, MR level in peripheral
lymphocytes is correlated with the levels of both Hsp90 and Hsp70, while the GR level is
correlated only with that of Hsp90. The strength of correlation between the lymphocyte
levels of MR and Hsp70 is related to current PTSD, while war trauma-exposure may
improve correlation between the levels of GR and Hsp90. Judging by the levels of general
inflammatory markers (CRP, erythrocytes sedimentation rate, leukocyte count) and
cytokines (TNF-q, IL-6, IL-12p70, IL-2, IL-8, [FN-y, IL-5, IL-4, IL-10), trauma-exposure and

PTSD could rather be linked to immunosuppression than to enhanced inflammation. The



levels of some cytokines (TNF-a, IL-6, IL-12p70, IL-2 and IL-8) might be connected with
trauma-exposure rather than with the presence of current or life-time PTSD symptoms,
while the levels of others (IFN-y, IL-5, IL-4 and IL-10) could be related to vulnerability to

PTSD rather than to trauma-exposure.

The results of the present PhD project constitute an original scientific contribution to
better understanding of the molecular mechanisms underlying pathophysiology of PTSD.
Specifically, they add to unraveling the relationship between inflammation and trauma or
vulnerability /resilience to PTSD, and shed a new light on the role of extracellular HSPs in

PTSD-related inflammatory actions of the immune system.

Key words: posttraumatic stress disorder; heat shock proteins; extracellular heat shock proteins;

cytokines; glucocorticoid receptor; cortisol.

Scientific field: Biology
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Uloga vancelijskih proteina toplotnog stresa u inflamaciji povezanoj sa
posttraumatskim stresnim poremecajem

Rezime

Posttraumatski stresni poremecaj (PTSP) je psihijatrijska bolest koja se mozZe razviti
posle izlaganja traumatskom dogadaju. PTSP predstavlja veliko medicinsko i ekonomsko
opterecenje za drustvo, zbog relativno velike ucestalosti i komorbiditeta sa mnogim drugim
psihijatrijskim i somatskim bolestima. Smatra se da se najbolji rezultati u razumevanju
patogeneze PTSP-a i njegovoj dijagnostici i terapiji mogu posti¢i integrisanjem psiholoskih,

bioloskih i farmakoterapeutskih pristupa.

Aktuelna istrazivanja sugeriSu da je PTSP povezan sa neuroendokrinim
poremecajima i promenama imunskih funkcija. Smatra se da je hiperosetljivost
hipotalamo-hipofizno-adrenokortikalne (HHA) ose na kortizol neuroendokrini ,pecat”
PTSP-a, dok je priroda imunskih poremecaja povezanih sa PTSP-om jo$ uvek nejasna.
Vecina studija pokazala je da je PTSP povezan sa pojacanom inflamacijom, ali su objavljeni i
podaci o nepromenjenom inflamatornom statusu, pa ¢ak i smanjenom nivou inflamatornih
markera u cirkulaciji PTSP pacijenata. Pretpostavlja se da pojac¢ana inflamacija kod osoba
obolelih od PTSP-a moZe biti posledica nedovoljne imunosupresije kortizolom. Medutim,
podaci o nivou kortizola i funkcionisanju kortizolskih receptora kod pacijenata sa PTSP-om

nisu konzistentni.

Izlaganje razliCitim stresorima indukuje sintezu unutarcelijskih proteina toplotnog
stresa (HSP) cije funkcije potpomaZzu prezivljavanje ¢elija. Tokom mnogo godina HSP su
posmatrani kao unutarcelijski proteini, ali sada se zna da ih mnoge sisarske Ccelije
oslobadaju u cirkulaciju, gde mogu da aktiviraju pro-inflamatorne odgovore. Uzimaju¢i da
pojacana inflamacija koja je povezana sa PTSP-om verovatno nije posledica umanjenog
anti-inflamatornog delovanja kortizola, mi smo pretpostavili da ona moze biti posledica

indukcije i oslobadanja Hsp60 i Hsp70 psiholoSkom traumom.

Cilj ove studije bio je da se povezu parametri inflamatornog statusa sa nivoima
kortizola i HSP u cirkulaciji, kao i da se otkriju moguce veze izmedu inflamatornih markera

i vancelijskih HSP sa izlaganjem traumi, simptomima PTSP-a, osetljivo$¢u i otpornos¢u na



PTSP. U tom cilju u studiju su bili ukljuceni pacijenia sa aktuelnim PTSP-om (N=118), osobe
koje su prebolele PTSP (N=63), osobe izloZene traumi koje nisu razvile PTSP (N=94) i
zdrave, netraumatizovane kontrole (N=95). [zmereni parametri bili su: unutaréelijski nivoi
HSP (Hsp90, Hsp70, Hsp72 i Hsp60), nivoi HSP (Hsp70, Hsp72 i Hsp60) u krvnoj plazmi,
nivo kortizola u plazmi pre i posle supresije HHA ose deksametazonom i nivoi
kortikosteroidnih receptora, glukokortikoidnog receptora (GR) i mineralokortikoidnog

receptora (MR), u perifernim limfocitima.

Nivoi proinflamatornih citokina, markera inflamacije i vancelijskih HSP (eHsp60 i
eHsp70) u krvnoj plazmi odredivani su metodom ELISA, dok je semi-kvantitativni
~Western blot“ koriS¢en za odredivanje nivoa kortikosteroidnih receptora i HSP u

limfocitima.

Rezultati su pokazali da se promene nivoa kortizola, Hsp70 i Hsp60 u plazmi, kao i
nivo MR i ravnoteZa izmedu MR i GR u limfocitima ne mogu povezati sa izlaganjem traumi,
aktuelnim ili prebolovanim PTSP-om, osetljivo$¢u i otporno$éu na PTSP, niti sa oporavkom
od PTSP-a. Medutim, osetljivost na PTSP karakteriSe se hiperosetljivos¢cu HHA ose na
kortizol i poveéanim nivoom ekspresije GR-a u perifernim limfocitima. Nivo ekspresije HSP
(Hsp90, Hsp70, Hsp72 i Hsp60) u limfocitima ne razlikuje se izmedu osoba sa aktuelnim
PTSP-om, prebolovanim PTSP-om, traumatizovanih osoba bez PTSP-s i zdravih,
netraumatizovanih kontrola. Interesantno je da postoji korelacija nivoa MR-a sa nivoima
Hsp90 i Hsp70 u limfocitima, dok nivo GR-a koreliSe samo sa nivoom Hsp90. Jacina
korelacije izmedu nivoa MR i Hsp70 u limfocitima moZe se povezati sa aktuelnim
simptomima PTSP-a, dok izlaganje traumi pojacava korelaciju izmedu nivoa GR-a i Hsp90.
Sude¢i prema opStim inflamatornim markerima (CRP, sedimentacija eritrocita, broj
leukocita) i nivoima citokina (TNF-a, IL-6, IL-12p70, IL-2, IL-8, IFN-y, IL-5, IL-4, IL-10),
izlaganje traumi i PTSP se mogu povezati sa imunosupresijom, pre nego sa pojacanom
inflamacijom. Nivoi nekih citokina (TNF-a, IL-6, IL-12p70, IL-2, IL-8) mogli bi se povezati
sa izlaganjem traumi, pre nego sa prisustvom aktuelnih ili proslih simptoma PTSP-a, dok se
nivoi drugih citokina (IFN-y, IL-5, IL-4, IL-10) mogu povezati sa osetljivo§¢u na PTSP, pre

nego sa izlaganjem traumi.

Rezultati ovog doktorskog projekta predstavljaju originalan nauc¢ni doprinos boljem

razumevanju molekularnih mehanizama koji se nalaze u osnovi patofiziologije PTSP-a.



Posebno, oni doprinose razotkrivanju veze izmedu inflamacije i traume, odnosno
osetljivosti/otpornosti na PTSP, i rasvetljavanju uloge vancelijskih HSP u inflamatornim

funkcijama imunskog sistema povezanim sa PTSP-om.

Kljucne reci: posttraumatski stresni poremecaj; proteini toplotnog stresa; vancelijski

proteini toplotnog stresa; citokini; glukokortikoidni receptor; kortizol
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UZa naucna oblast: Biohemija i molekularna biologija
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1. Introduction

1.1 Posttraumatic stress disorder

Since the Vietnam War, posttraumatic stress disorder (PTSD) has become
one of the most discussed psychiatric conditions in the United States. The recent
spates of natural disasters worldwide have brought PTSD to the forefront again.
Trauma is an integral part of human existence, but only recently have the
biological and psychological aspects of exposure to different traumatic conditions
been scientifically studied. By definition, PTSD is a debilitating psychiatric disorder
that may develop following exposure to life threatening traumatic event. The
traumatic event that may lead to development of PTSD symptoms is defined as
experiencing, witnessing or being confronted with one or several events that
involve actual or threatened death or serious injury or threat to the physical
integrity of self or others (Blake et al, 1996). The person exposed to such a
traumatic event responds with intense fear, helplessness, or horror. As a
consequence of trauma-exposure, PTSD symptoms may emerge immediately or be
delayed in the months after the exposure. The major PTSD symptoms include re-
experiencing of the trauma (intrusions), avoidance of trauma-related stimuli,
emotional numbing and hyperarousal, and they significantly impair the person’s

social, occupational and other important areas of functioning (criteria B to F).

PTSD is frequently comorbid not only with a wide variety of mental
disorders, primarily major depression, but also with physical illness, particularly
cardiovascular disease (Boscarino, 2004; Schnurr & Green, 2004). These data,
together with relatively high life-time prevalence rates, show that PTSD represents

a serious medical and economic burden for the society.
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1.1.1 Current definition of PTSD

PTSD may develop in individuals who experience horror, helplessness, and
fear after threat or death. In addition, it is represented by presence of three
unequivocal, but co-occurring, symptom clusters: 1) Individuals must have been
exposed to a traumatic event; 2) The event involved a perceived or actual threat to
the person’s own life or physical integrity, or witnessing the threat to life or
physical integrity of another person, such as a physical or sexual assault, rape, a
serious accident, a natural disaster, combat, being taken hostage, torture,
displacement as a refugee, sudden unexpected death of a loved one, and witnessing
a traumatic event; 3) The traumatic memory can be insuppressible in the form of
nightmares or images which are chaperoned by violent physiological agony. The
reminders of the event-related revocation symptoms include impose restrictions
on thoughts and distancing, as well as more generalized emotional and social
withdrawal. PTSD can be defined clearly when an individual was exposed to a
traumatic event and this is required for diagnosis of PTSD, making PTSD a
psychiatric disorder which by definition is related to and occurs as a consequence

of a stressful or traumatic event.

1.1.2 Prevalence of posttraumatic stress disorder

Nearly 50-70% of the U.S.A. population is exposed to traumatic event some
times during the lifetime. In a nationally representative study of 5877 people aged
15-45 in the US.A. (Kessler et al., 1995), a lifetime prevalence of exposure to
trauma was found to be 60.7% in men and 51.2% in women, while the prevalence
of PTSD is about 5% in men and 10% in women. In the U.S.A., the National
women's study (NWS) (Resnick et al., 1993) found that 69.0% of women were
exposed to a traumatic event sometimes in their lives. In 2005, an estimated 162
million of people worldwide were affected by disasters. Earthquakes illustrate the
burden of natural disasters. Worldwide, there are over 20000 earthquakes and
over 1300 per year with magnitude 5 or greater (National Earthquakes

information center).



INTRODUCTION

Exposure to a variety of stressors that most often give rise to PTSD include
assault, combat and rape, whereas natural disasters or man-made accidents result
in PTSD far less frequently. Disaster workers, who combat with fires, earthquakes,
hurricanes, plane crashes and other disasters, are at high risk of PTSD as well
(Fullerton et al., 2004; Benedek et al., 2007). In addition, across the world most of
soldiers deployed to fight and civilians in modern cities face the large number of
traumatic stressors, including terrorism, rape, war, assault, accidents, childhood

abuse and other acute psychological traumas.

1.1.3 Symptoms of posttraumatic stress disorder

The symptoms of PTSD include intrusive thoughts (e.g. nightmares,
unwanted thoughts), hyperarousal, such as startle responses or physiological
arousal, avoidance of reminders of traumatic event and numbing of emotional
responses. Avoidance symptoms involve restricting thoughts and distancing
oneself from reminders of the event, as well as more generalized emotional and
social withdrawal. Hyperarousal symptoms explain more overt physiological
manifestations, for example impaired concentration, hypervigilance, insomnia,
irritability, and increased distaste responses. The diagnosis of PTSD can be put
forward one month after exposure to a traumatic event if the symptoms last at
least one month and are severe enough to weaken social skills or interpersonal
functioning. Vulnerability to PTSD is enhanced by poor coping strategies,
substance abuse, co-occurring mood and anxiety disorders, lack of social support,
and the accelerated development of stress related medical conditions (Yehuda,
2002b). Actually, the expected response to traumatic events is resilience. However,
minority of trauma-exposed men and women suffer the psychological stress of the
trauma exposure and develop distress, psychiatric illness, and exhibit health risk
behaviors. Indeed, concern for future, increased fear and arousal, and altered sense
of safety after exposure to trauma, can affect not only those who develop mental
health problems, but also those who keep on working and care for their families

and loved ones (Ursano & Shaw, 2007).
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1.1.4 Comorbid disorders

PTSD is frequently comorbid with major depression and a wide variety of
other mental disorders, and also with physical illness. Chronic sympathetic
activation in PTSD may have important implications for the individual risk to
develop cardiovascular disease as well as other chronic medical illnesses. Indeed,
patients with PTSD have increased rates of comorbidity with cardiovascular
diseases and other chronic somatic conditions (Boscarino, 2004; Boscarino, 2008;
Kibler, 2009). Recently Heppner and colleagues reported that PTSD severity
predicted the presence of metabolic syndrome (Heppner et al, 2009). However,
PTSD does not appear to be associated with diabetes mellitus (Qureshi et al., 2009)
or increased waist-to-hip ratio (Heppner et al., 2009). This suggests that PTSD may
enhance the risk for insulin resistance, especially in the context of obesity. PTSD
has also been linked to rheumatoid arthritis (Qureshi et al., 2009), independent of
genetic and familial factors (Boscarino et al, 2010). Other chronic medical
conditions that have been associated with PTSD include psoriasis and thyroid
disease (Boscarino, 2004). Interestingly, each of these chronic somatic disorders
has inflammatory or autoimmune underpinnings. It is therefore reasonable to
suspect that patients with PTSD may display immune alterations in addition to

neuroendocrine changes.

1.1.5 Vulnerability and resilience to and recovery from PTSD

The findings that only a minority of trauma-exposed individuals develop or,
even more importantly, maintain PTSD led to a hypothesis that PTSD involves a
failure of mechanisms involved in recovery and restitution of physiological
homeostasis. These findings have also prompted an interest in identifying
vulnerability (risk) factors for this disorder. It has been supposed that individual
variations in biological phenotypes of PTSD originate from pretraumatic
vulnerability factors. Further research revealed that PTSD vulnerability factors
include event characteristics (e.g., severity of trauma) and individual differences

(e.g., preexisting traits, pre- or posttraumatic life events). For example, it has been

4
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shown that prevalence of PTSD is greater after exposure to interpersonal violence
than after accidents, raising the possibility that distinct biological subtypes of PTSD
are based on trauma type. However, the line delineating stressor severity based on
objective characteristics of the traumatic event versus the subjective response of
the victim has never been clear. The risk factors for PTSD also include a family
history of psychopathology, cognitive factors (such as low intelligence quotient),
childhood adversity, preexisting avoidant personality or behavioral problems, and

poor social support (Yehuda et al., 2007).

It has been clear for a long time that response of different individuals to the
same traumatic event is not uniform (Yehuda & LeDoux, 2007). A multitude of
responses to adversity has raised an interest not only in vulnerability (risk)
factors, but also in resilience factors. Resilience may be a mediator that may
explain why psychopathology does not always develop. If biomarkers of resilience
could be identified, these could be used to either predict (if they are trait-related
i.e. genetically determined) or track (if they are state-related i.e. reflect adaptability
to stress) recovery from traumatic events. Identifying true correlates of resilience
could certainly provide important insights into the mechanisms promoting
resilience or recovery from traumatic stress. Moreover, if resilience is an enduring
characteristic or trait that is identifiable even before trauma exposure, it could be
used to predict responses to adversity in those who may be at high risk for

occupational or other hazards (Yehuda & Flory, 2007).

Up to date little is known about the biological basis of individual differences
in response to trauma and specific questions regarding associations among risk
and resilience factors, trauma exposure, development of psychopathology and
recovery from the disorder still remain to be answered. To that end, choosing an
appropriate research design that can lead to distinguishing factors associated with
risk, symptom severity, recovery, and stress resistance is of an utmost importance.
Prospective studies examining psychological aspects of vulnerability, resilience
and recovery over time, may provide information on biological features that can
predict outcome in response to adversity. In cross-sectional studies, it is important

to carefully differentiate between trauma-exposed and non-exposed persons. If
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putative resilience-related measures are preexisting traits that are unaffected by
trauma exposure, these would presumptively be measurable in at least some
nonexposed persons, perhaps making exposed and nonexposed groups
indistinguishable on this measure. Conversely, if resilience markers reflect trauma
exposure, because they are correlated with exposure or activated by exposure,
group differences may not be discernible if a nonexposed group is excluded from
the study. These factors suggest that cross-sectional studies should include
nonexposed and exposed individuals, although only a prospective, longitudinal
approach can evaluate the impact of trauma exposure, as well as assess resilience-
related factors, since they may develop and change over time (Yehuda & Flory,

2007).

An interesting question is whether resilience is the opposite of vulnerability,
or in other words, whether psychopathology will occur in the absence of resilience.
The approach to answering this question should include differentiating trauma-
exposed persons on the basis of presence or absence of (current and/or lifetime)
PTSD, and then making a second distinction based on the presence or absence of a
known risk factor for PTSD. This strategy can distinguish between measures
reflecting resilience, risk, and psychopathology. It is also very important to
distinguish between resistance to PTSD and recovery from this condition. Toward
that end, special attention should be paid on how participants are classified, and

how the group comparisons are made.

1.2 Neuroendocrine alterations in PTSD

The symptoms of PTSD are believed to reflect stress-induced changes in
neurobiological systems and/or an inadequate adaptation of neurobiological
systems to exposure to severe stressors. Over the last three decades, biological
research on PTSD has focused on two major hormone systems that form the
backbone of the physiological response to stress: the hypothalamic-pituitary-adre-
nocortical (HPA) axis and the sympathetic-adrenal-medullary (SAM) system. Focus

on these systems stem from the facts that PTSD develops subsequent to exposure
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to a traumatic event and that glucocorticoids and catecholamines are "stress
hormones” that may regulate responses to trauma. In the 1990’s, it became clear
that PTSD is not a normative response to extreme stressors, as only a subset of
people exposed to trauma will develop the disorder. Yehuda therefore
reconceptualized PTSD as a disorder of stress response systems, leading to
maladaptive responses and a failure to cope with the stressor (Yehuda, 2009). A
search of the literature reveals multiple papers documenting changes of the HPA

axis and the SAM system in PTSD patients.

1.2.1 Hypothalamic-pituitary-adrenocortical (HPA) axis

The HPA axis is activated when an organism is confronted with challenge and
it acts to re-establish the homeostasis of the body. Therefore, the HPA axis
functions as a feedback loop, which results in a cascade of associated processes to
down-regulate the bodily responses to stress. The HPA axis is a complex set of
interactions between the hypothalamus, the pituitary gland and the adrenal glands.
The primary structure of the central nervous system involved in the regulation of
HPA axis is the paraventricular nucleus of the hypothalamus. The paraventricular
nucleus is the principal source of the corticotrophin-releasing hormone (CRH),
which is the major physiological regulator of pituitary adrenocorticotropic
hormone (ACTH) secretion. The CRH hypophysiotropic neurons from the
paraventricular nucleus project to the external zone of the median eminence and
release CRH into a specialized capillary network. Within the anterior pituitary,
CRH interacts with a specific G protein-coupled receptor on the corticotrope cell
surface, resulting in the stimulation of the synthesis of the ACTH precursor peptide
proopiomelanocortin (POMC) and the secretion of ACTH and other POMC-derived
peptides. ACTH potently induces the secretion of glucocorticoids from the zona
fasciculata of the adrenal cortex. In a classical endocrine feedback manner, these
steroids inhibit the synthesis and secretion of CRH within the hypothalamus and
POMC-derived peptides in the pituitary (Figure 1.1).
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HPA axis function is frequently investigated by measuring changes in cortisol,
ACTH, or CRH release. The dexamethasone suppression test (DST) is a sensitive
clinical measure of the functional integrity of the negative feedback mechanism
mediated by glucocorticoid receptor (GR): the cortisol-suppressing activity of the
synthetic glucocorticoid, DEX, is an indicator of GR status (Carroll et al, 1981). A
newer test is the combined dexamethasone/CRH (DEX/CRH) challenge test, in
which the HPA axis is both stimulated by the administration of CRH and inhibited
with dexamethasone. This test is said to be more sensitive for detecting HPA axis

abnormalities in patients with psychiatric disorders (Heuser et al., 1994).
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Figure 1.1 - The hypothalamic-pituitary-adrenocortical (HPA) axis. The HPA axis
functions as a feedback loop. The paraventricular nucleus of the hypothalamus is the
principal source of the corticotrophin-releasing factor, which is the major
physiological regulator of pituitary adrenocorticotropic hormone secretion.
Adrenocorticotropin potently induces the secretion of cortisol from the zona
fasciculata of the adrenal cortex. In a classical endocrine feedback manner, cortisol
inhibits the synthesis and secretion of corticotrophin-releasing factor within the

hypothalamus and adrenocorticotropin in the pituitary (modified from Yehuda, R, N.
Engl. J. Med., 2002, 346:108-114).

1.2.2 Corticosteroid receptors

Activation of the HPA system results in secretion of glucocorticoids. In

humans, the major glucocorticoid is cortisol, but in the rat and mouse,
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corticosterone is the main steroid product of the zona fasciculata. Corticosteroids
(cortisol and aldosterone) exert their actions through specific intracellular
receptors, mineralocorticoid (or Type I) and glucocorticoid (or Type II) receptors
(MR and GR, respectively). More recently, evidence has been presented for the
existence of cell surface steroid receptors, and second messengers inside cells that
may result in steroid-induced non-genomic actions (Christ et al, 1999).
Historically, glucocorticoids were thought to bind exclusively to GR and
aldosterone to MR, and regulate carbohydrate and sodium homeostasis
respectively. However, following in vitro observations that both receptors bind to
glucocorticoids with high affinity, they were classified as Type 1 ,high affinity”
receptor (corresponding to the MR) and Type 2 ,low affinity” receptor
(corresponding to GR). Separate receptors for glucocorticoids and
mineralocorticoids appear to have occurred via gene duplication late in evolution,
explaining why they behave in a similar fashion in some circumstances. The MR is
classified as ,high affinity” since it binds cortisol with a high affinity (Kd ~ 1nM)
(Arriza et al., 1987). The GR binds cortisol with equilibrium dissociation constant
(Kp) between 20 and 40 nM and therefore is classified as ,low affinity” receptor
(Reul & de Kloet, 1985). The MR is expressed in target tissues such as epithelia of
renal distal tubules, salivary glands and distal colon, as well as within the central
nervous system, in the placenta and fetal tissues, and in bone cells. The GR is
widely expressed in tissues involved in glucose homeostasis, such as liver, adipose

tissue and muscle, as well as bone cells and cells in the immune system.

Cytosolic GR is found in its target cells in the form of multiprotein
heterocomplexes the components of which are molecular chaperones (Hsp90 and
Hsp70), co-chaperones, immunophilins (FKBP51/52) and some other proteins.
Steroid binding to the cytosolic GR results in the activation of the receptor
complex, involving the dissociation of Hsp90 and Hsp70 (Hutchison et al., 1993).
Nuclear localization signal on the receptor is masked by chaperone proteins, but
are exposed upon hormone binding and chaperone dissociation. The two
unmasked receptor’s nuclear localization signals allow protein interaction with the

nuclear pores, enabling transport into the nuclear compartment. Once the GR has
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been translocated to the nucleus, there is stimulation or repression of gene
transcription by its binding to glucocorticoid response elements (GRE) in the

promoter regions of target genes (Beato et al., 1996).

The similar mechanism of activation and transcriptional activation/repre-
ssion is characteristic for MR (or Type I receptor). However, its regulation and
properties are still a matter of investigation. The high affinity MR is substantially
occupied even at basal levels of HPA axis activity, suggesting that this receptor is
implicated in the maintenance of basal activity of the stress system by proactive
feedback. High concentrations of corticosteroids progressively saturate GR,
implying that the suppression of stress-induced HPA activity occurs, in particular,
through GR by reactive feedback in a coordinated manner with MRs. Consequently,
the balance between MR- and GR-mediated actions on the stress system is of

critical importance to the set point of HPA activity and proper response to stress.

1.2.3 HPA axis alterations in PTSD

While cerebrospinal fluid levels of CRH are increased in patients with PTSD
(Bremner et al, 1997), the data on peripheral cortisol concentrations are
inconsistent. Many studies have found that peripheral concentrations of cortisol
are decreased (Rohleder et al, 2004), whereas other studies found no differences
between PTSD patients and controls (Young & Breslau, 2004), or even higher
cortisol levels in PTSD (Lemieux & Coe, 1995).

With respect to HPA axis function, several studies suggest that PTSD patients
exhibit enhanced glucocorticoid sensitivity. In studies using DST with a low dose of
dexamethasone, a potent synthetic glucocorticoid with five times higher affinity for
the GR, HPA axis functioning was suppressed and enhanced negative feedback
inhibition was observed in PTSD patients as compared to controls, reflecting in
hypersuppression of cortisol secretion in blood or saliva (Kosten et al, 1990;
Griffin et al., 2005). Yehuda and colleagues were the first to demonstrate that
patients with PTSD showed enhanced sensitivity to glucocorticoids during the DST,

especially when a low dose of dexamethasone was used (Yehuda, 2009) (Figure
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1.2). This “sensitization” of the HPA axis is in line with the main PTSD symptoms
like an unusually heightened response to stress, hypervigilance and especially
physiological hyperarousal (Boscarino & Chang, 1999; Yehuda, 2001; Wessa et al.,
2006). However, later studies using the DST have found little or no differences
between PTSD patients and trauma exposed controls without PTSD (Wessa &
Rohleder, 2007). Thus, it is somewhat unclear if PTSD patients consistently display
enhanced glucocorticoid sensitivity during the DST. Heim and colleagues found
lower cortisol levels during the DEX-CRH test in men with abuse-related PTSD,

which is consistent with the idea of enhanced feedback suppression under

conditions of additional challenge (Heim et al., 2008).
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Figure 1.2 - Response to stress in a normal subject, a patient with major
depressive disorder and a patient with PTSD. In normal subjects (panel A) and in
patients with major depression (panel B) brief or sustained periods of stress are
typically associated with increased levels of both cortisol and corticotrophin-releasing
factor. In each panel the thickness of the interconnecting arrows denotes the
magnitude of the biological response. Corticotrophin-releasing factor stimulates the
production of corticotrophin, which in turn stimulates the production of cortisol.
Cortisol inhibits the release of corticotrophin from the pituitary and the release of
corticotrophin-releasing factor from the hypothalamus. It is also responsible for the
containment of many biological reactions. In patients with PTSD (panel C), levels of
cortisol are low and levels of corticotrophin-releasing factor are high. In addition, the
sensitivity of the negative feedback system of the HPA axis is increased in patients
with PTSD, rather than decreased, as often occurs in patients with major depression
(reproduced from Yehuda, R, N. Engl. ]. Med., 2002, 346:108-114).
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Glucocorticoid sensitivity can also be measured in circulating immune cells.
Several original reports suggest that circulating immune cells from patients with
PTSD may be more sensitive to glucocorticoids compared to immune cells from
healthy individuals (Wolf et al, 2009; Rohleder et al, 2010). For example,
lysozyme activity has been found to be more sensitive to dexamethasone in bulk
leukocytes collected from PTSD patients compared to cells obtained from healthy
controls. In addition, lipopolysaccharide-induced cytokine production from whole
blood, a measure of monocyte responsiveness, has been reported to be more
sensitive to dexamethasone in samples collected from PTSD patients compared to
samples from controls (Wolf et al, 2009; Rohleder et al., 2010). However, not all
findings point to enhanced glucocorticoid sensitivity in immune tissues from PTSD
patients. De Kloet and colleagues compared the sensitivity of various immune
parameters to dexamethasone in cell samples from patients with PTSD, trauma
exposed controls, and controls not exposed to trauma (de Kloet et al., 2007). While
they found that the sensitivity of lipopolysaccharide-induced cytokine production
to dexamethasone did not vary as a function of PTSD or trauma exposure, the
sensitivity of phytohemagglutinin-induced T cell proliferation to dexamethasone
was actually reduced in samples collected from PTSD patients versus those
obtained from controls with or without trauma exposure (de Kloet et al, 2007).
The disagreement between measures of glucocorticoid sensitivity when using
lipopolysaccharide-induced cytokines as an endpoint may be explained by
differences in assay protocols or control conditions (de Kloet et al., 2007). The
finding of decreased sensitivity of T cell proliferation to glucocorticoids may not
necessarily conflict with studies using lipopolysaccharide-induced cytokines or
lysozyme activity endpoints, as each explores different aspects of immune
function. In other words, there is the intriguing possibility that PTSD involves
decreased glucocorticoid sensitivity in some immune tissues and increased

glucocorticoid sensitivity in others.

There is also a lack of clarity with respect to changes of GR density in immune
cells as a correlate of PTSD. Several studies investigated the number of GR on

lymphocyte or leukocyte cells (Yehuda et al, 1991; Boscarino & Chang, 1999).
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They demonstrated that GR number correlated with the severity of combat-related
PTSD symptoms while no relationship with plasma cortisol levels could be
observed (Yehuda et al, 1991). In addition, higher lymphocyte counts in PTSD
patients were found as well as positive correlations of total lymphocyte GR
expression with the number of years after trauma (PTSD patients) and with serum
cortisol concentration (Vidovic et al, 2007). While a number of studies have
reported increased expression of GR in circulating immune cells, other reports
suggest that GR density may actually be decreased (Gill et al, 2009). As with
measures of glucocorticoid sensitivity, this disagreement in GR expression in
patients with PTSD could involve clinical differences between studies regarding
patient groups. Methodological difference could also be important, including
different techniques to assess GR density or expression levels, as well as

assessments of these parameters in different subpopulations of immune cells.

Collectively, the findings of the summarized prospective studies indicate that
individuals vulnerable to PTSD have deregulations on various levels of the
glucocorticoid signaling cascade (Figure 1.3): low levels of circulating cortisol
shortly after trauma (McFarlane et al.; Delahanty et al., 2000; Aardal-Eriksson et
al, 2001; Ehring et al., 2008), high GR number in peripheral blood mononuclear
cells (PBMCs) (van Zuiden et al., 2011a; van Zuiden et al., 2012), high GILZ mRNA
expression and low FKBP5 expression in PBMCs prior to trauma (van Zuiden et al.,
2012), and high sensitivity of immune cells for regulation by glucocorticoids prior
to trauma (van Zuiden et al., 2012). In addition, single nucleotide polymorphisms
in the GR and fkbp5 genes have been found to be associated with PTSD (Binder et
al., 2008; Xie et al, 2010; Boscarino et al.,, 2011; Hauer et al,, 2011; Boscarino et al.,
2012) and the non-genetic vulnerability factors for PTSD (van Zuiden et al,
2011b). The results of these studies tentatively suggest that the development of
PTSD may be preceded by a high sensitivity of various cells to regulation by

glucocorticoid hormones.
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Figure 1.3 - Overview of currently identified vulnerability factors for PTSD in
the glucocorticoid signaling pathway. Solid arrows between the vulnerability
factors and PTSD indicate that presence/high levels of the vulnerability factors are
associated with the development of PTSD. Striped arrows indicate that absence/low
levels of the vulnerability factors are associated with development of PTSD. For the
single nucleotide polymorphisms, the allele associated with increased risk for PTSD is
presented. Abbreviations: GC: glucocorticoid; DEX: dexamethasone; PBMCs:
peripheral blood mononuclear cells; GR: glucocorticoid receptor; SNPs: single
nucleotide polymorphisms (reproduced from van Zuiden, M. et al, Biol. Psychiatry,
2012, 71:309-316).

1.2.4 SAM system alterations in PTSD

A cardinal feature of patients with PTSD is sustained hyperactivity of the
sympathetic branch of autonomic nervous system, as evidenced by heart rate,
blood pressure, skin conductance level, and other physiological measures.
Moreover, central and peripheral concentrations of noradrenaline appear to be
elevated in patients with PTSD. One study reported increased CSF concentrations
of noradrenaline in veterans with the disorder (Geracioti et al., 2001). Decreased
platelet a2 receptor binding further suggests noradrenaline hyperactivity in PTSD
(Vermetten & Bremner, 2002; Strawn & Geracioti, 2008). Accordingly, increased
urinary excretion of noradrenaline and adrenaline, and their metabolites, has been
documented in combat veterans, abused women, and children with PTSD. There is
also evidence for a role of altered central noradrenaline function in PTSD.
Administration of the a2 receptor antagonist yohimbine, which increases NE
release, induces symptoms of flashbacks and increased autonomic responses in
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patients with PTSD (Southwick et al, 1999). Serial sampling revealed sustained
increases in noradrenaline concentrations in cerebrospinal fluid and increased
noradrenaline responses to psychological stressors in PTSD (Geracioti et al., 2001;
Geracioti et al., 2008). Taken together, increased noradrenaline reactivity plausibly
contributes to features of PTSD, including hyperarousal, increased startle, and
encoded fear memories (Strawn & Geracioti, 2008). Some studies have found
increased urine noradrenaline levels in PTSD patients exposed to various types of
trauma including domestic abuse, childhood abuse, combat, automobile accidents,
and exposure to war as a refugee (reviewed in Wessa & Rohleder, 2007). Urinary
adrenaline concentrations are also increased in patients with PTSD (Wessa &
Rohleder, 2007). Only one study has attempted to measure noradrenaline levels in
blood (Yehuda et al, 1998). Beyond catecholamines, studies investigating
cardiovascular variables in PTSD patients support the notion of increased SAM
reactivity. Thus, patients with PTSD exhibit increased heart rate, blood pressure,
and tremor responses when presented with reminders of traumatic events (Bedi &
Arora, 2007). The 5-HT system interacts with the CRH and noradrenaline systems
in coordinating affective and stress responses (Ressler & Nemeroff, 2000;
Vermetten & Bremner, 2002). Indirect evidence suggests a role of 5-
hydroxytryptamine in the pathophysiology of PTSD, including symptoms of
impulsivity, hostility, aggression, depression, and suicidality. Most important role
of 5-hydroxytryptamine circuits in PTSD is the demonstrated efficacy of the
selective serotonin reuptake inhibitors. Other evidence for altered
5-hydroxytryptamine neurotransmission in PTSD includes decreased serum
concentrations of 5- hydroxytryptamine, decreased density of platelet
5-hydroxytryptamine uptake sites, and altered responsiveness to central
serotonergic challenge (Ressler & Nemeroff, 2000; Vermetten & Bremner, 2002).
However, no differences in 5- hydroxytryptamine 1A receptor binding were
detected in patients with PTSD compared to controls using positron emission

tomography imaging (Bonne et al., 2005).
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1.2.5 Is neuroendocrine deregulation a risk factor for the

development of PTSD?

While most studies conceptualized neuroendocrine changes as correlates of
the disease state of PTSD, several studies now suggest that neuroendocrine
deregulation may in fact be a risk factor that predicts the development of the
disorder upon exposure to extreme stress. Some studies have evaluated whether
altered neuroendocrine responses observed in the immediate outcome of a trauma
predict PTSD. Indeed, SAM and HPA axis responses to traumatic events have been
shown to predict later development of PTSD. According to Yehuda’s model, PTSD
develops because key aspects of the biological response to trauma interfere with
recovery after the trauma (Yehuda, 2009). Indeed, low plasma concentrations of
cortisol and elevated plasma catecholamines in the period of time immediately
after trauma have been found to predict PTSD development (Yehuda, 2009). If
cortisol responses to trauma normally facilitate suppression of catecholamine
responses to the same event, then reduced cortisol following a trauma may
promote an excessive catecholamine response. This enhanced sympathetic activity
may amplify encoding of traumatic memories, which would encourage expression
of key PTSD features (Yehuda, 2009). These results raised the intriguing possibility
that neuroendocrine deregulation may be a pre-existing risk factor that is present
well before and independent of the traumatic event that elicits PTSD. Several
prospective studies have now assessed neuroendocrine changes prior to trauma
exposure. Indeed, increased glucocorticoid binding in peripheral blood
mononuclear cells before deployment has been found to predict the development
of PTSD 6 months after deployment in army personnel (van Zuiden et al, 2009). In
addition, exaggerated startle responses in police academy cadets, measured
prospectively, have also been found to predict the development of PTSD (Pole et
al., 2009). This suggests that healthy people who show enhanced startle responses
are at increased risk for developing PTSD. Risk for PTSD may also be transmitted
across generations. Lower plasma concentrations of cortisol have been found in

children of holocaust survivors (who also displayed enhanced HPA axis sensitivity
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at DST), and in babies from mothers who developed PTSD after the World Trade
Center attack in New York City (Yehuda, 2009).

1.3 PTSD and immunity/inflammation

1.3.1 Central and peripheral inflammatory markers

In 1997, Spivak and colleagues were the first to measure plasma cytokine
levels in PTSD patients. They discovered that, compared to healthy, non-trauma
exposed controls, veterans with PTSD displayed increased circulating
concentrations of interleukin-1 beta (IL-1f) that were also correlated with the
duration of PTSD symptoms (Spivak et al, 1997). This finding has been bolstered
by subsequent studies. Higher tumor necrosis factor alpha (TNFa) was found in
PTSD patients with mixed trauma experience versus non-PTSD controls (von Kanel
et al, 2007). In addition, higher plasma IL-6 levels and soluble interleukin-6 (IL-6)
receptors were found in victims of an automobile accident or a hotel fire compared
to healthy controls (Maes et al., 1999). Higher IL-6 levels have also been reported
in patients with PTSD subsequent to myocardial infarction as compared to patients
with myocardial infarction who did not develop PTSD, when controlling for
depressive symptoms (von Kanel et al, 2010). Refugees with PTSD following
hurricane Katrina exhibited higher circulating IL-6 concentrations compared to
refugees without PTSD (Tucker et al., 2010). Moreover, the analysis of serum IL-2,
IL-4, IL-6, IL-8, IL-10 and TNF-a level in PTSD patients has revealed significantly
elevated peripheral cytokine levels for all cytokines compared to age- and gender-
matched healthy controls (Guo et al, 2012). Alterations in inflammatory markers
are evident not just in the peripheral circulation, but in the central nervous system
as well. Hence, elevated IL-6 concentrations have been measured in cerebrospinal
fluid of PTSD patients with combat trauma exposure compared to healthy controls
(Baker et al,, 2001). Given that IL-6 is thought to drive C-reactive protein (CRP)
production from the liver, several recent studies have also examined CRP levels in

patients with PTSD. In one of these studies, PTSD patients were found to have
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nearly two-fold higher chance of having elevated CRP levels, even after controlling
for possible confounds including sex, age, and alcohol use (Spitzer et al., 2010).
Despite multiple reports of increased circulating and central nervous system
cytokines in PTSD patients, two studies have found decreased inflammatory
markers. Most recently, von Kdnel and colleagues found lower CRP in patients with
PTSD (von Kanel et al, 2007). Lower CRP was also found in Iraqi refugees with
PTSD (Sondergaard et al., 2004). The lack of agreement between these studies may
involve unique participant characteristics. For example, Sondergaard and
colleagues noted that control participants in their study may have infections more
likely than PTSD patients (Sondergaard et al.,, 2004), leading to higher circulating
CRP concentrations in the control group. Results from studies on patients with
myocardial infarction should be interpreted carefully as well, given the
complicated medical status of these individuals. Finally, a recent report suggests
that trauma exposure and PTSD may instill epigenetic changes that impact long-
term inflammatory function (Uddin et al., 2010). In this study, patients with PTSD
were found to exhibit a greater number of unmethylated genes related to innate
immune and inflammatory function compared to healthy controls, which could
eventually encourage the expression of altered immune function and enhanced

inflammatory activity.

1.3.2 Neuroendocrine-immune interactions in PTSD

Neuroendocrine studies suggest that PTSD is not exclusively dependent on
exposure to trauma. Instead, the onset and course of the disorder may involve a
number of biological variables including altered cortisol levels, enhanced
glucocorticoid sensitivity, altered GR numbers on immune cells, altered startle
responses, and increased SAM system activity. Thus, atypical interactions between
immune and neuroendocrine systems may help to explain the inflammatory excess
found in a portion of patients with PTSD. Because glucocorticoids are well known
for their anti-inflammatory effects, it is reasonable to theorize that reduced
circulating concentrations of cortisol seen in some patients with PTSD may be

responsible for increased inflammation in the same individuals. While we are
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unaware of studies directly relating cortisol and inflammatory markers in PTSD,
attenuated cortisol responses have been associated with enhanced IL-6 and IL-1f3
responses to stress in healthy individuals (Kunz-Ebrecht et al, 2003). This
suggests that low circulating concentrations of cortisol may foster a
hyperinflammatory state, especially in the context of stress. However, the actions
of hormones are not determined solely as a function of circulating concentrations.
Instead, hormone effects also depend on tissue sensitivity, which is determined by
receptor density and receptor function. As discussed above, PTSD patients have
been found to exhibit altered glucocorticoid sensitivity in endocrine tissues and
immune cells. In addition, many studies suggest that GR number may be increased
in immune cells. Assuming that patients with PTSD exhibit enhanced
glucocorticoid sensitivity and higher GR number, we can propose that patients
with the disorder should have “normal” concentrations of circulating inflammatory
markers despite low plasma cortisol level (Pace & Heim). One may even predict
that patients with PTSD would have reduced inflammatory markers. Yet, most of

the studies suggest that PTSD involves enhanced inflammatory activation.

1.3.3 From PTSD to medical comorbidities via immune

dysfunction

As discussed in Section 2.1.4, PTSD is often comorbid with a number of
chronic medical illnesses that have immune underpinnings. Could inflammatory
and autoimmune changes that appear with the onset of PTSD encourage later
development of the same comorbid medical illnesses? Although short-lived
inflammation may be beneficial for combating pathogen exposure or tissue
damage, chronic inflammation is well known to increase the risk for chronic
medical illnesses. In this section, we will briefly illustrate a
psycho-neuroimmunological model of PTSD, by focusing on two disease states that
are often comorbid with the disorder: cardiovascular disease and insulin

resistance.
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Connections between PTSD, immune function and cardiovascular disease
may begin with increased concentrations of proinflammatory cytokines in the
circulation that appear with the onset of PTSD. Circulating cytokine changes can
persist for months, and perhaps years, along with ongoing PTSD symptoms.
Although prospective studies are yet to demonstrate that the onset of PTSD
symptoms is associated with increased circulating inflammatory markers, as noted
above, increased plasma levels of IL-6 at the time of trauma have been associated
with later development of PTSD (Pervanidou et al., 2007). In addition, acute and
chronic stressors are well known to increase inflammatory markers (Segerstrom &
Miller, 2004). Of note, PTSD has already been prospectively associated with the
development of heart disease 15 years later in veterans who were free of heart
disease at baseline (Boscarino, 2008). Along with increased lipoproteins,
inflammation within the wall of blood vessels fosters the atherosclerotic process
(Sprague & Khalil, 2009). Increased circulating concentrations of proinflammatory
cytokine associated with PTSD may eventually activate inflammatory signaling
pathways (e.g. NFkB) in vascular cells of vessel wall. Inflammatory pathway
activation in these cells encourages increased cell adhesion, increased vessel
permeability, and apoptosis. Monocytes are then able to attach more readily to
vessel walls, and eventually mature into macrophages. These macrophages then
amplify the proinflammatory message in the vascular wall by secreting additional
IL-1B8 and TNF-a, as well as other factors, which further increase expression of
adhesion molecules, such as vascular cell adhesion molecule-1. Macrophages
eventually become large foam cells, forming “fatty streaks” inside vessels that can
develop into atherosclerotic lesions. Proinflammatory cytokines would also draw
smooth muscle cells to the lesion, forming fibrous capsules over these lesions.
Finally, circulating proinflammatory cytokines have been shown to potentiate
thrombosis, or rupture of atherosclerotic lesions, leading to myocardial infarction
or ischemic stroke (Tousoulis et al, 2006). Although cardiovascular disease
depends on a number of factors, including dietary habits, smoking, and exercise, it
is conceivable that increased inflammation begun by trauma and PTSD may

eventually push PTSD patients into comorbid cardiovascular disease.
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Inflammation has also been implicated in the pathophysiology of insulin
resistance and metabolic syndrome. Multiple studies have found that chronic
activation of inflammatory signaling pathways can lead to obesity-related insulin
resistance. In the psycho-neuroimmunological model of PTSD, elevated circulating
concentrations of proinflammatory cytokines associated with PTSD would
potentiate activation of macrophages in adipose tissue and the liver, the tissues
that are central to insulin resistance. These activated macrophages are the main
generators of inflammatory products, such as TNF-q, that go on to induce
inflammatory signaling pathways within insulin target cells. Increased
inflammatory signaling activity within insulin target cells is then able to antagonize
normal insulin receptor signaling (Olefsky & Glass, 2010). Although increased
inflammation as a result of trauma and PTSD may not be sufficient to induce
insulin resistance alone, the model predicts that inflammatory changes induced by
PTSD would synergize with other factors, including visceral adiposity and exercise
habits, to encourage development of insulin resistance and metabolic syndrome.
Although work to date supports an immune component in mechanisms linking
PTSD and chronic medical illness, more information is needed. Prospective studies
will need to demonstrate that immune changes subsequent to trauma and the

onset of PTSD can predict disease development.

1.4 Heat Shock Proteins (HSPs)

The first evidence for a cellular stress response is generally associated with a
set of experiments in fruit flies (Ritossa, 1962). Larvae of Drosophila melanogaster
were accidentally kept overnight at an elevated temperature and upon inspection
the next day, an unusual puffing pattern was noticed on salivary gland
chromosomes, indicating that the “heat shock” episode had caused marked
changes in the gene expression pattern of the larvae. However, the term “heat
shock protein” was not coined until 1974, when specific protein products
associated with these genes were identified in fruit flies (Tissieres et al., 1974).

Over the next three decades, the heat shock response, also named cellular stress
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response, has been extensively studied, particularly with regard to stress proteins
and their ever expanding array of functions (Lindquist & Craig, 1988; Hightower,
1991; Welch, 1992). Cellular stress response represents adaptive response which
helps to maintain cellular homeostasis under stress and is based on
macromolecular damage recognition without regard to the type of stress that
causes such damage. Elevated expression of heat shock proteins (HSPs), also
named stress proteins, is sufficient to protect cells from various cytotoxic agents,
while at the same time downregulation of most other genes, responsible for
“normal” cellular functions was noticed (Prahlad & Morimoto, 2009). The
molecular meshanisms underlying cellular stress response are conserved from

archaebacteria to mammals.

Up to date HSPs are classified on the basis of their apparent molecular
masses into the following main distinct families: Hsp100, Hsp90, Hsp70, Hsp60,
Hsp40 and small HSPs (sHsp). Some members of these Hsp families are present
constitutively in cells, while some are expressed only after stress. Each family is
comprised of multiple members that share sequence similarity and have common
main functional domains, such as ATP-binding domain, substrate-binding domain
and cofactor-binding domain. Most of HSPs are molecular chaperones, typically
bound to nonnative conformation of proteins that are accumulated in the cells
exposed to stressors. These interactions protect proteins from aggregation and
enable refolding and the restoration of their biological active conformations (Hartl
et al, 1994; Morano & Thiele, 1999; Bukau et al, 2006). Molecular chaperones
have extremely conserved sequences, some of them sharing 50% homology
between mammals and bacteria (Henderson & Henderson, 2009). However, it has
become very apparent over the past two decades that molecular chaperones have
additional functions besides their protein refolding actions. Namely, HSPs have a
dual function depending on their intracellular or extracellular location. In the cell,
these proteins play an essential role as molecular chaperones by assisting the
correct folding of nascent and refolding of stress-accumulated misfolded proteins,
prevent their aggregation, or promote degradation of irreparably damaged

proteins. On the other hand, extracellularly localized or membrane-bound HSPs
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mediate immunological responses. These proteins in contact with immune cells
can elicit an immune response modulated either by the adaptive or innate immune
system (Schmitt et al., 2007). Therefore, HSPs have moonlighting functions and the

nature of these functions depends on where these proteins exist in the organism.

The most important function of molecular chaperones in homeostasis is to
prevent protein aggregation during the synthesis by trapping the hydrophobic
surfaces of nascent polypeptide chains and to facilitating correct folding. If the
functions of chaperons are decreased, misfolded proteins accumulate and
aggregation rises in the cell. Thus, molecular chaperones are essential for
protecting cells against the toxicity of misfolded proteins and theirs aggregates

(Kubota, 2009).

On the other hand, the role of HSPs is inevitable in the response to variety of
stressors, including extremes of temperature, cellular energy depletion, and
extreme concentrations of ions, other osmolytes, gases, and various toxic
substances (Feder & Hofmann, 1999). All known stressors, if sufficiently intense,
induce HSPs expression. Accordingly, HSPs are equally well termed stress proteins,
and their expression is termed the stress response. A common aspect of these
stresses is that they result in intracellular accumulation of proteins having non-
native conformations and HSPs assist partially denaturated proteins in restoring

their native states.

1.4.1 Hsp70 chaperone system

Molecular chaperones form functional complexes with other molecules of the
same or another chaperone group, or with co-chaperones and cofactors. These
multiprotein complexes represent chaperone mashines, which usually involve
more than one chaperoning team (Macario & Conway de Macario, 2007). In several
cases chaperones interact with a specific target protein, named substrate or client,
and become obligatory for its folding, as well as for its assembly with other
proteins in specific protein complexes. These specific interactions make

chaperones important part of the core of cellular networks, such as the protein
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network, the signaling network, the membranous and organellar network, as well
as the transcriptional network. One of the most important molecules in the entire
protein folding network is Hsp70. The prokaryotic version, called DnaK, shares
about 60% sequence identity with eukaryotic Hsp70 proteins, which are found in
the cytosol and in organelles, such as the endoplasmic reticulum, mitochondria,
and chloroplasts. Under physiological conditions, Hsp70s are involved in de novo
folding of newly formed proteins, in uncoating of clathrin coated vesicles, in
reorganization of cytoskeleton systems, translation initiation, transport of proteins
through membranes, nuclear protein import and export, ribosome assembly,
protection of nucleolar structure and in protein degradation (Nover & Scharf,
1997). Under stress they prevent the aggregation of misfolded proteins and can
even refold them (Mayer & Bukau, 2005). The basic function of Hsp70 in all cases
is evidently binding and subsequent release of partially unfolded proteins in an

ATP-dependent cycle.

Members of the Hsp70 family consist of a single polypeptide with two
functional domains, an ATPase domain and a protein binding domain. The N-
terminal domain is able to bind and hydrolyze ATP, whereas the C-terminal
protein-binding domain contains four hydrophobic pockets for binding unfolded
target proteins. After binding of ATP, Hsp70 is able to interact with non-native
proteins characterized by exposition of hydrophobic peptide motifs at their
surface. Subsequent ATP hydrolysis generates an Hsp70-ADP complex with tightly
bound substrate proteins. After ADP—ATP exchange, the target polypeptide is

released to undergo folding in solution (Figure 1.4).

The activity of Hsp70s is regulated by cochaperones. The largest class of
Hsp70 cochaperones is the group of Hsp40/]J-domain-containing proteins
(Kampinga & Craig). They bind the nonnative protein and deliver it to Hsp70. The |
domains of these proteins interact with the ATPase domain of Hsp70 and stimulate
the hydrolysis of bound ATP. The release of nucleotide and substrate is further

accelerated by nucleotide-exchange factors.
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Closed HSPTO-ADP
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© Open HSFT0-ATP

Figure 1.4 - The Hsp90 chaperone cycle. Hsp70 is switched between high- and low-
affinity states for unfolded and partially folded protein by ATP binding and hydrolysis.
Unfolded and partially folded substrate (nascent chain or stress-denatured protein),
exposing hydrophobic peptide segments, is delivered to ATP-bound Hsp70 (open, low
affinity conformation) by one of several Hsp40 cofactors. The hydrolysis of ATP, which
is accelerated by Hsp40, results in closing of the a-helical lid of the peptide-binding
domain (yellow) and tight binding of substrate by Hsp70 (closed, high affinity
conformation). Dissociation of ADP catalyzed by one of several nucleotide-exchange
factors (NEFs) is required for recycling. Opening of the a-helical lid, induced by ATP
binding, results in substrate release (reproduced from Hartl, U.F. et al., Nature, 2011,
475:324-332).

1.4.2 Hsp60 chaperone system

Eukaryotes possess Hsp60s both in the cytoplasm and in the organelles,
mitochondria and chloroplasts. Cytoplasmic forms are designated TRIC or CCT and
are responsible, in cooperation with Hsp70, for de novo folding of nascent
polypeptides and refolding of misfolded proteins. Mitochondrial and chloroplast
Hsp60 chaperonin is typically held responsible for folding of nascent proteins and
refolding of misfolded proteins in the mitochondrial matrix. The homolog of
mitochondrial Hsp60 chaperone system is the E. coli GroEL/GroES complex
(Hayer-Hartl et al., 1996) that was structurally analyzed by Hartl (Hartl, 1996;
Hayer-Hartl et al, 1996; Hunt et al, 1996) and Xu et al. (Xu et al,, 1997). Under
normal physiological conditions, Hsp60/GroEL is a 60 kDa oligomer composed of
monomers that form a complex arranged as two stacked heptameric rings. This
double ring structure forms a large central cavity in which the unfolded protein
binds via hydrophobic interactions. Each Hsp60/GroEL monomer consist of three
different domains: (i) an apical domain interacting with the cochaperone

(Hsp10/GroEL), (ii) an intermediate domain which binds the equatorial domain
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and the apical domain together and is required for ATP hydrolysis and (iii) an
equatorial domain interacting with the second ring and harboring an ATP binding
side. The apical domains expose a set of hydrophobic amino acid residues towards
the inner surface of the cavity thus offering binding sites for partially unfolded
proteins. Target proteins bound to the hydrophobic surfaces may therefore
undergo further mechanical unfolding. The unfolded substrates remain
encapsulated, protected from unwanted interactions and free to spontaneously
fold into the native conformations, for the time needed for ATP hydrolysis. Once
the ATP is hydrolyzed, the co-chaperone dissociates and folded/refolded substrate

protein is released (Figure 1.5).

@

'-:k--;,a;ﬁ HSP70-ADP
- ni@}t

Figure 1.5 - Reaction cycle of the GroEL-GroES chaperonine system. Substrate
protein is transferred to GroEL from Hsp70. ATP binding then triggers a
conformational rearrangement of the GroEL apical domains. This is followed by the
binding of GroES and substrate encapsulation for folding. The enclosed substrate
protein experiences confinement in the cavity, as well as shielding from the crowded
environment of the bacterial cytosol. At the same time, ADP and GroES dissociate from
the opposite (trans) GroEL ring, allowing the release of substrate that had been
enclosed in the former cis complex (omitted from the figure for simplicity). The new
substrate remains encapsulated, free to fold, for the time needed to hydrolyze the
seven ATP molecules in the newly formed cis complex (~10 s). Binding of ATP and
GroES to the trans ring causes the opening of the cis complex (reproduced from Hartl,
U.F. et al, Nature, 2011, 475:324-332).

Hsp60 are amongst the most evolutionary conserved proteins. The significant
functional, structural, and sequential homology between Hsp60 and its prokaryotic

homolog, GroEL, demonstrates this level of conservation. Hsp60 are primarily
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responsible for maintaining the integrity of cellular proteins, particularly in
response to environmental stresses such as temperature, concentration imbalance,
pH change, and toxins. Hsp60 aids in the folding and conformation maintenance of

approximately 15-30% of all cellular proteins.

1.4.3 Hsp90 chaperone system

Hsp90 belongs to the most abundant constitutively expressed cytosolic
chaperones in eukaryotic cells (Hendrick & Hartl, 1993; Jakob & Buchner, 1994;
Buchner, 1996; Nemoto & Sato, 1998). Its prokaryotic analogue is HtpG (high-
temperature protein G), which share 40% sequence identity with the human
protein (Chen et al, 2006). The cytosolic protein in vertebrates exists in two
isoforms (a and () which demonstrate 85% sequence homology. The a- and (-
forms are thought to be the result of a gene duplication event that occurred
millions of years ago. Hsp90 functions as a dimer of subunits that are assembled by
their C-terminal domains. An N-terminal domain binds and hydrolyses ATP and is
joined to the C-terminal domain by a middle domain (Figure 1.6). The middle
domain participates in substrate binding and interacts with co-chaperones. Similar
to other chaperones, the Hsp90 dimer undergoes an ATP-driven reaction cycle that
is accompanied by considerable structural rearrangement. ATP binding leads to
the dimerization of the N-terminal domains, forming the Hsp90 ‘molecular clamp’.
This results in a compaction of the Hsp90 dimer, in which the individual
monomers twist around each other. After hydrolysis, the ATPase domains
dissociate, and the Hsp90 monomers separate N-terminally (Figure 1.6). Various
cofactors regulate this cycle: CDC37, which delivers certain kinase substrates to
Hsp90, inhibits the ATPase activity, and HOP inhibits N-terminal dimerization.
AHA1 stimulates ATP hydrolysis, whereas p23 stabilizes the dimerized form of
Hsp90 before ATP hydrolysis. These factors are thought to adjust the kinetic
properties of the cycle to achieve certain conformational transitions in Hsp90-

bound substrates, as well as their release from Hsp90 (Hartl et al., 2011).
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Figure 1.6 - Hsp90 chaperone cycle. Clockwise from top left, ATP binding to the N-
terminal ATPase domain (ND) of apo-Hsp90 induces a conformational change and the
closure of the ATP lid in the ND. After lid closure, the NDs dimerize, forming the closed
Hsp90 dimer (molecular clamp) with twisted subunits. This metastable conformation
is committed for ATP hydrolysis. After hydrolysis, the NDs dissociate. The inactive
substrate molecule interacts mostly with the middle domain (MD) and is
conformationally activated as Hsp90 proceeds through the ATPase cycle. The
cofactors CDC37, HOP, AHA1 and p23 accelerate or slow certain steps of the cycle
(reproduced from Hartl, U.F. et al., Nature, 2011, 475:324-332).

Hsp90 is reported to play an important role in signal transduction pathways,
since its clients include most of the signaling proteins. For example, it has been
demonstrated that Hsp90 participates in maturation and activation of Ser/Thr-
and Tyr-specific protein kinases (Cutforth & Rubin, 1994; Dey et al., 1996; Nair et
al., 1996; Schulte et al., 1996; Stepanova et al., 1996; Chang et al., 1997; Nair et al.,
1997). The other well-known role of Hsp90 is chaperoning of steroid hormone
receptors, including the GR and MR. Unliganded steroid receptors exist in cytosols
in heterooligomeric complexes with Hsp90 and Hsp70 (Pratt & Toft, 1997b). The
interaction between the Hsp70 and Hsp90 chaperone systems is mediated by
cochaperones HOP (Hsp70/Hsp90 Organizing Protein) (Johnson et al, 1998) and
Hip (Hsp70-interacting protein) (Smith et al, 1993; Johnson et al, 1998). In
addition, Hsp90 complex interacts with three other proteins, FKBP52, Cyp40 and a
small acidic protein, p23. These proteins also act as co-chaperones that increase
the overall efficiency of GR-Hsp90 heterocomplex assembly. The role of Hsp70 is to
recognize newly synthesized receptors, and it is required for their initial folding,

while Hsp90 regulates maturation of the receptors’ high-affinity hormone-binding
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conformation and maintains unliganded receptors in transcriptionally inactive
state by keeping them in a form incapable of DNA binding. Hsp90 also controls
intracellular trafficking, nuclear retention, transcriptional activity (Grad & Picard,
2007), as well as proteolytic degradation of the receptors (Siriani et al.,, 2005).
Final receptor activation and translocation to the nucleus is achieved upon
dissociation of the hormone-receptor complex from Hsp90. Therefore, the
interaction of steroid hormone receptors with Hsp90 and Hsp70 represents an
important determinant of target tissue sensitivity to these hormones (Pratt & Toft,

1997a; Grad & Picard, 2007).

1.4.4 Induction and regulation of heat shock protein expression

Transcriptional regulation of Hsp genes is mediated by the interaction of heat
shock factor (HSF) with heat shock elements (HSE) located in the promoter
regions of Hsp genes (Voellmy, 1994; Srivastava, 2002). In vertebrates, four HSFs
have been identified, of which HSF1 and HSF2 are ubiquitously expressed and
conserved (Hightower & Guidon, 1989; Theriault et al., 2005). The main heat shock
factor, participating in the response of vertebrates to physiological and
environmental stress, is HSF1 (Guzhova et al.,, 2001). The activity of HSF2 is more
selective, and is mostly induced during differentiation and early development
(Pockley et al, 2003) Usually, HSF1 is present in the cytoplasm as a latent
monomeric molecule in a complex with Hsp70 or Hsp90 and their cofactors, in
which it is unable to bind to DNA. When the cell is exposed to stress, the
accumulation of non-native proteins leads to HSF1 activation (Morimoto et al.,
1994), by sequestration of Hsp70 and release of HSF1 from the complexes with
chaperones. HSF1 is then converted to trimeric form that have a capacity to
translocate from the cytoplasm to the nucleus (Figure 1.7). In the nucleus, it
becomes hyperphosphorylated in a Ras-dependent manner by mitogen-actived
protein kinases (Knauf et al., 1996; Kim et al.,, 1997) and sumoylated, acquiring the
ability to bind to DNA. The induction of HSPs has to be tightly controlled, since
their presence would adversely affect protein homeostasis and intracellular

functions, leading to inappropriate growth control and possibly cell death. Once
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the cell returns to normal function, the level of misfolded proteins decline and the
free chaperones, now present in excess, capture HSF1 again, leading to cessation
of Hsp genes expression (Shi et al, 1998). A second mechanism regulating HSPs
synthesis is the interaction between heat shock protein binding factor 1 (HSBP1),
the active trimeric form of HSF1 and Hsp70, resulting in inhibition of the capacity
of HSF1 to bind to DNA (Satyal et al, 1998). HSBP1 is mainly localized in the
nucleus, and HSBP1 mRNA is present at high concentrations in various cell lines

and animal tissues that are unaffected by heat chock.

Eukaryotes

Hspaal)

Figure 1.7 - Regulation of the Heat Shock Response. In eukaryotes, a storage form
of the heat shock specific transcription factor HSF1 is maintained in an inactive
monomeric form in complexes with the chaperones Hsp70 and Hsp90. As in the case
of the prokaryotic system, the titration of chaperones by massive protein unfolding
upon proteotoxic stress will result in the release of HSF1 from chaperone inactivation.
Monomeric HSF1 then trimerizes, 1is transported into the nucleus,
hyperphosphorylated, sumoylated, and activates heat shock gene transcription
(modified from Richter, K. et al.,, Molec. Cell, 2010, 40:253-266).
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1.5 Extracellular HSPs

To date, extracellular HSPs (eHSPs), have mainly been studied in the context
of intracellular chaperones, and their release from cells has typically been believed
to occur only after lysis. Now it is known that HSPs can be secreted from a variety
of cell types, even when cells are completely viable. Release of such proteins from
cells is triggered by physical trauma and psychological stress, as well as by
exposure to immunological "danger signals". Extracellular stress protein release
occurs through both physiological secretion mechanisms and cell death by
necrosis. After release into the extracellular fluid, HSPs may bind to the surfaces of
adjacent cells and initiate signal transduction cascades, as well as the transport of
cargo molecules such as antigenic peptides. In addition, some HSPs are able to
enter the bloodstream and may possess the ability to act at distant sites in the
body (Calderwood et al, 2007). It is now known that these proteins can be
released from a variety of viable (non-necrotic) mammalian cells including
neuronal cells, monocytes, macrophages, B cells, tumor cells of epithelial origin,
endothelial cells and hepatosplanchnic tissue (Child et al, 1995; Bassan et al.,
1998; Liao et al., 2000; Febbraio et al., 2002). The release of HSPs into circulation
was found to be connected to behavioral stress or trauma, extreme exercise
(Pockley, 2002; Campisi & Fleshner, 2003) and physical or psychological acute
stressors (Fleshner & Johnson, 2005). However, some of these proteins (e.g. Hsp60
and Hsp70) were found to be present also in the peripheral circulation of normal
individuals (Pockley et al., 1998; Pockley et al,, 1999), with, as yet, unclear impact

on pathophysiological processes.

1.5.1 Immune and inflammatory effects of extracellular HSPs

Extracellular stress proteins of the Hsp and Grp families have powerful
effects on the immune response (Srivastava, 2000; Calderwood et al., 2005). These
stress proteins interact with the immune response in a number of contexts.
Mammalian cells express HSPs at high levels after trauma or exposure to bacterial
proteins (Hunter-Lavin et al, 2004). Released into the extracellular space, HSPs
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can act pro-inflammatory and lead to increased cytokine synthesis and release
(Asea et al., 2000b; Asea et al, 2002). In addition, HSPs can stimulate adaptive
immune response through their ability to bind antigenic peptides during antigen
processing (Noessner et al., 2002). When Hsp-peptide complexes are released from
dead and dying cells, they bind to receptors on antigen processing cells. Antigens
can then be delivered to MHC class I molecules on the surfaces of antigen
processing cells through a process known as antigen cross-presentation (Arnold-
Schild et al, 1999; Singh-Jasuja et al, 2000). However, HSPs can also act anti-
inflammatory and their anti-inflammatory actions are noticed specifically in
inflammatory diseases. Diseases such as rheumatoid arthritis can be triggered by
cross reactive T cells which recognize common epitopes in mammalian and highly
immunogenic prokaryotic HSPs (van Eden et al, 2005; Hauet-Broere et al., 2006).
It was speculated that high degree of sequence homology between prokaryotic and
mammalian HSPs may be a factor triggering an autoimmune response to
mammalian HSPs. Interestingly, however, application of some mammalian Hsp can
suppress pro-inflammatory responses to bacterial Hsp epitopes and leads to
remission of inflammatory diseases (Kingston et al, 1996). Thus, depending on
context, extracellular HSPs can act both profoundly immunostimulatory and
immunosuppressively, implying their dual immunoregulatory role (Daniels et al,
2004; van Eden et al, 2005). In line with this observation, there is growing
evidence that two extracellular HSPs (eHsp60 and eHsp70) are capable of
activating pro-inflammatory responses, which can exacerbate diseases, such as
atherosclerosis (Camici, 2002; Pockley et al., 2003) and coronary heart disease
(Pockley et al.,, 2000; Zebrack & Anderson, 2002), but can also act beneficially, to

facilitate recovery from bacterial infection (Campisi et al., 2002).

As yet, there are no data in the literature on human HSPs induction and
extracellular release related to trauma-exposure or to PTSD. However, given that
psychological stressors have been shown to increase both intracellular and
circulating levels of HSPs (Lewthwaite et al, 2002; Fleshner et al, 2004) thus

contributing to development of coronary heart disease (Lewthwaite et al., 2002), it

32



INTRODUCTION

is tempting to assume that trauma-exposure and/or PTSD might be associated

with alterations in HSPs levels and consequent changes of inflammatory status.

1.5.2 Mechanisms of Hsp70 release

Hsp70 is not secreted by the classical pathway, since its sequence encodes no
secretion leader signal. However, a number of non-canonical pathways for release
of “leaderless” proteins exist. In some cases release of leaderless proteins involves
cell lysis and this may occur both in pathological conditions that give rise to
necrosis or in physiological conditions (Wewers, 2004). For instance, it has been
suggested that Hsp70 may be released into the blood stream under a number of
pathological conditions that lead to widespread cell death (Pockley, 2002). A
second pathway involves release of intracellular proteins by extracellular
membrane vesicles (De Maio, 2011). Stress proteins such as Hsp27, Hsp70, Hsc70
and Hsp90 can apparently be released within the lumen of exosomes through such
pathway when B cells are exposed to heat shock (Clayton et al, 2005). The
postulation of vesicles or exosomes as a source of extracellular Hsp70 requires
that these structures should rupture or lyse on entering the extracellular
microenvironment (MacKenzie et al., 2001). A third secretion pathway involves the
entry of the leaderless protein into secretory lysosomal endosomes, migration of
these organelles to the cell surface and release of the contents of the endolysosome
into the extracellular space (Baraldi et al, 2004). Indeed, Hsp70 has recently been
shown to be secreted from tumor cells and macrophages by this pathway
(Mambula & Calderwood, 2006). Study of these processes is still in its infancy and
further studies are required to determine the favored pathways for Hsp70 release

by neuronal and immune cells.

1.5.3 Hsp70 uptake mechanisms

HSPs interact with a range of cell surface receptors on target cells, most
notably CD14, CD40 and Toll-like receptors (TLRs). It was proposed that CD91

receptor, found on antigen presenting cells and other cell types, could be the
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common receptor for all immunogenic HSPs, including Hsp60 and Hsp70 (Binder
et al, 2000; Basu et al., 2001). However, its role as a direct high/medium affinity
Hsp binder is still not clear. In addition, CD40 can also function as an Hsp70
receptor (Wang et al, 2001). CD40 is a member of the tumor necrosis factor
receptor family and plays a major role in antigen presenting cell maturation
(Baraldi et al, 2004). However, the exact role of CD40 as a direct binder for

mammalian HSPs is still a matter of debate.

TLRs are subject of current investigations as potential Hsp receptors. The
TLR couples exposure to prokaryotic “danger signals” (bacterial
lipopolysaccharide, lipopeptides, CpG DNA) with intracellular signal transduction
pathways that include the NF-kB and interferon signaling pathways (Takeda et al.,
2003). There are now at least 11 members of the TLR family, most of which have
not been tested for Hsp binding. However, at least two TLR family members
function as Hsp receptors and can couple the binding of Hsp60, Hsp70 and Grp96
to NF-xB activity (Asea et al., 2000a; Asea et al., 2002; Quintana & Cohen, 2005). In
addition, the cell surface protein CD14 is also required for induction of cytokines
TNF-a, IL-1B and IL-6 by Hsp70 (Asea et al, 2000a). However, some studies
suggest that the interactions between Hsp70 and TRL probably do not involve
direct binding of Hsp70 to CD14, TLR2Z or TLR4, since null cell that stably
expresses CD14, TLR2 or TLR4 doesn’t bind avidly to Hsp70 (Theriault et al,
2005).

1.5.4 Hsp60 as intercellular signaling molecule

The usual view of eukaryotic HSPs is that they are intracellular molecules
that are released from necrotic, but not apoptotic cells, and that their release into
(and presence in) the extracellular environment reflects pathophysiological state.
For example, the circulating level of Hsp60 is significantly elevated in subjects who
show signs of atherosclerosis. However, human Hsp60 induces the expression of
the adhesion molecules E-selectin, intracellular adhesion molecule (ICAM-1) and

vascular cell adhesion molecule (VCAM-1) in vascular endothelial cells, as well as
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the secretion of IL-6 from vascular endothelial cells, smooth muscle cells and
macrophages (Kol et al, 1999; Kol et al, 2000). Furthermore, bacterial and
mycobacterial HSPs induce proinflammatory cytokine expression (Peetermans et
al,, 1994; Galdiero et al, 1997) and bacterial Hsp60 (termed GroEL) induces
expression of ICAM-1 and VCAM-1 in vascular endothelial cells (Galdiero et al,
1997). The findings showing that proteins of the Hsp60 family could induce
adhesion molecule expression and cytokine secretion from various cell types
prompted the search for Hsp60 receptor. The CD14 antigen has been identified as
the receptor for this protein on human peripheral blood mononuclear cells and
coenocytes. Therefore, it seems that Hsp60 uses the signaling pathway also used
by lipopolysaccharide (Kol et al, 2000). It was also shown that TLR4 (Ohashi et al,
2000), which is an important mediator of innate immunity and lipopolysaccharide
signaling in mouse cells, is needed for Hsp60 signaling (Hoshino et al.,, 1999). Data
from another study (Vabulas et al, 2001) suggest that Toll-like receptor 2 plays a
part in human Hsp60 signaling. More recent studies of human Hsp60 have

revealed that this protein has unexpected role in immunological response.
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2. The aims of the research

The aim of the present study was to relate the parameters of inflammatory
status with circulatory levels of HSPs and cortisol, and to uncover possible
associations between inflammatory markers and extracellular HSPs with
trauma-exposure, PTSD symptoms, vulnerability and resilience to PTSD. Toward
that end the relevant parameters were determined in patients with current PTSD
and life-time PTSD, in trauma-exposed individuals without PTSD and in
non-traumatized healthy subjects. The measured parameters were: circulatory
levels of a number of cytokines and CRP, as inflammatory markers; intracellular
levels of HSPs Hsp90, Hsp70, Hsp72 and Hsp60; plasma levels of HSPs Hsp70,
Hsp72 and Hsp60; plasma levels of cortisol before and after suppression of HPA
axis by dexamethasone and the level of corticosteroid receptor proteins (GR and

MR) in peripheral blood mononuclear cells.
Specific aims of the study were:

1. To learn whether excessive inflammation is associated with PTSD or with

trauma, as an essential component of the disorder;

2. To determine whether the intensity of inflammation correlates with PTSD
symptoms, trauma exposure, vulnerability to PTSD, resilience to the

disorder and/or with its remission;

3. To reveal the relationship between extracellular HSPs and inflammatory

status in all study groups.

4. To examine the relation of plasma cortisol level and the lymphocyte level
of corticosteroid receptors with inflammatory markers, trauma exposure,

and vulnerability /resilience to PTSD.

The results of the present study are expected to provide new insight into
relationship of inflammation with PTSD  pathology, trauma and
vulnerability/resilience to PTSD, as well as to unravel possible causal role of

extracellular HSPs in PTSD-related inflammatory actions of the immune system.
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3. Materials and Methods

3.1 Subjects

3.1.1. Study groups

The study was performed on four groups of subjects: war veterans with
current PTSD (current PTSD group, n=133), veterans with life-time PTSD
(life-time PTSD group, n = 66), those with war-related traumatic experiences but
without PTSD, herein referred to as “trauma controls” (n=102) and healthy
controls (n = 99). All the participants in the study were male and were recruited in
Serbia in the period from March 2005 to June 2008. PTSD patients were recruited
from the Association of Veterans of Wars after 1990, the Association of ex-detained
persons and war victims assessed or treated in the International Aid Network non-
governmental organization. Trauma control subjects were selected from the
Association of Veterans of Wars after 1990 and from the Special Forces via the
Military Medical Academy. Healthy subjects were found through available social
networks, national trade unions and from the general population with the
assistance of the Strategic Marketing Agency. The groups were matched by age and

educational level.

The inclusion criteria for subjects with current or life-time PTSD included:
(1) exposure to war traumatic event(s); (2) current PTSD or life-time PTSD as
defined by the DSM-IV criteria and assessed by the SCID-I and CAPS-DX and
(3) CAPS Criteria A-F satisfied, with the score of B+C+D subtotals above 50.
Trauma controls had no diagnosis of current or life-time PTSD, and did not fulfill
CAPS Criteria A-F, the score of B+C+D subtotals being below 30. For the healthy
control group the inclusion in the study required: no exposure to traumatic war

event(s) and no diagnosis of current or life-time PTSD.

The Clinician Administered PTSD Scale CAPS-DX (Paunovic & Ost, 2005) was

used for diagnosing PTSD. Subjects with satisfied CAPS criteria A-F and a total
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CAPS score higher or equal to 50 were classified in current or lifetime PTSD group,
depending on whether the PTSD symptoms were current or lifetime. Those scoring
less than 30 were classified in the trauma control group. The latter group differed
from the healthy control group by fulfilling CAPS-DX criterion A. The subjects

belonging to trauma control and healthy control groups had no diagnosis of PTSD.

The exclusion criteria for all the groups included: (1) serious medical illness,
(2) current psychotic disorder, as defined by DSM-IV criteria (except major
depression), (3) current psychoorganic syndrome, as defined by DSM-IV criteria,
(4) alcohol/substance dependence or abuse within 6 months prior to the entry
procedure and (5) endocrinological or neurological illnesses likely to interfere

with HPA axis function.

Since PTSD is frequently co-morbid with depression, the severity of
depression was assessed by the Beck’s Depression Inventory Il (BDI-II), a 21-item

multiple-choice self-report instrument (Beck, 1996).

The washout period for medications, such as benzodiazepines,
antidepressants, neuroleptics and antipsychotics, was at least 4 weeks prior to the

entry procedure.

Cigarette smoking and former alcohol consumption were assessed
extensively in a clinical interview by the physician. These variables (the number of
years of smoking, the number of cigarettes per day; the number of years, average
quantity and frequency of drinking), introduced as covariates, did not influence
any correlations of cortisol measures with other variables of interest and were not

included in the analyses presented.

3.1.2. Procedure

This study is a part of a multidisciplinary FP6 research project
“Psychobiology of Post-Traumatic Stress Disorder” performed by the international

consortium “SPIN”. Only the data relevant to the title of this thesis are presented
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herein. For the purpose of the whole study, the participants were hospitalized for
2.5 days at the Institute for Endocrinology, Diabetes and Metabolic Diseases,
University Clinical Centre of Serbia, Belgrade, and were subjected to simultaneous
psychological and biological investigations. On admission to the hospital, the
participants were first submitted to a comprehensive medical check-up, including
a detailed anamnestic interview by a physician. Subsequently the blood sample

was drawn for the analyses done within this part of the study.

The study was approved by the Ethics Committee of the University Clinical
Center of Serbia, Belgrade. All the participants signed a written informed consent
after they were given a detailed written and verbal description of the study and the

procedure they were subjected to.

3.2 Reagents and antibodies

Bovine serum albumine (BSA) and polyxyethylene-sorbitan monolaurate
(Tween 20) were from SERVA (Germany), and tetramethylbenzidine was a product
of BioLegend (USA). Human standard proteins, Hsp60 (200 pg) (ADI-NSP-540-E)
and Hsp70/Hsp72 (200 pg) (ADI-NSP-555-D), were obtained from Enzo Life

Sciences (Victoria, Canada).

The primary antibodies used in this study are: rabbit polyclonal antibody
against GR (PA1-511A), mouse monoclonal antibody against mineralocorticoid
receptor (MR) (MA1620), both purchased from Affinity BioReagents; mouse
monoclonal primary anti-Hsp60 antibody (ADI-SPA-806-F, clone LK-1), rabbit
polyclonal anti-Hsp60 antibody (ADI-SPA-805-F), mouse monoclonal
anti-Hsp70/Hsp72 antibody (ADI-SPA-810-F, clone C92F3A-5), rabbit polyclonal
anti-Hsp70/Hsp72 antibody (ADI-SPA-812-F), mouse monoclonal antibody against
Hsc70/Hsp70 (ADI-SPA-820-F, clone N27F3-4), mouse monoclonal antibody
against Hsp90 (ADI-SPA-830-F, clone AC88), all from Stressgene. Secondary
antibodies used in this thesis are goat anti-rabbit IgG polyclonal antibody horse-

radish peroxidase (HRP) conjugate (ADI-SAB-300-]), Enzo Life Sciences (Victoria,
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Canada) and mouse and rabbit alkaline phosphatase (AP)-conjugated secondary

antibody (Amersham Pharmacia Biotech).

3.3 Preparation of blood plasma samples

Samples of peripheral blood (40 ml) for most of the analyses described
herein were obtained by venipuncture into heparin anticoagulant between 8:30
and 9:30 am. on the day of admission to the hospital. For plasma cortisol
measurements before and after dexamethasone administration, the blood samples
were drawn at 9:00 a.m. on the second and third day of hospitalization,

respectively.

3.4 Isolation of peripheral blood mononuclear cells

PBMCs were isolated from whole blood by Ficoll-Paque PLUS (Amersham)
density gradient centrifugation. The blood was first diluted with PBS buffer
(1.5 mM KH2PO4, 6,5 mM Na>HPO4, 2,7 mM KCl, 0,14 M NaCl, pH 7,2) in 2:1 ratio, in
order to avoid aggregation of eritrocytes. Diluted blood was layered over the
Ficcol, and the samples were centrifuged at 380 x g for 30 min at 20°C. After
centrifugation the distinct layers are obtained: upper layer that contains blood
plasma, interface with lymphocytes and ficoll layer with the pellet consisting of
granulocytes and erythrocytes. The blood plasma was isolated and stored at -702C
for subsequent processing. A portion of mononuclear cells, recovered from the
plasma/Ficoll interface was immediately frozen liquid nitrogen and stored until

use.

3.5 Preparation of whole cell extracts

For the whole cell extract preparation, PBMCs, stored in liquid nitrogen, were
resuspended and incubated (15 min, 0°C) in ice-cold TEDG buffer (10 mM Tris, 1

mM ethylenediaminetetraaceticacid, 2.5 mM dithiothreitol, 10% glycerol, 0.1 mM
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phenylmethylsulphonylfluoride, pH 7.4), sonicated (2 x 15 s, 1A, 50/60 Hz, 30%
amplitude, Hielscher Ultrasound Processor) and centrifuged (14000 x g, 20 min,
4°C). The supernatants, referred to as whole cell extracts, were analyzed for total

protein content by the method of Spector (1978).

3.6 Plasma cortisol measurements

Plasma cortisol concentrations were determined by RIA (CORT-CTZ2, CIS
biointernational, Gif-Sur-Yvette Cedex, France). Minimal detectable concentration
was 4.6 nmol/L, while intra- and inter-assay variations were below 5.4% and

7.3%, respectively.

We chose nocturnal cortisol levels as better representation of the resting
state than the day values, because of the reduced external stimuli during the night.
Basal cortisol is represented by individual mean values obtained from 13

night/morning time points.

Dexamethasone suppression test (DST) is used to test the self-regulation of
HPA axis by cortisol via GR. The usual dexamethasone doses applied are 1 mg
(considered high) and 0.5 mg (considered low). In this study, the DST was
performed with the low dose (0.5 mg), which was applied at midnight. For
assessment of HPA axis suppression, plasma cortisol values determined at 9:00
a.m. on two consecutive days were compared. The first value was determined prior
to dexamethasone administration (preDEX cortisol) and the second after
dexamethasone administration (postDEX cortisol). Cortisol suppression is
expressed as percent of suppression and was calculated as follows:

% suppression = [(pre-DEX cortisol - postDEX cortisol) /preDEX cortisol] x 100.

3.7 Determination of eHsp70 concentration by ELISA

The level of extracellular inducible Hsp70 (Hsp72) in blood plasma was

determined by commercial sandwich ELISA (enzyme-linked immunosorbent
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assay) according to the manufacturer's instructions (Enzo Life Sciences). Briefly,
precoated plates were blocked with 250 ul of blocking buffer (PBS, pH 7.3,
containing 1% BSA) for 2 h at 25°C on a shaker. After washing with PBST, Hsp70
standards (100 ul; 0-2500 ng/ml in PBS) or samples (plasma) were added and
incubation proceeded for 2 h at 25°C on with shaking. Plates were washed four
times and 100 pl of rabbit polyclonal anti-Hsp70 antibody was added. After 1 h at
25°C on a shaker, plates were washed and incubated with 100 pl of anti-rabbit IgG
polyclonal antibody HRP-conjugate for 1 h at 25°C on a shaker. The wells were
washed six times and 100 pl of the substrate solution (TMB) was added and
incubated at room temperature in the dark for 15 min. The reaction was stopped
using 50 pl of 1 M H3PO.. Absorbance was read at 450 nm and 650 nm on the
Multiscan Spectrum (Thermo Electron). Results were expressed as ng of eHsp72

per ml of plasma.

In parallel, the level of constitutive Hsp70 (Hsc70) in blood plasma was
determined by the sandwich ELISA procedure reported by Njemini et al. (2005),
with slight modification. In this protocol plates were coated with the primary
antibody, anti-Hsp70/Hsc70 (SPA-820) (50ul; 2pg/ml), diluted in 0.1 M
carbonate buffer (15 mM NazCOs3, 35 mM NaHCOs3, 3 mM NaN3, pH 9.6). After
overnight incubation on 4°C, the coated plates were washed four times with PBST
and non-specific binding sites were blocked with 300 ul of blocking buffer (PBS,
pH 7.3, containing 1% BSA) for 2 h at 25°C on a shaker. After washing with PBST,
Hsp70 standards (50 pl; 0-2500 ng/ml in PBS) or samples (plasma) were added
and incubation proceeded for 2 h at 25°C on a shaker. Plates were washed four
times and 50 pl of rabbit polyclonal anti-Hsp70 antibody (ADI-SPA-812) (2 pg/ml)
diluted in PBST was added. After 1 h at 25°C on a shaker, plates were washed and
incubated with 50 pl of anti-rabbit IgG polyclonal antibody HRP conjugate in
PBS/T (50 ng/ml) (ADI-SAB-300-]) for 1 h at 25°C on a shaker. The wells were
washed six times and 50 pl of the substrate solution TMB was added and incubated
at room temperature in the dark for 15 min. The reaction was stopped using 30 ul

of 1 M H3PO4. Absorbance was read at 450 nm on the Multiskan Spectrum (Termo
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Electron Corporation), subtracted from values at 650 nm and results were

expressed as ng of eHsp70 per ml of plasma.

3.8 Determination of eHsp60 concentration by ELISA

The level of extracellular Hsp60 in blood plasma from the four groups of
patients was determined by sandwich ELISA developed in our laboratory. Briefly,
the 96-well plates were coated with the mouse primary anti-Hsp60 antibody
(ADI-SPA-806) (50 pl; 4 pg/ml) diluted in 0.1 M carbonate buffer (15 mM NazCOs3,
15 mM NaHCO3, 3 mM NaNj3, pH 9.6). After overnight incubation at 4°C, the coated
plates were washed four times with phosphate-buffered saline (PBS) (135 mM
NaCl, 40mM Na;HP0O4x2H20, 1mM KH2PO4, 3mM KCI) containing
0.1% Tween-20 (PBST). Non-specific binding sites were blocked with 300 pl of
blocking buffer (PBS, pH 7.3, containing 1% BSA) for 2 h at 372C on a shaker. After
washing with PBST, Hsp60 standards (50 pl; 0-40 pg/ml in PBS) or samples
(plasma) were added and incubation proceeded for 2 h at 372C on a shaker. Plates
were washed four times and 50 pl of rabbit polyclonal anti-Hsp60 antibody
(ADI-SPA-805) (2 pg/ml) diluted in PBST was added. After 1 h at 372C on a shaker,
plates were washed and incubated with 50 pl of anti-rabbit IgG polyclonal HRP
conjugate antibody in PBST (200 ng/ml) (ADI-SAB-300-]) for 1 h at 372C with
gentle shaking. The wells were washed six times and 50 pl of the substrate solution
(tetramethylbenzidine) was added and incubated at room temperature in the dark
for 15 min. The reaction was stopped using 30 pl of 1 M H3POs4. Absorbance was
read at 450 nm on the Multiskan Spectrum (Termo Electron Corporation),
subtracted from values at 650 nm and results were expressed as pg of Hsp60 per

ml of plasma.

3.9 Determination of plasma cytokine levels

FlowCytomix™ Multiplex Kit developed by Bender MedSystems (BMS810FF,
eBioscience) was used in this study in order to simultaneously quantify 11
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cytokines (IFN-y, IL-18, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12 (p70), TNF-a, TNF-f3)
in the blood plasma from the study participants. A FlowCytomix™ Multiplex assay
represents a unique sandwich immunoassay. Namely, the kit contains fluorescent
bead sets, each pre-coated with an antibody unique for one cytokine. Within two
bead size populations, A and B (4 pum and 5 pm, respectively), there are multiple
bead subsets, differentiated by varying intensities of an internal fluorescent dye.
The dye can be excited by an Argon or He-Ne laser, and emits at 690 nm (the far
red spectrum). The combination of the two different bead sizes and different
internal dye intensities makes it possible to distinguish 11 bead sets in one

fluorescent channel.

In our experiments, antibody-coated beads were added and incubated with
plasma sample. Target analytes in plasma sample were captured by specific
antibodies on each bead set. After 1 h of incubation and subsequent washing, a
biotin-conjugated secondary antibodies specific for bound analytes were added.
Following 2 h of incubation and washing, streptavidin-PE was added for detection
of biotin-conjugated antibody. Streptavidin-PE, which binds to the biotin
conjugate, emits at 578 nm, allowing the quantification of the analyte. Detection
was performed by flow cytometry, which differentiates bead populations
according to bead size and fluorescent signature. Concentration of each cytokine
was determined using 5PL curve and the results were expressed as pg of specific

cytokine per ml of blood plasma.

In most blood plasma samples, irrespectively of the study group, the levels of
IL-1B and TNF- were under the limits of the detection. Therefore, the results for

these two cytokines are not presented herein.

3.10 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)

After boiling in 2x Laemmli's buffer (Laemmli, 1970), 40 pg of PBMC whole
cell extracts were separated on 10% gels by SDS-polyacrylamide gels
electrophoresis (SDS-PAGE) overnight, at 120 V and at 4°C. Myosin (205 kDa), b-

galactosidase (116 kDa), phosphorylaseb (97 kDa), bovine serum albumin
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(66 kDa) and carbonic anhydrase (29 kDa) were simultaneously run as molecular

mass references.

3.11 Western blotting

Western transfer of proteins from the gels to polyvinylidene fluoride
membranes was carried out overnight at 135 mA and 4°C in 25 mM Tris buffer,
pH 8.3, containing 192 mM glycine and 20% (v/v) methanol. Unbound sites on the
membranes were blocked by 1h incubation at room temperature in PBS
containing 0.5% nonfat dry milk. The membranes were then respectively probed
with antibody against GR (PA1-5114; 1:1000), MR (MA1-620; 1:1000), inducible
Hsp70/Hsp72 (SPA-810, 1:500), constitutive Hsp70/Hsc70 (SPA-820; 1:100),
Hsp60 (SPA-805; 1:500); Hsp90 (ADI-SPA-830; 1:1000) by overnight incubation at
42C. Subsequently, the membranes were incubated 1.5 h at room temperature with
antibody against (-actin (AC-15, 1:20000), which was used as equal loading
control. After washing with PBS containing 0.1% Tween 20 the membranes were
incubated with appropriate AP-conjugated secondary antibody (1:20000) under
the same conditions. Probing for each protein was followed by stripping with 0.2 M
NaOH and blocking. Immunopositive bands were visualized by an enhanced
chemifluorescent method using STORM scanner (Amersham). Relative optical
density of immunoreactive bands was determined by ImageQuant software (GE
Healthcare). In order to make quantitative comparisons between multiple
immunoblots reliable, an internal reference sample, obtained from a healthy blood
donor, was run on each gel in triplicate: in the middle and both ending lanes. The
intensity of each analyzed immuno-specific band was normalized to the intensity
of the nearest internal reference band on the same blot and also to the intensity of

B-actin band in the same lane.
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3.12 Depletion of albumin from blood plasma

For the purpose of validation of in-house ELISAs by Western blot, it was
necessary to remove albumin from plasma beforehand. In order to deplete
albumin from plasma samples we performed a fractionation of the plasma proteins
with increased concentrations of ammonium sulfate according to Jiang et al.
(2004). Aliquot of plasma, containing 2 mg of total protein, was diluted with PBS to
500 pl and ammonium sulfate was added to reach 30% saturation. After gentle
vortexing for 10 min, the sample was left at room temperature for 1 h and
centrifuged at 10 000 xg, 20°C, for 30 min. The supernatant was transferred to
another tube and ammonium sulfate was added to reach 50% saturation. The
mixture was treated as above. The proteins in the supernatant were further
fractionated with 70% and 90% ammonium sulfate saturation. Each of the four
pellets was washed with 300 pl of ice cold 90% acetone, dried in air and suspended
in 200 pl of 2x Laemmli’s sample buffer. Protein concentration in the blood plasma
samples was determined by a Coommassie staining procedure as described by

Spector (1978).

3.13 Validation of ELISA by Western blotting

In order to test specificity of the antibody used in in-house ELISAs for eHsp60
and eHsp70, we performed Western blotting with plasma samples depleted of
albumin. After each ammonium sulfate-fractionation step 50 pl of supernatant was
collected, mixed 1:1 with 2x Laemmli’s sample buffer and boiled for 5 min. All
samples were subjected to SDS-PAGE and Western blot analysis using rabbit
polyclonal anti-Hsp60 antibody (ADI-SPA-805-F) and mouse monoclonal antibody
against Hsc70/Hsp70 (ADI-SPA-820-F, clone N27F3-4). These experiments
demonstrated that the best immunoreactive bands corresponding to Hsp60 or
Hsp70, respectively, were observed in plasma fractions obtained after 70%

ammonium sulfate saturation.
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3.14 Determination of cytokines by multiplex ELISA

FlowCytomix™ Multiplex Kit developed by Bender MedSystems (BMS810FF,
eBioscience) is used in this study in order to simultaneously quantify 11 cytokines
(IFN-y, IL-1B, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12 (p70), TNF-ac and TNF-f) in the
human plasma of the four studied groups. A FlowCytomix™ Multiplex assay
represent a unique sandwich immunoassay. Namely, the kits contain fluorescent
bead sets, each pre-coated with an antibody unique for one cytokine. Within two
bead size populations, A and B (4 pum and 5 pm, respectively), there are multiple
bead subsets, differentiated by varying intensities of an internal fluorescent dye.
The dye can be excited by an Argon or He-Ne laser, and emits at 690 nm (the far
red spectrum). The combination of the two different bead sizes and different
internal dye intensities makes it possible to distinguish 11 bead sets in one

fluorescent channel.

In our experiments, antibody-coated beads are added and incubated with
plasma sample. Target analytes in plasma sample are captured by specific
antibodies on each bead set. After 1h of incubation and subsequent washing, a
biotin-conjugated secondary antibodies specific for bound analytes are added.
Following 2 h of incubation and washing, streptavidin-PE is added for detection of
biotin-conjugated antibody. Streptavidin-PE, which binds to the biotin conjugate,
emits at 578 nm, allowing the quantification of the analyte. For detection was
performed by flow cytometry, which differentiate bead populations according to
bead size and fluorescent signature. Concentration of all cytokines is determined
using 5PL curve and the results are expressed as pg of specific cytokine per ml of
plasma. In most of the plasma samples, irrespective of the study groups, the levels
of two cytokines, IL-1f3 and TNFf3, were below the detection limit of the assay and

the results are not presented.
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3.15 Statistical analyses

Data analyses were done using SPSS, version 17.0. Variables were tested for
normality by Kolmogorov-Smirnov test, which confirmed normal distribution. The
values were considered outliers and were excluded if standardized z-scores fell
outside the range of +3.29. Between-group differences were assessed by one-way
analysis of variance (ANOVA) and p values were considered statistically significant
at the level of less than 0.05 (two-tailed). When ANOVA test revealed a significant
main effect, Bonferroni post hoc test was used for multiple between-group

comparisons. The group means are expressed as mean * standard deviation (SD).

Possible influence of co-morbid depression on group differences in the tested
variables was assessed by analysis of covariance (ANCOVA), or by partial

correlation analysis, taking BDI-II score as a covariate.

The Pearson’s correlation coefficients were compared between groups by
converting correlation coefficients to zr calculating z-score and determining

corresponding probability from The Table of the Standard Normal Distribution.
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4. Results

4.1. Demographic characteristics of the study groups

Demographic characteristics of the study groups are summarized in Table
4.1. The groups were matched by age (43.6 + 9.3, mean = SD) and educational level
(11.7 £ 2.4 years of education, mean * SD). All traumatic experiences were related
to the recent wars in the Balkan region. The average number of early traumatic
events and the mean body mass index did not differ between the groups. All the
groups had a similar average number of smokers vs. nonsmokers (data not shown),
but the life-time PTSD group differed from the healthy control group in the number
of cigarettes smoked per day. Therefore, this variable was analyzed as a covariate

whenever it was necessary.

As expected, the total score on CAPS diagnostic tool for PTSD was
significantly higher in all three traumatized groups in comparison to healthy
control group, and in two PTSD groups in comparison to trauma controls. Among
the three traumatized groups of participants, the highest number of traumatic
experiences was registered in current PTSD group. The average score on Beck’s
Depression Inventory Il was significantly higher in current and life-time PTSD
groups than in trauma control group or healthy control group, while the two
control groups did not differ in respect to BDI Il score. These data showed that in
our sample depression was frequently comorbid with current PTSD and even with

life-time PTSD, so that it should be taken into consideration as a covariate.
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Table 4.1. Demographic characteristics of the study groups.

N CurrentPTSD  Life-time PTSD  Traumacontrols @ Calty ANOVA
controls
Mean + SD Mean + SD Mean = SD Mean = SD F p
Age (years) 132 44.1%87 429+103 42.9+89 42.6+10.2 016  0.930
BMI (kg/m?) 132 27.5+3.9 26.6 + 4.4 27.5+3.9 27.6 +3.0 0.45 0.720
Cigarettes/day 97 30 £16 34 +18* 26+ 11 22+8 3.20 0.025
CAPStor 132 61.8+10.1*# 25.6 £ 6.9*# 13.8 £9.4* 5.3+6.8 286.50 0.001
uPRSaror 130 65.8 + 30.8*# 48.9 £ 31.9* 44.0 £ 23.4* 0.1x0.5 41.30 0.001
BDIror 132 26.5+12.8* 17.4 £11.5%# 10.7+9.1 48+5.1 28.40 0.001

Group comparisons were done by one-way ANOVA followed by post hoc Bonferroni test.

N, number of subjects per group; BMI, body mass index; CAPSror, total CAPS score; uPRSaror, number of traumatic events; BDIror, total BDI 11 score;

* significantly different from healthy controls;

# significantly different from trauma controls.



RESULTS

4.2. Plasma cortisol level and HPA axis sensitivity

Cortisol, as the marker of HPA axis activity, was assessed in the blood plasma
samples from all the participants in the study. Cortisol was measured in the clinical
setting every hour during night, starting from 10 p.m. until 9 a.m. the next day, plus
an additional sample at 7:30 a.m. to follow the morning rise of HPA axis activity.
We chose nocturnal cortisol levels as a better representation of the resting state
than daily values, because of the reduced external stimuli during night. The group
means were calculated from the individual mean values of cortisol level derived

from 13 measurements and taken as basal cortisol level.

Between group differences in basal cortisol level were not observed (one-

way ANOVA, F= 2.39, p= 0.072) (Figure 4.1).
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Figure 4.1. Basal plasma level of cortisol. Plasma level of cortisol was
measured hourly during night. The individual means calculated from 13
measurements were used to obtain group means (CORTMEAN), which were
taken as average basal cortisol levels. The results are expressed as means * SD.

The release of cortisol from the adrenal gland is regulated by the hormone
ACTH, so that its level is considered as an additional marker of HPA axis activity.

ACTH level was assessed during night, at the same time points as cortisol, every
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hour starting from 10 p.m. to 9 a.m. the next day. The individual mean values of

ACTH were calculated on the basis of 13 nocturnal/morning measurements.

Group means of ACTH level, calculated from individual values, were not
significantly different among the study groups (one-way ANOVA, F= 0.67, p=
0.573) (Figure 4.2).
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Figure 4.2. Plasma level of ACTH. Plasma level of ACTH was measured hourly
during night. The individual means calculated from 13 measurements were used
to obtain group means (ACTH mean). The results are expressed as means #+ SD.

In order to test regulation of HPA axis activity i.e. to assess its sensitivity to
feed-back inhibition by cortisol, we performed dexamethasone suppression test
(DST) in all study groups. The plasma level of cortisol was assessed at 9 a.m. and
designated as preDEX cortisol value. Dexamethasone was administered orally at
the dose of 0.5 mg, at midnight. The plasma cortisol level after dexamethasone

administration (postDEX cortisol value) was measured at 9 a.m. the next morning.

The percent of suppression of HPA axis by dexamethasone was calculated
according to the formula [(preDEX cortisol - postDEX cortisol)/preDEX
cortisol] x 100. The statistical analysis revealed that study groups were
significantly different in respect to the degree of suppression (one-way ANOVA, F=

6.011, p < 0.01). Bonferoni post hoc test indicated a significant differences between

52



RESULTS

current PTSD and healthy control groups (p < 0.0001), as well as between the
life-time PTSD and healthy control groups (p = 0.038) (Figure 4.3).

The results of DST show that HPA axis in patients with PTSD displays
increased sensitivity to dexamethasone in comparison to healthy controls, which
reflects increased HPA axis responsiveness to endogenous cortisol. Moreover,
increased efficiency of feed-back inhibition of HPA axis is also a characteristic of
life-time PTSD patients. Since both current and life-time PTSD patients are
obviously vulnerable to PTSD, as they developed PTSD symptoms after exposure to
trauma, this finding suggests that hypersensitivity of HPA axis to cortisol might be

a biological correlate of vulnerability to PTSD.
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Figure 4.3. Suppression of HPA axis by dexamethasone. Plasma levels of
cortisol were measured at 9 a.m. before and after a midnight oral
dexamethasone administration at the dose of 0.5 mg. Percent of suppression of
HPA axis was calculated by the formula: [(preDEX cortisol - postDEX
cortisol)/preDEX cortisol] x 100, and the results are expressed as means * SD.
The level of statistical significance of between-group differences is presented by
p value.
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4.3 Corticosteroid receptors expression in the

lymphocytes

Western blot analysis of the GR protein in the whole cell extract of PBMCs
demonstrated presence of two immuno-specific bands: one migrating at 97 kDa
and the other at 105 kDa. The higher molecular mass GR band could be detected
only in 52-57% of the subjects in each group and in majority of participants was
considerably less abundant than the lower molecular mass band. Considering all
groups together, in the lymphocytes of the individuals presenting 105 kDa GR
band, the intensity of the 97 kDa band was significantly lower in comparison to the
individuals missing the higher band (t-test, p < 0.001). It was also valid for each of
the four groups of subjects separately. The intensity of both bands together
revealed statistically significant increase in the average total GR protein level in
PBMCs from current PTSD patients (p = 0.021) and life-time PTSD subjects (p =
0.011) in comparison to trauma controls (Figure 4.4). Between-group differences
in the average intensity of 105 kDa and 97 kDa bands measured separately were

not observed.
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Figure 4.4. Relative level of GR in peripheral lymphocytes. (A) The GR was
detected by Western blot using rabbit polyclonal anti-GR antibody. A
representative blot is shown, containing two sets of four participants and three
internal reference samples. Lanes: 1, 6, 11 - internal reference samples; 2, 7 -
patients with current PTSD; 3,8 - life-time PTSD patients; 4,9 - trauma
controls; 5,10 - healthy controls. (B) Quantitative analysis was done by the
ImageQuant software. The intensity of each analyzed immuno-specific band was
normalized to the intensity of the nearest internal reference band on the same
blot and to the intensity of B-actin band in the same lane. Relative integrated
optical densities of both GR bands together (GRtotal) are expressed in arbitrary
units (AU) as means + SD.

A similar semi-quantitative immunoblot procedure was applied for
determination of the relative level of MR in peripheral lymphocytes from the four
groups of subjects. Measuring relative integrated optical densities of the
immunoreactive bands corresponding to the MR, a rather uniform expression level

of the MR protein was noticed throughout all study groups (Figure 4.5). Statistical
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analysis did not reveal significant differences between the groups (ANOVA, F=

0.56, p= 0.640).
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Figure 4.5. Relative level of MR in peripheral lymphocytes. (A) MR was
detected using rabbit polyclonal anti-MR antibody. A representative blot is
shown, containing two sets of four participants and three internal reference
samples. Lanes: 1, 6, 11 - internal reference samples; 2, 7 - patients with current
PTSD; 3,8 - life-time PTSD patients; 4,9 - trauma controls; 5,10 - healthy
controls. (B) Quantitative analysis was done by the ImageQuant software. The
intensity of each analyzed immuno-specific band was normalized to the intensity
of the nearest internal reference band on the same blot and to the intensity of
B-actin band in the same lane. Relative integrated optical densities of MR bands
are expressed in arbitrary units (AU) as means # SD.
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The balance between GR- and MR-promoted actions critically determines
functioning of HPA axis. Analysis of protein levels of two corticosteroid receptors
in the individual PBMC enabled us to calculate the MR/GR ratio in the lymphocytes.
It was found that the ratio was not significantly different between the analyzed

groups of subjects (ANOVA, F= 0.82, p= 0.487) (Figure 4.6).
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Figure 4.6. Relative ratio of MR and GR in peripheral lymphocytes. The
results are expressed as means + SD.

4.4 Heat shock protein expression levels

4.4.1 Heat shock protein levels in peripheral lymphocytes

The level of Hsp90 expression in the PBMC whole cell extracts was
determined by a semi-quantitative Western blot procedure. The results show very
similar levels of Hsp90 protein in all study groups (Figure 4.7). The ANOVA
analysis revealed that there are no statistically significant differences in the level of

Hsp90 expression between the study groups (ANOVA, F=1.23; p = 0.29).

57



RESULTS

Hsp90 — e e W WO e W—

2,00 -
1,80 -
160 - w
140 -
21 20 -
31,00 {
80,80 -
0,60 1
040 1
020 1
0,00 -

Current Life-time Trauma Healthy
PTSD PTSD control control

Figure 4.7. Relative level of Hsp90 in peripheral lymphocytes. (A) Hsp90
was detected in the whole cell extract of PBMCs by a monoclonal anti-Hsp90
antibody. A representative blot is shown, containing two sets of four participants
and three internal reference samples Lanes: 1,6,11 - internal reference
samples; 2, 7 - patients with current PTSD; 3, 8 - life-time PTSD patients; 4, 9 -
trauma controls; 5, 10 - healthy controls. (B) Quantitative analysis was done by
the ImageQuant software. The intensity of each analyzed immuno-specific band
was normalized to the intensity of the nearest internal reference band on the
same blot and to the intensity of [-actin band in the same lane. Relative
integrated optical densities of Hsp90 bands are expressed in arbitrary units (AU)
as means * SD.

The level of Hsp70 expression in PBMCs was also determined by
semi-quantitative Western blot. For detection of the protein two different

antibodies were used: one recognizing both constitutive (Hsc70) and inducible
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(Hsp72) isoforms of Hsp70 (herein designated as Hsp70) and the other
recognizing only the inducible isoform, Hsp72. Measurement of relative optical
densities of the immunospecific bands corresponding to Hsp70 (Hsc70+Hsp72) in
the PBMC whole cell extracts showed that the intracellular levels of Hsp70,
including both constitutive and inducible isoforms, was not significantly different

between the study groups (ANOVA, F=1.81; p = 0.14) (Figure 4.8).
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Figure 4.8. Relative level of Hsp70 in peripheral lymphocytes. (A) The
Hsp70 (Hsc70+Hsp72) was detected using rabbit polyclonal anti-Hsp70 antibody
recognizing both constitutive and inducible isoforms of the protein. A
representative blot is shown, containing two sets of four participants and three
internal reference samples. Lanes: 1, 6,11 - internal reference samples; 2, 7 -
patients with current PTSD; 3,8 - life-time PTSD patients; 4,9 - trauma
controls; 5,10 - healthy controls. (B) Quantitative analysis was done by the
ImageQuant software. The intensity of each analyzed immuno-specific band was
normalized to the intensity of the nearest internal reference band on the same
blot and to the intensity of B-actin band in the same lane. Relative integrated
optical densities of Hsp70 bands are expressed in arbitrary units (AU) as
means * SD.
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When the expression of inducible Hsp70 (Hsp72) in the whole cell extracts of

PMBCs was examined by immunoblotting, it was found that the intracellular level

of Hsp72 was not significantly different between the study groups ( ANOVA, F=

2.06, p=0.11) (Figure 4.9).
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Figure 4.9. Relative level of Hsp72 in peripheral lymphocytes. (A) Inducible
isoform of Hsp70, Hsp72, was detected using rabbit polyclonal anti-Hsp72
antibody, recognizing only the inducible isoform of the protein. A representative
blot is shown, containing two sets of four participants and two internal reference
samples Lanes: 1, 10 - internal reference samples; 2, 6 - patients with current
PTSD; 3,7 - life-time PTSD patients; 4,8 - trauma controls; 5, 9 - healthy
controls. (B) Quantitative analysis was done by the ImageQuant software. The
intensity of each analyzed immuno-specific band was normalized to the intensity
of the nearest internal reference band on the same blot and to the intensity of
B-actin band in the same lane. Relative integrated optical densities of Hsp72

bands are expressed in arbitrary units (AU)

as means * SD.

Semi-quantitative immunoblot procedure was also applied to examine

possible PTSD-and trauma-related alterations in the expression of Hsp60 in the

whole cell

extracts of peripheral blood mononuclear cells (PMBC). The
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measurement of relative optical densities of the immunospecific bands
corresponding to Hsp60 showed that the intracellular level of this HSP was not
significantly different between the study groups (one-way ANOVA, F= 0.45,
p=0.72) (Figure 4.10).
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Figure 4.10. Relative level of Hsp60 in peripheral lymphocytes. (A) Hsp60
was detected using rabbit polyclonal anti-Hsp60 antibody, followed by alkaline
phosphatase-conjugated secondary antibody. Immunopositive bands were
visualized by enhanced chemifluorescence. A representative blot is shown,
containing two sets of four participants and two internal reference samples
Lanes: 1, 10 - internal reference samples; 2, 6 - patients with current PTSD; 3, 7
- life-time PTSD patients; 4,8 - trauma controls; 5, 9 - healthy controls. (B)
Quantitative analysis was done by the ImageQuant software. The intensity of
each analyzed immuno-specific band was normalized to the intensity of the
nearest internal reference band on the same blot and also to the intensity of
B-actin band in the same lane. Relative integrated optical densities of Hsp60
bands are expressed in arbitrary units (AU) as means #+ SD.
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Correlation analyses of the data showed that Hsp90 concentration in PBMCs
was significantly correlated with the concentrations of both MR (r=0.282,
p<0.0001) and GR (r=0.362, p<0.0001), whereas Hsp70 concentration was
correlated only with MR concentration (r = 0.371, p < 0.0001). Similar results were
obtained when the analyses were performed on each of the four study groups
separately (Table 4.2). Between-group comparison of the Pearson’s correlation
coefficients between Hsp90 and GR concentrations revealed a larger effect size in
the trauma-exposed groups than in the healthy control group, as well as a smaller
effect size of the correlation between Hsp70 and MR concentrations in the current
PTSD group in comparison to trauma control group (Table 4.2). Additionally, it
was found that the concentrations of the two examined HSPs were correlated
(r=0.390, p <0.0001) without significant between-group differences in the effect
size (Table 4.2), while the two corticosteroid receptor concentrations were not
mutually related. Partial correlation analyses showed that co-morbid depression
did not exert any influence on the relationship between the concentrations of

corticosteroid receptors and HSPs.
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Table 4.2. Statistically significant Pearson's correlation coefficients between the levels of HSPs and corticosteroid receptors

Hsp70

MR

GR

Current Lifetime Trauma Healthy Current Lifetime Trauma Healthy Current Lifetime Trauma Healthy
PTSD PTSD controls controls PTSD

PTSD

controls controls PTSD PTSD

controls controls

Current
PTSD

Lifetime

PTSD
Hsp90
Trauma

controls

Healthy
controls

r 0.397
p <0.0001
r 0.444
<0.0001
0.434
<0.0001
0.347
0.001

0.209
0.030

0.308
0.016

0.463*
<0.0001
0.401*
0.019
0.310
0.003
0.322
0.002

0.473*

<0.0001
0.217
0.048

Current
PTSD

Lifetime

PTSD
Hsp70
Trauma

controls

Healthy
controls

=T = o T T T T

p

0.231#
0.014

0.277
0.029

0.485

<0.0001
0.405
<0.0001

The number of participants per group: current PTSD, 113; life-time PTSD, 61; trauma controls, 88;healthy controls, 85.
* sifnificantly different from healthy controls (current PTSD: Z = 1.92, p = 0.027; life-time PTSD: Z=1.91, p = 0.021; trauma controls: Z = 1.90,

p = 0.029).

# significantly different from trauma controls (current PTSD: Z = 1.98, p = 0.024.
r, Pearson’s correlation coefficient; p, the level of statistical significance.
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4.4.2 Plasma levels of heat shock proteins

The level of extracellular HSPs (eHsp70, eHsp72 and eHsp60) were measured
in blood plasma by commercial or home-made sandwich ELISA protocols, using the
appropriate monoclonal and secondary antibodies. The level of extracellular
Hsp70 (Hsc70+Hsp72) was assessed in 104 samples and ranged from 0.25 ng/ml
to 80 ng/ml. The level of extracellular Hsp72 were determined in 118 plasma

samples and ranged from 20 ng/ml to 90 ng/ml.

Figure 4.11 demonstrates the level of eHsp70 in the blood plasma from
current PTSD patients, life-time PTSD patients, trauma controls and healthy
controls. The statistical analyses revealed that there are no significant differences

between groups (ANOVA, F=0.95, p= 0.420).
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Figure 4.11. Plasma level of Hsp70. The level of Hsp70 (Hsc70+Hsp72) in
blood plasma was determined by an in-home sandwich ELISA. Plates were
coated with the primary antibody, anti-Hsp70/Hsc70 (SPA-820), and the protein
was detected by rabbit polyclonal anti-Hsp70 antibody (ADI-SPA-812). The
results are expressed as means #+ SD.

The level of inducible isoform, eHsp72, in blood plasma from current PTSD
patients, life-time PTSD patients, trauma controls and healthy controls are
displayed in Figure 4.12. Statistical analysis revealed that there are no significant
differences between groups (ANOVA, F=1.95, p= 0.120).
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Figure 4.12. Plasma level of Hsp72. The level of extracellular inducible Hsp70
(Hsp72) in blood plasma was determined by commercial sandwich ELISA
according to the manufacturer's instructions (Enzo Life Sciences). The results
are expressed as means + SD.

Interestingly, the correlation analyses have shown that there is a significant
correlation (r = 0.469, p = 0.032) between the number of traumatic events and

eHsp70 level only in the group of current PTSD patients.

A total of 250 plasma samples were assayed for extracellular Hsp60, with
89% (222 samples) being positive for the presence of this protein. Levels of Hsp60
ranged from 0.2 ug/ml to 50 pug/ml, with the median level of 20 pg/ml. This wide
range of Hsp60 concentrations in the circulation is in accordance with previously
reported concentrations of Hsp60 found in human blood. It has been found that
40-50% of the humans have no measurable eHsp60 in the blood plasma. The level
of plasma Hsp60 in the remaining 50-60% men and women is measured in
nanograms/ml or micrograms/ml, while in a small proportion of the population in

milligrams/ml (Shamaei-Tousi et al., 2007).

Our results show that the mean level of eHsp60 in current PTSD patients was
20.31 + 10.98 pg/ml, in life-time PTSD group 19.83 + 10.76 pug/ml, in trauma
controls 19.38 * 11.22 pg/ml and in healthy controls 20.51 * 11.84 pg/ml. No
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significant differences in the level of extracellular Hsp60 were observed between

the four study groups (ANOVA, F=0.11, p=0.95) (Figure 4.13).
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Figure 4.13. Plasma level of Hsp60. The level of eHsp60 in blood plasma from
the four groups of subjects was determined by sandwich ELISA developed in our
laboratory. Mouse primary anti-Hsp60 antibody (ADI-SPA-806) was used as
capture antibody and rabbit polyclonal anti-Hsp60 antibody (ADI-SPA-805) was
used as a detection antibody. The results are expressed as means #+ SD.

4.5 Inflammatory markers

Current research has suggested immune function alterations in individuals
with PTSD, but the nature of these alterations is not well understood. Most studies
report that PTSD is associated with excessive inflammation, characterized by
increased plasma levels of pro-inflammatory cytokines. However, unaltered
inflammatory state and even decreased circulatory levels of inflammatory markers
were also found in association with PTSD. There is also a proposal that excessive
inflammation is, at least in part, due to insufficient immunosuppression by cortisol.
In order to examine the inflammatory status of trauma-exposed individuals with
current PTSD, with life-time PTSD and without PTSD, in this study we analyzed
general inflammatory markers, such as plasma level of CRP, leukocyte count in

peripheral circulation and erythrocytes sedimentation rate, as well as plasma
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levels of multiple cytokines: TNF-q, IL-6, IL-12p70, IL-2, IL-8, IL-5, IL-4, IFN-y and
IL-10. One of the examined cytokines, IL-10, is anti-inflammatory cytokine, while
the others are pro-inflammatory, or the cytokines with both pro- and

anti-inflammatory actions.

Determination of general inflammatory markers demonstrated no significant
differences between current PTSD, life-time PTSD, trauma control and healthy
control groups, the statistical parameters being as follows: CRP - ANOVA, F = 2.1,
p =0.105; number of leukocytes - ANOVA, F=0.9, p=0.420; sedimentation -
ANOVA, F=8.48, p=0.978 (Table 4.3). However, these results coincide with
general suppression of proinflammatory cytokines observed in current PTSD, life-

time PTSD and trauma controls, compared to healthy controls.
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Table 4.3. The levels of inflammatory markers in the blood plasma.

Current Life-time Trauma controls Healthy controls
PTSD PTSD
(n=33) (n=33) (n=33) (n=33)
Mean + SD Mean + SD Mean * SD Mean * SD F P

CRP 1.69 +1.46 2.27 £2.20 3.57£5.42 3.43+3.94 2.09 0.105
Leukocytes 69+1.8 72+£1.7 7.6 +2.2 7.1+£19 0.95 0.420
Sediment. 8.2+47 79+6.2 79+7.2 85+7.5 0.07 0.978
TNF-a 89.6 + 78.0a.b 41.1 +44.8a¢ 83.8 £ 64.72 140.3 £ 67.6 12.47 <0.001
IL-6 115.3 + 145.0a 95.9 £ 88.32 113.1+119.62 221.7 £132.2 7.21 <0.001
IL-12p70 121.4 +98.8ab 47.6 +70.7ac 123.2 +100.72 201.2 £115.5 12.82 <0.001
IL-2 344.2 £ 234.9ab 202.5+211.9a¢c 400.8 £ 226.72 566.4 + 1315 16.04 <0.001
IL-8 84.8 £ 90.0a.b 20.1 + 33.1a 63.1+ 51.92 1288+ 76.8 13.93 <0.001
IL-5 422.9 +£393.72 213 £313.43ac 493.2 +392.2 690.4 £ 353.5 9.44 <0.001
IL-4 302.6 +£175.2a 188.1 +201.12 334.1 £ 200.6 436.3+196.6 8.90 <0.001
IFN-y 89.4 +73.8 75.2 £ 66.52 92.4 £57.6 126.5+63.2 3.56 0.016
IL-10 96.6 + 89.22 100.2 + 94.32 126.2 + 90.8 167.3 + 95.0 4.06 0.009

a significantly different from healthy controls, p< 0.05
b significantly different from life-time PTSD, p< 0.05
¢ significantly different from trauma controls, p< 0.05.
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TNF-a is a cytokine involved in systemic inflammation and its primary role is
to partake in the regulation of immune cells. We found that the plasma levels of
TNF-a significantly differ between the study groups (ANOVA, F=12.47,
p <0.0001) (Table 4.3). As presented in Figure 4.14, significantly lower level of
TNF-a was registered in the three groups of trauma-exposed subjects in
comparison to healthy controls. Besides, the level of this cytokine was significantly

lower in life-time PTSD group than in current PTSD and trauma control groups.
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Figure 4.14. Plasma level of TNF-a. The level of TNF-a was determined using
multiplex ELISA kit according to the manufacturer’s instructions. The results are
expressed as the group means #+ SD.
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One of the most important mediators of fever and acute phase response, IL-6
is also produced by T cells and macrophages in response to trauma and infection.
Both pro- and anti-inflammatory actions can be attributed to this cytokine. In our
study, it appeared that war trauma led to diminishment of IL-6 plasma level, as all
three groups of traumatized subjects displayed significantly decreased IL-6 plasma
levels than healthy controls (ANOVA, F=7.21, p<0.0001) (Table 4.3, Figure
4.15).
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Figure 4.15. Plasma level of IL-6. The level of IL-6 was determined using
multiplex ELISA kit according to the manufacturer’s instructions. The results are
expressed as the group means # SD.

70



RESULTS

IL-12 or IL-12p70 serves to stimulate T cells growth and differentiation and
is secreted from dendritic cells and macrophages in response to antigenic
stimulation. Our results have shown that its blood plasma level was lower in
war-traumatized individuals irrespective of the presence/absence of current or
life-time PTSD symptoms in comparison to healthy controls, as well as in life-time
PTSD subjects in comparison to both current PTSD patients and traumatized
subjects without PTSD (ANOVA, F=12.82, p<0.0001) (Table 4.3, Figure 4.16).
Therefore, the pattern of IL-12 plasma level between the study groups closely
resembles that of TNFa.
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Figure 4.16. Plasma level of IL-12p70y. The level of IL-12p70 was determined
using multiplex ELISA kit according to the manufacturer’s instructions. The
results are expressed as the group means # SD.
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IL-2 regulates the immune functions of white blood cells in natural response
to microbial infection and in discriminating between “self” and “non-self”. It is also
necessary for growth, proliferation and differentiation of T cells. The pattern of its
plasma level between the groups in our study appeared to be very similar to those
of TNF-a and IL-6. Its level was significantly lower in traumatized subjects with
and without PTSD than in healthy controls, and among the three traumatized
groups the life-time PTSD group displayed the lowest level of this cytokine
(ANOVA, F =16.04, p < 0.0001)(Table 4.3, Figure 4.17).

p < 0.000
900 -

800 -

p < 0.000

p=0013
_0001 —P=0015
700 - p=0040 —P=1
=600 1 [
3500 |
& 400 -
-l
300 1
200 1
100 -

Current Life-time Trauma Healthy
PTSD PTSD controls controls

Figure 4.17. Plasma level of IL-2. The level of IL-2 was determined using
multiplex ELISA kit according to the manufacturer’s instructions. The results are
expressed as the group means +SD.
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IL-8 is known as a neutrophil chemotactic factor and also as a potent
promoter of angiogenesis. According to the result of our study, a decrees of the
plasma level of this cytokine can be ascribed to traumatic experiences, since all
traumatized groups (current PTSD, life-time PTSD and trauma controls) showed
lower IL-8 level than healthy controls (ANOVA, F=13.93, p<0.0001). This
cytokine is also less abundant in the blood plasma of life-time PTSD patients in
comparison to both current PTSD patients and trauma controls, thus showing a

pattern very similar to TNF-q, IL-6 and IL-2 (Table 4.3, Figure 4.18).
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Figure 4.18. Plasma level of IL-8. The level of IL-8 was determined using
multiplex ELISA kit according to the manufacturer’s instructions. The results are
expressed as the group means # SD.
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Produced by T helper cells and mast cells, IL-5 stimulates B cell growth,
immunoglobulin secretion and eosinophil activation. In our study, its plasma level
has been shown to depend on the presence of past or present PTSD symptoms, as
both PTSD groups (current and life-time) express significantly lower plasma levels
of this cytokine in comparison to healthy controls (ANOVA, F =9.44, p < 0.0001). Of
note, IL-5 level has also been significantly lesser in life-time PTSD patients than in

traumatized non-PTSD subjects (Table 4.3, Figure 4.19).
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Figure 4.19. Plasma level of IL-5. The level of IL-5 was determined using multiplex
ELISA kit according to the manufacturer’s instructions. The results are expressed as
the group means * SD.

74



RESULTS

Among many roles of IL-4, the most prominent are stimulation of T helper
cells and B cells differentiation, as well as T-cell and B-cell proliferation. Its pattern
of abundance in the blood plasma between our study groups closely resembles
that of IL-5: IL-4 plasma level reflects vulnerability to PTSD, as it is lower in both
groups vulnerable to PTSD in comparison to the controls, and it is also lower in
lifetime PTSD subjects than in trauma controls (ANOVA, F=8.90,
p <0.0001)(Table 4.3, Figure 4.20).
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Figure 4.20. Plasma level of IL-4. The level of IL-4 was determined using
multiplex ELISA kit according to the manufacturer’s instructions. The results are
expressed as the group means # SD.
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Immunostimulatory and immunomodulatory roles of IFN-y are of an utmost
importance for both innate and adaptive immunity. Its antiviral,
immunoregulatory and anti-tumor actions are numerous. In our study, it has
exhibited a unique pattern of plasma level between the study groups (Table 4.3,
Figure 4.21): the only statistically significant between-group difference was a
decrease of IFN-y level in life-time PTSD subjects in comparison to healthy controls
(ANOVA, F=3.56, p=0.016). This result implies that the level of IFN-y might be

associated with remission of PTSD.
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Figure 4.21. Plasma level of IFN-y. The level of IFN-y was determined using
multiplex ELISA kit according to the manufacturer’s instructions. The results are
expressed as the group means +SD.
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Among the cytokines analyzed in this study, IL-10 was the only
anti-inflammatory cytokine, counteracting the hyperactive immune response. This
cytokine acts as human cytokine synthesis inhibitory factor and besides, exerts
pleiotropic effects in immunoregulation and inflammation. Between-group
differences in its blood plasma level, observed in our study, suggest that the level
of this cytokine might be associated with vulnerability to PTSD. Namely, the
individuals presenting both current or past PTSD symptoms had lower IL-10
plasma levels than healthy controls (ANOVA, F=4.06, p=0.009)(Table 4.3,
Figure 4.22)
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Figure 4.22. Plasma level of IL-10. The level of IL-10 was determined using
multiplex ELISA kit according to the manufacturer’s instructions. The results are
expressed as the group means #+ SD.
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5. Discussion

5.1 Plasma cortisol level and HPA axis sensitivity

Proper negative feedback regulation of HPA axis exerted by cortisol appears
to be critical for a healthy stress response. Profound alterations in the regulation of
this system have been implicated in the pathogenesis of stress-related psychiatric
disorders, such as PTSD (Yehuda, 2006). Numerous studies on cortisol signaling
abnormalities in PTSD, however, yielded heterogeneous results, so that the exact
role of cortisol and HPA axis in the pathogenesis and maintenance of this disorder
is still a matter of debate. Some authors reported lower basal cortisol levels in the
blood plasma, urine or saliva from PTSD patients as compared to control subjects
(Yehuda et al,, 1990; Yehuda et al, 1995b; Boscarino, 1996; Yehuda et al., 1996;
Heim et al, 1998; Glover & Poland, 2002; Yehuda, 2002a; Wessa et al., 2006), some
reported the opposite data (Pitman & Orr, 1990; Lemieux & Coe, 1995; Liberzon et
al., 1999; Lindley et al., 2004), while some found no differences (Baker et al., 1999;
Atmaca et al,, 2002; Eckart et al, 2009). These discrepancies “indicate that there is
not a one-to-one correspondence between cortisol output and PTSD diagnosis” as
Rasmusson et al. (2003) conclude in their review on neuroendocrinology of PTSD.
In an excellent meta-analysis, Meewisse et al. (2007) came to the same conclusion.
Both these groups of researchers found that only a part of the variability of
published results can be accounted for by methodological differences. Additional
sources of variability may include various factors, such as comorbid depression,
current versus life-time PTSD, severity of PTSD symptoms, time elapsed from the
traumatic event, duration of trauma exposure, and whether or not control groups

have a history of trauma (Meewisse et al., 2007).

In our present study we measured plasma cortisol level in a relatively large
cohort of only-male subjects divided into four groups in a way that allowed us to
relate the cortisol level to trauma exposure, PTSD symptoms, resilience to PTSD,

vulnerability to PTSD and remission of the disorder. We found no between-group

78



DISCUSSION

differences in the basal cortisol level, represented as the mean of thirteen
nocturnal measurements encompassing the period from 22:00 p.m. to 9 a.m. and
performed in the clinical setting. Considering the sample size, accuracy of subject
classification, the applied methodology and precise matching of the study groups
by a number of parameters (gender, age, type of trauma, educational level, body
mass index, lifestyle habits, etc.), it can be concluded that basal cortisol level
alterations cannot be associated with trauma exposure, current or life-time PTSD
symptoms, resilience to PTSD, vulnerability to PTSD and remission of the disorder.
A recent study by Savic et al. (2012) shows that the apparent connections between
cortisol and PTSD are actually realized via personality traits, which might explain
the heterogeneity of findings on basal cortisol levels in traumatized individuals
with or without PTSD. This study demonstrated that the mediating role between
cortisol level and PTSD can be ascribed to personality traits, since basal cortisol
level was shown to be related to PTSD only indirectly, inasmuch as low
Conscientiousness (one of the ,Big Five“ personality traits) is related to this

psychopathology.

Patients with PTSD have been found to display blunted cortisol awakening
response i.e. lesser cortisol “spike” upon awakening and higher circulating
concentrations of cortisol in the evening (Wessa et al, 2006). Interestingly,
flattening of the daily cortisol rhythm has been associated with a number of
chronic medical illnesses including cardiovascular disease and insulin resistance,
as well as other psychiatric disorders including major depression and chronic

fatigue syndrome (Nater et al., 2008).

The cortisol level is thought to be a good measure of HPA axis activity, since
cortisol is the final product of this axis. However, not only the activity, but also the
regulation of HPA axis activity, should be taken into consideration as an important
biological correlate of PTSD and any other psychiatric disorder related to stress.
Hence, in a number of studies the challenge paradigms, such as DST and combined
DEX/CRH test, were employed in order to evaluate the sensitivity of HPA axis to
suppression by cortisol. Again, different studies provided rather inconsistent data.

Some authors registered hyposuppression of HPA axis in PTSD patients compared
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to healthy controls (Thaller et al.,, 1999; Atmaca et al., 2002), some reported no
inter-group differences (Vythilingam et al., 2010), but most found that PTSD is
characterized by hyperresponsiveness of HPA axis to cortisol feedback (Yehuda et al,
1995a; Rinne et al, 2002; Grossman et al., 2003; Newport et al, 2004; Yehuda et
al., 2004c; Lange et al., 2005). A review of DST studies in PTSD is given in de Kloet
et al. (2006). The key finding of these studies was that PTSD patients in comparison
to control subjects display lower plasma cortisol level after administration of
0.5 mg dexamethasone dose, which was interpreted as a hypersensitive (or
disease-sensitized) cortisol feedback (Yehuda et al, 2004b) and afterwards
considered as a hallmark of PTSD pathophysiology. The results of our study
demonstrate that dexamethasone applied at a low dose of 0.5 mg leads to
increased suppression of HPA axis activity in PTSD patients with current or past
symptoms in comparison to healthy controls, which is reflected in the lower ratio
between post-dexamethasone and pre-dexamethasone plasma cortisol levels in
PTSD than in healthy subjects. These results confirm previous observations that
PTSD is associated with hyperresponsiveness of HPA axis. Moreover, combined
with the data that basal cortisol level is not changed in association with the
disorder, our data on PTSD-sensitized HPA axis imply that there is a disagreement
between indicators of HPA axis activity in central versus peripheral components of
this axis. Namely, when DST indicates hyperresponsiveness of pituitary and
hypothalamus to dexamethasone, one should expect decreased activity of HPA axis
and, hence, a decreased level of plasma cortisol. Since it was not the case in our
study, we suppose that adrenal glands are either downregulated by a so called
“ultra short” glucocorticoid negative feedback, or insensitive to the increased
activity of stress response systems in the brain. Therefore, our data open new
questions regarding the regulation of cortisol secretion in adrenal glands in
traumatized individuals with and without PTSD. These questions might be
answered by detailed inspection of GR and ACTH receptors expression and activity

in the cortex of adrenal glands.

In most previous studies on the relation between PTSD and HPA axis

hypersuppression, the fact that subjects with psychiatric diagnosis had more
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traumas than trauma controls was not taken into account (e.g. Yehuda et al,
1995a; Newport et al, 2004; Yehuda et al, 2004a). Interestingly, the level of
traumatization appeared to be an important confounding factor. A recent study of
Savic et al. (2012) has shown that significant differences on the low dose DST
between PTSD patients and trauma controls are not actually related to PTSD
pathology, but to the level of war-related trauma exposure. Besides, Savic et al.
(2012) suggested that even though war-related traumatic events are not of the
same degree of distress, the factor influencing HPA axis sensitivity to cortisol
feedback is the number of traumatic experiences rather than their intensity. This
led to a conclusion that the repetition and not the degree of activation of the HPA

axis plays a role in sensitizing its regulatory function.

5.2 Corticosteroid receptors expression in the

lymphocytes

The observation that PTSD is associated with increased HPA axis sensitivity
to cortisol has brought the GR into the focus of the research, since cortisol exerts
its cellular effects through the GR. GR is a hormone-inducible transcription
regulator belonging to the superfamily of nuclear receptors. It is a ubiquitous
cytoplasmic protein, present in almost all human tissues, where it mediates
various cellular responses to cortisol. It specifically binds cortisol and upon
hormone binding translocates from the cytoplasm to the nucleus where it
regulates transcription of glucocorticoid target genes. GR can activate gene
transcription by direct binding to specific regulatory DNA sequences called
glucocorticoid-responsive elements (GREs). A consensus GRE is the
pentadecameric imperfect palindrome (Nordeen et al, 1990) and the receptor
binds to it in the form of dimer (La Baer & Yamamoto, 1994). The response of
many genes to glucocorticoids depends not only on GR binding to the GRE, but
additionally requires the binding of other transcription factors to adjacent binding
sites (Schoneveld et al., 2004a), which is a way of integrating multiple signal inputs
into one response. GREs that negatively influence transcription by direct binding of
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GR are referred to as negative GREs (nGREs) (Truss & Beato, 1993). In the case of
certain genes, including the genes encoding cytokines, GR does not bind directly to
the DNA to exert its transcriptional effect, but is recruited to DNA-bound
transcription factors, such as NFkB and AP-1 in a regulatory complex, a mechanism

known as tethering (Schoneveld et al., 2004b).

The investigations of expression and functional properties of GR in PBMCs
from PTSD patients have yielded inconsistent results. The number of
glucocorticoid binding sites (Bmax) in PBMCs from PTSD patients has been reported
to be increased (Yehuda et al,, 1991; Yehuda et al., 1995a), decreased (de Kloet et
al, 2007) and unchanged (Wheler et al., 2006; Shalev et al., 2008) in comparison
with control individuals. The level of the GR protein in different lymphocyte
subpopulations, measured by flow cytometry, was found to be lower in PTSD
patients than in the controls in one study (Gotovac et al., 2003) and unchanged in
the other (Vidovic et al, 2007). In addition, the evidence has been provided for
both decreased (Su et al, 2009) and unchanged (van Zuiden et al, 2011a)
PTSD-related level of GR gene expression evaluated by quantitative PCR.

In the present study we had at least two reasons to examine PTSD- and war
trauma-related alterations in the GR level of expression in PBMCs. The first
includes the inconsistency of the existing literature data, and the second derives
from our result that basal cortisol level in the four study groups was rather
uniform, while the responsiveness of HPA axis to cortisol was increased in the
current PTSD group. One of the possible explanations for these results might be
found in the level of expression of the GR, as an increased level of GR protein in
PTSD patients compared to non-PTSD subjects might be responsible for increased
responsiveness of HPA axis to cortisol, despite unchanged plasma level of the
hormone. Therefore, we sought to determine relative GR protein level and for that
purpose we applied a semi-quantitative Western blot approach and used PBMCs,
among which the lymphocytes predominate. In order to learn whether GR protein
level may be a biological correlate of PTSD pathology and war trauma exposure, or

a factor of vulnerability or resilience to PTSD, these experiments included war

82



DISCUSSION

trauma survivors with current PTSD, with life-time PTSD and without PTSD, as

well as non-traumatized healthy controls.

Examining the GR protein level in the lymphocytes, we detected two
immuno-specific bands, one of which corresponded to molecular mass of the GRa
isoform (97 kDa), while the other had higher molecular mass. It is known that GR
is subject to mono- and polysumoylation (Le Drean et al,, 2002), which regulates
the stability of the receptor protein and influences its transcriptional activity
(Holmstrom et al, 2003). GR has three attachment sites for SUMO-1, which does
not form polymeric chains (Tian et al., 2002). It seems that GR is also susceptible to
monoubiquitination which also affects its transactivation activity (Ismaili et al,
2005). Assuming that the slower migrating band detected in our experiments
represents the GR monosumoylated by SUMO-1 or monoubiquitinated, and taking
into account that the appearance and the abundance of both bands exhibited a
rather uniform pattern among the study groups, it could be supposed that the rate
of GR monosumoylation or monoubiquitination is not related to trauma exposure,
PTSD symptoms or resilience to PTSD. Besides, comparison of the intensities of the
two GR bands within the whole sample, as well as within the study groups
separately, suggested a redistribution of the receptor between the two isoforms,

which is an expectable consequence of the presumed modification(s).

An important result of these experiments was that current PTSD patients in
comparison to trauma controls, displayed elevated GR protein level in PBMCs,
suggesting that increased GR expression should be considered as a factor
underpinning the observed increased sensitivity of HPA axis to cortisol. However,
all human studies on HPA axis activity, including the ours, suffer from a limitation
that, because of inaccessibility of human brain tissues and pituitary, the
conclusions have to be drawn out of the experiments done on available human
cells, most frequently PBMCs. These, easily accessible immune cells, express high
levels of GR and represent targets for GR anti-inflammatory and
immunosuppressive actions. As such, they can be exploited as a very useful model
for basic studies concerning immunological aspects of PTSD pathophysiology, as

well as for clinical studies on GR gene expression, polymorphism and GR functional
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alterations as potential preexisting vulnerability/resilience factors, or correlates of
PTSD or trauma. Besides, it has been shown that gene expression changes in
PBMCs reflect various pathological states (Tang et al., 2001), including PTSD and
other psychiatric disorders (Segman et al., 2005; Tsuang et al., 2005; Zieker et al.,
2007; Su et al.,, 2009; Yehuda et al., 2009), and in some instances are paralleled by
changes in neural tissue (Sullivan et al., 2006; van Heerden et al., 2009). These are
arguments in favor of the use of these cells even in basic research on
neuroendocrine and cognitive aspects of PTSD pathophysiology (Gladkevich et al.,
2004).

In the brain structures controlling HPA axis activity, cortisol operates via two
types of receptors: mineralocorticoid receptor (MR) and GR. MR is predominantly
expressed in the limbic structures, binds cortisol with high affinity and is
substantially occupied throughout the ultradian and circadian cycle. The lower
affinity GR is widely distributed and becomes occupied only at cortisol peaks and
after stress. While the MR is primarily responsible for integrity and stability of the
stress circuitry, the GR is implicated in termination of the stress response, recovery
from stressful challenge and facilitation of behavioural adaptation in preparation
for future challenges. Therefore, the balance between MR- and GR-mediated
actions is considered crucial for proper processing of stressful information, while
the imbalance may contribute to increased vulnerability to stress-related mental
disorders (De Kloet et al., 1998; Oitzl et al., 2010; Harris et al., 2012; ter Horst et al.,
2012). So far the studies on corticosteroid receptor alterations accompanying
PTSD and trauma were focused mainly on GR (Yehuda, 2009) and, to our
knowledge, there are only two papers examining MR function in PTSD patients
(Kellner et al., 2002; Otte et al,, 2006). Both papers reported no alterations in
MR-mediated HPA axis regulation related to PTSD. However, Wellhoener et al.
(2004) evidenced a rise of both basal and stress-induced cortisol levels in healthy
humans upon MR blockade, and some animal studies demonstrated an increase in
hippocampal MR density after psychological stress (Gesing et al., 2001; Muller et
al,, 2003; Ladd et al., 2004). These studies provided the basis for a proposal that, in
addition to GR, MR could also contribute to HPA axis alterations in PTSD.
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It is well known that cortisol exerts immunosuppressive and
anti-inflammatory effects and there is a growing body of evidence that PTSD
pathogenesis is connected with alterations in inflammatory functions of the
immune system. Therefore, cortisol and GR became a focus of PTSD research not
only because of the implication in HPA axis regulation, but also because of
immunomodulatory actions. Measurements of the production of cytokines in the
presence of GR or MR antagonists have led to the conclusion that cortisol exerts its
immunomodulatory effects not only via GR, but via both corticosteroid receptors,
GR and MR, which act synergistically to mediate suppression of proinflammatory
responses (Sauer et al., 1996; Dimitrov et al., 2004). Since both GR and MR operate
at neuroendocrine-immune interface, in order to better understand the role of
these receptors in PTSD pathophysiology and to unravel their possible
contribution to inter-individual differences in coping with stress, it is necessary to
examine the level of expression of both the receptors, functional status and
molecular interactions in the central nervous system, as well as in the peripheral

tissues.

Since PBMCs express both GR and MR it might be expected that disbalance in
the expression levels of the two receptors may affect the immunosuppressive
actions of glucocorticoids in these cells. However, the data from the present study
show that the level of MR protein was similar in all four groups of participants and,
combined with the GR data, indicate that the lymphocyte MR/GR ratio was not
altered regardless of traumatic experiences and presence of past or current PTSD
symptoms. Knowing that the level of corticosteroid receptors expression is only
one among numerous determinants of the sensitivity of a target cell to cortisol, this
observation suggests that differences in cortisol signaling between traumatized
individuals with or without PTSD and non-traumatized healthy controls should be
searched for among other regulatory mechanisms, such as those regulating the
receptors  cytoplasmic/nuclear  shuttling, covalent modifications and
transactivation activity. A key role in regulating these important steps of cortisol
action belongs to chaperones (Hsp90 and Hsp70) and co-chaperones bound to the

corticosteroid receptors heterocomplexes.
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5.3 Heat shock proteins

5.3.1 Intracellular heat shock proteins

GR and MR act as ligand-activated transcription regulators that, when
unliganded, predominantly reside in the cytoplasm of target cells within
Hsp90-based chaperone complexes, the components of which are HSPs Hsp90 and
Hsp70, co-chaperones and immunophilins (Pratt & Toft, 1997a). Hsp70 recognizes
newly synthesized receptors, and is required for their initial folding, while Hsp90
regulates maturation of the receptors’ high-affinity hormone-binding conformation
and maintains unliganded receptors in transcriptionally inactive state by keeping
them in a form incapable of DNA binding (Galigniana et al., 2004; Grad & Picard,
2007). Hsp90 also controls intracellular trafficking, nuclear retention,
transcriptional activity (Galigniana et al., 2010), as well as proteolytic degradation
of the receptors (Siriani et al.,, 2005). Therefore, the interaction of corticosteroid
receptors with Hsp90 and Hsp70 represents an important determinant of target
tissue sensitivity to corticosteroid hormones (Pratt & Toft, 1997a; Galigniana et al.,

2004; Grad & Picard, 2007; Galigniana et al., 2012).

HSPs are essential components of the cellular stress response. Their
synthesis can be induced in virtually all cells by diverse physiological and
environmental stressful factors (Richter et al., 2010). Even the pure psychological
stressors have been shown to increase both intracellular and circulating levels of
HSPs (Lewthwaite et al., 2002; Fleshner et al., 2004). These proteins are thought to
serve functions beneficial for cell survival in various stress-related disorders,
possibly including PTSD (Zhang et al, 2010) and considering their role in
chaperoning corticosteroid receptors, it can be expected that changes in their
intracellular concentrations may affect cellular responsiveness to cortisol. This
was the reason why we examined the level of expression of Hsp90 and Hsp70 in
PBMCs from war trauma-exposed individuals with current PTSD, life-time PTSD
and without PTSD, as well as from non-traumatized healthy controls. Furtheron,

we analyzed the relationship between the levels of the corticosteroid receptors
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and the HSPs expression, as well as the relationship between the level of
expression of the studied proteins to trauma exposure, PTSD symptoms,

vulnerability or resilience to PTSD and remission of the disorder.

Current study provides evidence that the level of Hsp90 and Hsp70
expression in PBMCs do not differ between men with current PTSD, life-time PTSD
and without PTSD as compared to non-traumatized healthy individuals. Besides,
the data reveal that the two corticosteroid receptors (MR and GR) expression
levels are differently correlated with the levels of Hsp90 and Hsp70. Some of these
associations have been shown to be weakened when accompanied by PTSD

symptoms, while some were influenced by war trauma exposure.

Induction of HSPs is known to be a part of the generalized stress response
that serves to protect cells against cytotoxic stimuli (Richter et al., 2010), including
cytokine toxicity (Bocci, 1988; Barone et al, 1997). It is also known that trauma
exposure and PTSD are accompanied by increased production of proinflammatory
cytokines (Kawamura et al, 2001; Rohleder et al,, 2004; Gill et al., 2008; Gill et al.,
2010). Our data, however, show that lymphocyte Hsp90 and Hsp70 expression
levels in war trauma-exposed men with and without PTSD are similar to the levels
in non-traumatized healthy controls. We suppose that one of possible explanations
of this finding might be the long time elapsed between trauma exposure and
recruitment for the study. Namely, HSPs induction might serve to restrain the
proinflammatory response and, thus, protect cells from cytokine toxicity only in
the early aftermath of trauma. Recently, Sriram et al. (2012) have formulated a
mathematical model of Hsp90 dynamics in animals exposed to acute and chronic
stress, and hypothesized that the model can be extended to psychiatric disorders
such as PTSD. The model predicts low levels of Hsp90 upon high levels of stress,
and our data are probably the first experimental data corroborating this

prediction.

Interestingly, our data suggest that the concentrations of corticosteroid
receptors are correlated with that of HSPs, and that the two receptors differ in
regard to their relationship with Hsp70. On the basis of the data showing that heat

shock factor 1 (HSF1) has a role in potentiation of GR activity by stress (Jones et al.,
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2004) and inversely, that glucocorticoids can attenuate the heat shock response by
preventing HSF1 recruitment to the promoters of heat shock genes (Wadekar et al.,
2004), Sanchez and coworkers proposed a reciprocal mechanism regulating GR
and HSF1 signaling (Jones et al, 2004). It is tempting to speculate that the
proposed complex functional relationship between GR and HSF1 may underlie the

observed correlation between GR and Hsp90 expression levels.

The Hsp90-based chaperone heterocomplexes of corticosteroid receptors
include one of the two Hsp90-binding immunophilin co-chaperones, FKBP51 or
FKBP52, the functional exchange of which has been demonstrated for both GR
(Davies et al., 2002) and MR (Gallo et al,, 2007). FKBP52 is regarded as a positive
regulator of GR, but does not affect the functions of MR, while FKBP51 impairs
nuclear localization of both the receptors (Wochnik et al., 2005; Gallo et al., 2007).
Besides, FKBP51 expression is induced by glucocorticoids as a part of an
intracellular ultra-short feedback loop regulating GR activity (Vermeer et al,
2003). Functional and genetic variations of FKBP51 are thought to be a major risk
factor for development of PTSD (Binder et al., 2008; Xie et al., 2010). The fact that
FKBP51 and FKBP52 are Hsp90 co-chaperones associated with both corticosteroid
receptors, may explain our finding that both GR and MR expression levels correlate

with Hsp90 level.

On the other hand, the differences between GR and MR in respect to their
correlation with Hsp70 may stem from a dissimilar interaction of the two
receptors with Bag-1, a co-chaperone of Hsp70, which has been reported to inhibit
DNA-binding and transactivation functions of GR in an isoform-specific manner,
while leaving the activity of MR unaffected (Schneikert et al., 1999; Crocoll et al,
2000). Further investigation is necessary in order to learn whether different
functional relationships of GR and MR with this Hsp70 co-chaperone may result in
different relations between the two receptors expression levels with the level of

Hsp70.

The results of the present study demonstrate that the association of GR and
Hsp90 expression levels was affected by exposure to war trauma, since the

correlation coefficients between GR and Hsp90 concentrations in the lymphocytes
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from the three trauma-exposed groups of participants were significantly higher
than in the group of non-traumatized healthy controls. The correlation between
MR and Hsp70 concentrations, on the other hand, was found to depend on the
presence of PTSD symptoms, since the correlation coefficient in the current PTSD
group was significantly lower in comparison to that in the trauma control group.
These results imply that war trauma and symptoms of PTSD may affect the
relations between GR and MR expression levels, on one hand, and Hsp90 and
Hsp70 levels, on the other, without affecting the expression levels of the studied
proteins, the GR being the only exception (Mati¢ et al., 2013). The changes in these
relations may reflect the changes in the interactions of the corticosteroid receptors
with the HSP chaperones. Knowing that corticosteroid receptor heterocomplexes
are dynamic structures, the composition of which changes under different
conditions (Edwards et al., 1992; Cvoro et al,, 1998; Brkljaci¢ et al., 2004) and that
chaperones are important factors controlling the activity of corticosteroid
receptors (Pratt & Toft, 1997a; Galigniana et al, 2004; Grad & Picard, 2007;
Galigniana et al.,, 2010), one can propose that changes of these interactions would,

consequently, lead to alterations of the receptors functional activity.

The notable strengths of the current study include relatively large sample
size, the uniformity of the study groups in respect to gender, age, ethnicity, types of
experienced traumatic events and educational level, as well as the detailed
assessment of PTSD and precise classification of the participants into the four
groups by experienced specialists. These advantages, encourage us to propose that
the results presented herein provide reliable arguments that further research
regarding the role of corticosteroid receptors in pathogenesis of PTSD should be
focused at the interaction of these receptors with their chaperones and

co-chaperones.

5.3.2 Extracellular heat shock proteins

PTSD is not a normative response to extreme stressors, since only a subset of

people exposed to severe trauma go onto develop the disorder. That was the
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reason why PTSD has recently been reconceptualized as a disorder of stress
response systems - HPA and SAM axes, leading to maladaptive responses and a
failure to cope with the stressor (Yehuda, 2009). Based on such a concept and
given that neuroendocrine systems are known to regulate immune functions, it is
reasonable to predict that patients with PTSD may show immune changes. Namely,
both glucocorticoids and catecholamines exert powerful effects on the immune
system, explaining numerous findings that suggested changes in inflammatory
function of the immune system in patients with PTSD. Moreover, these patients are
known to have increased rates of comorbidity with somatic disorders that involve
immune and inflammatory processes. Therefore, it is of interest to explore possible
mechanisms by which changes of the neuroendocrine system may be related to

immune alterations and medical comorbidities of PTSD.

On the basis of the data demonstrating low levels of cortisol and high levels
of inflammatory markers in association with PTSD, it has been hypothesized that
excessive inflammation in individuals with PTSD might be a consequence of
insufficient immunosuppression by cortisol. However, the data on cortisol levels
and cortisol receptor functioning in PTSD patients are inconsistent, and most
studies, including our own, have not presented evidence for cortisol decline
(Meewisse et al., 2007) or for its receptor functional impairment (Yehuda et al,

1995a; Yehuda et al,, 2004b; Vidovic et al., 2007) associated with the disorder.

In the present study we investigated possible role of HSPs in the relationship
between PTSD and inflammation. We hypothesized that alterations in
inflammatory status related to trauma and/or PTSD might be a consequence of
Hsp70 and Hsp60 induction and release by psychological trauma. To test this
hypothesis, we examined circulatory levels of Hsp70 and Hsp60 in patients with
current PTSD and with life-time PTSD, in traumatized individuals without PTSD

and in healthy subjects.

Until recently, HSPs have mostly been regarded as intracellular molecules
that mediate a range of essential housekeeping and cytoprotective functions. The
usual view of eukaryotic HSPs is that they are intracellular molecules that are

released from necrotic, but not apoptotic cells, and that their release into (and
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presence in) the extracellular environment indicates non-physiological tissue
damage and therefore induces a range of proinflammatory responses. Findings
from several studies are consistent with this idea. Human Hsp60 induces the
expression of the adhesion molecules E-selectin, [CAM-1 and VCAM-1 on vascular
endothelial cells, and the secretion of interleukin-6 from vascular endothelial cells,
smooth muscle cells and macrophages (Kol et al., 1999; Kol et al, 2000). The
intracellular localization of eukaryotic HSPs in healthy circumstances, the typical
release of HSPs from infectious agents and the capacity of both human and
bacterial HSPs to elicit innate and adaptive proinflammatory responses seem to be
consistent with the proposed role for these proteins as links between pathogenic
processes involving necrotic cell death, and the induction of innate and adaptive

immunity.

However, further evidence suggests an alternative to this point of view.
Interest in the role of HSPs as intercellular signalling molecules has been fuelled by
the observations that these molecules can be released and are present in the
extracellular environment under physiological conditions. They can be released
from some viable (non-necrotic) mammalian cell types, including cultured rat
embryo cells (Hightower & Guidon, 1989), human islet cells (Child et al., 1995), rat
glial cells and a human neuroblastoma cell line (Bassan et al., 1998) and cultured
vascular smooth muscle cells exposed to oxidative stress (Liao et al., 2000). These
findings have profound implications for the perceived role of these proteins as
exclusively proinflammatory intercellular signalling molecules and danger signals.
They can elicit cytokine production and adhesion molecule expression in a range of
cell types, and they can deliver maturation signals and peptides to antigen
presenting cells through receptor-mediated interactions. These functions suggest
that HSPs could be immunoregulatory agents with potent and widely-applicable

therapeutic uses.

The two HSPs examined in our study, Hsp60 and Hsp70, are present in the
peripheral circulation of healthy individuals (Pockley et al.,, 1998; Pockley et al,,
1999; Pockley et al., 2000; Xu et al., 2000; Rea et al,, 2001; Lewthwaite et al., 2002;

Pockley et al,, 2002). There is growing evidence that these two extracellular HSPs
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are capable of activating pro-inflammatory responses, which can exacerbate
diseases, such as atherosclerosis (Camici, 2002; Pockley et al., 2003) and coronary
heart disease (Pockley et al, 2000; Zebrack & Anderson, 2002), but can also act
beneficially, to facilitate recovery from bacterial infection (Campisi et al, 2002).
Psychological stressors have been shown to increase both intracellular and
circulating levels of HSPs (Lewthwaite et al, 2002; Fleshner et al, 2004), thus
contributing to development of coronary heart disease. Therefore, there was a
rationale for a belief that eHsp60 and eHsp70 levels might be increased in patients

with PTSD.

When we determined plasma levels of constitutive and inducible isoforms of
Hsp70, as well as the level of Hsp60 in current and life-time PTSD patients,
traumatized non-PTSD subjects and healthy controls, it was found that the four
study groups did not differ in regard to plasma levels of the examined HSPs. The
lack of between-group differences in the plasma level of HSPs might be possibly
explained by a long time period elapsed between trauma exposure and
recruitment for the study (minimum 6, maximum 16 years), since HSPs induction
and release might serve to modulate proinflammatory response only in the early
aftermath of trauma. Furthermore, serum Hsp60 and Hsp70s levels were not
correlated with a range of measures including age, number of traumatic events,
score on CAPS PTSD scale, score on BDI depression scale and markers of
inflammation, such as CRP, sedimentation and number of leukocytes per ml blood.
In addition, no associations were found between eHsp60 or eHsp70s and
cardiovascular risk factors, including body mass index, blood pressure, smoking
status, body composition, triglycerides, HDL, LDL and total cholesterol, blood
glucose and insulin concentration, HOMA index and plasma leptin level.
Interestingly, we did not observe the correlation between the intracellular and
extracellular levels of Hsp60 or Hsp70s, a result speaking in favor of the possibility

that HSPs release from the cells is a regulated process.
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5.4 Inflammatory markers

The immune system is well regulated; however, psychological stress can
exert an excessive demand on regulatory functions, particularly if the stressor is
excessive or prolonged, resulting in risk for excessive inflammation (Fries et al.,
2005). Indeed, current studies have reported immune function alterations in
individuals with PTSD, but the data are inconclusive, leading to an insufficient
understanding of the nature of immune function alterations in PTSD. Some studies
provided evidence for association of chronic PTSD with excessive inflammation,
but this finding is not universal and the nature of immune function alterations in

individuals with PTSD remains to be determined.

The immune and neuroendocrine systems are closely related.
Neuroendocrine systems are known to regulate immune function, while, on the
other hand, immune alterations are thought to play a central role in the
pathophysiology of neuropsychiatric disorders. Therefore, it is reasonable to
predict that patients with PTSD may show immune changes and that immune
system plays a role in the pathophysiology of PTSD and in medical illnesses found
along with PTSD. Furthermore, because glucocorticoids are well known for their
antiinflammatory effects, it is reasonable to theorize that reduced circulating
concentrations of cortisol seen in some patients with PTSD may be responsible for
increased inflammation in the same individuals. However, studies directly relating
cortisol and inflammatory markers in PTSD are scarce. Attenuated cortisol
responses have been associated with enhanced IL-6 and IL-1 beta responses to
stress in healthy individuals (Kunz-Ebrecht et al, 2003), suggesting that low
circulating concentrations of cortisol may foster a hyperinflammatory state,

especially in the context of stress.

In the present study no alterations in the plasma cortisol level were observed
in association with trauma-exposure or PTSD, since the basal cortisol level,
calculated as a mean from thirteen nocturnal measurements, did not differ
between trauma-exposed men with or without PTSD and corresponding

non-traumatized, healthy controls. Besides, in order to inspect direct relation
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between cortisol level and inflammatory status in the four groups of participants,
we performed determination of general inflammatory markers, such as plasma
CRP level, erythrocyte sedimentation rate and leukocyte count. No between-group
differences in these inflammatory parameters were observed, demonstrating that
general inflammatory status of current and life-time PTSD patients and
trauma-exposed non-PTSD subjects was indistinguishable from that of
non-traumatized healthy participants. Furthermore, correlation analyses revealed
no associations between cortisol level and any of the examined inflamatory
markers. Since low grade inflammation might not be noticable at the level of
general inflammatory markers, such as CRP, erythrocyte sedimentation rate and
leukocyte count, we continued with more detailed studies on inflammatory
functions of the immune system and more deeply examined the relations between
cortisol signalling and inflammatory response to trauma. In the present study we
measured plasma levels of multiple pro-inflammatory and anti-inflammatory
cytokines in order to unravel possible PTSD- or trauma-related alterations in
inflammatory functions of the immune system and to correlate various cytokine

levels with cortisol signaling parameters.

The results of our study showed the highest plasma levels of all examined
cytokines in the participants belonging to healthy control group in comparison to
other study groups, implying that trauma-exposure and PTSD could rather be
linked to immunosuppression than to enhanced inflammation. Precisely, cytokines
such as TNF-a, IL-6, IL-12p70, IL-2 and IL-8 were present at significantly lower
levels in the plasma from the three groups of trauma-exposed subjects (current
PTSD, life-time PTSD and trauma controls) as compared to healthy controls,
meaning that the level of these pro-inflammatory cytokines might be connected
with trauma-exposure rather than with the presence of current or life-time PTSD
symptoms. On the other hand, the levels of IFN-y, IL-5, IL-4 and anti-inflammatory
cytokine IL-10 were significantly lower in current PTSD and life-time PTSD groups
than in trauma and/or healthy control groups, suggesting that the level of these
cytokines could be related to PTSD pathology rather than to trauma-exposure.

Interestingly, the correlation analyses revealed that, in general, plasma cortisol
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level is not associated with the levels of the cytokines. The only exception in the
healthy control group was IL-12p70, the level of which was significantly correlated
with basal cortisol level. In the current PTSD group, basal cortisol level was related
only to the levels of IL-4 and IL-5, and in the trauma control group it correlated

with the levels of IL-12p70, IL-8 and IL-6.

The explanation for the lack of correlation between cytokine and cortisol
levels might be found in the fact that the actions of hormones can not be
determined solely as a function of circulating concentrations. Instead, hormone
effects also depend on tissue sensitivity, which is determined by the corresponding
receptor number and functional status. PTSD patients have been found to exhibit
altered glucocorticoid sensitivity in both endocrine tissues and immune cells
(Yehuda et al.,, 2004b; Yehuda et al., 2004c; de Kloet et al., 2007). In addition, some
studies suggest that GR number per cell may be increased in immune cells (Yehuda
etal, 1991; Yehuda, 2009) and our present study shows that current and life-time
PTSD patients, in comparison to trauma controls, display an increased level of GR
expression in peripheral lymphocytes. Assuming that patients with PTSD exhibit
enhanced glucocorticoid sensitivity, both in the central nervous system and in
peripheral (immune) tissues, it can be expected that they should have ‘“normal”
concentrations of circulating inflammatory markers, even when cortisol level is
low. One may even predict that patients with PTSD would have even reduced

inflammatory markers, as observed in our study.

Nevertheless, multiple studies suggest that PTSD involves enhanced
inflammatory activation. How can this apparent paradox be explained? First, it is
possible that enhanced inflammation in patients with PTSD may not be the direct
result of low circulating concentrations of cortisol. Instead, increased inflammation
may be driven by enhanced SAM system activity found in PTSD patients. Increased
sympathetic activity in patients with PTSD could be secondary to reduced cortisol,
especially in the context of stress challenge (Yehuda, 2009). Increased SAM system
activity may then enhance the activity of inflammatory pathways, including NF-xB
(Bierhaus et al, 2003). With this possibility, low circulating concentrations of

cortisol would indirectly influence inflammatory function via the SAM system.
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Second, it also may be possible that the low circulating concentrations of cortisol
found in a portion of patients with PTSD may fall below critical thresholds needed
to maintain normal inflammatory function, even in the presence of enhanced
glucocorticoid sensitivity. If this hypothesis is correct, inflammatory excess in
these patients should respond rapidly to glucocorticoid therapy without altering
SAM system activity. It is also important to point out that inflammatory alterations
in patients with PTSD may develop independently of cortisol levels, a possibility
corroborated by our findings that plasma levels of most cytokines are not
correlated with cortisol levels in healthy, non-traumatized individuals as well as in
trauma-exposed men with and without PTSD. An important issue connected with
inflammatory status of trauma-exposed individuals with and without PTSD, which
remains to be further explored, is that increased inflammation may be a
pre-existing risk factor that results from personality traits or genetic factors. If
reduced cortisol is not involved, or if patients with PTSD have normal circulating
concentrations of cortisol (Meewisse et al, 2007), it is possible that enhanced
glucocorticoid sensitivity of immune cells may be unable to overcome this

inflammation.

Corticosteroids are the most effective anti-inflammatory therapy for many
chronic inflammatory diseases, such as asthma, rheumatoid arthritis and
inflammatory bowel disease, but are relatively ineffective in other diseases, such as
chronic obstructive pulmonary disease. Chronic inflammation involves the
infiltration and activation of many inflammatory and immune cells, which release
inflammatory mediators that interact and activate structural cells at the site of
inflammation. Different inflammatory diseases involve different cells and
mediators (Barnes et al,, 1998), but common to all of them is increased expression
of multiple inflammatory proteins, which are regulated at the level of gene
transcription by proinflammatory transcription factors, such as NF-kB and AP-1. It
is now believed that chromatin remodeling plays a critical role in the
transcriptional control of inflammatory genes. Stimuli that switch these genes on
act by changing the chromatin structure of the genes, whereas corticosteroids

reverse this process mainly by binding of liganded GR to coactivators and
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recruitment of histone deacetylase-2 (HDAC2) to the activated transcription

complex (Barnes, 2006).

Anti-inflammatory actions of glucocorticoids are typically mediated by pro-
inflammatory transcription factors, such as NF-xB and AP-1 (Adcock & Caramori,
2001). Several models exist to explain the glucocorticoid-induced repression of
AP-1 and NF-«xB signaling. In the direct-interaction model, GR and AP-1 interact
and prevent binding of each other to their response elements (Wargnier et al,,
1998). In the competition model, GR and AP-1 compete with one another for
binding to their overlapping response elements, while in the co-activator
competition model, GR competes with NF-kB and/or AP-1 for binding to cyclic
AMP-responsive element-binding protein (CBP), which is present in the cell in
limiting amounts (Kamei et al., 1996; Sheppard et al., 1998). Furthermore, the
GR-mediated repression of trans-activation by the p65 subunit of NF-xB is
increased in the presence of CBP, suggesting that CBP functions as an integrator of
the NF-kB/GR cross-talk (McKay & Cidlowski, 2000). In the histone
acetyltransferase (HAT) inhibition model, GR binding to CBP inhibits recruitment
of CBP by DNA-bound p65, reducing the HAT activity of the complex (Adcock &
Caramori, 2001). Yet another possibility is an up-regulation of the inhibitor of NF-
kB action (I-xB) in response to glucocorticoids (Deroo & Archer, 2001). However,
recent results showing that dimerization-impaired GR DNA-binding domain is
capable of DNA-binding (Adams et al., 2003) and up-regulation of GRE-dependent
genes (Rogatsky et al, 2003) have shed some doubts on whether the anti-

inflammatory actions of glucocorticoids are indeed independent of DNA-binding.

An important observation in the present study is that life-time PTSD subjects
demonstrated the lowest level of analyzed cytokines compared to all other groups,
thus particularly underlying the role of attenuated inflammatory response in th e
recovery from PTSD. It is noteworthy that IFN-y is the only cytokine that is
decreased in the life-time PTSD patients, compared to healthy controls, whereas it
was not changed in other two groups (current PTSD and trauma control). The
decrease of IFN-y in the life-time PTSD group could be a consequence of the most

prominent decrease of IL-12p70 observed in the same group compared to all other
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groups, since this cytokine acts as a potent inducer of [FN-y production. Besides,
this finding points to IFN-y and IL-12p70 as the cytokines with possibly important

roles in recovery from PTSD.

Since net effects of inflammatory response are determined by the balance
between proinflammatory and anti-inflammatory cytokines, we analyzed the level
of anti-inflammatory cytokine IL-10. The level of IL-10 was decreased in the
groups of current PTSD and life-time PTSD patients, compared to healthy controls,
while trauma controls were not significantly different from healthy controls. This
result, in the light of the observed decrement of proinflammatory cytokines TNF-q,
IL-6, IL-12p70, IL-2 and IL-8 in the three groups of trauma-exposed subjects,
makes a difference between patients with PTSD and trauma controls in the overall

balance between pro- and anti-inflammatory cytokines.

As yet, there is insufficient information to provide answers about the immune
system contribution to PTSD vulnerability or progression. Additional research is
needed, which hopefully will uncover physiologic mechanisms, thus providing
opportunities for new pharmaceuticals or novel treatment approaches (Silverman

& Sternberg; von Kanel et al,, 2008; Alten et al.,, 2010).
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6. Conclusions

Basal plasma cortisol level alterations are not associated with trauma
exposure, current or life-time PTSD symptoms, resilience to PTSD,

vulnerability to PTSD or with remission of the disorder.

Hypersensitivity of HPA axis to cortisol might be a biological correlate of

vulnerability to PTSD.

Vulnerability to PTSD is characterized by increased level of GR expression in

PBMCs.

War trauma-exposure, symptoms of PTSD, vulnerability or resilience to PTSD
and remission of the disorder are not associated with the changes in MR level

or in MR/GR balance in PBMCs.

The levels of expression of HSPs (Hsp90, Hsp70, Hsp72 and Hsp60) do not
vary between current PTSD, life-time PTSD, trauma control and healthy

control groups of subjects.

MR level in peripheral lymphocytes is correlated with the levels of both
Hsp90 and Hsp70, while the GR level is correlated only with that of Hsp90.

Current PTSD is related to the strength of correlation between the levels of
MR and Hsp70, while war trauma-exposure may improve correlation

between the levels of GR and Hsp90 in peripheral lymphocytes.

Subjects belonging to current PTSD, life-time PTSD, trauma control and
healthy control groups do not differ in respect to blood plasma levels of
Hsp60 and constitutive and inducible isoforms of Hsp70. Thus, the
extracellular levels of these HSPs can not be related to war trauma-exposure,
symptoms of PTSD, vulnerability or resilience to PTSD and remission of the

disorder.

Judging by the level of general inflammatory markers (CRP, erythrocytes

sedimentation rate, leukocyte count), inflammatory status of the patients with
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10.

11.

12.

13.

current or life-time PTSD is similar to that of traumatized non-PTSD subjects and

non-taumatized healthy controls.

The highest levels of pro-inflammatory cytokines (TNF-q, IL-6, IL-12p70, IL-2, IL-8,
IFN-y, IL-5, IL-4) and anti-inflammatory cytokine (IL-10) were observed in the blood
plasma from participants belonging to healthy control group in comparison to other
study groups, implying that trauma-exposure and PTSD could rather be linked to

immunosuppression than to enhanced inflammation.

Cytokines such as TNF-q, IL-6, IL-12p70, IL-2 and IL-8 were present at significantly
lower levels in the plasma from the three groups of trauma-exposed subjects
(current PTSD, life-time PTSD and trauma controls) as compared to healthy controls,
meaning that the level of these pro-inflammatory cytokines might be connected with
trauma-exposure rather than with the presence of current or life-time PTSD

symptoms.

The levels of IFN-y, IL-5, IL-4 and IL-10 were significantly lower in current PTSD and
life-time PTSD groups than in trauma and healthy control groups, suggesting that
the level of these cytokines could be related to vulnerability to PTSD rather than to

trauma-exposure.

In general, plasma cortisol level is not associated with the levels of the cytokines.
The exceptions are IL-12p70 in the healthy control group, IL-4 and IL-5 in the
current PTSD group, and IL-12p70, IL-8 and IL-6 in the trauma control group.

100



7. References

Aardal-Eriksson E, Eriksson TE & Thorell LH (2001) Salivary -cortisol,
posttraumatic stress symptoms, and general health in the acute phase and
during 9-month follow-up. Biol Psychiatry 50, 986-993.

Adams M, Meijer OC, Wang ], Bhargava A & Pearce D (2003) Homodimerization of
the glucocorticoid receptor is not essential for response element binding:
activation of the phenylethanolamine N-methyltransferase gene by
dimerization-defective mutants. Mol Endocrinol 17, 2583-2592.

Adcock IM & Caramori G (2001) Cross-talk between pro-inflammatory
transcription factors and glucocorticoids. Immunol Cell Biol 79, 376-384.

Alten R, Doring G, Cutolo M, Gromnica-lhle E, Witte S, Straub R & Buttgereit F
(2010) Hypothalamus-pituitary-adrenal axis function in patients with

rheumatoid arthritis treated with nighttime-release prednisone. |
Rheumatol 37, 2025-2031.

Arnold-Schild D, Hanau D, Spehner D, Schmid C, Rammensee HG, de la Salle H &
Schild H (1999) Cutting edge: receptor-mediated endocytosis of heat shock
proteins by professional antigen-presenting cells. ] Immunol 162, 3757-
3760.

Arriza JL, Weinberger C, Cerelli G, Glaser TM, Handelin BL, Housman DE & Evans
RM (1987) Cloning of human mineralocorticoid receptor complementary
DNA: structural and functional kinship with the glucocorticoid receptor.
Science 237, 268-275.

Asea A, Kabingu E, Stevenson MA & Calderwood SK (2000a) HSP70
peptidembearing and peptide-negative preparations act as chaperokines.
Cell Stress Chaperones 5, 425-431.

Asea A, Kraeft SK, Kurt-Jones EA, Stevenson MA, Chen LB, Finberg RW, Koo GC &
Calderwood SK (2000b) HSP70 stimulates cytokine production through a
CD14-dependant pathway, demonstrating its dual role as a chaperone and
cytokine. Nat Med 6, 435-442.

Asea A, Rehli M, Kabingu E, Boch JA, Bare O, Auron PE, Stevenson MA &
Calderwood SK (2002) Novel signal transduction pathway utilized by
extracellular HSP70: role of toll-like receptor (TLR) 2 and TLR4. ] Biol Chem
277,15028-15034.

101



REFERENCES

Atmaca M, Kuloglu M, Tezcan E, Onal S & Ustundag B (2002) Neopterin levels and
dexamethasone suppression test in posttraumatic stress disorder. Eur Arch
Psychiatry Clin Neurosci 252, 161-165.

Baker DG, Ekhator NN, Kasckow JW, Hill KK, Zoumakis E, Dashevsky BA, Chrousos
GP & Geracioti TD, Jr. (2001) Plasma and cerebrospinal fluid interleukin-6
concentrations in posttraumatic stress disorder. Neuroimmunomodulation
9,209-217.

Baker DG, West SA, Nicholson WE, Ekhator NN, Kasckow JW, Hill KK, Bruce AB,
Orth DN & Geracioti TD, Jr. (1999) Serial CSF corticotropin-releasing
hormone levels and adrenocortical activity in combat veterans with
posttraumatic stress disorder. Am J Psychiatry 156, 585-588.

Baraldi PG, Di Virgilio F & Romagnoli R (2004) Agonists and antagonists acting at
P2X7 receptor. Curr Top Med Chem 4,1707-1717.

Barnes PJ (2006) How corticosteroids control inflammation: Quintiles Prize
Lecture 2005. Br ] Pharmacol 148, 245-254.

Barnes PJ, Chung KF & Page CP (1998) Inflammatory mediators of asthma: an
update. Pharmacol Rev 50, 515-596.

Barone FC, Arvin B, White RF, Miller A, Webb CL, Willette RN, Lysko PG &
Feuerstein GZ (1997) Tumor necrosis factor-alpha. A mediator of focal
ischemic brain injury. Stroke 28, 1233-1244.

Bassan M, Zamostiano R, Giladi E, Davidson A, Wollman Y, Pitman ], Hauser ],
Brenneman DE & Gozes [ (1998) The identification of secreted heat shock
60 -like protein from rat glial cells and a human neuroblastoma cell line.
Neurosci Lett 250, 37-40.

Basu S, Binder R], Ramalingam T & Srivastava PK (2001) CD91 is a common
receptor for heat shock proteins gp96, hsp90, hsp70, and calreticulin.
Immunity 14, 303-313.

Beato M, Chavez S & Truss M (1996) Transcriptional regulation by steroid
hormones. Steroids 61, 240-251.

Beck AT, Brown, G.K., Steer, RA. (1996) Beck Depression Inventory, Second
Edition. Psychological Corporation, San Antonio, TX.

Bedi US & Arora R (2007) Cardiovascular manifestations of posttraumatic stress
disorder. ] Natl Med Assoc 99, 642-649.

102



REFERENCES

Benedek DM, Fullerton C & Ursano R] (2007) First responders: mental health
consequences of natural and human-made disasters for public health and
public safety workers. Annu Rev Public Health 28, 55-68.

Bierhaus A, Wolf ], Andrassy M, Rohleder N, Humpert PM, Petrov D, Ferstl R, von
Eynatten M, Wendt T, Rudofsky G, Joswig M, Morcos M, Schwaninger M,
McEwen B, Kirschbaum C & Nawroth PP (2003) A mechanism converting
psychosocial stress into mononuclear cell activation. Proc Natl Acad Sci U S
A100,1920-1925.

Binder EB, Bradley RG, Liu W, Epstein MP, Deveau TC, Mercer KB, Tang Y, Gillespie
CF, Heim CM, Nemeroff CB, Schwartz AC, Cubells JF & Ressler K] (2008)
Association of FKBP5 polymorphisms and childhood abuse with risk of
posttraumatic stress disorder symptoms in adults. JAMA 299, 1291-1305.

Binder R], Han DK & Srivastava PK (2000) CD91: a receptor for heat shock protein
gp96. Nat Immunol 1, 151-155.

Blake DD, Weathers FW, Nagy LM, Kaloupek DG, Gusman FD, Charney DS & Keane
TM (1996) C(linician Administered PTSD Scale for DSM-1V: Current and
Lifetime Diagnostic Version. Boston: National Centre for Posttraumatic
Stress Disorder.

Bocci V (1988) Central nervous system toxicity of interferons and other cytokines.
J Biol Regul Homeost Agents 2, 107-118.

Bonne O, Bain E, Neumeister A, Nugent AC, Vythilingam M, Carson RE,
Luckenbaugh DA, Eckelman W, Herscovitch P, Drevets WC & Charney DS
(2005) No change in serotonin type 1A receptor binding in patients with
posttraumatic stress disorder. Am J Psychiatry 162, 383-385.

Boscarino JA (1996) Posttraumatic stress disorder, exposure to combat, and lower
plasma cortisol among Vietnam veterans: findings and clinical implications.
J Consult Clin Psychol 64, 191-201.

Boscarino JA (2004) Posttraumatic stress disorder and physical illness: results
from clinical and epidemiologic studies. Ann N Y Acad Sci 1032, 141-153.

Boscarino JA (2008) A prospective study of PTSD and early-age heart disease
mortality among Vietnam veterans: implications for surveillance and
prevention. Psychosom Med 70, 668-676.

103



REFERENCES

Boscarino JA & Chang ] (1999) Higher abnormal leukocyte and lymphocyte counts
20 years after exposure to severe stress: research and clinical implications.
Psychosom Med 61, 378-386.

Boscarino JA, Erlich PM, Hoffman SN, Rukstalis M & Stewart WF (2011) Association
of FKBP5, COMT and CHRNA5 polymorphisms with PTSD among
outpatients at risk for PTSD. Psychiatry Res 188, 173-174.

Boscarino JA, Forsberg CW & Goldberg ] (2010) A twin study of the association
between PTSD symptoms and rheumatoid arthritis. Psychosom Med 72,
481-486.

Boscarino JA, Kirchner HL, Hoffman SN, Sartorius ], Adams RE & Figley CR (2012)
Predicting Future PTSD using a Modified New York Risk Score: Implications
for Patient Screening and Management. Minerva Psichiatr 53, 47-59.

Bremner ]D, Licinio ], Darnell A, Krystal JH, Owens M], Southwick SM, Nemeroff CB
& Charney DS (1997) Elevated CSF corticotropin-releasing factor
concentrations in posttraumatic stress disorder. Am | Psychiatry 154, 624-
629.

Brkljaci¢ ], Milutinovi¢ DV, Dundjerski ] & Mati¢ G (2004) Mercury stimulates rat
liver glucocorticoid receptor association with Hsp90 and Hsp70. J Biochem
Mol Toxicol 18, 257-260.

Buchner ] (1996) Supervising the fold: functional principles of molecular
chaperones. FASEB ] 10, 10-19.

Bukau B, Weissman ] & Horwich A (2006) Molecular chaperones and protein
quality control. Cell 125, 443-451.

Calderwood SK, Mambula SS, Gray PJ, Jr. & Theriault JR (2007) Extracellular heat
shock proteins in cell signaling. FEBS Lett 581, 3689-3694.

Calderwood SK, Theriault JR & Gong ] (2005) Message in a bottle: role of the 70-
kDa heat shock protein family in anti-tumor immunity. Eur ] Immunol 35,
2518-2527.

Camici M (2002) C-reactive protein, atherosclerosis and cardiovascular disease. An
update. Minerva Cardioangiol 50, 327-331.

Campisi ] & Fleshner M (2003) Role of extracellular HSP72 in acute stress-induced
potentiation of innate immunity in active rats. ] Appl Physiol 94, 43-52.

104



REFERENCES

Campisi ], Leem TH & Fleshner M (2002) Acute stress decreases inflammation at
the site of infection. A role for nitric oxide. Physiol Behav 77, 291-299.

Carroll BJ, Feinberg M, Greden JF, Tarika ], Albala AA, Haskett RF, James NM,
Kronfol Z, Lohr N, Steiner M, de Vigne JP & Young E (1981) A specific
laboratory test for the diagnosis of melancholia. Standardization, validation,
and clinical utility. Arch Gen Psychiatry 38, 15-22.

Chang HC, Nathan DF & Lindquist S (1997) In vivo analysis of the Hsp90
cochaperone Stil (p60). Mol Cell Biol 17, 318-325.

Chen B, Zhong D & Monteiro A (2006) Comparative genomics and evolution of the
HSP90 family of genes across all kingdoms of organisms. BMC Genomics 7,
156.

Child DF, Williams CP, Jones RP, Hudson PR, Jones M & Smith C] (1995) Heat shock
protein studies in type 1 and type 2 diabetes and human islet cell culture.
Diabet Med 12, 595-599.

Christ M, Haseroth K, Falkenstein E & Wehling M (1999) Nongenomic steroid
actions: fact or fantasy? Vitam Horm 57, 325-373.

Clayton A, Turkes A, Navabi H, Mason MD & Tabi Z (2005) Induction of heat shock
proteins in B-cell exosomes. J Cell Sci 118, 3631-3638.

Crocoll A, Schneikert J, Hubner S, Martin E & Cato AC (2000) BAG-1M: a potential
specificity determinant of corticosteroid receptor action. Kidney Int 57,
1265-1269.

Cutforth T & Rubin GM (1994) Mutations in Hsp83 and cdc37 impair signaling by
the sevenless receptor tyrosine kinase in Drosophila. Cell 77, 1027-1036.

Cvoro A, Dundjerski ], Trajkovi¢ D & Mati¢ G (1998) Association of the rat liver
glucocorticoid receptor with Hsp90 and Hsp70 upon whole body
hyperthermic stress. | Steroid Biochem Mol Biol 67, 319-325.

Daniels GA, Sanchez-Perez L, Diaz RM, Kottke T, Thompson ], Lai M, Gough M,
Karim M, Bushell A, Chong H, Melcher A, Harrington K & Vile RG (2004) A
simple method to cure established tumors by inflammatory killing of
normal cells. Nat Biotechnol 22, 1125-1132.

Davies TH, Ning YM & Sanchez ER (2002) A new first step in activation of steroid
receptors: hormone-induced switching of FKBP51 and FKBP52
immunophilins. | Biol Chem 277, 4597-4600.

105



REFERENCES

de Kloet CS, Vermetten E, Bikker A, Meulman E, Geuze E, Kavelaars A, Westenberg
HG & Heijnen CJ (2007) Leukocyte glucocorticoid receptor expression and
immunoregulation in veterans with and without post-traumatic stress
disorder. Mol Psychiatry 12, 443-453.

de Kloet CS, Vermetten E, Geuze E, Kavelaars A, Heijnen C] & Westenberg HG
(2006) Assessment of HPA-axis function in posttraumatic stress disorder:

pharmacological and non-pharmacological challenge tests, a review. ]
Psychiatr Res 40, 550-567.

De Kloet ER, Vreugdenhil E, Oitzl MS & Joels M (1998) Brain corticosteroid
receptor balance in health and disease. Endocr Rev 19, 269-301.

De Maio A (2011) Extracellular heat shock proteins, cellular export vesicles, and
the Stress Observation System: a form of communication during injury,
infection, and cell damage. It is never known how far a controversial finding
will go! Dedicated to Ferruccio Ritossa. Cell Stress Chaperones 16, 235-249.

Delahanty DL, Raimonde A] & Spoonster E (2000) Initial posttraumatic urinary
cortisol levels predict subsequent PTSD symptoms in motor vehicle
accident victims. Biol Psychiatry 48, 940-947.

Deroo BJ] & Archer TK (2001) Glucocorticoid receptor activation of the I kappa B
alpha promoter within chromatin. Mol Biol Cell 12, 3365-3374.

Dey B, Caplan A] & Boschelli F (1996) The Ydj1 molecular chaperone facilitates
formation of active p60v-src in yeast. Mol Biol Cell 7, 91-100.

Dimitrov S, Lange T, Fehm HL & Born ] (2004) A regulatory role of prolactin,
growth hormone, and corticosteroids for human T-cell production of
cytokines. Brain Behav Immun 18, 368-374.

Eckart C, Engler H, Riether C, Kolassa S, Elbert T & Kolassa IT (2009) No PTSD-
related differences in diurnal cortisol profiles of genocide survivors.
Psychoneuroendocrinology 34, 523-531.

Edwards DP, Estes PA, Fadok VA, Bona BJ, Onate S, Nordeen SK & Welch W] (1992)
Heat shock alters the composition of heteromeric steroid receptor
complexes and enhances receptor activity in vivo. Biochemistry 31, 2482-
2491.

Ehring T, Ehlers A, Cleare A] & Glucksman E (2008) Do acute psychological and
psychobiological responses to trauma predict subsequent symptom
severities of PTSD and depression? Psychiatry Res 161, 67-75.

106



REFERENCES

Febbraio MA, Ott P, Nielsen HB, Steensberg A, Keller C, Krustrup P, Secher NH &
Pedersen BK (2002) Exercise induces hepatosplanchnic release of heat
shock protein 72 in humans. J/ Physiol 544, 957-962.

Feder ME & Hofmann GE (1999) Heat-shock proteins, molecular chaperones, and
the stress response: evolutionary and ecological physiology. Annu Rev
Physiol 61, 243-282.

Fleshner M, Campisi J, Amiri L & Diamond DM (2004) Cat exposure induces both
intra- and extracellular Hsp72: the role of adrenal hormones.
Psychoneuroendocrinology 29, 1142-1152.

Fleshner M & Johnson JD (2005) Endogenous extra-cellular heat shock protein 72:
releasing signal(s) and function. Int | Hyperthermia 21, 457-471.

Fries E, Hesse ], Hellhammer ] & Hellhammer DH (2005) A new view on
hypocortisolism. Psychoneuroendocrinology 30, 1010-1016.

Fullerton CS, Ursano R] & Wang L (2004) Acute stress disorder, posttraumatic
stress disorder, and depression in disaster or rescue workers. Am J
Psychiatry 161, 1370-1376.

Galdiero M, de I'Ero GC & Marcatili A (1997) Cytokine and adhesion molecule
expression in human monocytes and endothelial cells stimulated with
bacterial heat shock proteins. Infect Immun 65, 699-707.

Galigniana MD, Erlejman AG, Monte M, Gomez-Sanchez C & Piwien-Pilipuk G
(2010) The hsp90-FKBP52 complex links the mineralocorticoid receptor to
motor proteins and persists bound to the receptor in early nuclear events.
Mol Cell Biol 30, 1285-1298.

Galigniana MD, Erlejman AG, Monte M, Gomez-Sanchez C & Piwien-Pilipuk G
(2012) The hsp90-FKBP52 complex links the mineralocorticoid receptor to
motor proteins and persists bound to the receptor in early nuclear events.
Mol Cell Biol 30, 1285-1298.

Galigniana MD, Piwien Pilipuk G, Kanelakis KC, Burton G & Lantos CP (2004)
Molecular mechanism of activation and nuclear translocation of the
mineralocorticoid receptor upon binding of pregnanesteroids. Mol Cell
Endocrinol 217, 167-179.

Gallo LI, Ghini AA, Piwien Pilipuk G & Galigniana MD (2007) Differential
recruitment of tetratricorpeptide repeat domain immunophilins to the
mineralocorticoid receptor influences both heat-shock protein 90-

107



REFERENCES

dependent retrotransport and hormone-dependent transcriptional activity.
Biochemistry 46, 14044-14057.

Geracioti TD, Jr., Baker DG, Ekhator NN, West SA, Hill KK, Bruce AB, Schmidt D,
Rounds-Kugler B, Yehuda R, Keck PE, Jr. & Kasckow JW (2001) CSF
norepinephrine concentrations in posttraumatic stress disorder. Am ]
Psychiatry 158, 1227-1230.

Geracioti TD, Jr., Baker DG, Kasckow JW, Strawn JR, Jeffrey Mulchahey ], Dashevsky
BA, Horn PS & Ekhator NN (2008) Effects of trauma-related audiovisual
stimulation on cerebrospinal fluid norepinephrine and corticotropin-
releasing hormone concentrations in post-traumatic stress disorder.
Psychoneuroendocrinology 33, 416-424.

Gesing A, Bilang-Bleuel A, Droste SK, Linthorst AC, Holsboer F & Reul JM (2001)
Psychological stress increases hippocampal mineralocorticoid receptor
levels: involvement of corticotropin-releasing hormone. | Neurosci 21,
4822-4829.

Gill J, Luckenbaugh D, Charney D & Vythilingam M (2010) Sustained elevation of
serum interleukin-6 and relative insensitivity to hydrocortisone
differentiates posttraumatic stress disorder with and without depression.
Biol Psychiatry 68, 999-1006.

Gill ], Vythilingam M & Page GG (2008) Low cortisol, high DHEA, and high levels of
stimulated TNF-alpha, and IL-6 in women with PTSD. J Trauma Stress 21,
530-539.

Gill JM, Saligan L, Woods S & Page G (2009) PTSD is associated with an excess of
inflammatory immune activities. Perspect Psychiatr Care 45, 262-277.

Gladkevich A, Kauffman HF & Korf ] (2004) Lymphocytes as a neural probe:
potential for studying psychiatric disorders. Prog Neuropsychopharmacol
Biol Psychiatry 28, 559-576.

Glover DA & Poland RE (2002) Urinary cortisol and catecholamines in mothers of
child cancer survivors with and without PTSD. Psychoneuroendocrinology
27,805-819.

Gotovac K, Sabioncello A, Rabatic S, Berki T & Dekaris D (2003) Flow cytometric
determination of glucocorticoid receptor (GCR) expression in lymphocyte
subpopulations: lower quantity of GCR in patients with post-traumatic
stress disorder (PTSD). Clin Exp Immunol 131, 335-339.

108



REFERENCES

Grad I & Picard D (2007) The glucocorticoid responses are shaped by molecular
chaperones. Mol Cell Endocrinol 275, 2-12.

Griffin MG, Resick PA & Yehuda R (2005) Enhanced cortisol suppression following
dexamethasone administration in domestic violence survivors. Am |
Psychiatry 162, 1192-1199.

Grossman R, Yehuda R, New A, Schmeidler J, Silverman |, Mitropoulou V, Sta Maria
N, Golier ] & Siever L (2003) Dexamethasone suppression test findings in
subjects with personality disorders: associations with posttraumatic stress
disorder and major depression. Am J Psychiatry 160, 1291-1298.

Guo M, Liu T, Guo JC, Jiang XL, Chen F & Gao YS (2012) Study on serum cytokine
levels in posttraumatic stress disorder patients. Asian Pac | Trop Med 5,
323-325.

Guzhova I, Kislyakova K, Moskaliova O, Fridlanskaya I, Tytell M, Cheetham M &
Margulis B (2001) In vitro studies show that Hsp70 can be released by glia
and that exogenous Hsp70 can enhance neuronal stress tolerance. Brain Res
914, 66-73.

Harris AP, Holmes MC, de Kloet ER, Chapman KE & Seckl JR (2012)
Mineralocorticoid and glucocorticoid receptor balance in control of HPA
axis and behaviour. Psychoneuroendocrinology.

Hartl FU (1996) Molecular chaperones in cellular protein folding. Nature 381, 571-
579.

Hartl FU, Bracher A & Hayer-Hartl M (2011) Molecular chaperones in protein
folding and proteostasis. Nature 475, 324-332.

Hartl FU, Hlodan R & Langer T (1994) Molecular chaperones in protein folding: the
art of avoiding sticky situations. Trends Biochem Sci 19, 20-25.

Hauer D, Weis F, Papassotiropoulos A, Schmoeckel M, Beiras-Fernandez A, Lieke ],
Kaufmann I, Kirchhoff F, Vogeser M, Roozendaal B, Briegel ], de Quervain D
& Schelling G (2011) Relationship of a common polymorphism of the
glucocorticoid receptor gene to traumatic memories and posttraumatic
stress disorder in patients after intensive care therapy. Crit Care Med 39,
643-650.

Hauet-Broere F, Wieten L, Guichelaar T, Berlo S, van der Zee R & Van Eden W
(2006) Heat shock proteins induce T cell regulation of chronic
inflammation. Ann Rheum Dis 65 Suppl 3, iii65-68.

109



REFERENCES

Hayer-Hartl MK, Weber F & Hartl FU (1996) Mechanism of chaperonin action:
GroES binding and release can drive GroEL-mediated protein folding in the
absence of ATP hydrolysis. EMBO ] 15,6111-6121.

Heim C, Ehlert U, Hanker JP & Hellhammer DH (1998) Abuse-related posttraumatic
stress disorder and alterations of the hypothalamic-pituitary-adrenal axis in
women with chronic pelvic pain. Psychosom Med 60, 309-318.

Heim C, Mletzko T, Purselle D, Musselman DL & Nemeroff CB (2008) The
dexamethasone/corticotropin-releasing factor test in men with major
depression: role of childhood trauma. Biol Psychiatry 63, 398-405.

Henderson B & Henderson S (2009) Unfolding the relationship between secreted
molecular chaperones and macrophage activation states. Cell Stress
Chaperones 14, 329-341.

Hendrick JP & Hartl FU (1993) Molecular chaperone functions of heat-shock
proteins. Annu Rev Biochem 62, 349-384.

Heppner PS, Crawford EF, Haji UA, Afari N, Hauger RL, Dashevsky BA, Horn PS,
Nunnink SE & Baker DG (2009) The association of posttraumatic stress
disorder and metabolic syndrome: a study of increased health risk in
veterans. BMC Med 7, 1.

Heuser [, Yassouridis A & Holsboer F (1994) The combined dexamethasone/CRH
test: a refined laboratory test for psychiatric disorders. J Psychiatr Res 28,
341-356.

Hightower LE (1991) Heat shock, stress proteins, chaperones, and proteotoxicity.
Cell 66, 191-197.

Hightower LE & Guidon PT, Jr. (1989) Selective release from cultured mammalian
cells of heat-shock (stress) proteins that resemble glia-axon transfer
proteins. J Cell Physiol 138, 257-266.

Holmstrom S, Van Antwerp ME & Iniguez-Lluhi JA (2003) Direct and
distinguishable inhibitory roles for SUMO isoforms in the control of
transcriptional synergy. Proc Natl Acad Sci U S A 100, 15758-15763.

Hoshino K, Takeuchi O, Kawai T, Sanjo H, Ogawa T, Takeda Y, Takeda K & Akira S
(1999) Cutting edge: Toll-like receptor 4 (TLR4)-deficient mice are
hyporesponsive to lipopolysaccharide: evidence for TLR4 as the Lps gene
product. ] Immunol 162, 3749-3752.

110



REFERENCES

Hunt JF, Weaver A], Landry SJ, Gierasch L & Deisenhofer ] (1996) The crystal
structure of the GroES co-chaperonin at 2.8 A resolution. Nature 379, 37-45.

Hunter-Lavin C, Davies EL, Bacelar MM, Marshall MJ, Andrew SM & Williams JH
(2004) Hsp70 release from peripheral blood mononuclear cells. Biochem
Biophys Res Commun 324, 511-517.

Hutchison KA, Scherrer LC, Czar M], Stancato LF, Chow YH, Jove R & Pratt WB
(1993) Regulation of glucocorticoid receptor function through assembly of
a receptor-heat shock protein complex. Ann N Y Acad Sci 684, 35-48.

Ismaili N, Blind R & Garabedian M] (2005) Stabilization of the unliganded
glucocorticoid receptor by TSG101. J Biol Chem 280,11120-11126.

Jakob U & Buchner ] (1994) Assisting spontaneity: the role of Hsp90 and small
Hsps as molecular chaperones. Trends Biochem Sci 19, 205-211.

Jiang L, He L & Fountoulakis M (2004) Comparison of protein precipitation
methods for sample preparation prior to proteomic analysis. ] Chromatogr
A1023,317-320.

Johnson BD, Schumacher R], Ross ED & Toft DO (1998) Hop modulates
Hsp70/Hsp90 interactions in protein folding. ] Biol Chem 273, 3679-3686.

Jones TJ, Li D, Wolf IM, Wadekar SA, Periyasamy S & Sanchez ER (2004)
Enhancement of glucocorticoid receptor-mediated gene expression by
constitutively active heat shock factor 1. Mol Endocrinol 18, 509-520.

Kamei Y, Xu L, Heinzel T, Torchia ], Kurokawa R, Gloss B, Lin SC, Heyman RA, Rose
DW, Glass CK & Rosenfeld MG (1996) A CBP integrator complex mediates
transcriptional activation and AP-1 inhibition by nuclear receptors. Cell 85,
403-414.

Kampinga HH & Craig EA The HSP70 chaperone machinery: J proteins as drivers of
functional specificity. Nat Rev Mol Cell Biol 11, 579-592.

Kawamura N, Kim Y & Asukai N (2001) Suppression of cellular immunity in men
with a past history of posttraumatic stress disorder. Am J Psychiatry 158,
484-486.

Kellner M, Baker DG, Yassouridis A, Bettinger S, Otte C, Naber D & Wiedemann K
(2002) Mineralocorticoid receptor function in patients with posttraumatic
stress disorder. Am J Psychiatry 159, 1938-1940.

111



REFERENCES

Kessler RC, Sonnega A, Bromet E, Hughes M & Nelson CB (1995) Posttraumatic
stress disorder in the National Comorbidity Survey. Arch Gen Psychiatry 52,
1048-1060.

Kibler JL (2009) Posttraumatic stress and cardiovascular disease risk. /] Trauma
Dissociation 10, 135-150.

Kim ], Nueda A, Meng YH, Dynan WS & Mivechi NF (1997) Analysis of the
phosphorylation of human heat shock transcription factor-1 by MAP kinase
family members. J Cell Biochem 67, 43-54.

Kingston AE, Hicks CA, Colston M] & Billingham ME (1996) A 71-kD heat shock
protein (hsp) from Mycobacterium tuberculosis has modulatory effects on
experimental rat arthritis. Clin Exp Immunol 103, 77-82.

Knauf U, Newton EM, Kyriakis ] & Kingston RE (1996) Repression of human heat
shock factor 1 activity at control temperature by phosphorylation. Genes
Dev 10, 2782-2793.

Kol A, Bourcier T, Lichtman AH & Libby P (1999) Chlamydial and human heat
shock protein 60s activate human vascular endothelium, smooth muscle
cells, and macrophages. J Clin Invest 103, 571-577.

Kol A, Lichtman AH, Finberg RW, Libby P & Kurt-Jones EA (2000) Cutting edge:
heat shock protein (HSP) 60 activates the innate immune response: CD14 is
an essential receptor for HSP60 activation of mononuclear cells. ] Immunol
164, 13-17.

Kosten TR, Wahby V, Giller E, Jr. & Mason ] (1990) The dexamethasone
suppression test and thyrotropin-releasing hormone stimulation test in
posttraumatic stress disorder. Biol Psychiatry 28, 657-664.

Kubota H (2009) Quality control against misfolded proteins in the cytosol: a
network for cell survival. ] Biochem 146, 609-616.

Kunz-Ebrecht SR, Mohamed-Ali V, Feldman PJ, Kirschbaum C & Steptoe A (2003)
Cortisol responses to mild psychological stress are inversely associated
with proinflammatory cytokines. Brain Behav Immun 17, 373-383.

La Baer ] & Yamamoto KR (1994) Analysis of the DNA-binding affinity, sequence
specificity and context dependence of the glucocorticoid receptor zinc
finger region. ] Mol Biol 239, 664-688.

112



REFERENCES

Ladd CO, Huot RL, Thrivikraman KV, Nemeroff CB & Plotsky PM (2004) Long-term
adaptations in glucocorticoid receptor and mineralocorticoid receptor
mRNA and negative feedback on the hypothalamo-pituitary-adrenal axis
following neonatal maternal separation. Biol Psychiatry 55, 367-375.

Laemmli UK (1970) Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature 227, 680-685.

Lange W, Wulff H, Berea C, Beblo T, Saavedra AS, Mensebach C, Wingenfeld K &
Driessen M (2005) Dexamethasone suppression test in borderline
personality  disorder--effects of posttraumatic stress disorder.
Psychoneuroendocrinology 30, 919-923.

Le Drean Y, Mincheneau N, Le Goff P & Michel D (2002) Potentiation of
glucocorticoid receptor transcriptional activity by sumoylation.
Endocrinology 143, 3482-3489.

Lemieux AM & Coe CL (1995) Abuse-related posttraumatic stress disorder:
evidence for chronic neuroendocrine activation in women. Psychosom Med
57,105-115.

Lewthwaite J, Owen N, Coates A, Henderson B & Steptoe A (2002) Circulating
human heat shock protein 60 in the plasma of British civil servants:

relationship to physiological and psychosocial stress. Circulation 106, 196-
201.

Liao DF, Jin ZG, Baas AS, Daum G, Gygi SP, Aebersold R & Berk BC (2000)
Purification and identification of secreted oxidative stress-induced factors
from vascular smooth muscle cells. J Biol Chem 275, 189-196.

Liberzon I, Abelson JL, Flagel SB, Raz ] & Young EA (1999) Neuroendocrine and
psychophysiologic responses in PTSD: a symptom provocation study.
Neuropsychopharmacology 21, 40-50.

Lindley SE, Carlson EB & Benoit M (2004) Basal and dexamethasone suppressed
salivary cortisol concentrations in a community sample of patients with
posttraumatic stress disorder. Biol Psychiatry 55, 940-945.

Lindquist S & Craig EA (1988) The heat-shock proteins. Annu Rev Genet 22, 631-
677.

Macario A] & Conway de Macario E (2007) Molecular chaperones: multiple
functions, pathologies, and potential applications. Front Biosci 12, 2588-
2600.

113



REFERENCES

MacKenzie A, Wilson HL, Kiss-Toth E, Dower SK, North RA & Surprenant A (2001)
Rapid secretion of interleukin-1beta by microvesicle shedding. Immunity
15, 825-835.

Maes M, Lin AH, Delmeire L, Van Gastel A, Kenis G, De Jongh R & Bosmans E (1999)
Elevated serum interleukin-6 (IL-6) and IL-6 receptor concentrations in
posttraumatic stress disorder following accidental man-made traumatic
events. Biol Psychiatry 45, 833-839.

Mambula SS & Calderwood SK (2006) Heat induced release of Hsp70 from prostate
carcinoma cells involves both active secretion and passive release from
necrotic cells. Int ] Hyperthermia 22, 575-585.

Mati¢ G, Vojnovi¢ Milutinovi¢ D, Nestorov ], Elakovi¢ I, Manitasevi¢ Jovanovi¢ S,
Perisi¢ T, Dundjerski J, Damjanovi¢ S, KneZevi¢ G, Spiri¢ Z, Vermetten E &
Savi¢ D (2013) Lymphocyte glucocorticoid receptor expression level
and hormone-binding properties differ between war trauma-exposed
men with and without PTSD. Progress in Neuro-psychopharmacology and
Biological Psychiatry 43, 238-245.

Mayer MP & Bukau B (2005) Hsp70 chaperones: cellular functions and molecular
mechanism. Cell Mol Life Sci 62, 670-684.

McFarlane AC, Barton CA, Yehuda R & Wittert G Cortisol response to acute trauma
and risk of posttraumatic stress disorder. Psychoneuroendocrinology 36,
720-727.

McKay LI & Cidlowski JA (2000) CBP (CREB binding protein) integrates NF-kappaB
(nuclear factor-kappaB) and glucocorticoid receptor physical interactions
and antagonism. Mol Endocrinol 14, 1222-1234.

Meewisse ML, Reitsma ]B, de Vries GJ, Gersons BP & Olff M (2007) Cortisol and
post-traumatic stress disorder in adults: systematic review and meta-
analysis. Br ] Psychiatry 191, 387-392.

Morano KA & Thiele D] (1999) Heat shock factor function and regulation in
response to cellular stress, growth, and differentiation signals. Gene Expr 7,
271-282.

Morimoto RI, Jurivich DA & Kroger PE (1994) Regulation of heat shock gene
transcription by a family of heat shock factors. In The Biology of Heat Shock
proteins and Molecular Chaperones pp. 417-455 [RI Morimoto, A Tissieres
and C Georgopoulos, editors]. Cold Spring Harbor: Cold Spring Harbor
laboratory Press.

114



REFERENCES

Muller MB, Zimmermann S, Sillaber I, Hagemeyer TP, Deussing |JM, Timpl P,
Kormann MS, Droste SK, Kuhn R, Reul JM, Holsboer F & Wurst W (2003)
Limbic corticotropin-releasing hormone receptor 1 mediates anxiety-
related behavior and hormonal adaptation to stress. Nat Neurosci 6, 1100-
1107.

Nair SC, Rimerman RA, Toran EJ], Chen S, Prapapanich V, Butts RN & Smith DF
(1997) Molecular cloning of human FKBP51 and comparisons of

immunophilin interactions with Hsp90 and progesterone receptor. Mol Cell
Biol 17, 594-603.

Nair SC, Toran EJ], Rimerman RA, Hjermstad S, Smithgall TE & Smith DF (1996) A
pathway of multi-chaperone interactions common to diverse regulatory
proteins: estrogen receptor, Fes tyrosine kinase, heat shock transcription
factor Hsfl, and the aryl hydrocarbon receptor. Cell Stress Chaperones 1,
237-250.

Nater UM, Youngblood LS, Jones JF, Unger ER, Miller AH, Reeves WC & Heim C
(2008) Alterations in diurnal salivary cortisol rhythm in a population-based

sample of cases with chronic fatigue syndrome. Psychosom Med 70, 298-
305.

Nemoto T & Sato N (1998) Oligomeric forms of the 90-kDa heat shock protein.
Biochem ] 330 ( Pt 2), 989-995.

Newport D], Heim C, Bonsall R, Miller AH & Nemeroff CB (2004) Pituitary-adrenal
responses to standard and low-dose dexamethasone suppression tests in
adult survivors of child abuse. Biol Psychiatry 55, 10-20.

Noessner E, Gastpar R, Milani V, Brandl A, Hutzler PJ, Kuppner MC, Roos M,
Kremmer E, Asea A, Calderwood SK & Issels RD (2002) Tumor-derived heat
shock protein 70 peptide complexes are cross-presented by human
dendritic cells. ] Immunol 169, 5424-5432.

Nordeen SK, Suh BJ, Kuhnel B & Hutchison CA, 3rd (1990) Structural determinants
of a glucocorticoid receptor recognition element. Mol Endocrinol 4, 1866-
1873.

Nover L & Scharf KD (1997) Heat stress proteins and transcription factors. Cell Mol
Life Sci 53, 80-103.

Njemini R, Demanet C & Mets T (2005) Comparison of two ELISAs for the
determination of Hsp70 in serum. ] Immunol Methods 306, 176-182.

115



REFERENCES

Ohashi K, Burkart V, Flohe S & Kolb H (2000) Cutting edge: heat shock protein 60 is
a putative endogenous ligand of the toll-like receptor-4 complex. ] Immunol
164, 558-561.

Oitzl MS, Champagne DL, van der Veen R & de Kloet ER (2010) Brain development
under stress: hypotheses of glucocorticoid actions revisited. Neurosci
Biobehav Rev 34, 853-866.

Olefsky JM & Glass CK (2010) Macrophages, inflammation, and insulin resistance.
Annu Rev Physiol 72, 219-246.

Otte C, Muhtz C, Daneshkhah S, Yassouridis A, Kiefer F, Wiedemann K & Kellner M
(2006) Mineralocorticoid receptor function in posttraumatic stress
disorder after pretreatment with metyrapone. Biol Psychiatry 60, 784-787.

Pace TW & Heim CM A short review on the psychoneuroimmunology of
posttraumatic stress disorder: from risk factors to medical comorbidities.
Brain Behav Immun 25, 6-13.

Paunovic N & Ost LG (2005) Psychometric properties of a Swedish translation of
the Clinician-Administered PTSD Scale--Diagnostic Version. ] Trauma Stress
18, 161-164.

Peetermans WE, Raats C], Langermans JA & van Furth R (1994) Mycobacterial
heat-shock protein 65 induces proinflammatory cytokines but does not
activate human mononuclear phagocytes. Scand ] Immunol 39, 613-617.

Pervanidou P, Kolaitis G, Charitaki S, Margeli A, Ferentinos S, Bakoula C,
Lazaropoulou C, Papassotiriou I, Tsiantis | & Chrousos GP (2007) Elevated
morning serum interleukin (IL)-6 or evening salivary cortisol
concentrations predict posttraumatic stress disorder in children and
adolescents six months after a motor vehicle accident.
Psychoneuroendocrinology 32, 991-999.

Pitman RK & Orr SP (1990) Twenty-four hour urinary cortisol and catecholamine
excretion in combat-related posttraumatic stress disorder. Biol Psychiatry
27,245-247.

Pockley AG (2002) Heat shock proteins, inflammation, and cardiovascular disease.
Circulation 105,1012-1017.

Pockley AG, Bulmer ], Hanks BM & Wright BH (1999) Identification of human heat
shock protein 60 (Hsp60) and anti-Hsp60 antibodies in the peripheral
circulation of normal individuals. Cell Stress Chaperones 4, 29-35.

116



REFERENCES

Pockley AG, De Faire U, Kiessling R, Lemne C, Thulin T & Frostegard ] (2002)
Circulating heat shock protein and heat shock protein antibody levels in
established hypertension. J Hypertens 20, 1815-1820.

Pockley AG, Georgiades A, Thulin T, de Faire U & Frostegard ] (2003) Serum heat
shock protein 70 levels predict the development of atherosclerosis in
subjects with established hypertension. Hypertension 42, 235-238.

Pockley AG, Shepherd ] & Corton JM (1998) Detection of heat shock protein 70
(Hsp70) and anti-Hsp70 antibodies in the serum of normal individuals.
Immunol Invest 27, 367-377.

Pockley AG, Wu R, Lemne C, Kiessling R, de Faire U & Frostegard | (2000)
Circulating heat shock protein 60 is associated with early cardiovascular
disease. Hypertension 36, 303-307.

Pole N, Neylan TC, Otte C, Henn-Hasse C, Metzler T] & Marmar CR (2009)
Prospective prediction of posttraumatic stress disorder symptoms using
fear potentiated auditory startle responses. Biol Psychiatry 65, 235-240.

Prahlad V & Morimoto RI (2009) Integrating the stress response: lessons for
neurodegenerative diseases from C. elegans. Trends Cell Biol 19, 52-61.

Pratt WB & Toft DO (1997a) Steroid receptor interactions with heat shock protein
and immunophilin chaperones. Endocr Rev 18, 306-360.

Pratt WB & Toft DO (1997b) Steroid receptor interactions with heat shock protein
and immunophilin chaperones. Endocrine Reviews 18, 306-360.

Quintana F] & Cohen IR (2005) Heat shock proteins as endogenous adjuvants in
sterile and septic inflammation. ] Immunol 175, 2777-2782.

Qureshi SU, Pyne JM, Magruder KM, Schulz PE & Kunik ME (2009) The link
between post-traumatic stress disorder and physical comorbidities: a
systematic review. Psychiatr Q 80, 87-97.

Rasmusson AM, Vythilingam M & Morgan CA, 3rd (2003) The neuroendocrinology
of posttraumatic stress disorder: new directions. CNS Spectr 8, 651-656,
665-657.

Rea IM, McNerlan S & Pockley AG (2001) Serum heat shock protein and anti-heat
shock protein antibody levels in aging. Exp Gerontol 36, 341-352.

117



REFERENCES

Resnick HS, Kilpatrick DG, Dansky BS, Saunders BE & Best CL (1993) Prevalence of
civilian trauma and posttraumatic stress disorder in a representative
national sample of women. J Consult Clin Psychol 61, 984-991.

Ressler K] & Nemeroff CB (2000) Role of serotonergic and noradrenergic systems
in the pathophysiology of depression and anxiety disorders. Depress Anxiety
12 Suppl 1, 2-19.

Reul JM & de Kloet ER (1985) Two receptor systems for corticosterone in rat brain:
microdistribution and differential occupation. Endocrinology 117, 2505-
2511.

Richter K, Haslbeck M & Buchner ] (2010) The heat shock response: life on the
verge of death. Mol Cell 40, 253-266.

Rinne T, de Kloet ER, Wouters L, Goekoop JG, DeRijk RH & van den Brink W (2002)
Hyperresponsiveness of hypothalamic-pituitary-adrenal axis to combined
dexamethasone/corticotropin-releasing hormone challenge in female
borderline personality disorder subjects with a history of sustained
childhood abuse. Biol Psychiatry 52,1102-1112.

Ritossa P (1962) [Problems of prophylactic vaccinations of infants]. Riv Ist Sieroter
Ital 37,79-108.

Rogatsky I, Wang ]C, Derynck MK, Nonaka DF, Khodabakhsh DB, Haqq CM,
Darimont BD, Garabedian M] & Yamamoto KR (2003) Target-specific
utilization of transcriptional regulatory surfaces by the glucocorticoid
receptor. Proc Natl Acad Sci US A 100, 13845-13850.

Rohleder N, Joksimovic L, Wolf ]M & Kirschbaum C (2004) Hypocortisolism and
increased glucocorticoid sensitivity of pro-Inflammatory cytokine
production in Bosnian war refugees with posttraumatic stress disorder. Biol
Psychiatry 55, 745-751.

Rohleder N, Wolf JM & Wolf OT (2010) Glucocorticoid sensitivity of cognitive and
inflammatory processes in depression and posttraumatic stress disorder.
Neurosci Biobehav Rev 35, 104-114.

Satyal SH, Chen D, Fox SG, Kramer JM & Morimoto RI (1998) Negative regulation of
the heat shock transcriptional response by HSBP1. Genes Dev 12, 1962-
1974.

Sauer ], Castren M, Hopfner U, Holsboer F, Stalla GK & Arzt E (1996) Inhibition of
lipopolysaccharide-induced monocyte interleukin-1 receptor antagonist

118



REFERENCES

synthesis by cortisol: involvement of the mineralocorticoid receptor. J Clin
Endocrinol Metab 81, 73-79.

Savic D, Knezevic G, Damjanovic S, Spiric Z & Matic G (2012) The role of
personality and traumatic events in cortisol levels--where does PTSD fit in?
Psychoneuroendocrinology 37,937-947.

Savic D, Knezevic, G., Damjanovic, S., Spiric, Z., Matic, G. (2012) The role of personality
and traumatic events in cortisol levels - Where does PTSD fit in?
Psychoneuroendocrinology doi:10.1016 /j.psyneuen.2011.11.001.

Schmitt E, Gehrmann M, Brunet M, Multhoff G & Garrido C (2007) Intracellular and
extracellular functions of heat shock proteins: repercussions in cancer
therapy. J Leukoc Biol 81, 15-27.

Schneikert |, Hubner S, Martin E & Cato AC (1999) A nuclear action of the
eukaryotic cochaperone RAP46 in downregulation of glucocorticoid
receptor activity. J Cell Biol 146, 929-940.

Schnurr PP & Green BL (2004) Understanding relationships among trauma, post-
tramatic stress disorder, and health outcomes. Adv Mind Body Med 20, 18-
29.

Schoneveld 0], Gaemers IC, Das AT, Hoogenkamp M, Renes ], Ruijter JM & Lamers
WH (2004a) Structural requirements of the glucocorticoid-response unit of
the carbamoyl-phosphate synthase gene. Biochem | 382, 463-470.

Schoneveld O], Gaemers IC & Lamers WH (2004b) Mechanisms of glucocorticoid
signalling. Biochim Biophys Acta 1680, 114-128.

Schulte TW, Blagosklonny MV, Romanova L, Mushinski JF, Monia BP, Johnston JF,
Nguyen P, Trepel ] & Neckers LM (1996) Destabilization of Raf-1 by
geldanamycin leads to disruption of the Raf-1-MEK-mitogen-activated
protein kinase signalling pathway. Mol Cell Biol 16, 5839-5845.

Segerstrom SC & Miller GE (2004) Psychological stress and the human immune
system: a meta-analytic study of 30 years of inquiry. Psychol Bull 130, 601-
630.

Segman RH, Shefi N, Goltser-Dubner T, Friedman N, Kaminski N & Shalev AY
(2005) Peripheral blood mononuclear cell gene expression profiles identify
emergent post-traumatic stress disorder among trauma survivors. Mol
Psychiatry 10,500-513, 425.

119



REFERENCES

Shalev AY, Videlock EJ], Peleg T, Segman R, Pitman RK & Yehuda R (2008) Stress
hormones and post-traumatic stress disorder in civilian trauma victims: a
longitudinal study. Part I: HPA axis responses. Int | Neuropsychopharmacol
11, 365-372.

Shamaei-Tousi A, Steptoe A, O'Donnell K, Palmen ], Stephens JW, Hurel S], Marmot
M, Homer K, D'Aiuto F, Coates AR, Humphries SE & Henderson B (2007)
Plasma heat shock protein 60 and cardiovascular disease risk: the role of
psychosocial, genetic, and biological factors. Cell Stress Chaperones 12, 384-
392.

Sheppard KA, Phelps KM, Williams A], Thanos D, Glass CK, Rosenfeld MG, Gerritsen
ME & Collins T (1998) Nuclear integration of glucocorticoid receptor and
nuclear factor-kappaB signaling by CREB-binding protein and steroid
receptor coactivator-1. J Biol Chem 273, 29291-29294.

Shi Y, Mosser DD & Morimoto RI (1998) Molecular chaperones as HSF1-specific
transcriptional repressors. Genes Dev 12, 654-666.

Silverman MN & Sternberg EM Matching therapy to body rhythms: an endocrine
approach to treating rheumatoid arthritis. | Rheumatol 37, 1981-1982.

Singh-Jasuja H, Toes RE, Spee P, Munz C, Hilf N, Schoenberger SP, Ricciardi-
Castagnoli P, Neefjes ], Rammensee HG, Arnold-Schild D & Schild H (2000)
Cross-presentation of glycoprotein 96-associated antigens on major
histocompatibility complex class I molecules requires receptor-mediated
endocytosis. ] Exp Med 191, 1965-1974.

Siriani D, Mitsiou D] & Alexis MN (2005) Heat-induced degradation of
overexpressed glucocorticoid receptor Separate protective roles of hsp90
and hsp70. J Steroid Biochem Mol Biol 94,93-101.

Smith DF, Sullivan WP, Marion TN, Zaitsu K, Madden B, McCormick D] & Toft DO
(1993) Identification of a 60-kilodalton stress-related protein, p60, which
interacts with hsp90 and hsp70. Mol Cell Biol 13, 869-876.

Sondergaard HP, Hansson LO & Theorell T (2004) The inflammatory markers C-
reactive protein and serum amyloid A in refugees with and without
posttraumatic stress disorder. Clin Chim Acta 342, 93-98.

Southwick SM, Bremner ]JD, Rasmusson A, Morgan CA, 3rd, Arnsten A & Charney DS
(1999) Role of norepinephrine in the pathophysiology and treatment of
posttraumatic stress disorder. Biol Psychiatry 46, 1192-1204.

120



REFERENCES

Spector T (1978) Refinement of the coomassie blue method of protein
quantitation. A simple and linear spectrophotometric assay for less than or
equal to 0.5 to 50 microgram of protein. Anal Biochem 86, 142-146.

Spitzer C, Barnow S, Volzke H, Wallaschofski H, John U, Freyberger HJ, Lowe B &
Grabe H] (2010) Association of posttraumatic stress disorder with low-
grade elevation of C-reactive protein: evidence from the general population.
J Psychiatr Res 44, 15-21.

Spivak B, Shohat B, Mester R, Avraham S, Gil-Ad I, Bleich A, Valevski A & Weizman
A (1997) Elevated levels of serum interleukin-1 beta in combat-related
posttraumatic stress disorder. Biol Psychiatry 42, 345-348.

Sprague AH & Khalil RA (2009) Inflammatory cytokines in vascular dysfunction
and vascular disease. Biochem Pharmacol 78, 539-552.

Sriram K, Rodriguez-Fernandez M & Doyle FJ, 3rd (2012) A detailed modular
analysis of heat-shock protein dynamics under acute and chronic stress and
its implication in anxiety disorders. PLoS One 7, e42958.

Srivastava P (2002) Interaction of heat shock proteins with peptides and antigen
presenting cells: chaperoning of the innate and adaptive immune responses.
Annu Rev Immunol 20, 395-425.

Srivastava PK (2000) Heat shock protein-based novel immunotherapies. Drug
News Perspect 13,517-522.

Stepanova L, Leng X, Parker SB & Harper JW (1996) Mammalian p50Cdc37 is a
protein kinase-targeting subunit of Hsp90 that binds and stabilizes CdkA4.
Genes Dev 10, 1491-1502.

Strawn JR & Geracioti TD, Jr. (2008) Noradrenergic dysfunction and the
psychopharmacology of posttraumatic stress disorder. Depress Anxiety 25,
260-271.

Su TP, Zhang L, Chung MY, Chen YS, Bi YM, Chou YH, Barker JL, Barrett JE, Maric D,
Li XX, Li H, Webster M], Benedek D, Carlton JR & Ursano R (2009) Levels of
the potential biomarker p11 in peripheral blood cells distinguish patients
with PTSD from those with other major psychiatric disorders. J Psychiatr
Res 43,1078-1085.

Sullivan PF, Fan C & Perou CM (2006) Evaluating the comparability of gene
expression in blood and brain. Am | Med Genet B Neuropsychiatr Genet
141B, 261-268.

121



REFERENCES

Takeda K, Kaisho T & Akira S (2003) Toll-like receptors. Annu Rev Immunol 21,
335-376.

Tang Y, Lu A, Aronow B] & Sharp FR (2001) Blood genomic responses differ after
stroke, seizures, hypoglycemia, and hypoxia: blood genomic fingerprints of
disease. Ann Neurol 50, 699-707.

ter Horst P, van der Mark MH, Arp M, Berger S, de Kloet ER & Oitzl MS (2012)
Stress or no stress: mineralocorticoid receptors in the forebrain regulate
behavioral adaptation. Neurobiol Learn Mem 98, 33-40.

Thaller V, Vrkljan M, Hotujac L & Thakore ] (1999) The potential role of
hypocortisolism in the pathophysiology of PTSD and psoriasis. Coll Antropol
23,611-619.

Theriault JR, Mambula SS, Sawamura T, Stevenson MA & Calderwood SK (2005)
Extracellular HSP70 binding to surface receptors present on antigen
presenting cells and endothelial /epithelial cells. FEBS Lett 579, 1951-1960.

Tian S, Poukka H, Palvimo J] & Janne OA (2002) Small ubiquitin-related modifier-1
(SUMO-1) modification of the glucocorticoid receptor. Biochem | 367, 907-
911.

Tissieres A, Mitchell HK & Tracy UM (1974) Protein synthesis in salivary glands of

Drosophila melanogaster: relation to chromosome puffs. ] Mol Biol 84, 389-
398.

Tousoulis D, Antoniades C, Koumallos N & Stefanadis C (2006) Pro-inflammatory
cytokines in acute coronary syndromes: from bench to bedside. Cytokine
Growth Factor Rev 17, 225-233.

Truss M & Beato M (1993) Steroid hormone receptors: interaction with
deoxyribonucleic acid and transcription factors. Endocr Rev 14, 459-479.

Tsuang MT, Nossova N, Yager T, Tsuang MM, Guo SC, Shyu KG, Glatt S] & Liew CC
(2005) Assessing the validity of blood-based gene expression profiles for
the classification of schizophrenia and bipolar disorder: a preliminary
report. Am | Med Genet B Neuropsychiatr Genet 133B, 1-5.

Tucker P, Jeon-Slaughter H, Pfefferbaum B, Khan Q & Davis NJ (2010) Emotional
and biological stress measures in Katrina survivors relocated to Oklahoma.
Am ] Disaster Med 5, 113-125.

122



REFERENCES

Uddin M, Aiello AE, Wildman DE, Koenen KC, Pawelec G, de Los Santos R,
Goldmann E & Galea S (2010) Epigenetic and immune function profiles
associated with posttraumatic stress disorder. Proc Natl Acad Sci US A 107,
9470-9475.

Ursano R] & Shaw JA (2007) Children of war and opportunities for peace. JAMA
298, 567-568.

Vabulas RM, Ahmad-Nejad P, da Costa C, Miethke T, Kirschning CJ], Hacker H &
Wagner H (2001) Endocytosed HSP60s use toll-like receptor 2 (TLR2) and
TLR4 to activate the toll/interleukin-1 receptor signaling pathway in innate
immune cells. ] Biol Chem 276,31332-31339.

van Eden W, van der Zee R & Prakken B (2005) Heat-shock proteins induce T-cell
regulation of chronic inflammation. Nat Rev Immunol 5, 318-330.

van Heerden JH, Conesa A, Stein D], Montaner D, Russell V & Illing N (2009)
Parallel changes in gene expression in peripheral blood mononuclear cells
and the brain after maternal separation in the mouse. BMC Res Notes 2, 195.

van Zuiden M, Geuze E, Maas M, Vermetten E, Heijnen C] & Kavelaars A (2009)
Deployment-related severe fatigue with depressive symptoms is associated
with increased glucocorticoid binding to peripheral blood mononuclear
cells. Brain Behav Immun 23, 1132-1139.

van Zuiden M, Geuze E, Willemen HL, Vermetten E, Maas M, Amarouchi K,
Kavelaars A & Heijnen C] (2012) Glucocorticoid receptor pathway
components predict posttraumatic stress disorder symptom development:
a prospective study. Biol Psychiatry 71, 309-316.

van Zuiden M, Geuze E, Willemen HL, Vermetten E, Maas M, Heijnen C] & Kavelaars
A (2011a) Pre-existing high glucocorticoid receptor number predicting
development of posttraumatic stress symptoms after military deployment.
Am ] Psychiatry 168, 89-96.

van Zuiden M, Kavelaars A, Rademaker AR, Vermetten E, Heijnen C] & Geuze E
(2011b) A prospective study on personality and the cortisol awakening
response to predict posttraumatic stress symptoms in response to military
deployment. J Psychiatr Res 45, 713-719.

Vermeer H, Hendriks-Stegeman BI, van der Burg B, van Buul-Offers SC & Jansen M
(2003) Glucocorticoid-induced increase in lymphocytic FKBP51 messenger
ribonucleic acid expression: a potential marker for glucocorticoid

123



REFERENCES

sensitivity, potency, and bioavailability. | Clin Endocrinol Metab 88, 277-
284.

Vermetten E & Bremner ]D (2002) Circuits and systems in stress. II. Applications to
neurobiology and treatment in posttraumatic stress disorder. Depress
Anxiety 16, 14-38.

Vidovic A, Vilibic M, Sabioncello A, Gotovac K, Rabatic S, Folnegovic-Smalc V &
Dekaris D (2007) Circulating lymphocyte subsets, natural killer cell
cytotoxicity, and components of hypothalamic-pituitary-adrenal axis in
Croatian war veterans with posttraumatic stress disorder: cross-sectional
study. Croat Med | 48, 198-206.

Voellmy R (1994) Transduction of the stress signal and mechanisms of
transcriptional regulation of heat shock/stress protein gene expression in
higher eukaryotes. Crit Rev Eukaryot Gene Expr 4, 357-401.

von Kanel R, Begre S, Abbas CC, Saner H, Gander ML & Schmid JP (2010)
Inflammatory biomarkers in patients with posttraumatic stress disorder
caused by myocardial infarction and the role of depressive symptoms.
Neuroimmunomodulation 17, 39-46.

von Kanel R, Hepp U, Kraemer B, Traber R, Keel M, Mica L & Schnyder U (2007)
Evidence for low-grade systemic proinflammatory activity in patients with
posttraumatic stress disorder. J Psychiatr Res 41, 744-752.

von Kanel R, Kudielka BM, Metzenthin P, Helfricht S, Preckel D, Haeberli A, Stutz M
& Fischer JE (2008) Aspirin, but not propranolol, attenuates the acute
stress-induced increase in circulating levels of interleukin-6: a randomized,
double-blind, placebo-controlled study. Brain Behav Immun 22, 150-157.

Vythilingam M, Gill JM, Luckenbaugh DA, Gold PW, Collin C, Bonne O, Plumb K,
Polignano E, West K & Charney D (2010) Low early morning plasma cortisol
in posttraumatic stress disorder is associated with co-morbid depression
but not with enhanced glucocorticoid feedback inhibition.
Psychoneuroendocrinology 35, 442-450.

Wadekar SA, Li D & Sanchez ER (2004) Agonist-activated glucocorticoid receptor
inhibits binding of heat shock factor 1 to the heat shock protein 70
promoter in vivo. Mol Endocrinol 18, 500-508.

Wang Y, Kelly CG, Karttunen JT, Whittall T, Lehner P], Duncan L, MacAry P,
Younson JS, Singh M, Oehlmann W, Cheng G, Bergmeier L & Lehner T (2001)

124



REFERENCES

CD40 is a cellular receptor mediating mycobacterial heat shock protein 70
stimulation of CC-chemokines. Immunity 15,971-983.

Wargnier A, Lafaurie C, Legros-Maida S, Bourge JF, Sigaux F, Sasportes M & Paul P
(1998) Down-regulation of human granzyme B expression by
glucocorticoids. Dexamethasone inhibits binding to the Ikaros and AP-1
regulatory elements of the granzyme B promoter. J Biol Chem 273, 35326-
35331.

Welch W] (1992) Mammalian stress response: cell physiology, structure/function
of stress proteins, and implications for medicine and disease. Physiol Rev
72,1063-1081.

Wellhoener P, Born ], Fehm HL & Dodt C (2004) Elevated resting and exercise-
induced cortisol levels after mineralocorticoid receptor blockade with
canrenoate in healthy humans. J Clin Endocrinol Metab 89, 5048-5052.

Wessa M & Rohleder N (2007) Endocrine and inflammatory alterations in
posttraumatic stress dosorder. Expert Rev Endocrinol Metab 2,91-122.

Wessa M, Rohleder N, Kirschbaum C & Flor H (2006) Altered cortisol awakening
response in posttraumatic stress disorder. Psychoneuroendocrinology 31,
209-215.

Wewers MD (2004) IL-1beta: an endosomal exit. Proc Natl Acad Sci U S A 101,
10241-10242.

Wheler GH, Brandon D, Clemons A, Riley C, Kendall ], Loriaux DL & Kinzie JD
(2006) Cortisol production rate in posttraumatic stress disorder. J Clin
Endocrinol Metab 91, 3486-3489.

Wochnik GM, Ruegg ], Abel GA, Schmidt U, Holsboer F & Rein T (2005) FK506-
binding proteins 51 and 52 differentially regulate dynein interaction and
nuclear translocation of the glucocorticoid receptor in mammalian cells. J
Biol Chem 280, 4609-4616.

Wolf ]JM, Rohleder N, Bierhaus A, Nawroth PP & Kirschbaum C (2009)
Determinants of the NF-kappaB response to acute psychosocial stress in
humans. Brain Behav Immun 23, 742-749.

Xie P, Kranzler HR, Poling |, Stein MB, Anton RF, Farrer LA & Gelernter ] (2010)
Interaction of FKBP5 with childhood adversity on risk for post-traumatic
stress disorder. Neuropsychopharmacology 35, 1684-1692.

125



REFERENCES

Xu Q, Schett G, Perschinka H, Mayr M, Egger G, Oberhollenzer F, Willeit ], Kiechl S &
Wick G (2000) Serum soluble heat shock protein 60 is elevated in subjects
with atherosclerosis in a general population. Circulation 102, 14-20.

Xu Z, Horwich AL & Sigler PB (1997) The crystal structure of the asymmetric
GroEL-GroES-(ADP)7 chaperonin complex. Nature 388, 741-750.

Yehuda R (2001) Biology of posttraumatic stress disorder. J Clin Psychiatry 62
Suppl 17, 41-46.

Yehuda R (2002a) Current status of cortisol findings in post-traumatic stress
disorder. Psychiatr Clin North Am 25, 341-368, vii.

Yehuda R (2002b) Post-traumatic stress disorder. N Engl ] Med 346, 108-114.

Yehuda R (2006) Advances in understanding neuroendocrine alterations in PTSD
and their therapeutic implications. Ann N Y Acad Sci 1071, 137-166.

Yehuda R (2009) Status of glucocorticoid alterations in post-traumatic stress
disorder.Ann N Y Acad Sci 1179, 56-69.

Yehuda R, Boisoneau D, Lowy MT & Giller EL, Jr. (1995a) Dose-response changes in
plasma cortisol and lymphocyte glucocorticoid receptors following
dexamethasone administration in combat veterans with and without
posttraumatic stress disorder. Arch Gen Psychiatry 52, 583-593.

Yehuda R, Cai G, Golier JA, Sarapas C, Galea S, Ising M, Rein T, Schmeidler ], Muller-
Myhsok B, Holsboer F & Buxbaum ]JD (2009) Gene expression patterns
associated with posttraumatic stress disorder following exposure to the
World Trade Center attacks. Biol Psychiatry 66, 708-711.

Yehuda R & Flory JD (2007) Differentiating biological correlates of risk, PTSD, and
resilience following trauma exposure. /] Trauma Stress 20, 435-447.

Yehuda R, Golier JA, Halligan SL, Meaney M & Bierer LM (2004a) The ACTH
response to dexamethasone in PTSD. Am J Psychiatry 161, 1397-1403.

Yehuda R, Golier JA, Tischler L, Harvey PD, Newmark R, Yang RK & Buchsbaum MS
(2007) Hippocampal volume in aging combat veterans with and without
post-traumatic stress disorder: relation to risk and resilience factors. J
Psychiatr Res 41, 435-445.

126



REFERENCES

Yehuda R, Golier JA, Yang RK & Tischler L (2004b) Enhanced sensitivity to
glucocorticoids in peripheral mononuclear leukocytes in posttraumatic
stress disorder. Biol Psychiatry 55,1110-1116.

Yehuda R, Halligan SL, Golier JA, Grossman R & Bierer LM (2004c) Effects of
trauma exposure on the cortisol response to dexamethasone administration
in PTSD and major depressive disorder. Psychoneuroendocrinology 29, 389-
404.

Yehuda R, Kahana B, Binder-Brynes K, Southwick SM, Mason JW & Giller EL
(1995b) Low urinary cortisol excretion in Holocaust survivors with
posttraumatic stress disorder. Am J Psychiatry 152, 982-986.

Yehuda R & LeDoux ] (2007) Response variation following trauma: a translational
neuroscience approach to understanding PTSD. Neuron 56, 19-32.

Yehuda R, Lowy MT, Southwick SM, Shaffer D & Giller EL, Jr. (1991) Lymphocyte
glucocorticoid receptor number in posttraumatic stress disorder. Am J
Psychiatry 148, 499-504.

Yehuda R, Siever L], Teicher MH, Levengood RA, Gerber DK, Schmeidler ] & Yang
RK (1998) Plasma norepinephrine and 3-methoxy-4-hydroxyphenylglycol
concentrations and severity of depression in combat posttraumatic stress
disorder and major depressive disorder. Biol Psychiatry 44, 56-63.

Yehuda R, Southwick SM, Nussbaum G, Wahby V, Giller EL, Jr. & Mason JW (1990)
Low urinary cortisol excretion in patients with posttraumatic stress
disorder. ] Nerv Ment Dis 178, 366-369.

Yehuda R, Teicher MH, Trestman RL, Levengood RA & Siever L] (1996) Cortisol
regulation in posttraumatic stress disorder and major depression: a
chronobiological analysis. Biol Psychiatry 40, 79-88.

Young EA & Breslau N (2004) Cortisol and catecholamines in posttraumatic stress
disorder: an epidemiologic community study. Arch Gen Psychiatry 61, 394-
401.

Zebrack |JS & Anderson JL (2002) The role of inflammation and infection in the
pathogenesis and evolution of coronary artery disease. Curr Cardiol Rep 4,
278-288.

Zhang L, Li H & Ursano R] (2010) Heat shock protein and posttraumatic stress
disorder. In Heat Shock Proteins and Whole Body Physiology, pp. 179-192

127



REFERENCES

[AAA Asea and BK Pedersen, editors]: Springer Science, Bussiness Media
B.V.

Zieker ], Zieker D, Jatzko A, Dietzsch ], Nieselt K, Schmitt A, Bertsch T, Fassbender
K, Spanagel R, Northoff H & Gebicke-Haerter P] (2007) Differential gene
expression in peripheral blood of patients suffering from post-traumatic
stress disorder. Mol Psychiatry 12,116-118.

128



Biography

Younis Mouftah Elzaedi was born in Benghazi, Libya, on July 6%, 1968. He
started his Bachelor studies in 1986. at the Department of Animal Production,
Faculty of Agriculture, University of Omar Almokhter, Albeda, Libya. He graduated

in 1990. with an average score of 2.5 out of 4.

From 1990. to 1996. Younis Elzaedi worked in the laboratory at the milk

factory, where from 1997. to 2000. he was appointed General Director.

From 1990. to 1998. he served as a Teaching Assistant at the School of Arts
and Science, Almerghib University, Libya, where he organized mid-term and end-
of-year testing and grading, graduation activities and was in charge of zoology

laboratory.

In 2000. he started Master studies at the Department of Zoology, Faculty of
Science, University of Almerghib, Khoms, Libya, and graduated in 2004.

From 2004 to2008 Younis Elzaedi worked as Head of Biology Department,
School of Arts and Science, Elmerghib University, Alkhomes, Libya. He taught
Cellular Biology, Genetics, Physiology and Invertebrates to 2nd, 3rd and 4th year
students and supervised graduation research papers. Besides, he was responsible
for creating curriculum, organizing faculty schedules, heading the Department

meetings and fulfillment of administrative duties.

In the period from 2004 to 2008. Younis Mouftah Elzaedi also served as a
part-time lecturer at Alfateh University in Tripoli, Nasser University in Tarhuna
and Seventh of October University in Musrata, Libya. He taught the courses such as
Foundations of Research Methods, Physiology, Genetics, Invertebrates and
Molecular Biology; supervised graduation research papers and worked as an

external examiner.

129



Mpwunor 1.

W3jaBa o ayTopcTBY

Motnucanu-a _ Younis M. Elzaedi

Bpoj nHaekca

UzjaBrbyjem

[1a je foKTopCKa AncepTauuja nog Hacrnosom

Yrora saHhenujcknx NpoTerHa TONMOTHOT CTpeca y UHdnamauwju nosesaHoj ca
NOCTTPAYyMaTCKUM CTpecHum nopemMehajem

e pe3ynTaT COMNCTBEHOT NCTPaXKKBa4YKor pana,

e [a NpeanoxeHa aucepTaumja y LenuHu 1 y Aenosuma Huje buna npegnoxeHa
3a pobujaree BMNO Koje AUNMoMe mpema CTYAWCKMM nporpaMuma  Apyrux
BUCOKOLLIKOJICKUX YyCTaHoOBa,

e [Na Cy pe3yntath KOPeKTHO HaBeJeHn U

e [a HWCaM KpLMO/Na ayTopcKa MnpaBa W KOPUCTMO WHTEMeKTyarHy CBOjuHY
ApYrUX nuua.

MoTnuc gokTopaHaa

s

Y beorpagy,  23.09.2013.




Mpunor 2.

M3jaBa 0 uCTOBETHOCTU WUTAMMNAHEe U eNIeKTPOHCKe
Bep3uje AOKTOPCKOr paaa

Vime u npesvme ayTopa Younis M. Elzaedi

Bpoj nHaekca

Cryanjcku nporpam MonekynapHa buonoruja

Hacnoe paga __Ynora BaHhenujcknx NpoTenHa TONSIOTHOr cTpeca y MHdnamauniv
NOBE3aHO| ca MOCTTPayMaTCKMM CTpeCHUM nopemehajem

MeHTOp Op Hatawa Benu4vkoswh, Hay4YHW capagHuk, MHCTUTYT 3a Bronolika
ncTpaxusama ,CuHuwa CtaHkosuh", YHuBepauTeT v beorpagy v ap Nopaada Maruh,
pefaoBHWU npodecop, bruonowkn dakynteT, YHuBepauteT v beorpaay

[NMoTnucanwn/a Younis M. Elzaedi

W3jaBrbyjem aa je wramnaHa Bep3vja MOr JOKTOPCKOr paga WUCTOBETHA ENEeKTPOHCKO)
BEP3WM KOJy cam npefaoc/na 3a objaBrbMBarbe Ha noprany [UrutanHor
peno3uTopujyma Yuusepsuteta y Georpany.

HosBorbaBam ga ce objaBe MOjM NUYHKW Nogaun BesaHw 3a fobujame akajemcKor
3Bakba AOKTOpa Hayka, Kao LWTo ¢y UMe W NpesumMe, roavHa U MecTo pofierwsa 1 gatym
onbpane papa.

OBu nuuHuM nopaum Mory ce objaBuTh Ha MpEeXHWM cTpaHuuama aurntanHe
BubnuoTeke, y enekTPOHCKOM KaTarnory 1y nyénukauvjama YHusepanteTa y beorpaay.

MoTnuc gokropaHaa

Y beorpagy, 23.09.2013.

/ -



Mpwnor 3.

MUzjaBa o kopuwhemwy

Oenaluhyjem YHusepauTetcky Gubnuoteky ,Csetosap Mapkosuh® na vy Hdurntantm
penosuTopujyM YHuBepauTeTa y Beorpamy yHece mojy AOKTOPCKY oucepTauunjy noa
HacroBoM:

Vrnora saHhenuickux npoTerHa TONNoTHOr cTpeca Y uHdnamauuin nosesaHoj ca
NoCTTPayMaTcKiuM cTpecHuM nopemehajem

Koja je Moje ayTopCKo Aerio.

[JvcepTtaumjy ca CBUM NpUnosuma npeao/na cam y enekTpoHCcKom dopmaty norogHom
3a TpajHO apxuBMparbe.

Mojy [OKTOpCKY AucepTauujy noxparseHy y Qurntantu penoznTopujym YHUBEP3UTETA
y Beorpaay Mory [a KopucTe CBW Koju NowTyjy ofpeAdbe cagpiaHe y ogabpaHoMm Tuny
nuueHue Kpeatvere sajeaHuue (Creative Commons) 3a Kojy cam ce oanyuuo/na.

1. AytopcTBo

2. AyTOpCTBO - HeKoMepLUUjarHo

3. AyTopcTBo — HekomepuujanHo — 6es npepane

4. AYyTOPCTBO — HEKOMepLWjanHo — AennT NoA UCTVM ycrosumMa
5. AyTopcTBo — ©es npepage

6. AyTOpcTBO — AenuTy Nog UCTUM yCrnosuma

(MonumMo fAa 3a0KpyxuTe Camo jedHy of LiecT NOHYREHNX NULEHUM, Kpatak onuc
AWLEHUM AaT je Ha nonefuHW NucTa).

MoTnuc poKTopaHpa

Y Beorpaay, 23.09.2013.

N
X




