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Abstract

General Abstract
The stress response, coined by Hans Selye, is a dynamic system that enables vertebrate
animals to maintain homeostasis by adapting to diverse insults. The main components of this
system are the hypothalamic-pituitary-adrenal axis and the autonomic nervous systems. If the
capacity of the stress response system to adapt is overwhelmed, chronic diseases may appear.
Psychoneuroimmunology is an emerging field that studies this dynamic regulation,
underlining that stress and neuro-endocrine-immune interactions may not have the same
effects in healthy, sick or predisposed individuals.
The numerous interactions that may account for the clinical heterogeneity of fibromyalgia
(FM) render this condition a challenging and complex research model in the field of
psychoneuroimmmunology. Research has shown that patients with FM frequently have a
dysfunctional stress response system. Immunological disturbances have also been found. FM
shows clinical overlap with other stress-associated disorders, including chronic fatigue
syndrome and depression. In addition, sex differences in stress responsiveness evidence a
candidate mechanism to explain why some diseases are more common in males and others in
females, such as FM.
The research presented in this thesis was undertaken to better understand relevant components
related to the immune system in FM. The aim of the current work was to identify possible
dysregulation of peripheral immune and endocrine parameters in patients with FM. A second
approach was to evaluate the relation between symptom complaints and the specific
parameters measured.

Keywords: fibromyalgia, immune system, hypothalamic-pituitary-adrenal axis, cytokine,
adhesion molecule, cortisol, dexamethasone, corticosteroid receptor, single nucleotide
polymorphism, G-coupled receptor kinase
xv
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A.

General introduction

A.1.

History

The term fibrositis was introduced in 1904 by the British neurologist Sir William Gowers to
describe a form of muscular rheumatism characterized by spontaneous pain, asymptomatic
sensitivity to mechanical compression, fatigue and sleep disturbances. In 1972, Smythe
described fibrositis as a generalized pain syndrome with fatigue, poor sleep, morning
stiffness, emotional distress and multiple tender points. The term fibrositis was replaced by
fibromyalgia (FM), from the Latin fibra (= fiber) and the Greek words myo (= muscle) and
algos (= pain), in 1976 by Hench (Inanici and Yunus, 2004).
The first controlled study was published in 1981 (Yunus et al.), including 50 FM patients and
50 matched healthy controls, and confirmed that the previously described symptoms were
significantly more common and the number of tender points significantly higher in FM
patients compared to the control subjects. This study also provided preliminary criteria for the
diagnosis of FM that were used in subsequent studies until the criteria from American College
of Rheumatology (ACR) were published in 1990 (Wolfe et al.).

A.2.

Definition

The ACR classification of FM resulted from a multicenter study, which included 293 FM
patients from a total of 558 rheumatic patients. This study confirmed previous findings (pain
complaints and common symptoms such as fatigue, sleep disturbances, morning stiffness,
paresthesias, headache and anxiety) and established a combination of 3 months of widespread
pain and presence of at least 11 tender points from 18 specified sites as criteria for the
diagnosis, with no exclusion criteria defined (Wolfe et al., 1990). The sensitivity and
specificity of these criteria to identify FM from other rheumatic conditions was 88 % and
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82 %, respectively. Defining these criteria was important for a more uniform classification in
research and clinical practice. Therefore, the observations from studies previous to 1990
should be interpreted with some caution.
Although the 18 tender points are considered as defining characteristics of FM, Wolfe – like
other scientists – believed later on that tender points might be rather a marker of severity and
distress (Wolfe et al., 1997). This seems to be in agreement with a study in healthy women,
which demonstrated that tenderness, measured by manual tender point counts, and measures
of pressure pain threshold were influenced by the level of distress (Petzke et al., 2003).
However, an argument to maintain the tender points is to insure that FM patients are selected
for experiencing hyperalgesia/allodynia, besides only chronic widespread pain (Clauw and
Crofford, 2003).
FM is classified as M79.7 in the section of diseases of the musculoskeletal system and
connective tissue, soft tissue disorders, chapter XIII, of the World Health Organisation
(WHO) International Classification of Diseases (ICD) and Related Health Problems, 10th
Revision (ICD-10).
The etiology of FM is unclear, and it continues to pose a challenge, many assuming the
condition to be of multifactorial origin (Clauw and Crofford, 2003). Although FM researchers
do not support only one theory, significant progress has been made and much useful evidence
has been collected. As no single hypothesized mechanism can fully explain the origin of FM,
some of the lines of investigation, considered relevant to the research work presented in the
scope of this thesis, are reviewed and analysed further in this section.
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A.2.1 Symptoms
The core features of pain and tenderness are almost invariably accompanied by other
symptoms. The most common symptoms are fatigue, morning stiffness, sleep disturbances,
cognitive dysfunction, irritable bowel syndrome, and mood disorders. Fatigue occurs in 80 –
90 % of FM patients and may be a more prominent symptom than pain in some patients
(Wolfe et al., 1990; Wallace et al., 2001; Mease et al., 2005). A pioneer sleep study was
performed in 1975 (Moldofsky et al.) with 10 FM patients and 6 healthy control subjects. The
control group, under stage-4 sleep deprivation, experienced aches, stiffness, fatigue, and
increased tenderness, mimicking FM associated symptoms. The sleep perturbations observed
in the patients were associated with hyperalgesia, pain and worse mood symptoms. The
symptom of poor sleep is common in FM, occurring in about 70 – 75% of cases. Sleep
problems in FM include difficulty in falling asleep, with tossing and turning, light sleep,
frequent awakenings, and morning fatigue (Yunus, 2007).
A Fibromyalgia Impact Questionnaire (FIQ) was developed in 1991 (Burckhardt et al.) to
assess the patients health status and it has been translated and validated in several languages.
The FIQ is a brief 10-item, self-administered instrument that measures physical functioning,
work status, depression, anxiety, sleep, pain, stiffness, fatigue, and well-being.

A.2.2 Treatment
The nature of the FM syndrome should be reflected in multimodal treatments that
simultaneously target the biological, psychological, and environmental/social factors that
maintain the symptoms (Aaron and Buchwald, 2003). At a pharmacological level,
medications acting on the central nervous system (CNS) have been the most studied. Drugs
targeting serotonin (5-hydroxytryptamine; 5-HT) and norepinephrine (NE) were first shown
to be effective in 1986. The analgesic effect of tricyclic antidepressants (TCAs), 5-HT
4
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reuptake inhibitors (SSRIs) and dual 5-HT/NE reuptake inhibitors (SNRIs) is thought to be
related to their impact on 5-HT- and NE-mediated descending pain-inhibitory pathways in the
brain and spinal cord. Low-dose therapy with SSRIs such as amitriptyline and
cyclobenzaprine may improve the clinical symptoms of FM in 25 – 45 % of the patients. A
SNRI, milnacipran, has been prescribed for some years in parts of Europe for the treatment of
FM and its significant therapeutic effects were recently validated in a clinical trial
(Goldenberg, 2007). Recent studies have shown that pregabalin, an anticonvulsant, is
effective in treating chronic pain in disorders such as FM (Crofford et al., 2005). Pregabalin
binds to the α-2-δ subunit of the voltage-dependent calcium channels in the CNS and it
reduces Ca2+ influx during depolarisation, inducing the release of glutamate, NE and
substance P (SP). In June 2007, pregabalin became the first medication approved by the U.S.
Food and Drug Administration specifically for the treatment of FM.
Drug therapy alone is frequently insufficient for patients with FM and complementary nonpharmacological strategies are often necessary. Scientific evidence exists for exercise,
electromyographic biofeedback training, acupuncture and electrotherapy, hypnotherapy and
cognitive-behavioural therapy. Patient education and self-management seem also valuable in
reducing anxiety, increasing compliance with treatment programmes and self-efficacy in
patients with FM (Adams and Sim, 2005).

A.3.

Epidemiology

A first epidemiological study, using a definition of FM adapted from Yunus et al. (1981), was
performed in a Finish population (Makela and Heliovaara, 1991) with an observed FM
prevalence of 0.8 %. Studies using the ACR criteria showed a prevalence range from 0.8 % in
a Danish population (Prescott et al., 1993) to 3.3 % in a Canadian study (White et al., 2002).
The mean estimation in industrialised countries is around 2 % (Wolfe et al., 1995).
5
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A.3.1 Age and Gender
The incidence of FM seems to increase with age with peaks observed in groups with more
than 40 years (Wolfe et al., 1995; Weir et al., 2006). A higher prevalence of FM in women
compared to men and gender differences in its clinical features have been demonstrated. The
percentage of female patients ranges in various studies from 69 % to 87 % (Campbell et al.,
1983; Wolfe and Cathey, 1983; Goldenberg, 1987; Yunus et al., 1991). Another study
suggested an odds ratio of 9 for FM among women (Wolfe et al., 1995). Studies in both
general and clinic populations showed that men have fewer symptoms, tender points and
comorbid diseases than women with FM (Crofford et al., 1994; Wolfe et al., 1995; Yunus et
al., 2000). For example, irritable bowel syndrome is more common among women (40 %)
than men (14 %) with FM (Yunus et al., 2000), and FM occurs more often in female (36 %)
than in male (12 %) patients with chronic fatigue syndrome (CFS) (Buchwald and Garrity,
1994).
The current definition of FM captures about 20 % of individuals with chronic widespread
pain. The requirement of tender points seems to selectively capture females and individuals
with higher distress (Clauw and Crofford, 2003).

A.3.2 Comorbidity
FM is not considered a diagnosis of exclusion and, therefore, may occur with several
conditions. Such comorbidity may complicate the clinical presentation and treatment of FM.
Among unexplained clinical conditions, the highest reported rates of overlap with FM are
with CFS, irritable bowel syndrome, temporomandibular disorders and multiple chemical
sensitivities (Aaron and Buchwald, 2001). Up to 70 % of FM patients meet the case definition
for CFS. On the other hand, 35 – 70 % of patients with CFS (Goldenberg et al., 1990;
Buchwald and Garrity, 1994) and 32 – 65 % with irritable bowel syndrome meet criteria for
6
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FM (Veale et al., 1991; Sperber et al., 1999). A lifetime history of major depression has been
reported in 50 – 70 % of patients with FM, and current depression has been detected in 18 –
36 % of patients with FM (Hudson et al., 1992; Wolfe et al., 1995). FM can be diagnosed in
up to 65 % of patients with systemic lupus erythematosus (Middleton et al., 1994; Neumann
and Buskila, 2003). One study showed a FM prevalence of 17 % in rheumatoid arthritis (RA)
patients (Wolfe and Michaud, 2004). An incidence of 21 % of FM in a heterogeneous group
of patients with post-traumatic stress disorder (PTSD), composed of female and male subjects
who were exposed to different stressful events, has also been reported (Amir et al., 1997).
Recently, a high prevalence of FM was found among female migraine patients (Ifergane et al.,
2006). Thus, FM patients are likely to suffer from comorbidity, even though the reported
prevalence of FM in patients with established comorbid conditions varies widely.

A.4.

Genetics

Familial studies suggest that genetic and familial factors may play a role in heritable
pathophysiological features of FM and related conditions. There is evidence that
polymorphisms of genes in the serotoninergic and catecholaminergic systems are linked to
FM and are associated with personality traits. The precise role of genetic factors in the
etiopathology of FM remains unknown, but it is likely that several genes operate together to
initiate this syndrome. Nonetheless, larger longitudinal studies are needed to better clarify the
role of genetics in the development of FM (Neumann and Buskila, 2003).

A.4.1 Family studies
Familial aggregation of disease refers to higher disease occurrence among relatives of a case
compared with that among relatives of a healthy person or among the general population. A
hereditary predisposition has been evidenced by several studies indicating a familial
7
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aggregation of FM. In an old study, 52 % of the first-degree relatives of 17 FM patients also
had characteristic symptoms of FM (Pellegrino et al., 1989). In a later study, 28 % of the
children of 20 FM diagnosed mothers also had FM, according to the ACR 1990 criteria
(Buskila et al., 1996). The same work group also found an FM frequency of 26 % among
relatives of 30 FM patients, 14 % among males and 41 % among the females (Buskila and
Neumann, 1997). However, such aggregation could be a result of genetic influence and/or a
common family environment. More recently, first-degree relatives of 78 FM patients and 40
RA patients were investigated and FM patient relatives were estimated to be 8.5 times more
prone to develop FM than the RA patient relatives (Arnold et al., 2004a). However,
aggregation studies have limitations because of multiple biases, including the selection of
patients and control subjects that depends on the methods used to select and count family
members of cases and controls (Bai et al., 2000).

A.4.2 Molecular studies
Linkage and association studies are the two major types of investigations to determine the
contribution of genes to disease susceptibility. While linkage studies can only use family data,
association studies can be family or population based. Genes of the human major
histocompatibility complex (human leukocyte antigen), HLA Class I and Class II have been
used in these type of studies due to their role in immune function. Early research into the
genetic basis of FM was directed towards the possibility of linkage to the HLA antigens. In an
earlier study, before the establishment of the current ACR FM crtiteria, HLA class I and II
antigens were determined and 67 % of FM patients had HLA DR4 (class II, locus DR)
compared to 30 % of the control subjects (Burda et al., 1986). A drawback of the study was
the low number of subjects studied, 18 FM patients and 23 controls. In another earlier report
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(Horven, et al; 1992), no HLA association was found among 60 FM patients as compared to
159 controls. Later, a statistically significant association between FM and HLA B58 (class I,
locus B), DR8, and DR5, was found in a study that included 52 patients with FM and 869
controls (Branco et al., 1996). In the same study, no other HLA associations, including DR4
antigens, were noted in FM patients. A significant genetic linkage to the HLA region in FM
was demonstrated in a study with 40 FM multicase families, without significant differences
between depressed and non-depressed groups. In addition, clinical evaluation showed that
74 % of the siblings, 53 % of the children and 42 % of the parents had FM (Yunus et al.,
1999). The inconsistencies of the results from different centers may reflect a weak or no true
association of FM with HLA, or perhaps the confounding effects of heterogeneity among the
FM cohorts.
Research has also demonstrated a role for polymorphisms of genes in the serotoninergic,
dopaminergic and catecholaminergic systems in the etiology of FM. A study of the promoter
region of the 5-HT transporter gene (5-HTT) in 62 FM patients and 110 healthy controls
indicated a significantly higher frequency of the SS genotype in the patients (31 %) compared
to the controls (16 %), with the SS subgroup exhibiting higher levels of depression and
distress (Offenbaecher et al., 1999). The association of this polymorphism with FM and
anxiety related personality traits was verified in another study including 99 female FM
patients (Cohen et al., 2002). In contrast, association between the 5-HTT and its
polymorphism was not confirmed in a mentally healthy subset of FM patients (Gursoy, 2002).
Another study investigated the silent 102 T/C polymorphism of the 5-HT2A receptor in 168
FM patients and 115 healthy controls. A significant decrease in the TT and increase in the TC
and CC genotypes was observed in the patients compared to the controls. In addition, patients
with the TT genotype had a higher pain score (Bondy et al., 1999).
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A significant decrease in the frequency of the seven repeat allele (of a 48 bp variable number
of tandem repeats) in the exon 3 of the dopamine receptor D4 was observed in FM patients,
that consistently scored high on anxiety-related personality traits and low on novelty or
sensation seeking (Buskila et al., 2004). Altered D2 receptor function has also been
demonstrated in FM patients (Malt et al., 2003).
The study of a functional polymorphism, V158M, of the Catechol-O-methyltransferase
(COMT) enzyme, which inactivates catecholamines, revealed that the LL and LH genotypes
together were significantly more represented in FM patients and the HH genotype was
significantly lower than in the controls (Gursoy et al., 2003), but no association with chronic
musculoskeletal complaints was demonstrated (Hagen et al., 2006). More recently, in a
Spanish cohort, a significant association was found between three COMT SNPs and FM
(Vargas-Alarcon et al., 2007).

A.5.

Neuro-endocrine-immune interactions

The immune system is regulated in part by the CNS, acting principally via the hypothalamic
pituitary-adrenal (HPA) axis, with the release of glucocorticoids (GCs), and the sympathetic
nervous system (SNS), with epinephrine and NE release. Leukocytes have receptors for stress
hormones, that are produced by the pituitary and adrenal glands, and can be modulated by the
binding of these hormones to their respective receptors. The CNS can also regulate the
immune system locally via the peripheral nerves with the release of neurotransmitters such as
catecholamines, neuropeptides such as SP and locally produced corticotrophin-releasing
hormone (CRH). The immune system, in turn, may activate the CNS through the stimulation
of peripheral neural afferents by cytokines produced in the periphery. This may result in
secondary induction of cytokines within the CNS, acting through cytokine receptors
expressed in brain tissues or fluids (Webster et al., 2002b).
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A.5.1 HPA axis and GCs
The hypothalamus receives and monitors information about the environment and coordinates
responses through both nerves and hormones. A wide variety of stressors activates the HPA
axis, which is subject to regulation from both the CNS and periphery. GCs are the end product
of HPA axis activation, and their production/release from the adrenal glands is a function of
upstream regulators, including CRH and arginine vasopressin (AVP), from the paraventricular
nucleus of the hypothalamus, and adrenocorticotrophic hormone (ACTH) from the pituitary.
GCs exert a negative feedback on the secretion of CRH/AVP, ACTH, and on
suprahypothalamic centers that control the activity of the HPA axis. Therefore, GCs play a
key regulatory role in maintaining basal and stress-related homeostasis. In addition to stressdependent activation, the HPA axis also exhibits a spontaneous circadian rhythm that is
regulated by light-dark and sleep-awake cycles (De Kloet et al., 1998).
Many of the studies carried out during the past fifty years have revealed the broad spectrum of
actions of GCs on the innate and adaptive immune response. They differentially regulate
Th1/Th2 patterns and type 1/type 2 cytokine secretion, adhesion molecule expression and
immune cell trafficking, immune cell maturation and differentiation, expression of
chemoattractants and cell migration (Franchimont, 2004). GCs can affect the transcription of
many

cytokines,

generally

upregulating

antiinflammatory

and

downregulating

proinflammatory cytokines. Th1 immunity or cellular immunity is characterized by the
expression of proinflammatory cytokines, such as IL-12 and IFN-γ, which lead to the
differentiation of macrophages, natural killer cells and cytotoxic T cells that are involved in
phagocytosis and destruction of invading bacteria or foreign bodies. Th2 immunity or
humoral immunity is characterized by the production of antiinflammatory cytokines such as
IL-4, IL-10, and IL-13, resulting in the differentiation of eosinophils, mast cells and B cells,
which lead to an antibody-mediated defense against foreign antigens. (Agarwal and Marshall,
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1998; Franchimont et al., 1998). Trafficking and function of peripheral cells may be
transiently altered by GCs, which rapidly lower circulating levels of lymphocytes,
eosinophils, basophils, macrophages, and monocytes, but increase levels of neutrophils. This
redistribution of cells is largely due to alterations in cell adhesion molecules, that mediate the
interaction between leukocytes and endothelial cells (Bauer et al., 2002; Webster et al.,
2002b).
The understanding that humans may process stress into ill-defined pain syndromes evolves
from several findings. In FM patients, both a positive (Martinez-Lavin et al., 2002) and an
inverse relationship (Okifuji and Turk, 2002) between sympathetic activity and pain have
been hypothesised. Recently, FM patients were found to have a smaller cardiovascular
response to low-grade stress, compared to healthy controls (Nilsen et al., 2007).
Women with FM were found to have higher rates of childhood and adolescent negative life
events (51 %) than age-matched healthy controls (28 %), suggesting that stressful life events
may trigger the development of FM (Anderberg et al., 2000a). Greater frequencies of lifetime
sexual, physical, and psychological abuse among female FM patients were also observed in
another study (Boisset-Pioro et al., 1995). Other investigators stated that women with FM
who experienced sexual abuse reported significantly more symptoms than did non-sexually
abused women (Taylor et al., 1995). More recently, after an internet survey, chronic stress
(41.9 %), emotional trauma (31.3 %) and acute illness (26.7 %) were reported as the most
frequent triggering events of FM onset, together with emotional distress as the main factor
perceived to worsen FM symptoms (83 %) (Bennett et al., 2007).
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Basal cortisol levels
The basal HPA axis function in FM patients has been evaluated by measuring the levels of
cortisol and ACTH mainly in plasma. In one study, basal cortisol and ACTH levels were
found similar in FM patients and healthy controls (Griep et al., 1993). Later, the group of
Griep et al. (1998) found significantly lower basal total cortisol and 24-hour urinary free
cortisol levels. Another group found lower mean 24-hour urinary free cortisol but normal
morning cortisol and significantly higher evening cortisol levels in FM patients (Crofford et
al., 1994). In contrast to Griep’s suggestions, the authors interpreted these observations as the
result of adrenal hyporesponsiveness due to chronic understimulation by deficient CRH
production. It has been suggested that there may be link between emotional abuse and
heightened evening cortisol, as well as between early physical abuse and disruptions in
diurnal rhythms of HPA axis activity (Weissbecker et al., 2006). Indeed, loss of diurnal
variation in plasma cortisol was previously observed in FM (McCain and Tilbe, 1989) and
women patients with a history of physical or sexual abuse were shown to have less diurnal
cortisol variation (McLean et al., 2005). Other studies in FM showed lower cortisol levels
(Lentjes et al., 1997; Kirnap et al., 2001; Gur et al., 2004; Bazzichi et al., 2006), normal (to
low) 24-hour urinary-free cortisol, and normal diurnal patterns of ACTH and cortisol (Adler
et al., 1999; Torpy et al., 2000; Klerman et al., 2001; Calis et al., 2004; Crofford et al., 2004;
Landis et al., 2004b). Although variable, these findings seem to evidence a predisposition to
mild hypocortisolemia in some FM patients.

Dynamic challenge tests
Several standard challenge tests have been applied to determine the level of alteration in HPA
axis function in FM . In a dexamethasone (DEX) suppression test, DEX acts at the pituitary to
suppress the secretion of ACTH, which in normal conditions should lead to a decrease in
13
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cortisol levels. However, there are some test limitations using DEX, as its pharmacodynamics
and pharmacokinetics differ markedly from those of cortisol. DEX only binds to the GR in
vivo, does not bind to corticosteroid binding globulin (CBG), and has a much longer half-life
compared to cortisol (Juruena et al., 2004).
In an early study, 35 % of the FM patients exhibited resistance to DEX suppression (McCain
and Tilbe, 1989), while another group found no or very low escape from cortisol suppression
in FM patients (Griep et al., 1993; Griep et al., 1998). A more recent study showed that 35 %
of FM patients with depression were non-suppressors, while no differences were observed
between FM patients without depression and controls (Ataoglu et al., 2003). Recently, after a
low-dose (0.5 mg) DEX suppression test, a group of FM patients exhibited more pronounced
suppression of cortisol but not of ACTH (Wingenfeld et al., 2007). The authors suggested that
this might result from increased adrenal sensitivity to GC feedback. In a posterior report, the
same group showed lower total cortisol release in FM patients in response to a standardised
psychological stressor, the Trier Social Stress Test (TSST), and to exogenous ACTH
stimulation. The levels of free cortisol and ACTH were however normal in the patients when
compared to the controls (Wingenfeld et al., 2008). These results, on the other hand, were
interpreted as an indication of reduced adrenal reactivity in patients with FM. Nonetheless,
the latter results corroborate previous findings of Hesse-Husain (2007), that demonstrated low
cortisol reponses to the TSST in FM patients, suggesting blunted adrenal activity.
An abnormal HPA axis reactivity in FM was observed after CRH challenge, by an increased
pituitary release of ACTH and hyporesponsive adrenal cortex resulting in normal cortisol
levels compared to the controls. The increase in plasma CRH levels was significantly higher
in the FM patients, suggesting CRH hyperactivity under stressful situations (Griep et al.,
1993). Later, the group of Griep et al. (1998) confirmed their previous findings using a larger
FM cohort. Besides pituitary hyperactivity, these results suggested GC feedback resistance. In
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Chapter 1: General introduction

a more recent study, after CRH administration, no significant differences in ACTH or cortisol
levels were observed. However, there was a significantly higher increase in plasma CRH,
with elevated CRH-binding protein levels given as a possible explanation (Riedel et al.,
2002). Other studies in FM patients showed reduced ACTH responses to hypoglycemia
(Adler et al., 1999) and delayed ACTH responses to IL-6 administration (Torpy et al., 2000).
Another challenge test uses metyrapone, which blocks the conversion of 11-deoxycortisol to
cortisol by CYP11B1 (11-beta-hydroxylase, P-450c11). As a result, cortisol synthesis and
secretion fall markedly after its administration and 11-deoxycortisol accumulates in the
serum. In FM patients, the level of 11-deoxycortisol determined in the morning following
metyrapone administration was significantly lower compared to the healthy controls (Calis et
al., 2004). In the latter study, the peak cortisol level in the patients was lower than in the
controls, similar to the results after insulin-tolerance test and ACTH test in a preceding study
from the same work group (Kirnap et al., 2001), suggesting underactivation of the HPA axis.
Although alterations in HPA axis activity have been reported in FM patients, these studies
gave inconsistent results. Commonly associated with FM, CFS shows neuroendocrinological
similarities, namely the mild hypocortisolism, but contrary to FM a blunted ACTH response
to CRH administration and enhanced negative feedback sensitivity to GCs were shown
(Parker et al., 2001). A possible explanation for the disparity between the different HPA axis
studies in FM can be the heterogeneity of the cohorts, such as the presence of concomitant
disorders and stress-related cofoundable variables in small study populations.
To summarize, the results from challenging the HPA axis in FM patients suggest mainly a
hyperreactive pituitary and a reduced adrenal reactivity.
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CRH
It has been suggested that hyperactive CRH neurons play a role in the nociceptive and
psychological mechanisms in FM, based on elevated plasma and cerebrospinal fluid (CSF)
levels of CRH found in FM patients (Riedel et al., 1998; Riedel et al., 2002). In a recent
study, CRH levels in CSF were significantly associated with pain symptoms in female FM
patients, but those who reported a history of physical or sexual abuse had lower CRH levels
(McLean et al., 2006). Other findings include reduced concentration of CRH-like
immunoreactivity in 24-hour urine samples after a massage treatment in FM patients (Lund et
al., 2006).
In addition to HPA axis activation, CRH also stimulates somatostatin secretion at the
hypothalamic level, which can inhibit the growth hormone-insulin-like growth factor 1 (GHIGF-1) axis (Katakami et al., 1985). Therefore, in FM patients with CRH hyperactivity a
decreased GH and/or IGF-1 levels would be expected, as it has indeed been observed
(Bennett et al., 1997; Bagge et al., 1998; Leal-Cerro et al., 1999; Landis et al., 2001). A GH
deficiency occurs in approximately 30 % of FM patients, indirectly supporting the assumption
of CRH hyperactivity in these patients (Bennett, 2002). However, another study in
premenopausal women with FM showed a similar activity of the GH-IGF-1 axis, compared to
the healthy controls, as well as a strong association of both age and obesity with lower GHTGF-1 axis activity (McCall-Hosenfeld et al., 2003).
The effects of centrally produced CRH on the immune system are mainly antiinflammatory,
mediated by GCs, while CRH secreted peripherally is considered a proinflammatory
modulator (Karalis et al., 1991; Crofford et al., 1992; Webster et al., 2002a). Data suggests
that mast cells are a major target of immune CRH (Theoharides et al., 2004). Recently, Lucas
and colleagues (2006) hypothesized that increased release of CRH and SP from neurons, in
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specific muscle sites, triggers local mast cells to release proinflammatory neurosensitizing
molecules that contribute to the pain experienced by FM patients.

A.5.2 Corticosteroid receptors
GCs and mineralocorticoids are two important classes of adrenal corticosteroid hormones,
both derived from cholesterol, that play key roles in mediating the response to stress and
maintaining sodium homeostasis (Rashid and Lewis, 2005). GC effects are mediated by either
the mineralocorticoid receptor (MR) which has a high affinity for naturally occurring GCs,
such as cortisol, and the glucocorticoid receptor (GR) that binds avidly to synthetic steroids,
such as DEX, but has lower affinity for endogenous hormones (De Kloet et al., 1998; Raison
and Miller, 2003). The GR in its inactive form resides primarily in the cytoplasm in
association with a multimeric complex of chaperone proteins, including several heat shock
proteins. Binding of GCs to these receptors leads to the dissociation of the heat shock proteins
from the receptor, followed by receptor dimerization, which then triggers the nuclear
translocation of the ligand-receptor dimer complex. In the nucleus, the complex binds to
specific

DNA

sequences

called

glucocorticoid

response

elements

(GREs)

and

induces/facilitates transcription of various genes (Boumpas et al., 1993; De Bosscher et al.,
2000). However, some effects may not require dimerization but may occur primarily through
protein-protein interactions (Kellendonk et al., 1999). The GR is expressed in virtually all cell
types. Levels of both GR mRNA and protein vary considerably between tissues. Also, within
some tissues such as the hippocampus, GR expression is subjected to a significant level of
plasticity (Herman et al., 1989). The specific level of GR expression is tightly controlled. An
artificial reduction of GR levels by 30 - 50 % results in major neuroendocrine, metabolic, and
immunological disorders (Pepin et al., 1992; King et al., 1995).
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In humans, limited information exists regarding the number and function of corticosteroid
receptors in the CNS. Nevertheless, the available studies have shown that GR alterations seem
to differ depending on the mental illness/disorder and the brain region examined. GR mRNA
expression was reduced in the basolateral/lateral nuclei amygdala sections in schizophrenia
and bipolar disorder when compared to control subjects (Perlman et al., 2004). In postmortem specimens from patients suffering from depression, bipolar disorder and
schizophrenia, GR and MR mRNA levels were found decreased in comparison to a control
group, with variability according to the brain anatomical site. The severity and heterogeneity
of this reduction may underlie some of the clinical heterogeneity seen in these disorders
(Webster et al., 2002c; Xing et al., 2004).
Given the limited access to brain GR in clinical populations, in vitro studies are of particular
relevance to understand the molecular mechanisms underlying GR abnormalities. Peripheral
blood mononuclear cells (PBMCs), which express relatively high amounts of GR, are
frequently used to assess regulation under pathological conditions when HPA axis
abnormalities are suspected. So far, only two studies have reported GR levels in FM patients.
One study found normal GR numbers but a decreased GR affinity in FM patients, indicating
that higher cortisol concentrations would be needed to obtain a same effect as in healthy
controls (Lentjes et al., 1997). More recently, GR mRNA expression increased after a nonpharmacological treatment in a group of FM patients. This result was accompanied by an
improvement in symptoms, aerobic fitness and in the diurnal variation of salivary free
cortisol. Thus, increased GR levels seemed to be associated with an improvement of the
patients HPA axis function (Bonifazi et al., 2006).

18

Chapter 1: General introduction

A.5.3 Immune system and cytokines
There are many interactions of the neural, immune, and neuroendocrine systems, and this has
led to the question whether the immune system may also be involved in FM. Several studies
have linked stress-related pain and fatigue syndromes to underlying infections. Cytokines,
acting as intercellular messengers, have been strongly implicated in the generation of
pathological pain states both at the periphery and at the CNS.
Many of the subjective complaints of patients afflicted with infectious, autoimmune and
neoplastic diseases, or with an inflammatory component intrinsic to a disease, are known to
be caused by cytokines acting in the brain. This well-established physiological response is
defined as (cytokine-induced) “sickness behaviour” or “sickness response” (Dantzer and
Kelley, 2007). Michael Maes was the first psychiatrist to point out the analogies between the
immune profile of depressed patients and the acute phase response characteristic of innate
immune system activation (Maes et al., 1993a; Maes et al., 1993b). The term sickness
response refers to non-specific symptoms such as fatigue, increased pain sensitivity,
depressed activity, and concentration difficulties that accompany the response to infection.
In this line, the prevalence of FM in patients with chronic hepatitis C infection was found to
be about 15 %, a rate significantly higher than in the general population (Rivera et al., 1997;
Buskila et al., 1998). Multiple mycoplasmal infections have also been reported in FM/CFS
patients (Nasralla et al., 1999). Most patients with FM exhibit a relatively normal immune
function as assessed by lymphocyte subsets, IgG subclasses and circulating immune
complexes (Thompson and Barkhuizen, 2003). Nonetheless, the fact that cytokines were
observed to induced FM-like symptoms led many researchers to examine their expression in
FM patients. The group of Wallace showed interest in the potential role of cytokines in FM
after early observations that cancer patients treated with IL-2 LAK (lymphokine activated
killer) cell therapy developed transient myalgias, cognitive impairment and tender points
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(Wallace et al., 1988). In fact, this group found higher IL-2 levels in serum and after
lymphocyte stimulation in FM patients (Wallace et al., 1989). Conversely, also in an early
report, mitogen-induced IL-2 production was found decreased in FM patients compared to
healthy controls, which suggested a defect in the IL-2 pathway (Hader et al., 1991).
Maes and colleagues (1999) also evaluated the inflammatory response system (IRS) in FM by
measuring serum IL-6, soluble IL-6 receptor (sIL-6R), sgp130, sIL-1R antagonist (IL-1Ra)
and sCD8. The levels of sIL-6R and sIL-1Ra were significantly higher in FM patients with
higher depression scores compared to healthy controls and patients with lower depression
scores, suggesting that clinically significant depressive symptoms in FM were associated with
signs of IRS activation. In another study, serum levels of IL-1Ra and plasma levels of IL-8
were found elevated in FM patients compared to healthy controls (Wallace et al., 2001). In
vitro-induced IL-1Ra, IL-6 and IL-8 levels were also significantly higher than normal, when
the induction was performed using phorbol myristate acetate (PMA) as co-stimulator. One
group showed higher levels of IL-2R (CD25) and IL-8, but normal levels of IL-1β and IL-6,
in serum of FM patients compared to controls. Among the FM patients, IL-8 was found to be
related to pain intensity and, the highest IL-8 levels were reported in those with less
depressive symptoms (Gur et al., 2002a; Gur et al., 2002b). Another study observed that the
mean intensity of fluorescence (MIF) and percentage of CD14+ (monocytes) and CD14(mainly lymphocytes) producing IL-1α, IL-6, TNF-α and IL-10 were comparable in FM/CFS
patients and controls, in either unstimulated or stimulated conditions (Amel Kashipaz et al.,
2003). Another contemporary study reported the detection of the proinflammatory cytokines
IL-1β, IL-6 and TNF-α by PCR in skin biopsies of FM patients (about 30 %) but not in
healthy controls, indicating an inflammatory component in the skin of some FM patients
(Salemi et al., 2003b).
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One study looked at the mRNA expression of IL-2, IL-4, IL-8, IL-10, TNF-α, and TGF-β in
PBMCs of patients with chronic widespread pain, from which the majority was FM patients.
Interestingly, the levels of IL-4 and IL-10 were found lower compared to the control group. In
the same study, these results were corroborated by lower levels of the Th2 cytokines IL-4 and
IL-10 found in serum, which suggested that chronic widespread pain is associated with a lack
of antiinflammatory and analgesic Th2 cytokine activity (Uceyler et al., 2006). Recently, a
research group studied the plasma levels of IL-1, IL-6, IL-8, IL-10, TNF-α in FM patients and
found higher levels of IL-10, IL-8 and TNF-α compared to the healthy controls (Bazzichi et
al., 2007b). The same group did not find differences in the cytokine levels with respect to the
FM severity based on tender point counts (Bazzichi et al., 2007a).
In sum, the most consistent findings seem the higher levels of IL-8 in plasma and serum of
FM patients. This was found associated with pain intensity and lower depressive symptoms.
Interesting as well may be the lower levels of the antiiflammatory cytokine IL-4, to date
observed in only one study, and the detection of typical acute phase response cytokines (IL1β, IL-6 and TNF-α) in the skin of some FM patients in contrast to the controls.

A.6.

Pain sensitivity

Most results from studies that suggested a possible pathological basis for FM in muscle,
indicating the pain experienced by patients as the result of abnormalities in muscle blood
flow, tissue hypoxia or energy metabolism defects are controversial. Several muscle histology
studies published in the 1980s did not evidence significant changes in FM (Yunus and
Kalyan-Raman, 1989; Yunus et al., 1989) and thus a central pain mechanism interacting with
peripheral factors was suggested (Yunus, 1992). Based on published articles, Bennet (1999)
reviewed data evidencing central sensitisation in FM.
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In one study, FM patients reported reduced heat pain threshold when tested on the dorsal
surface of the hand and a significant increase in the peak-to-peak amplitude of the cerebral
potential evoked by CO2 laser stimulation, when compared to matched control volunteers.
These findings suggested a greater activation of CNS pathways following noxious input
(Gibson et al., 1994). A posterior study using laser-evoked potentials (LEPs) corroborated the
previous observations in female FM patients. The patients exhibited significantly lower heat
pain thresholds than pain-free and age-matched female controls, and had significantly higher
amplitudes of LEP components in response to intensities of 20 W (Lorenz et al., 1996).
In further support of central sensitisation, a first imaging study in FM, using single photon
emission tomography (SPET), showed decreased cerebral blood flow in thalami and caudate
nuclei, structures known to modulate pain (Mountz et al., 1995). A posterior study, using
magnetic resonance imaging, evidenced increased pain processing in FM following a
peripheral stimulus (Gracely et al., 2002).
Pain is a dynamic phenomenon resulting from enhanced excitatory or defective inhibitory
modulation systems. Brain imaging studies have provided evidence of abnormal central
regulation of pain in FM and may improve the understanding of pain-alleviating mechanisms.
On the other hand, in a recent report, pressure pain threshold and pressure-pain tolerance
assessed by computerised cuff pressure algometry (CPA) were found significantly lower in
FM patients compared to healthy controls (Jespersen et al., 2007). According to Vierck
(2006), both peripheral and central mechanisms are well documented and are important for
the development and maintenance of FM. However, chronic peripheral injury appears to be
the initiating cause for most cases of FM, and central enhancement of pain is probably
maintained by nociceptive input from the periphery.
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A.6.1 Neurotransmitters and neuropeptides
The mechanisms that may be involved in FM pain signalling and/or central sensitisation are
mediated through neurotransmitters and neuropeptides. The major neurotransmitter systems
are the NE system (via adrenergic receptors), the dopamine system (via dopamine receptors),
the 5-HT system (via serotonin receptors), and the cholinergic system (via muscarinic
receptors). Neurotransmitters generally affect the excitability of neurons, by depolarisation or
hyperpolarisation. In a previous report on FM patients, CSF levels of metabolites from 5-HT,
NE, and dopamine were found lower compared to the controls (Russell et al., 1992). Much
controversy exists in the reports of catecholamine and 5-HT levels in the different bodily
fluids in FM, however, disruption of dopaminergic neurotransmission in FM seems to be
sustained by recent studies (Malt et al., 2003). The dopamine 3-receptor agonist, pramipexole,
was demonstrated to improve pain, fatigue, function, and global status assessments in FM
patients (Holman and Myers, 2005). Another recent study showed that FM patients
experienced more pain than healthy controls when subjected to deep muscle pain. The healthy
subjects released dopamine in the basal ganglia during the painful stimulation, whereas the
patients did not, and the amount of dopamine correlated with perceived pain in the first group
but not in FM (Wood et al., 2007).
Several neuropeptides are located in nerve terminals innervating primary and secondary
lymphoid organs (e.g., vasoactive intestinal peptide (VIP), cholecystokinin (CCK), SP and
neuropeptide Y (NPY)). SP is one member of the family of mammalian tachykinin peptides
that also includes neurokinin A (NKA) and neurokinin B (NKB). There are three types of
neurokinin receptors, NK1, NK2 and NK3, exhibiting preferences for SP, NKA and NKB,
respectively (Otsuka and Yoshioka, 1993; Regoli et al., 1994). In initial studies, the levels of
SP were found higher in the CSF of 30 female patients with FM, compared to normal values
(Vaeroy et al., 1988; Vaeroy et al., 1989), and normal in the plasma of 32 FM patients,
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compared to 26 matched controls (Reynolds et al., 1988). However, this discrepancy could be
the result of local alterations in neuropeptides not detectable in plasma. Later, another study
found 3-fold higher SP levels in the CSF of 32 patients with FM compared to 30 control
subjects (Russell et al., 1994), corroborating the previous findings. In contrast, SP levels in
the CSF of CFS patients were found normal, despite the referred overlap of this condition
with FM (Evengard et al., 1998). In the muscles of FM patiens, one study showed increased
SP levels in the trapezius muscle compared to healthy controls (De Stefano et al., 2000),
while another study found normal levels in the deltoid muscle (Sprott et al., 1998).
Although limited, the data suggest that SP is elevated in male subjects as a consequence of
stress, namely in subjects higher in anxiety (Schedlowski et al., 1995; Weiss et al., 1996).
Increased levels of SP fragments have also been found in the CSF of depressed patients
(McLean, 2005), which may establish a connection between the SP data in FM to the
depression-like symptoms often found in these patients. Moreover, FM patients that
responded to treatment with 5-HT3-receptor antagonists showed higher SP levels in blood
than non-responders, and the levels in the responders decreased during treatment while in
non-responders SP remained unchanged (Stratz et al., 2004).
NPY has also an important role in mediating analgesia and hyperalgesia by distinct central
and peripheral mechanisms (Munglani et al., 1996). Plasma NPY levels in FM patients were
found decreased compared to healthy controls (Crofford et al., 1994). In contrast, in another
study both female FM patients in the luteal phase and post-menopausal had significantly
higher levels of this peptide than the matched controls (Anderberg et al., 1999). NPY has been
found to inhibit the release of SP (Duggan et al., 1991) which would be in agreement with the
reports of lower NPY levels, since FM patients have been found to have higher levels of SP in
the CSF compared to healthy controls (Vaeroy et al., 1988; Vaeroy et al., 1989). However,
NPY assessment in the plasma may also not reflect its levels in the CSF.
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A.6.2 G protein-coupled protein receptors
G protein-coupled receptors (GPCRs) are the largest family of cell surface receptors,
accounting for > 1 % of the human genome. GPCRs respond to a wide variety of different
agonists including ions, nucleotides, peptides and large glycoproteins. The receptors couple
with G proteins to transduce their signal across the membrane and into the cell. The
heterotrimeric G protein family contains numerous members, including 16 Gα subunits, 5 Gβ
subunits and 14 Gγ subunits. The α subunits, which generally represent the functional
subunits of these proteins, can be classified into families, depending on whether they are
targets for cholera toxin (Gs), pertussis toxin (Gi and Go) or neither (Gq and G12). Gs
activation leads to stimulation of adenylyl cyclase, whereas Gi activation leads to inhibition of
adenylyl cyclase (Simon et al., 1991; Gilchrist, 2007).
The β2-adrenergic receptor (β2-AR) has been widely used as a GPCR model. Its activity was
also examined in PBMCs of FM patients, based on their altered sympathetic responses.
Agonist binding to the receptor induces the activation of the G protein, which activates
adenylyl cyclase. This enzyme catalyzes the conversion of adenosine triphosphate (ATP) to
cAMP, activating the cAMP dependent protein kinase, which results in phosphorylation of
particular proteins and specific actions that depend on the cells and tissues. The agonist
isoproterenol at a low concentration led to a reduced cAMP increase in FM, compared to the
healthy control group, suggesting a decreased β2-AR function (Maekawa et al., 2003).
Activation of Gi proteins reduces cell excitability by inhibition of adenylyl cyclase activity
and modulation of several K+ and C2+ channels. The administration of pertussis toxin
produced hyperalgesia and allodynia in animal models (Womer et al., 1997). This suggested
that a lack of functionality of Gi proteins might enhance sensitivity to pain. It has also been
observed that pertussis toxin prevents the enhancement of the pain threshold induced by
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analgesic drugs such as opioids, antihistamines, and tricyclic antidepressants (Galeotti et al.,
1996). In FM patients, a reduced function of the Gi protein system was observed after testing
the ability of a non-hydrolysable GTP analogue (Gpp(NH)p) to inhibit adenylyl cyclase
activity, previously amplified by forskolin. Hence, a reduced functionality of the endogenous
antinociceptive system mediated by Gi proteins was hypothesized to account for cell
hyperexcitability, leading to hypersensitivity to pain typical of FM (Galeotti et al., 2001).
Skeletal muscle expresses a wide variety of different GPCRs as well as ancillary proteins
involved in GPCR signalling. Four of the seven known G protein-coupled receptor kinases
(GRKs) were shown to be expressed in the skeletal muscle, with GRK2 and GRK6 being the
most abundant similarly as in other tissues. A variety of GPCR agonists including 5-HT (5HT2A receptor), endothelin (ET receptors), phenylephrine (α1A-adrenergic receptor),
adenosine (A1 receptor), ATP (P2 purinergic receptor), acetylcholine (muscarinic receptor)
and loperamide (opiod μ-receptor) were all shown to directly or indirectly stimulate glucose
uptake in vitro skeletal muscle cells (Jean-Baptiste et al., 2005).
FM involves widespread pain in skeletal muscle, tendons and filaments. Abnormal levels of a
number of GPCR agonists such as SP, NE and 5-HT have been reported. In one study, 5-HT
and neuropeptides such as SP and galanin were not observed in the muscle of patients with
FM (Sprott et al., 1998). However, in a later study, the immunoreactivity of SP in the
trapezius muscle of FM patients was found greater than in controls (De Stefano et al., 2000).
The peptide endothelin-1 (ET-1), mainly produced by vascular endothelial cells, is one potent
vasoconstrictor that was found elevated in the plasma of FM patients compared to healthy
controls. Besides its vasoconstrictive effect, ET-1 also increases the sensitivity of blood
vessels to the action of other vasconstritive circulating hormones such as NE and 5-HT (Pache
et al., 2003).
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In sum, the CNS, the endocrine, and the immune system are complex systems that interact
with each other. Studies have provided evidence that immune alterations triggered by stressful
events, e.g. altering HPA axis function, can provoke health changes. Genetic predisposition
may underline the vulnerability of some individuals to respond to stressors. The interaction of
hormones and neurotransmitters with immune cells may alter immune functions, including
cytokine production. Cytokines were considered to play a role in the pathogenesis and clinical
manifestations of FM but no clinical or symptom association pattern was found. Thus, the
complexity and heterogeneity of this disorder poses a research challenge.
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B.

Research objectives

The fundamental goal of this thesis was to investigate the role of the immune system in FM,
as part of a dynamic co-regulation between different bodily systems. Although the
heterogeneity of the results in FM research was known beforehand, trying to unveil an
organic cause, and obtain consistent findings with the previous work to substantiate a line of
investigation, was the main purpose. Another explorative focus was on the relationship
between clusters of complaints and immune function.
The main addressed hypotheses are described below:


We hypothesized that subjects with FM would have an increased production of
proinflammatory cytokines and/or a reduced antiinflammatory cytokine production.



Because of possible cortisol and/or cytokine dysregulation, we hypothesized that
differences in adhesion molecule levels could also occur.



Based on the HPA axis abnormalities previously found in these patients, we hypothesized
that certain cytokines and/or adhesion molecules would be differently regulated by DEX
in FM patients compared to healthy controls.



The lower GR binding affinity observed in PBMCs of FM patients as compared to
controls in a previous study led to the hypothesis that polymorphisms or mutations present
in the sequence of corticosteroid receptors may explain that finding.



Complementary to the previous hypothesis, the expression of corticosteroid receptors was
evaluated and different possible strategies were applied to evaluate whether differences in
GC sensitivity would be present in FM patients.



As the study of GPCRs and GRKs in pain mediation and central sensitisation seems to be
emerging, we investigated the expression of two major GRKs known to be downregulated
in conditions associated with pain. Unfortunately, functional cell-based assays were no
longer feasible at the stage this hypothesis was formulated.
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C.

Thesis structure

This thesis is organized in seven main chapters. Chapter 1 gives a broad notion of the context
in which the work of this thesis is inserted. The most relevant topics for the comprehension of
the succeeding chapters are revised from previous studies, namely in FM patients. Chapter 2
presents the characterization of the cohort of subjects recruited for the study, the description
of collection and preparation of biological samples and the main techniques used for the
practical component of this research work. The optimisation and validation methods needed
for the applicability of these techniques are also partially presented. In Chapter 3, we
investigated possible differences between FM patients and controls in the expression of
cytokines and adhesion molecules involved in immune cell trafficking, both at baseline and
after the influence of DEX. Chapter 4 has an A and B section to differentiate between
published work (A) and closely related complementary unpublished work (B). It describes the
study of GC sensitivity through different assays, the influence of corticosteroid receptor
polymorphisms in stress responses and their possible implications in the HPA axis function of
FM patients. Chapter 5 includes a comprehensive analysis of the complexity of GR
regulation and the role of alternative mRNA splicing. It focuses on the differential expression
of the untranslated GR first exons, their sequence homology among different species and how
genetic determinants, without apparent relevance, may have implications in health and
disease. Chapter 6 relates to a slightly different subject as it focuses on the potential role of
GPCR regulation in pain mechanisms in FM. For this purpose, as a preliminary approach, a
study on GRK expression both at mRNA and protein levels was performed.
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A.

Description of the subjects

A.1.

Study subjects

The present study involved a total of 27 fibromyalgia (FM) patients, 23 females and 4 males,
with a mean age of 49.4 ± 7.3 (± SE) and 29 healthy controls, 25 females and 4 males, with a
mean age of 50.1 ± 6.3 (Table 1).
FM patients, through the department of Psychobiology of the University of Trier, were
recruited via outpatient and specialist clinics, patient self-help groups and newspaper
advertisements. The healthy controls were recruited via newspaper advertisements or from the
environment of the participating patients. FM patients were included if they fulfilled the
American College of Rheumatology (ACR) criteria for the classification of FM (Wolfe et al.,
1990) diagnosed by a rheumatologist and reported non-inflammatory origins of the pain. Both
FM patients and healthy controls were included only if they did not have chronic medical
disorders such as gastrointestinal, neurological and autoimmune, no psychotic or eating
disorders and did not report any substance abuse or dependency. Further exclusion criteria
were: pregnancy, breast feeding, dietary weight loss of 5 kg or more within the preceding 6
weeks, hormonal medication with the exception of oral contraceptive and hormone
replacement therapy, and infections in the preceding two weeks before sample collection. In
the latter case, the appointments were postponed at least for two weeks. FM patients that were
under antidepressant drugs, mainly used in low doses as analgesics, discontinued their intake
two weeks before sample collection. All subjects were non-smokers.
The study subjects were evaluated with the German version of the Structured Clinical
Interview for DSM-IV (SCID) (Wittchen et al., 1997) and were submitted to a medical
examination for past and current health problems. The study protocol was approved by the
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local ethics committee, the Landesärztekammer Rheinland-Pfalz, and all subjects gave their
written consent after the description of the study.

Table 1. Demographic and clinical characteristics of the healthy controls (n = 29) and FM patients (n =
27).
Healthy controls

FM patients

Statistics a

50.1 (6.3)

49.4 (7.3)

ns

25 : 4

23 : 4

ns

BMI (mean, SE)

25.6 (3.2)

27.3 (3.6)

ns

Married (n, %)

22 (75.9)

18 (66.7)

ns

Full time or part-time job (n, %)

15 (51.7)

11 (40.7)

ns

WHR (mean, SE)

0.9 (0.1)

0.9 (0.1)

ns

7 (24.1 %)

7 (25.9 %)

ns

10 (34.5 %)

6 (22.2 %)

ns

-

12 (44.4 %)

-

4 (13.8 %)

5 (18.5 %)

ns

Demographic parameters
Age, years (mean, SE)
Gender (females : males)

Blood pressure medication (n, %)
Oral contraceptives/hormonal
replacement (n, %)
Antidepressant medication (n, %)
Past major depressive episode (n, %)
a

T-tests and Fisher exact tests were used for comparison of group data; ns: not significant.

A.2.

Demographic and psychometric evaluation

During the subjects’ medical examination, parameters such as weight, height, waist and hip
circumference were measured to determine their body mass index (BMI) and waist-to-hip
ratio (WHR). The health status of FM patients was evaluated using the German version of the
Fibromyalgia Impact Questionnaire (FIQ-G) (Offenbaecher et al., 2000). The FIQ-G consists
of 10 items. The first item contains 10 sub-items that focus on the patients’ ability to perform
daily tasks involving large muscles, such as cooking, cleaning and walking. The remaining
items refer to the number of days felt good, number of days missed work, ability to work,
pain, fatigue, morning tiredness, stiffness, anxiety and depression. Sleep disturbances were
evaluated with the German version of the Pittsburgh Sleep Quality Index (PSQI) (Riemann
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and Backhaus, 1996). The PSQI consists of 19 items assessing sleep quality and disturbances
over a one-month period. Seven component scores are generated: subjective sleep quality,
sleep latency, sleep duration, habitual sleep efficiency, sleep disturbances, use of sleep
medication and daytime dysfunction. According to the original PSQI version (Buysse et al.,
1989), the sum of these scores gives an overall PSQI score that distinguishes good from poor
sleepers at a cut-off score of 5. The degree of depressive symptoms was evaluated with the
Allgemeine Depressionskala (ADS) (Hautzinger and Bailer, 1993), with scores above 23
considered clinically relevant. The severity of pain was evaluated with the German version of
the Pain Disability Index (PDI) (Dillmann et al., 1994), fatigue assessed with a Fatigue Scale
(FS) (Chalder et al., 1993) and anxiety with the German version of the State-Trait-AnxietyInventory (STAI) (Laux et al., 1981) (Table 2).

Table 2. Psychometric characteristics of the healthy controls (n = 29) and FM patients (n = 27).
Healthy controls

FM patients

Statistics a

FIQ-G (mean, SE)

5.6 (4.5)

45.8 (9.7)

F1,50 = 376.80, p < 0.001

PDI (mean, SE)

7.5 (8.6)

30.8 (10.6)

F1,50 = 49.00, p < 0.001

FS (mean, SE)

1.9 (0.2)

3.3 (0.5)

F1,50 = 79.53, p < 0.001

PSQI (mean, SE)

5.4 (1.9)

12.8 (3.8)

F1,50 = 51.38, p < 0.001

ADS (mean, SE)

7.8 (4.1)

23.3 (7.8)

F1,55 = 61.51, p < 0.001

STAI-Trait (mean, SE)

34.6 (6.1)

50.0 (9.0)

F1,55 = 38.99, p < 0.001

STAI-State (mean, SE)

35.6 (7.3)

43.1 (6.8)

F1,55 = 9.28, p = 0.004

Psychometric parameters

a

General linear model multivariate analysis were performed to test between-subjects effects.

A.3.

Correlation matrixes of the psychometric data

The significant correlations found between FIQ and FS scores, as well as STAI-Trait with
STAI-State and ADS scores were “not specific” for the FM patients (Table 3) as they were
also found for the healthy controls (Table 4). For the FM patients, PDI correlated only with

33

Chapter 2: Materials and Methods

the FS scores, which indicates a significant association between pain and fatigue in these
patients. In contrast, PDI and ADS scores only correlated in the healthy controls.

Table 3. Pearson correlation (r and p) of the psychometric data from FM patients (n = 27).
FM
patients
FIQ

PDI
ns

FS

PSQI

STAI-Trait

0.46

0.63

0.57

0.02

< 0.001

0.002

ns

ns

0.50

0.43

0.009

0.03

0.50

PDI

0.01

FS
PSQI

STAI-State
ns

ADS
0.70
< 0.001
ns

ns
ns

0.38
0.05

0.42

0.37

0.53

0.03

0.06

0.005

0.46

0.56

0.02

0.002

STAI-Trait

ns

STAI-Sate

Table 4. Pearson correlation (r and p) of the psychometric data from healthy controls (n = 29).
Healthy
controls
FIQ
PDI
FS
PSQI
STAI-Trait
STAI-Sate

PDI
ns

FS
0.40
0.04
ns

PSQI

STAI-Trait

STAI-State

ADS

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

0.70

0.47

< 0.001

0.001

0.54
0.002

ns
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B.

Description of the biological material

B.1.

Sample collection

All the biological samples from the recruited subjects were obtained usually between 09.00
and 10.00 am. Saliva samples were collected by passive drooling into 1.5 mL tubes
(Eppendorf, Hamburg, DE) and stored at -20 °C until analysis. Blood samples were collected
in heparinised tubes (Sarstedt, Nümbrecht, DE) for ex vivo stimulation and in EDTA (ethylene
diamine tetraacetic acid) tubes (Sarstedt) for plasma isolation. Anticoagulants such as EDTA
that bind calcium ions may compromise the functional capacity of lymphocytes in response to
stimulation and thus sodium heparin is preferable. On the other hand, EDTA seems to
interfere less with downstream applications such as polymerase chain reaction (PCR). The
blood was stored at room temperature to avoid platelet activation and used normally within
4 h of collection.

B.2.

Serum and plasma isolation

Peripheral whole blood was allowed to clot and centrifuged at 3000 rpm for 30 min using a
benchtop centrifuge. The fraction depleted in fibrinogen and other clotting factors (serum)
was aliquoted and stored at -80 °C, until it was used for the quantification of soluble adhesion
molecules. Similarly, whole (anti-coagulated) blood was centrifuged at 1000 g and 4 °C for
15 min. The liquid fraction of unclotted blood (plasma) was isolated, aliquoted and stored at
-20 °C until its further use for cortisol measurements.
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B.3.

Whole blood cultures

Unseparated blood provides an environment similar to that in vivo and it is convenient
because it requires little sample preparation, providing similar, if not slightly superior, results
compared to isolated peripheral blood mononuclear cells (PBMCs) (Suni et al., 2003).
Whole blood cell cultures were used for T cell stimulation and IFN-γ (interferon gama)
production. Heparinised blood was stimulated for 6 h at 37 °C, 5 % CO2, with 2.5 μg/mL of
Staphylococcus aureus enterotoxin B (SEB) (Sigma, Bornem, BE) in the presence of 1 μg/mL
CD28 and CD49d (Becton–Dickinson, Erembodegem, BE) (Sester et al., 2002). Unlike
conventional antigens, superantigens bind to certain regions of major histocompatibility
complex (MHC) class II molecules of antigen-presenting cells (APCs) outside the classical
antigen-binding groove and concomitantly bind under their native form to T cells at the level
of certain aspecific motifs of the variable region of the chain of the T cell receptor (TcR)
(Figure 1). This interaction triggers the activation/proliferation of T lymphocytes and leads to
the in vivo or in vitro release of high amounts of various cytokines (Alouf and Muller-Alouf,
2003). The effect of the CD28 and CD49d costimulatory antibodies is to lower the threshold
for activation of antigen-specific cells, resulting in higher frequencies of activated cells
specific for the antigen of interest. Optimal results are typically observed within a 6-hour
incubation period, with the last 4 hours with Brefeldin A, used to inhibit the transport of
proteins to the Golgi apparatus, which leads to cytokine accumulation inside the endoplasmic
reticulum.
Whole blood cell cultures were similarly used for mitogen stimulation of monocytes, with
lipopolysaccharide (LPS), for IL-6 production. In a 24-well plate, per well, 400 μL of whole
blood were added to 50 μL of LPS (Escherichia Coli, 055:B5; Sigma-Aldrich, DE) at a final
concentration of 300 ng/mL and 50 μL of dexamethasone (DEX; Sigma-Aldrich) at
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increasing final concentrations of 0, 10-10, 10-9, 10-8, 10-7 to 10-5 M, in saline solution (NaCl
0,9 %). The DEX solutions were prepared from a stock solution in DMSO. After 6 h of
incubation at 37 °C, 5 % CO2, the plate was centrifuged at 540 g, 6 °C, for 10 min, the plasma
collected and stored at -80 °C until assayed.

Figure 1. Illustration of T cell activation by a conventional peptide antigen (left) or by a superantigenic
toxin (right).

B.4.

PBMC isolation and culture

PBMCs were isolated from blood collected in heparinised and EDTA tubes. Blood samples
were diluted 1:1 with RPMI 1640 medium and PBMCs isolated by standard gradient
centrifugation using Ficoll-Paque (Pharmacia Biotech Europe GmbH, Freiburg, DE). The
fraction of PBMCs appears as a white cloudy ring above the Ficoll-Paque and the red pellet,
constituted of erythrocytes and granulocytes, and below the yellow plasma layer (Figure 2).
The PBMC fraction was carefully collected using a pipette and washed twice with serum-free
RPMI medium before the cells were counted. Cells to be frozen were resuspended in RPMI
medium containing a final concentration of 10 % fetal bovine serum (FBS) and 10 %
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dimethyl sulfoxide (DMSO). The PBMCs were gradually frozen in a Mr. Frosty (Nalgene,
VWR International, Leuven, BE) to -80 °C and subsequently stored in liquid nitrogen until
further analysis.
Fresh PBMCs were cultured using a standard stimulation protocol. Briefly, 5 x 106 cells/well
were stimulated for 48 h at 37 °C and 5 % CO2 in 24-well plates, with the T cell mitogen
phytohaemagglutinin (PHA) at a final concentration of 5 μg/mL. Supernatants were harvested
and stored at -80 °C until cytokine quantification using a biochip array. Fresh-frozen PBMCs
were used in this study for mRNA (messenger RNA), gDNA (genomic DNA) and protein
extractions.

Figure 2. Illustration of whole blood separation after centrifugation with Ficoll-Paque.

B.5.

RNA and DNA isolation

For the synthesis of single stranded cDNA (complementary DNA), mRNA isolation was
preferred over total RNA. Although more expensive and laborious, it avoids subsequent
DNase treatment to eliminate DNA contamination that may also compromise the integrity of
the RNA samples if not properly removed. Total gDNA was used for the amplification of
certain fragments of the coding regions of the corticosteroid receptors.
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The μMACS™ mRNA Isolation Kit (Miltenyi Biotech GmbH, Cologne, DE) provided a fast
isolation procedure that reduces the risk of RNA degradation. Briefly, 105 PBMCs were lysed,
washed and incubated with paramagnetic oligo(dT) micro beads that hybridize with the poly
A (adenosine) tail of the eukaryotic mRNA sequence at the 3´end. The labelled mRNA is
loaded and magnetically retained in a MACS magnetic column, placed in a MACS separator.
Finally, the mRNA is washed and eluted in a small volume convenient for further processing,
while the microbeads remain in the column. This process avoids virtually all protein, DNA or
rRNA (ribosomal RNA) contaminations and it is performed without using toxic chemicals,
such as chloroform in classical protocols.
Similarly, gDNA was purified from 105 PBMCs using a QIAamp DNA Blood Midi Kit
(QIAGEN, Venlo, NL). After cell lysis, the lysate was loaded onto a QIA spin column and the
membrane-bound DNA washed and eluted. The purified DNA is virtually free of protein,
nucleases and other contaminants or inhibitors of downstream applications.

B.6.

Reverse transcription (RT)

RT followed by PCR is a powerful tool for the detection and quantification of mRNA. The
amount of cDNA produced by the reverse transcriptase must accurately represent RNA input
amounts. The PCR is performed on a DNA template, which can be single or double-stranded.
In a RT reaction, RNA molecules are transcribed to DNA copies by a reverse transcriptase.
First-strand synthesis of total cDNA was carried out at 42 °C for 50 min using 10 U/μL
SuperScript II RT and 2.5 μM dT16 primer in a 40 μL reaction containing 50 mM Tris–HCl,
75 mM KCl, 3 mM MgCl2, 10 mM dithiothreitol and 500 μM deoxynucleoside triphosphates
(dNTPs) (Invitrogen, Paisley, UK). To minimize variations in reverse transcriptase efficiency,
all samples from a single experiment were reverse transcribed simultaneously.
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B.7.

Whole cell lysate protein extraction and quantification

Prior to western blotting analysis, total protein extraction from PBMC lysates was performed.
The extraction protocol used was adapted from in-house protocols used for several proteomic
applications. Thus, 107 PBMCs were carefully thawed in a water bath at 37 °C followed by
the addition of 2 mL of PBS 1X drop-wise. The cell suspension was washed twice with PBS
1X, first with 10 mL and second with 1 mL. After the last centrifugation, the cells were lysed
with 150 mL of lysis solution, containing 7 M urea, 2 M thiourea, 4 % CHAPS, 30 mM Tris,
12 % isopropanol, a protease inhibitor cocktail, and a nuclease mix (GE Healthcare Europe,
Diegem, BE), with an incubation of 30 min at 4 °C. The samples were centrifuged at 50000 g
and 4 °C for 1 h. The proteins in the supernatant were precipitated with 4 volumes of prechilled (-20 °C) acetone (Biosolve, Valkenswaard, NL) for at least 1 h at -20 °C. The
precipitates were centrifuged at 15000 g for 30 min, washed with 1 mL pre-chilled 90 %
acetone/10 % distilled water and proteins were re-dissolved in 50 μL of lysis solution.
The quantification of total proteins facilitates the comparison among similar samples by
allowing identical amounts of protein to be loaded for electrophoresis. The protein samples
were quantified in duplicate using a 2D-Quant kit, according to the manufacturer’s protocol
(GE Healthcare Europe, Diegem, BE). Briefly, proteins are precipitated and the contaminants
left in solution. After centrifugation, the precipitated proteins are resuspended in an alkaline
solution of cupric ions. The cupric ions bind to the polypeptide backbones of any protein
present and a colorimetric agent which reacts with the unbound copper is then added. The
color density is inversely related to the concentration of protein in the sample and this can be
estimated by comparison to a standard curve. The volume range of the assay is 1 – 50 μL and
the linear range for quantification is 0 – 50 μg.

40

Chapter 2: Materials and Methods

C.

Description of the methods

C.1.

RT-PCR and real-time RT-PCR (qRT-PCR)

The original PCR reaction was developed in the mid 1980s (Saiki et al., 1985). RT-PCR
differs from PCR only by the initial conversion of RNA into a DNA template by an RNAdependent DNA polymerase or reverse transcriptase. The reaction occurs by temperature
cycling (Figure 3) (Bustin and Mueller, 2005; Kubista et al., 2006).

Figure 3. The PCR temperature cycle: (1) the temperature is raised to about 95 ºC to separate (melt)
the double stranded DNA; (2) the temperature is lowered to let the primers, flanking the sequence to
be amplified, anneal; (3) the temperature is set to 72 ºC, which is the optimum for the polymerase that
extends the primers by incorporating the dNTPs.

The detection of PCR amplification at the final phase or end-point of the PCR reaction is
traditionally done by size discrimination on agarose gels. Real-time PCR was developed in
1992 (Higuchi et al.), to allow the detection of amplicon accumulation during the reaction.
Quantitative RT-PCR (qRT-PCR) assays have several other advantages over conventional
RT-PCR. The data are measured at the exponential phase of the PCR reaction, where exact
doubling of the product is assumed, making quantification more specific and precise. In
addition, specific errors due to minor differences in starting amount of RNA or differences in
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efficiency of cDNA synthesis and PCR amplification are corrected or minimised by
normalisation to a housekeeping gene (e.g. β-actin, GAPDH).
The detection of PCR products can be either probe or non-probe based, also referred as
specific and non-specific, respectively. Asymmetric cyanine dyes, such as SYBR Green I,
have become popular in qRT-PCR. In solution, the unbound dye exhibits little fluorescence
and it gives rise to fluorescence signal in the presence of double-stranded DNA, including
undesired primer-dimer or non-specific amplicons. Since these are typically shorter than the
target product, they dissociate at a lower temperature. The PCR products can be verified by
plotting fluorescence as a function of temperature to generate a melting curve of the amplicon.
The melting temperature (Tm) is defined as the temperature at which half of the duplex-DNA
present becomes single stranded. Probe-based assays make use of amplicon-specific
fluorescence probes. In a TaqMan assay, the TaqMan probe is designed to anneal to the target
sequence between the classical forward (fwd) and reverse (rev) primers. The probe is dually
labelled, with a reporter fluorochrome (e.g. FAM) at the 5’ - end and a quencher dye (e.g.
TAMRA) at the 3’ - end. In its intact form, the fluorescence emission of the reporter dye will
be absorbed by the quencher dye by fluorescence resonance energy transfer (FRET). During
the extension phase, by the 5’ – 3’ exonuclease activity of the Taq polymerase, the probe is
hydrolyzed and the reporter dye is separated from the quencher, resulting in an increase in
fluorescence emission. The probe should have a Tm approximately 10 °C higher than the Tm
of the primers, so that it is firmly attached when the primers anneal, and when elongation
occurs. This assay can also be compromised by primer-dimers that although not detected do
alter the amplification efficiency (Giulietti et al., 2001).
The amount of fluorescence released is directly proportional to the amount of product
generated in each PCR cycle and thus can be applied as a quantitative measure of PCR
product formation (Overbergh et al., 2003). The number of cycles required to reach threshold
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is called the Ct value. Quantification can be either an absolute or a relative value. In the first,
the absolute mRNA copy number is determined by comparison with an appropriate external
calibration curve. In the second, assuming similar amplification efficiencies between target
and housekeeping genes, the comparative Ct method can be used (2-ΔΔCt; ΔΔCt = ΔCtsample ΔCtreference; ΔCt = Ctgene of interest - Cthousekeeping gene) (Livak and Schmittgen, 2001). Real-time
RT-PCR quantitates steady state mRNA levels and no information is given about either
translational levels or mRNA stability. Thus, translation and post-translation regulation may
be reflected by a discrepancy between mRNA and protein levels, although different
publications have described a good correlation between e.g. cytokine mRNA levels quantified
by qRT-PCR and protein levels quantified by enzyme-linked immunosorbent assay (Hein et
al., 2001).

C.1.1 Validation of real-time RT-PCR assays
Optimal design of primers is essential for accurate and specific quantification using qRT-PCR
(Overbergh et al., 2003). To avoid co-amplification of contaminating genomic DNA, primers
are normally designed on different exons or intron-exon boundaries. The amplicon lengths
should be preferentially between 50 and 150 bp as the rule is “the shorter the more efficient”.
For each target gene, different MgCl2 (1 - 4 mM) and primer (0.1 - 1 μM) concentrations were
tested to optimise the PCR amplification (Figure 4). Thermal cycling was performed using
similar conditions with variable primer annealing temperatures optimised for each gene of
interest. In classical PCRs, the products were separated on 1.5-2 % agarose gels and
visualized with ethidium bromide under UV light. In qRT-PCR, amplifications were always
performed in duplicates or triplicates (different PCR runs) and the products commonly
confirmed by electrophoresis and sequencing as well.

43

Chapter 2: Materials and Methods

Figure 4. Linear view of amplification curves from an optimisation PCR for GILZ, showing
fluorescence vs. cycle number (A), and respective melting curves showing fluorescence vs.
temperature (B). The specificity of the products was confirmed by a band size of 157 bp (between
marker 100-200 bp bands), in a 1.5 % agarose gel (C).

C.2.

Enzyme-linked immunosorbent assay (ELISA)

The ELISA technique (Engvall and Perlman, 1971) is an enzyme-based immunoassay method
that is useful for measuring the concentrations of soluble analytes present in bodily fluids.
Most ELISAs follow one of three strategies: indirect ELISA, typically used to screen for
antibodies; sandwich ELISA, to assay the amount of target antigen which is present; or
competitive ELISA, to define antigenic specificity or to increase the specificity of an assay
when samples contain cross-reacting species. The sandwich ELISA tecnhique (Figure 5)
relies upon two antibodies recognising the same target protein at different epitopes. The
capture antibody is non-convalently adsorbed onto the lower surface of a 96-well plate and
excess antibody is washed away. After incubation of the sample in the well and washing away
unbound proteins, the detection antibody is added. Detection and quantification is usually
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performed by using a secondary antibody convalently coupled to an enzyme, commonly
horseradish peroxidase (HRP) or alkaline phosphatase (AKP). A chromogenic substrate is
then added and it is hydrolysed by the antibody-bound enzyme. The colour produced for the
enzyme-substract interaction is proportional to the amount of target molecules in the sample.
A standard curve is incorporated into a sandwich ELISA assay by making serial dilutions of a
protein solution of known concentration. Standard or calibration curves are generally plotted
as the standard protein concentration (typically ng or pg of protein/mL) versus the
corresponding mean OD value of the replicates, measured by spectrophotometry. The
concentrations of the putative protein-containing samples can be interpolated from the
standard curve. Sandwich ELISAs are useful indicators of the presence and levels of soluble
proteins, although they do not actually provide information concerning their biological
potency. In this study, this technique was used to quantify serum adhesion molecules, IL-6 in
the supernatant of whole blood cultures and cortisol in plasma samples.

Figure 5. The different steps in a sandwich ELISA.

C.2.1 Validation of ELISA assays
Serum and plasma are complex samples that normally require a dilution in an appropriate
buffer to overcome matrix effects. Both standards and samples need to be diluted in a buffer
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that functions as blocking solution, to block free binding sites in the wells that could lead to
non-specific background signals. Typically, 1 % bovine serum albumin (BSA) or 10 % FBS
are used, although the optimal solution and dilution factor should be determined for each
assay. Thus, for each soluble adhesion molecule, a range of serum dilutions (1:100 – 1:12800)
was tested in BSA 1% and in FBS 10 %. The latter was chosen as dilution solution as it was
associated with less variability among the determined concentrations from different dilutions.
A dilution falling between the mean and the upper diluton factor in the linearity range of the
assay (assay sensitivity) was used as optimal serum dilution for the quantification of sICAM1 (1:300), sVCAM-1 (1:1000) and sLselectin (1:1000). The plasma dilution used for IL-6
quantification was 1:1600. All subject samples were assayed in triplicates, following the
manufacturers’ protocols supplied, and quantifications were performed as described above.

C.3.

Flow cytometry

Flow cytometry is a powerful analytical technique and it uses the principles of light scattering,
light excitation, and emission of fluorochrome molecules to generate specific multi-parameter
data from particles and cells. The Fluorescence Activated Cell Sorter (FACS) was invented in
the late 1960s, to do flow cytometry and cell sorting of viable cells, and the first commercial
machines were introduced in the early 1970s by Becton Dickinson (BD) (Herzenberg et al.,
2002). By flow cytometry, individual cells within a mixed population can be simultaneously
analysed for several parameters, including size and granularity, as well as for the expression
of surface (membrane) and intracellular (cytoplasmatic or nuclear) markers defined by
specific antibodies labelled with a fluorescent low molecular weight chromophore. The
sample is forced through a nozzle, creating a fine stream of liquid containing single cells
separated by regular intervals (hydrodynamic focusing). As each cell passes through the laser
beam, it scatters the laser light and the dye molecules will be excited and fluoresce at a
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characteristic wavelength. Sensitive photomultiplier tubes (PMTs) detect the scatter light,
giving information about size and granularity of the cell and the specific fluorescence
emissions provide qualitative information on the expression of cell proteins. A complex
system of receptor identification has been developed to identify cellular receptors, which is
referred as Cluster of Differentiation (CD) antigens (Shapiro, 2003).

C.3.1 Validation of flow cytometry assays
The cytofluorometric analysis of PBMC subpopulations was performed on a Coulter Epics
Elite flow cytometer (Coulter Electronics Inc., Hialeah, USA). The settings on the instrument
were adjusted using isotype controls matching for IgG subtype and fluorochrome. The
monoclonal antibodies used were directly conjugated with FITC (fluorescein isothiocyanate),
PE (phycoerythrin), and PerCP (peridinin-chlorophyll-protein complex) or PECy5
(phycoerythrin-cyanine5) (BD). During sample acquisition, the cytometer software was set to
acquire approximately 15000 events in the lymphocyte FS/SS gate and the data was stored in
a list-mode (LMD) 2.0 format.
The optimal concentration of each fluorochrome-conjugated antibody was chosen after testing
different antibody dilutions individually, in double and triple fluorochrome mixes to control
for parameters such as PMT voltage, fluorescence compensation, and antibody saturation.

Table 5. Laser excitation wavelength, wavelength range of the specific bandpass filters in the flow
cytometer and peaks of fluorescence emitted by the different fluorochromes used.
Laser excitation (nm)

Emission filter (nm)

Emission peak (nm)

FITC

488

525/20

530

PE

488

575/20

575

PerCP

488

675/20

675

PECy5

488

675/20

670
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Cell surface staining
This method is used to detect different subpopulations of leukocytes bearing specific
membrane antigens. The whole blood is added to a mix of fluorochrome-conjugated
monoclonal antibodies that will specifically bind to cell surface antigens. The sample is then
treated with a lysing solution to lyse erythrocytes under gentle hypotonic conditions. The cells
are washed, to remove excess of antibody and debris, and subsequently analysed by flow
cytometry. Whole blood was initially collected in heparin tubes but the anticoagulant was
exchanged to EDTA since heparin allowed the formation of microclots that difficulted the
differentiation of the leukocyte subsets during the flow cytometry analysis. The surface
markers and respective conjugated fluorochromes used in this study are presented in Table 6.

Table 6. Surface markers and respective conjugated fluorochromes.
PerCP

CD45 (leukocyte
common antigen)

FITC
CD4

(T cells)

CD8

(T cells)

CD14

(Monocytes)

CD20

(B cells)

CD56+CD16

(NK cells)

PE
CD11a
CD11b
CD49d
CD62L

Intracellular staining
Optimal intracellular cytokine staining has been reported using a combination of fixation with
paraformaldehyde and subsequent permeabilisation of cell membranes with the detergent
saponin. Paraformaldehyde fixation allows preservation of cell morphology and intracellular
antigenicity, while also enabling the cells to withstand permeabilisation by saponin. This
allows the cytokine-specific monoclonal antibody to penetrate the cell membrane, cytosol,
and membranes of the endoplasmatic reticulum and Golgi apparatus (Figure 6).
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Figure 6. Processing and analysis of a sample stained intracellularly; cells gated for CD4+ T
cells/PECy5 (not shown) are present in the dot plot of CD69/PE vs. IFN-γ/FITC (e.g. 6.1 % of
CD4+/CD69+/IFN-γ+).

The markers and respective conjugated fluorochromes used are presented in Table 7. Each
fluorochrome-conjugated antibody concentration was optimized, and the fluorochromes
iniatially used for intracellular cytokine detection were exchanged due to a compelling reason:
CD69 was first used conjugated with PerCP but a much better separation of the stained
populations was obtained by using CD69 conjugated with a stronger fluorochrome (PE).
CD69 is an early activation antigen whose expression is induced during in vitro antigen
stimulation. The CD69 antibody was used to allow better clustering of cytokine-positive cells,
and to ensure that cells defined as antigen responsive had in fact been stimulated.

Table 7. Surface and intracellular markers and their respective conjugated fluorochromes.
PECy5

C.4.

CD4

(T cells)

CD8

(T cells)

PE

FITC

CD69 (early activation
antigen)

IFN-γ (Interferon gamma)

Biochip array

The quantification of different cytokines was performed using the evidence biochip array
technology developed by Randox Laboratories (Crumlin, UK) in 2003. Evidence is a multianalyte biochip array platform, which allows simultaneous quantitative detection of a wide
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range of protein analytes from a single subject on each biochip. The capture antibodies are
attached to the surface of the biochip. After sample addition, analytes present in the sample
bind to the specific antibodies. The degree of binding is determined using a
chemiluminesence light source and quantified using a Charge-Coupled Detector (CCD)
camera and imaging system. In such a sandwich assay, as a classical ELISA, the light signal
is directly proportional to the analyte concentration due to the conjugated enzyme labelled
antibody attached to it. The signal is compared to that from a stored calibration curve enabling
the calculation of the analyte concentration present in the sample (Randox). In this study, the
cytokine and growth factors array allowed the quantification of IL-1α, IL-1β, IL-2, IL-4, IL6, IL-8, IL-10, IL-12, IFN-γ, tumour necrosis factor-α (TNF-α) and vascular endothelial
growth factor (VEGF), using different dilutions (neat, 1:10, 1:200) of PHA-stimulated PBMC
supernatants. The assay sensitivities as well as intra- and inter-assay coefficients of variance
for the each cytokine are presented in Table 8.

Table 8. Cytokine assay sensitivities and intra- and inter-assay coefficients of variance.
Assay sensitivities

Intra-assay coefficient

Inter-assay coefficient

(pg/mL)

of variance (%)

of variance (%)

IL-1α

3.6

3.9 – 5.3

5.8 – 7.5

IL-1β

1.8

4.3 – 8.2

7.9 – 10.5

IL-2

5.1

5.5 – 10.3

5.3 – 9.6

IL-4

5.3

4.9 – 6.8

9.0 – 11.9

IL-6

1.1

5.8 – 7.8

6.2 – 7.3

IL-8

8.9

6.3 – 11.0

6.8 – 10.6

IL-10

1.8

4.4 – 6.5

6.4 – 6.9

IFN-γ

18.0

3.7 – 6.8

8.1 – 11.8

TNF-α

7.7

4.8 – 7.3

7.9 – 12.0

Cytokines
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C.5.

Sequencing

DNA sequencing is the process of determining the order of nucleotides (A, C, G, and T) along
a DNA strand. One of the first sequencing methods, the chain termination method, was
developed by Sanger (1977). The first semi-automated DNA sequencing machine was built in
1986 (Smith et al., 1986) and the first automated sequencing machine, the model ABI 370,
started to be commercialised in 1987. In automated fluorescent sequencing, fluorescent dye
labels are incorporated into DNA extension products using 5’-dye labelled primers (dye
primers) or 3’-dye labelled dideoxynucleotide triphosphates (dye terminators). The Dyeterminator method has the major advantage that sequencing can be performed in a single
reaction, rather than in four as in the labelled-primer method. The fluorescence dye-terminator
sequencing method, along with an automated high-throughput DNA sequence analyzer, was
used to sequence the cDNA and/or gDNA of corticosteroid receptors.
After amplification by PCR, the products were purified using the Jetquick PCR purification
kit (Genomed, DE) and quantified with Pico Green (Invitrogen) using a Genios Plus Reader
(Tecan, Mechelen, BE). The cycle sequencing PCR reactions, for linear amplification of the
products, contained: 20 ng (5 μL) of DNA, 4 μL of premix (BigDye terminator v.3.1 cycle
sequencing kit, Applied Biosystems, Nieuwerkerk, NL) and 1 μL of either the fwd or rev
sequencing primer (0.5 μM final concentration) in a total volume of 10 μL. The PCR
conditions used were: 1 cycle at 96 °C for 1 min followed by 25 cycles at 96 °C for 10 s, 50
°C for 5 s and 60 °C for 2 min. PCR products were precipitated in ethanol to removed free
dye and resuspended in 10 μL of formamide. With dye terminator labelling, each of the four
dideoxy terminators (ddNTPs) is tagged with a different fluorescent dye and the growing
chain is simultaneously terminated and labelled. An ABI 3130xl capillary sequencer (Applied
Biosystems) was used to detect the fluorescence from the four different dyes identifying the
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A, C, G, and T extension reactions. Each dye emits light at a different wavelength when
excited by an argon ion laser. All four colors and therefore all four bases can be detected and
distinguished in a single capillary injection (Figure 7). Its potential limitations include dye
effects due to differences in the incorporation of the dye-labelled chain terminators into the
DNA fragment, resulting in unequal peak heights and shapes in the sequence chromatogram
after capillary electrophoresis. The sequences obtained were analysed with the SeqScape
version 2.5 (Applied Biosystems).

Figure 7. Representation of capillary electrophoresis in a sequence analyzer.

C.6.

Western blot

Western blots or protein immunoblots (Renart et al., 1979; Burnette, 1981) allow to determine
the molecular weight and to measure relative amounts of a protein present in a sample. The
principle involves the separation of proteins by gel electrophoresis, usually SDS-PAGE
(sodium dodecyl sulfate polyacrylamide gel electrophoresis), that subsequently are transferred
onto a membrane (typically nitrocellulose or polyvinylidene fluoride - PVDF). The membrane
blot is incubated with a generic protein (such as milk proteins) to bind to any remaining sticky
places on the membrane. It is then incubated with a specific antibody to the protein of interest,
which has an enzyme (e.g. HRP or AKP) or dye attached to it. The location of the antibody is
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revealed by incubating it with a colorless substrate that the attached enzyme converts to a
colored product (Figure 8).

Figure 8. Schematic of western blot detection; proteins are detected by chemifluorescence using HRPlabelled secondary antibody.

Western immunodetection of proteins using chemiluminescence reagents has gained wide
acceptance as a safe, sensitive and simple technique. Sensitive and quantitative nonradioactive western analysis can also be accomplished using fluorescence detection.
Fluorescence western detection employs either a direct or an enzyme-amplified
(chemifluorescence) method. The direct fluorescence method uses antibodies labelled with
fluorescence dyes, while the chemifluorescence method uses enzyme-conjugated antibodies
that react with a fluorogenic substrate. Chemifluorescence detection of western blots
combines the advantages of signal stability and wider linear range from fluorescence and
signal amplification from chemiluminescence. According to its advantages and the available
facilities, chemifluorescence using ECL plus substrate, compatible with Typhoon 9400
fluorescence imaging, was the technique chosen for the relative quantification of the proteins
of interest. According to the substrate, the Argon laser was used for excitation at 457 nm and
the emission wavelength set to 520 nm (band pass filter of 40 nm). Scans were first acquired
at 1000 µm resolution to set the PMT voltage (normally 400 nm) and then at 100 µm for
posterior analysis of protein bands with ImageQuant software (GE Healthcare). Band volumes
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were determined after background subtraction (local median method) and the ratio between
the protein of interest and a housekeeping protein (GAPDH) was used as relative
quantification method.

C.6.1 Validation of the western blot assays
A preliminary experiment, using a healthy control PBMC sample, was performed to
determine the optimal antibody concentration, within the range suggested by the manufacturer
(Santa Cruz Biotechnologies Inc., Santa Cruz, CA, USA). For this, a single protein
concentration (10 μg), frequently employed in this type of application, was tested (Figure 9).

Figure 9. Detection of GRK2 and GRK6 chemiluminescence by photography.

The protein detection was done by exposing the blot to a photographic film sensitive to the
emission of light (luminescence) resulting from the chemiluminescent reaction of the sample.
This traditional method only allows for protein band quantification using a densitometer.
Since this is not available at our lab the analysis was only qualitative, which was sufficient for
this first assay. Another test, using the previously determined optimal antibody concentration
(1:1000), was performed to evaluate the range linearity of the assay with respect to the protein
concentration (Figure 10).
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Figure 10. (A) Protein titration using five different concentrations, obtained after a 2-fold serial
dilution starting at 20 μg; (B) regression analysis, with the know protein concentration versus the band
volume.

The concentration chosen to perform the subsequent assays was 5 μg as it falls within the
limit between the exponential and plateau phases for GRK2 (strongest signal), while still
allowing the detection of the other proteins of interest (GRK6 and GAPDH). Otherwise, a
higher total protein concentration may result in a saturated signal thus masking possible
differences in the levels of the protein(s) of interested.
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Chapter 3
Adhesion molecules and cytokine expression in fibromyalgia
patients: increased L-selectin on monocytes and neutrophils

This work has been published in:
Journal of Neuroimmunology. August 2007; 188 (1-2): 159-66.

56

Chapter 3: Adhesion molecules and cytokine expression in fibromyalgia patients

A.

Introduction

Fibromyalgia (FM) is a chronic musculoskeletal disorder. Diagnostic criteria of the American
College of Rheumatology (Wolfe et al., 1990) include widespread pain and specific tender
points. Patients often have other unspecific symptoms including fatigue, sleep disturbances,
morning stiffness, anxiety and autonomic complaints such as irritable bowel and bladder
syndromes (Thompson and Barkhuizen, 2003).
The etiology of FM is still unclear but the immune system is thought to be involved, either
directly or as a result of a dysregulation of the hypothalamic pituitary adrenal (HPA) axis
and/or of the sympathetic nervous system. Several studies suggest that in FM patients the
HPA axis is dysregulated and mild hypocortisolemia has been observed by some investigators
(Crofford et al., 1994; Lentjes et al., 1997; Griep et al., 1998; Gur et al., 2004; Bazzichi et al.,
2006). This may lead to impaired immune functions since glucocorticoids (GCs) tend to
suppress innate and specific immune responses.
Cytokines have been implicated in the development of certain symptoms observed in FM
patients. Circulating cytokines were either found to be unchanged, increased or decreased
(Maes et al., 1999; Wallace et al., 2001; Gur et al., 2002b; Bazzichi et al., 2006; Uceyler et
al., 2006) in patients compared to the healthy controls, similarly to the findings from
proinflammatory cytokine secretion studies in stimulated and unstimulated cultures of
peripheral blood mononuclear cells (PBMCs) (Hader et al., 1991; Torpy et al., 2000; Wallace
et al., 2001; Gur et al., 2002b; Amel Kashipaz et al., 2003). A study reported the detection of
proinflammatory cytokines by PCR in skin biopsies of FM patients but not in healthy controls
(Salemi et al., 2003b) and more recently, lower relative gene expression of antiinflammatory
cytokines was observed in patients with chronic widespread pain (Uceyler et al., 2006). In
addition, T cells with activation markers were found to be lower (Hernanz et al., 1994), higher
(Russell et al., 1999) or unchanged (Landis et al., 2004b) in patients with FM.
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Trafficking of circulating cells into tissues is a critical step in the development of an immune
response and is mediated by the interactions of leukocytes with endothelial cells through
adhesion molecules. Administration of GCs or acute cortisol release following stress greatly
influences leukocyte trafficking by affecting the expression of chemokines and cell adhesion
molecules (Franchimont, 2004). Adhesion molecules of the selectin family (E-, P-, and Lselectin), the α4 (CD49d) and the β2 integrins (CD11/CD18) mediate the rolling and
attachment of leukocytes to the (activated) vascular endothelium by association with their
ligands of the immunoglobulin superfamily (ICAM-1, ICAM-2, and VCAM-1) (Carlos and
Harlan, 1994; Tedder et al., 1995). Increased levels of adhesion molecules and their soluble
isoforms were found in several immune diseases such as rheumatoid arthritis, multiple
sclerosis, lupus erythematosus, Sjögren’s syndrome and other conditions like obesity,
hypertension and diabetes (Kurohori et al., 1995; Littler et al., 1997; Font et al., 2000; GarciaCarrasco et al., 2000; Baraczka et al., 2001; Navarro et al., 2002; Glowinska et al., 2005).
GC-induced suppression of adhesion molecules was less pronounced in patients with major
depression than in controls (Bauer et al., 2002), indicating immune activation and/or GC
feedback resistance. These findings seem relevant also for FM considering the high incidence
of depressive symptoms and of comorbidity with major depression in these patients (Hudson
et al., 1992).
In this study, we examined whether the expression of important immune modulating
molecules, such as adhesion molecules and cytokines may be dysregulated in FM. As a
measure of endothelial activation, the soluble forms of ICAM-1, VCAM-1 and L-selectin
were quantified and the activation of T lymphocytes was assessed. These immune parameters
were further tested under dexamethasone (DEX) in order to assess the sensitivity of the
immune system of FM patients to GCs.
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B.

Materials and Methods

B.1.

Subjects and experimental design

Eighteen FM patients (16 females and 2 males, age range 34-66, mean 49 ± 8 years) fulfilling
the ACR 1990 criteria for the classification of FM (Wolfe et al., 1990), diagnosed by a
rheumatologist and reporting non-inflammatory origins of pain were recruited by the
Department of Psychobiology, University of Trier, Germany. 22 females and 2 males (age
range 35-67 years, mean 51 ± 8 years) served as age and sex matched healthy controls. The
study protocol was approved by the ethics committee of the Rheinland-Pfalz State Medical
Association and written informed consent was given by all participating subjects.
Exclusion criteria for all subjects included: steroid use (except for oral contraception or
hormone replacement therapy due to menopause); infections during the preceding 2 weeks;
dietary weight loss of 5 kg or more within 6 weeks before study entry; pregnancy or
breastfeeding; alcohol or drug dependence; severe allergies; hematological, endocrine,
cardiovascular, pulmonary, gastrointestinal, renal, hepatic, autoimmune or psychiatric
disorders. Exclusion was based on medical history and physical examination. The subjects
were also evaluated with the German version of the Structured Clinical Interview for DSM-IV
(Wittchen et al., 1997) to exclude subjects with current major depression disorder.
Antidepressive drugs were discontinued at least two weeks before sample collection.
From each subject, two blood samples were collected on different days, between 08.30h and
09.00h. The first sample was collected under basal conditions, whereas the second was
obtained in the morning following oral administration of 1.5 mg DEX at 23.00h (Schuld et al.,
2001).
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B.2.

PHA stimulation of PBMCs

PBMCs were isolated from heparinised blood by Ficoll-Paque (Pharmacia Biotech Europe
GmbH, Freiburg, DE) gradient. 1.5 x 106 cells/well were stimulated for 48 h at 37 °C and 5 %
CO2, in 24-well plates with PHA at a final concentration of 5 μg/mL. Supernatants were
harvested and stored at -80 °C until further analysis.

B.3.

Surface staining of leukocyte adhesion molecules

Expression of adhesion molecules was measured in different leukocyte subpopulations by 5parameter 3-colour flow cytometry. Leukocytes from EDTA blood were surface-stained with
combinations of monoclonal antibodies (mAbs) conjugated with PerCP (CD45), FITC (CD4,
CD8, CD20, CD56, CD16) and PE (adhesion molecules: CD11a, CD11b, CD49d, LSelectin). Fluorochrome- and isotype-matched irrelevant antibodies served as negative
controls (Becton–Dickinson, Erembodegem, BE). 100 μL of undiluted blood were incubated
for 15 min in the dark and at room temperature with the proper combination of specific
antibodies. Erythrocytes were lysed with 2 mL FACS lysing solution for 10 min (BD). The
cells were then washed, resuspended in PBS and analysed on a Coulter Epics Elite flow
cytometer (Beckman Coulter Inc., Miami, FL, USA). Lymphocytes, monocytes and
granulocytes were identified by dual scatter and 15000 lymphocyte events were acquired. The
data was analyzed using the software CXP 2.0 (Beckman Coulter Inc., Fullerton, CA, USA).

B.4.

Quantification of soluble adhesion molecules

Soluble adhesion molecules were quantified in serum stored at -80 °C. Concentrations of
soluble ICAM-1 (sICAM-1), sVCAM-1 and sL-selectin were measured by ELISA (R&D
Systems, Abingdon, Oxon, UK). Optimal dilutions were determined for each molecule and all
samples were assayed in triplicates, following the protocols supplied.
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B.5.

Intracellular cytokines in whole blood stimulated T cells

Heparinised whole blood was stimulated for 6 hours at 37 °C, 5 % CO2, with 2.5 μg/mL of
Staphylococcus aureus enterotoxin B (SEB) (Sigma, Bornem, BE) in the presence of 1 μg/mL
CD28 and CD49d (BD) (Sester et al., 2002). During the last 4 hours, 10 μg/mL of Brefeldin
A (BFA; Sigma) were added to block cytokine secretion. Finally, 2 mM EDTA were added
for 15 min to arrest activation and detach adherent cells from the tubes. Erythrocytes were
lysed and leukocytes were fixed with FACS lysing solution for 10 min (BD). Cells were
washed once with FACS buffer (phosphate buffered saline [PBS], 5 % fetal bovine serum
[FBS], 0.5% filtered bovine serum albumin [BSA], 0.1 % NaN3) and kept overnight at 4°C,
before intracellular cytokine staining.
The fixed leukocytes were permeabilized with 1 mL of FACS buffer containing 0.1 %
saponin (Sigma) for 10 min at room temperature. Cells were then washed and incubated with
mAbs conjugated to PECy5 (CD4 and CD8; Immunotools, Friesoythe, DE), PE (CD69; BD),
and FITC (IFN-γ;  BD) for 30 min at room temperature in the dark. Cells were washed once
with 1 mL of FACS buffer, resuspended in PBS and analyzed by three-colour flow cytometry,
as described above.

B.6.

Quantification of cytokines

IL-1α, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IFN-γ, TNF-α, and vascular endothelial growth
factor (VEGF) were quantified in the supernatants of PHA-stimulated PBMCs, by Randox
Laboratories (Crumlin, UK) using an automated biochip array analyser (Evidence biochip
array technology), for the simultaneous quantitative detection of multiple cytokines from each
subject. The biochip consists of an array of discrete test regions, each with an immobilized
antibody specific for one cytokine or growth factor. A chemiluminescent sandwich antibody
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is employed for cytokine detection by digital imaging. Absolute concentrations are obtained
by comparison of the signals to a stored calibration curve.
Assay sensitivities ranged from 1.10 pg/mL (IL-6) to 17.97 pg/mL (IFN-γ), intra-assay
coefficients of variation from 3.7-6.8 % (IFN-γ) to 6.3-11.0 % (IL-8), and inter-assay
variations from 5.3-9.6 % (IL-2) to 9.0-11.9 % (IL-4).

B.7.

Statistical analysis

General linear models (GLMs) with repeated measures were performed, with DEX treatment
(pre vs. post-DEX) as the within-subjects factor and group (FM patients vs. healthy controls)
as the between-subjects factor. Because of potential effects of age and antidepressant drugs on
immune parameters these were entered as covariates into the GLMs and covariate-adjusted
results are reported whenever the effects were significant. In addition, no significant effects
were observed when a past history of a major depressive episode and the score of depressive
symptoms were entered as covariates. The Bonferroni adjustment was applied to post-hoc
pairwise tests. p values ≤ 0.05 were considered significant. Statistical analyses were
performed using SPSS 15.0 (SPSS Inc., Chicago IL, USA).

62

Chapter 3: Adhesion molecules and cytokine expression in fibromyalgia patients

C.

Results

C.1.

Expression of adhesion molecules by leukocytes

Expression of adhesion molecules was analyzed on leukocytes of both FM patients and
healthy controls, before and after DEX intake (Table 9). For both groups, DEX treatment
significantly reduced the expression of CD11b on B cells (F1,22 = 4.56, p = 0.04) and Lselectin on CD4 (F1,22 = 21.03, p < 0.001), CD8 (F1,22 = 6.57, p = 0.02) and B cells (F1,22 =
5.42, p = 0.03). CD49d expression on CD4 cells was slightly increased (F1,22 = 7.51, p = 0.01)
and the same tendency was observed on CD8 cells (F1,22 = 3.07, p = 0.09). A difference in
group response to DEX became apparent by a significant treatment x group interaction effect
observed for CD11b and CD49d on NK cells (F1,22 = 6.39, p = 0.02 and F1,21 = 7.28, p = 0.01,
respectively). CD11b and CD49d expression on NK cells was slightly increased with DEX in
the healthy controls, while in the patients the opposite was observed. On neutrophils, a
significant DEX treatment effect for CD49d was found (F1,21 = 5.84, p = 0.03) but the
response differed in both groups (F1,21 = 10.01, p = 0.005). The baseline expression of CD49d
was higher in the healthy controls and decreased with DEX, whereas in the patients the
tendency was to a slight increase. FM patients had a significantly higher expression of Lselectin on monocytes and neutrophils (F1,22 = 5.91, p = 0.02 and F1,22 = 8.01, p = 0.01,
respectively), compared to the healthy control group.

63

Chapter 3: Adhesion molecules and cytokine expression in fibromyalgia patients

Table 9. Effects of DEX administration (1.5 mg) on the expression of adhesion molecules in
leukocytes from healthy controls (n = 14) and FM patients (n = 10). Data shown as mean percentage
(± SE).
Healthy controls

FM patients

Pre-DEX

Post-DEX

Pre-DEX

Post-DEX

CD11a+

99.46 (0.36)

99.84 (0.08)

99.81 (0.11)

99.76 (0.08)

ns

CD11b+

4.29 (0.73)

4.41 (0.80)

4.67 (1.10)

5.33 (1.50)

ns

CD49d+

78.31 (1.70)

79.49 (1.62)

76.55 (2.40)

77.65 (2.29)

a

L-selectin+

80.72 (1.09)

79.17 (1.02)

81.05 (2.08)

78.61 (2.26)

a

CD11a+

98.87 (0.76)

98.98 (0.60)

99.81 (0.04)

99.48 (0.60)

ns

CD11b+

31.95 (2.76)

34.22 (2.90)

30.49 (2.76)

33.06 (2.23)

ns

CD49d+

89.76 (1.67)

90.97 (1.45)

92.48 (0.89)

93.10 (0.77)

ns

L-selectin+

47.73 (3.06)

45.92 (3.30)

48.86 (3.49)

46.74 (3.09)

a

CD11a+

84.96 (2.13)

83.18 (2.98)

87.81 (1.61)

87.13 (1.30)

ns

CD11b+

16.20 (1.54)

14.90 (1.57)

14.37 (1.13)

14.11 (0.98)

a

CD49d+

94.63 (1.98)

94.49 (2.48)

97.88 (0.21)

97.09 (0.50)

ns

L-selectin+

79.73 (4.09)

73.87 (4.58)

84.70 (1.60)

83.18 (1.78)

a

CD11a+

98.36 (1.25)

99.53 (0.15)

99.70 (0.06)

99.44 (0.19)

ns

CD11b+

67.65 (2.16)

70.35 (2.15)

69.41 (2.41)

65.06 (2.80)

b

CD49d+

97.30 (0.43)

97.81 (0.31)

96.99 (0.49)

96.16 (0.61)

b

L-selectin+

40.67 (2.15)

37.82 (2.30)

44.97 (3.07)

45.40 (2.73)

ns

CD11a+

99.97 (0.02)

99.96 (0.01)

99.97 (0.01)

99.95 (0.02)

ns

CD11b+

99.80 (0.03)

99.84 (0.03)

99.68 (0.11)

99.61 (0.13)

ns

CD49d+

90.42 (2.61)

90.92 (2.60)

92.79 (2.66)

91.73 (3.50)

ns

L-selectin+

84.82 (1.53)

86.34 (1.71)

90.35 (1.09)

91.02 (1.42)

c

CD11a+

68.24 (5.22)

76.73 (4.95)

74.13 (6.52)

76.14 (4.51)

ns

CD11b+

98.51 (0.57)

98.47 (0.55)

98.90 (0.57)

99.50 (0.27)

ns

CD49d+

4.62 (0.35)

2.74 (0.22)

3.52 (0.40)

3.91 (0.41)

a, b

L-selectin+

91.01 (2.41)

85.46 (3.93)

97.23 (0.38)

96.14 (0.98)

c

Variables

Statistics

T cells (CD4+)

T cells (CD8+)

B cells (CD20+)

NK cells (CD56/16+)

Monocytes (CD14+)

Neutrophils (CD16+)

a

p < 0.05; significant effect of DEX treatment.

b

p < 0.05; significant difference in DEX response between groups (treatment x group effect).

c

p < 0.05; significant difference between groups (group effect).
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C.2.

Soluble adhesion molecules in serum

We further investigated the soluble ligand sICAM-1 of the β2 integrins, CD11a and CD11b,
and sVCAM-1 of the α4-integrin, CD49d, as well as the soluble form of L-selectin in FM
patients and healthy controls (Figure 11). A significant interaction effect between DEX
treatment and prior treatment with antidepressant drugs was observed for sICAM-1 and sLselectin (F1,38 = 6.01, p = 0.02 and F1,39 = 6.68, p = 0.01, respectively), as a result of a
different response to DEX in the patients having taken antidepressants (n = 8). For the overall
study group, levels of sL-selectin increased with DEX (F1,39 = 10.84, p = 0.002), while
sICAM-1 and sVCAM-1 were not significantly affected. However, for sICAM-1 there was a
significant treatment x group interaction effect (F1,38 = 7.15, p = 0.01) as levels after DEX
tended to increase in FM patients and decrease in the controls. For none of the soluble
molecules there was a significant difference between subject groups, while sICAM-1 and
sVCAM-1 levels seem to increase with age (F1,38 = 15.15, p < 0.001 and F1,39 = 9.91, p =
0.003, respectively).

C.3.

Lymphocyte activation and IFN-γ expression

After activation of T lymphocytes in whole blood by SEB, the percentage of cells expressing
the CD69 activation marker (Figure 12A) and IFN- γ (Figure 12B and Figure 12C) were
similar in both FM patients and healthy controls. Under DEX, the reduction of CD69
expression was significant (F1,31 = 56.30, p < 0.001) in both groups, and a decrease in IFN-γ
production with the treatment was observed only in CD8 cells (F1,32 = 30.30, p < 0.001).
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means for age (sICAM-1, sVCAM-1) and antidepressants intake (sICAM-1, sL-

error (SE) is shown adjacent to the individual data points (○). Covariate-adjusted

1 (A), sVCAM-1 (B) and sL-selectin (C). Mean concentration (●) ± standard

controls (n = 24) and FM patients (n = 18), pre and post-DEX (1.5 mg): sICAM-

Figure 11. Concentrations of soluble adhesion molecules (ng/mL) in healthy
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data points (○).
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DEX (1.5 mg). Mean concentration (●) ± SE is shown adjacent to the individual

stimulation in healthy controls (n=19) and FM patients (n=15), pre and post-

of IFN-γ expressing CD4+ CD69+ (B) and CD8+ CD69+ (C), after SEB

Figure 12. Percentage (%) of CD69 (A) expressing lymphocytes and percentage
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C.4.

Cytokine levels in stimulated PBMCs

In the FM patients and healthy controls, a significant interaction effect between DEX
treatment and age was observed for IL-1β and IL-8 (F1,24 = 5.83, p = 0.02 and F1,35 = 10.95, p
= 0.002, respectively), with DEX effects increasing or decreasing respectively with age. A
significant interaction effect between DEX treatment and antidepressant intake occurred for
IL-2 (F1,26 = 16.26, p < 0.001), with FM patients taking antidepressants (n = 4) having lower
IL-2 levels before DEX and responding differently to the treatment. DEX significantly
increased IL-8 levels (F1,35 = 16.35, p < 0.001) and reduced most cytokines (p < 0.005), with
the exception of IL-1α (F1,28 = 2.07; p = 0.16), IL-1β (F1,24 = 5.83; p = 0.10) and IFN-γ (F1,25 =
3.95, p = 0.06). In terms of cytokine differences between patients and controls, a treatment x
group interaction was observed for IL-2 (F1,26 = 13.93, p = 0.001) as the cytokine levels were
higher in the patient group before DEX and lower after DEX. A trend towards lower IL-4
levels was observed in FM patients compared to healthy controls (F1,34 = 3.51, p = 0.07) and
IFN-γ levels were elevated in patients taking antidepressants (F1,25 = 5.49, p = 0.03; n = 6).
Group affiliation did not affect any of the other cytokines (Figure 13).
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Covariate-adjusted means for age (IL-1β, IL-8) and antidepressants intake (IL-2, IFN-γ).
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healthy controls (n = 24) and FM patients (n = 18). Data shown as mean concentration and respective SE.

Figure 13. Effects of DEX administration (1.5 mg) on PHA-stimulated cytokine and growth factor levels from
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D.

Discussion

Expression of adhesion molecules and cytokine levels were measured to assess the
recruitment and activation of immune cells in FM patients. The most prominent difference
between patients and controls was the higher expression of L-selectin on monocytes and
neutrophils. The mild hypocortisolemia observed frequently in FM patients (Crofford et al.,
1994; Lentjes et al., 1997; Griep et al., 1998; Gur et al., 2004; Bazzichi et al., 2006) could
produce an explanation for this result. Increased levels of L-selectin on blood cells were so far
observed in only few conditions. In rheumatoid arthritis, expression of L-selectin on PBMCs
from patients increased with disease activity (Kurohori et al., 1995). L-selectin expression
was also increased on leukocytes, in trauma patients early after injury, e.g. after hip
replacement surgery (Hogevold et al., 1996; Cocks et al., 1998) and it was suggested that this
could be partially due to activation of β-adrenergic receptors by adrenaline (Rainer et al.,
1999). In healthy men, L-selectin expression on lymphocytes and monocytes was enhanced
during partial night-sleep deprivation but not during normal sleep (Redwine et al., 2004) and
although sleep disturbances are found in FM patients (Drewes, 1999; Landis et al., 2004a) the
genes affected by prolonged sleep loss are different from those modulated during the
physiological sleep/wake cycle or after short period of sleep deprivation (Cirelli, 2002).
The effect of DEX on adhesion molecule expression by the different leukocytes was modest
in both groups but L-selectin was generally the most sensitive, in particular on T cells and B
cells. This effect of DEX in reducing L-selectin expression on leukocytes is compatible with
earlier studies (Chiappelli et al., 1991; Jilma et al., 1997; Waisman et al., 1998; Bauer et al.,
2002). In addition, a difference in sensitivity in FM patients was associated with lower CD11b
on NK cells and higher CD49d on neutrophils after DEX.
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Soluble adhesion molecules may be produced during inflammation and regulate the
inflammatory response by competing with surface-expressed species for ligand. Similar levels
of sICAM-1, sVCAM-1 and sL-selectin were found in both groups and DEX significantly
increased sL-selectin, which most probably reflects shedding of surface L-selectin. A
difference in sensitivity in FM patients was associated with higher sICAM-1 levels after DEX
in comparison to the controls. Previous studies have shown no difference in plasma levels of
sVCAM-1 and sL-selectin but significantly decreased levels of sICAM-1 (Jilma et al., 1997;
Jilma et al., 2000), maybe due to differences in cohorts and protocols.
CD69 expression in unstimulated ex vivo lymphocytes was reportedly similar or reduced in
FM patients in two earlier studies (Hernanz et al., 1994; Landis et al., 2004b). Here, we show
that after stimulation with SEB, frequencies of CD69+ lymphocytes were similar in patients
and controls. DEX significantly suppressed CD69 expressing lymphocytes concurring with an
earlier study (Reddy et al., 2004) and IFN-γ producing CD8+ cells showed the highest
sensitivity to DEX, in both FM patients and healthy controls.
Levels of cytokines in the supernatant of PHA-stimulated PBMC cultures did not differ
significantly between the two groups. A similar study found higher in vitro-induced IL-6 and
IL-8 in FM patients and no significant differences for other cytokines between patients and
control subjects (Wallace et al., 2001). Thompson and Barkhuizen (2003) have suggested that
such disparities in cytokine levels might reflect differences in subsets of FM patients and in
disease duration. In the present study, FM patients exhibited higher baseline IL-2 levels and a
more pronounced decrease under DEX treatment. Their tendency to lower levels of IL-4
agrees with a recent study (Uceyler et al., 2006) suggesting a bias towards reduced Th2
responses.
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In this study, adhesion molecules and cytokines were investigated in immune cells of FM
patients in order to identify their potential role in the pathophysiology of this disorder. Among
the many parameters studied, we mainly observed differences in cells of the innate immune
system of FM patients. Although these disturbances were small, they may be an indication of
enhanced adhesion and recruitment of leukocytes to inflammatory sites. In addition,
hyporesponsiveness of the HPA axis under stress or disturbances of the stress response could
make these patients more vulnerable to cytokines and inflammation and thus contribute to FM
symptoms.
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Chapter 4
A. Glucocorticoid sensitivity in fibromyalgia patients:
decreased expression of corticosteroid receptors and
glucocorticoid-induced leucine zipper finger
B. Corticosteroid receptor polymorphisms in stress responses

The work described in Chapter 4A has been accepted for publication in:
Journal of Psychoneuroendocrinology. In press.
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A.

Glucocorticoid sensitivity in fibromyalgia patients: decreased

expression of corticosteroid receptors and glucocorticoid-induced leucine
zipper

A.1.

Introduction

Many physiological processes, including lipid and carbohydrate metabolism, the immune
response and stress response are modulated by glucocorticoids (GCs). Activation of the
hypothalamic-pituitary-adrenal (HPA) axis results in secretion of corticotropin-releasing
hormone (CRH) from the hypothalamus. CRH stimulates the pituitary to release
adrenocorticotropic hormone (ACTH), which in turn stimulates cortisol secretion by the
adrenal glands (Webster et al., 2002b).
Fibromyalgia (FM) is a disorder of chronic generalized pain and tenderness at specific soft
tissue sites with additional common clinical symptoms such as fatigue, sleep disturbances,
anxiety, depression, stiffness, and cognitive impairment (Wolfe et al., 1990). Several studies
have associated HPA axis disturbances with FM. Observations range from an enhanced
ACTH release after CRH challenge without increased cortisol secretion (Griep et al., 1993;
Griep et al., 1998), and a decreased cortisol response in the ACTH stimulation test (Kirnap et
al., 2001) to a delayed ACTH response with normal cortisol release after IL-6 injection
(Torpy et al., 2000). In a recent study, a group of FM patients presented characteristics of
enhanced adrenal sensitivity to glucocorticoids (GCs) after a low-dose dexamethasone (DEX)
test (Wingenfeld et al., 2007). Patients have been reported to have mild hypocortisolism, with
some studies showing lower basal plasma cortisol or reduced 24-hour urinary cortisol
excretion (Crofford et al., 1994; Lentjes et al., 1997; Griep et al., 1998; Gur et al., 2004;
Bazzichi et al., 2006). Other investigators reported normal basal cortisol levels (Calis et al.,
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2004) and normal 24-hour urinary free cortisol levels (Landis et al., 2004b). Both flattened
circadian cortisol rhythms (McCain and Tilbe, 1989) and normal diurnal patterns of ACTH
and cortisol (Adler et al., 1999; Catley et al., 2000; Klerman et al., 2001) have been reported
in FM. A loss of HPA axis resiliency has also been postulated in some studies (Crofford et al.,
2004; Bonifazi et al., 2006). Women with FM and a history of physical or sexual abuse had
lower morning cortisol levels and less diurnal cortisol variation than those without such an
antecedent, suggesting that early-life stress may play a role in the HPA axis function in FM
(McLean et al., 2005). This is partially corroborated by another study linking emotional abuse
with heightened evening cortisol and early physical abuse with disruptions in diurnal rhythms
of HPA axis activity (Weissbecker et al., 2006). Alterations on different levels of the HPA
axis and other factors such as genetics, gender or early stress experiences were suggested to
contribute to the development of mild hypocortisolism often observed in FM patients (Fries et
al., 2005).
The nuclear hormone receptors for GCs, glucocorticoid receptor (GR; NR3C1, nuclear
receptor subfamily 3, group C, member 1) and mineralocorticoid receptor (MR; NR3C2,
nuclear receptor subfamily 3, group C, member 2), are of primary importance in the control of
stress-related and circadian HPA axis activity. The GR is expressed in almost all human
tissues and cells, while MR expression is more restricted (Zennaro, 1998). Polymorphisms
observed in both corticosteroid receptor genes have also been shown to contribute to
individual differences in resilience and vulnerability to stressors (DeRijk and de Kloet, 2005;
DeRijk et al., 2006).
Liganded GR acts together with several cofactor complexes to regulate transcription of GCresponsive genes. Glucocorticoid-induced leucine zipper (GILZ; TSC22D3) and the FK506
binding protein 5 (FKBP5) are two prominent GC-induced genes (Cannarile et al., 2001;
Vermeer et al., 2003; U et al., 2004). GILZ can inhibit the activation of nuclear factor-kappa
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B (NF-κB) and activator protein 1 (AP-1), and may regulate apoptosis in T lymphocytes
(D'Adamio et al., 1997; Ayroldi et al., 2001; Mittelstadt and Ashwell, 2001). FKBP5
modulates the cytosolic vs. nuclear distribution of steroid hormone receptors (Barent et al.,
1998; Davies et al., 2002). It reduces the GR affinity for GCs by interacting with the GCreceptor complex and is thought to diminish its nuclear translocation (Wochnik et al., 2005).
In this study, using different strategies, we investigated whether FM could be associated with
abnormalities in GC sensitivity. Salivary and plasma cortisol were assessed in the morning as
a measure of basal HPA axis activity in FM patients and healthy controls. GC sensitivity was
examined by inhibition of lipopolysaccharide (LPS)-induced IL-6 secretion in ex vivo whole
blood cultures treated with dexamethasone (DEX) (DeRijk et al., 2004) and by determining
GILZ and FKBP5 relative mRNA expression. The latter genes and MR, to our knowledge,
have not yet been investigated in FM patients, while a possible role for GR in FM has been
suggested previously (Lentjes et al., 1997; Bonifazi et al., 2006). Therefore, we also evaluated
GR-α and MR expression and performed a mutational analysis of these receptors in both FM
patients and healthy controls.

A.2.

Materials and Methods

A.2.1 Study subjects
Twenty seven patients diagnosed with FM, by an experienced rheumatologist according to the
ACR 1990 criteria for the classification of FM (Wolfe et al., 1990) and reporting noninflammatory origins of pain, were recruited. Twenty nine healthy subjects served as age and
sex matched controls (Table 1). The study protocol was approved by the ethics committee of
the Rheinland-Pfalz State Medical Association and written informed consent was given by all
participating subjects.
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Exclusion criteria for all subjects included: steroid use (except for oral contraception or
hormone replacement therapy due to menopause); infections during the preceding 2 weeks;
dietary weight loss of 5 kg or more within 6 weeks before study entry; pregnancy or
breastfeeding; alcohol or drug dependence; severe allergies; hematological, endocrine,
cardiovascular, pulmonary, gastrointestinal, renal, hepatic, autoimmune or psychiatric
disorders, including schizophrenia, eating disorders and bipolar depression. Exclusion was
based on medical history and physical examination. The subjects were also evaluated with the
German version of the Structured Clinical Interview for DSM-IV (Wittchen et al., 1997) and
none of the subjects had current major depression disorder. FM patients who used
antidepressants as analgesic medication discontinued these two weeks before samples
collection. The health status of the subjects was assessed with the German version of the
Fibromyalgia Impact Questionnaire (FIQ-G) (Offenbaecher et al., 2000) and their degree of
depressive symptoms was evaluated with the Allgemeine Depressionskala (ADS) (Hautzinger
and Bailer, 1993). All subjects were non-smokers.

A.2.2 Sample collection
All samples were obtained between 09.00h and 10.00h. Saliva samples collected by passive
drooling into 1.5 mL tubes (Eppendorf, Hamburg, DE) were stored at -20 °C until analysis.
Blood samples were collected in heparinised tubes (Sarstedt, Nümbrecht, DE) for ex vivo
stimulation and in EDTA tubes (Sarstedt) for PBMC and plasma isolation. PBMCs were
isolated by Ficoll-Paque (Pharmacia Biotech Europe GmbH, Freiburg, DE) gradient, frozen in
a 10 % DMSO medium and stored in liquid nitrogen until further analysis. Plasma was
isolated after 15 min of centrifugation at 4 °C and 1000 g, and aliquots stored at -20 °C.

77

GR4 a

GR3 a

GR2 a

GR1a

Standard PCR

FKBP5

GILZ

MR

GR-α

β-actin

Real-time PCR

Gene fragments

Fwd2: 5’- CTACCCTGCATGTACGAC-3’

Rev1: 5’- CACCATCTACTCTCCCATCACTGAA-3’

Fwd1: 5’- CCTCTGAGTTACACAGGCTTCAGG-3’

Rev: 5’- CTTCCCTCTTGACAATGG-3’

Fwd: 5’- AGAGCAGTGGAAGGACAG-3’

Rev: 5’- ATAGCGGCATGCTGGGCA-3’

Fwd: 5’- GGTCCCCAGGTAAAGAGACGAA-3’

Rev: 5’- GCTTGCAGTCCTCATTCG-3’

Fwd: 5’- TTGTTTATCTCGGCTGCG-3’

Rev: 5’-TGTCTCCAATCATCGGCGTTTCC-3’

Fwd: 5’-TGACTACTGATGAAGGTGCCAAG-3’

Rev: 5’-CGATCTTGTTGTCTATGGCCACC-3’

Fwd: 5’-ACCGAAATGTATCAGACCCCCA-3’

Rev: 5’-GACATTTCTGAAGTCTGCAAGC-3’

Fwd: 5’-CATTATGGGGTAGTCACCTGTG-3’

Rev: 5’-ATTCCCCGAGATGTTAGCTG-3’

Fwd: 5’-GAAGGAAACTCCAGCCAGAA-3’

Rev: 5’-GTTGGCGTACAGGTCTTTGC-3’

Fwd: 5’-GGCCACGGCTGCTTC-3’

Primer sequences

from Nystrom et al. (2004).

715

608

778

900

815

153

157

151

151

208

Amplicon size (bp)

0.1

0.1

0.1

0.1

0.1

1

1

1

1

1

[Primers] (μM)

3

2

3

3

3

2

2

2

2

2

[Mg2+] (mM)

52

56

50

56

58

60

58

56

54

60

Annealing T (°C)
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Table 10. Forward (fwd) and reverse (rev) primer sequences and conditions used in real-time and standard PCR. Primers for amplification of MR exons 3-8
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a

Rev: 5’- TGGGTGTGGAACAACACA-3’

Fwd: 5’- CCAGGCTGCATTTGAAGA-3’

Rev : 5’-TGGTCAGCAGTGTGTATGTGGTTG-3’

Fwd : 5’-GGTGTCAGGGTTAAGTGAACTAGTCTGTG-3’

Rev : 5’-AGGTCAAAGCCTTCCTCCCATTTC-3’

Fwd : 5’-GGCTGCCAGTCTGGGTTTGATAATGAATC-3’

Rev : 5’-GCCAGTTTCAGTAGATTCTTTCACCAACG-3’

Fwd : 5’-GGTGGCTGTTTGGGGTTGACTTAAGAAG-3’

Rev : 5’- TTGGAGATGGCGAAGTCAGTTGC-3’

Fwd : 5’-CCAGTGTGAGTCAGCATATTTCAAAC-3’

Rev : 5’-CCTTTGCTC CCTGTTGGCTTCGTTTTC-3’

Fwd : 5’-ATTGGTGCTGTTGTGATGTCTGCAGG-3’

Rev : 5’-CCTCTTTGGTTGATCCTTGCTCAG-3’

Fwd : 5’-GCATTGCTCCACTCATCGGGTTTTAC-3’

Rev: 5’- GCAAAGTGGAGCAACATATGACC-3’

Fwd: 5’- GTCCAGTACATAAAACCAGAACCAG-3’

Rev: 5’- GCCATCCATAAATGGAAACGG-3’

Fwd: 5’- ATCTTCGGTTTGCAGCCCTG-3’

Rev: 5’- TGCGACCTGGAGCCTCGA-3’

Fwd: 5’- TCTGACATCTCGACAAGCTGTAG-3’

Rev: 5’- AGCCTCCTATAGTTGTCGATG-3’

Fwd: 5’- ACATGTTTTTGTTTTCTTTGAATGC-3’

Amplification from cDNA; b Amplification from gDNA.

MR9 a

MR8 b

MR7 b

MR6 b

MR5 b

MR4 b

MR3 b

MR2.3 b

MR2.2 b

MR2.1 b

GR9β b

Rev2: 5’- ACTGTGGAGATTACGTCC-3’

348

464

347

349

491

552

542

711

763

962

421

0.5

0.1

0.1

0.1

1

0.1

0.5

0.1

0.1

0.1

0.1

2

2

2

2

1

2

2

2

3

2

2

53

56

56

56

56

56

56

56

58

56

56
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A.2.3 Cortisol measurements
Plasma cortisol was determined by ELISA (Immuno-Biological Laboratories, IBL, Hamburg,
DE), with intra-assay and inter-assay coefficients of variation of 5.6 % - 8.1 % and 6.5 % 7.7 %, respectively. Salivary cortisol was measured by time-resolved fluorescence
immunoassay (Dressendorfer et al., 1992). The intra-assay and the inter-assay coefficients of
variation were 4.0 % - 6.7 % and 7.1 % - 9.0 %, respectively.

A.2.4 IL-6 quantification in LPS-stimulated whole blood
GR sensitivity was evaluated by the effect of DEX on the production of IL-6 in whole blood
stimulated with LPS. In a 24-well plate, per well, 400 μL of whole blood were added to 50 μL
of LPS (final concentration of 300 ng/mL; Escherichia Coli, 055:B5; Sigma-Aldrich, DE),
and 50 μL of DEX (final concentrations of 0, 10-10, 10-9, 10-8, 10-7 to 10-5 M; Sigma-Aldrich),
in saline (NaCl 0,9 %). The DEX solutions were prepared from a stock solution in DMSO.
After 6 hour of incubation at 37 °C and 5 % CO2, the plate was centrifuged for 10 min at 540
g and 6 °C, the plasma collected and stored at -80 °C. The concentration of IL-6 was
measured by ELISA (BD OptEIA, Heidelberg, DE) in 1:1600 diluted plasma samples,
following the protocol of the manufacturer.

A.2.5 Isolation of genomic DNA, of mRNA and reverse transcription
Total genomic DNA (gDNA) was purified from 105 PBMCs using a QIAamp DNA Blood
Midi Kit (QIAGEN, Venlo, NL), according to the manufacturers’ protocol.
For mRNA isolation, 105 PBMCs were lysed in lysis buffer and after removal of debris,
samples were incubated with oligo-dT-labelled magnetic beads. mRNA was subsequently
isolated using μMacs magnetic columns (Miltenyi Biotech GmbH, Cologne, DE). First-strand
synthesis of total cDNA was carried out at 42 °C for 50 min using 10 U/μL SuperScript II RT
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and 2.5 μM dT16 primer in a 40 μL reaction containing 50 mM Tris–HCl, 75 mM KCl, 3 mM
MgCl2, 10 mM dithiothreitol and 500 μM deoxynucleoside triphosphates (dNTPs)
(Invitrogen, Paisley, UK).

A.2.6 Real-time PCR assays
Primer sequences for β-actin (ACTB) and GR-α were obtain from the literature (Steuerwald
et al., 1999; Melo et al., 2004), while the primer sets for MR, GILZ and FKBP5 were
designed from the corresponding mRNA sequences using FastPCR (Kalendar, 2005). Primers
and optimised PCR conditions are shown in Table 10. All primers were synthesized by
Eurogentec (Seraing, BE). Amplification of cDNA by PCR was performed in 25 μL reactions
containing 20 mM Tris–HCl (pH 8.4), 50 mM KCl, 200 mM dNTPs, SYBR Green 1X
(Cambrex, Verviers, BE) and 2.5 U Platinum Taq DNA polymerase (Invitrogen). Thermal
cycling was performed in an Opticon 2 (Biorad, NL): one cycle at 95 °C, 2 min; followed by
40 cycles each including denaturation at 95 °C for 20 s; annealing (see Table 10), 20 s;
extension 72 °C, 20 s. The low number of PBMCs did not allow for the quantification of the
other minor GR isoforms (data not shown).

A.2.7 Standard PCR assays
The MR exon 9 and the GR-α ORF (open reading frame) were amplified from cDNA, the
latter as four overlapping fragments. The other MR exons and GR exon 9β were amplified
from gDNA. Primers for GR-α, GR exon 9β and MR exons 2 and 9 were designed and
optimised PCR conditions are shown in Table 10. All primers were synthesized by
Eurogentec. Amplification by PCR was performed in 25 μL reactions containing 20 mM
Tris–HCl (pH 8.4), 50 mM KCl, 200 mM dNTPs, and 2.5 U Platinum Taq DNA polymerase
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(Invitrogen). Thermal cycling was performed as follows: one cycle 95 °C, 10 min; 40 cycles
of denaturation 95 °C, 30 s; annealing 72 °C, 30 s; final elongation 72 °C, 6 min. All PCR
products were separated on a 2 % agarose gel and visualized with ethidium bromide under
UV light.

A.2.8 Sequencing
PCR products were purified using the Jetquick PCR purification kit (Genomed, DE). Purified
products were quantified with Pico Green (Invitrogen) using a Genios Plus Reader (Tecan,
Mechelen, BE). Big Dye Terminator v.3.1 cycle sequencing kit (Applied Biosystems,
Nieuwerkerk, NL) was used for sequencing in both directions, using the PCR primers as
sequencing primers. The sequences obtained were analysed with the Applied Biosystems
SeqScape software version 2.5.

A.2.9 Statistical analysis
General linear models (GLMs) with repeated measures were used to assess the effect of
different DEX concentrations on IL-6 production. The DEX concentration producing a 50 %
inhibition (IC50) of IL-6 was calculated as previously described (DeRijk et al., 1997). The
relative expression of each target mRNA was calculated by the comparative 2−(ΔΔCt) method,
using β-actin as a stable internal housekeeping gene. For this effect, the mean from three PCR
runs with a coefficient of variation < 4 % was calculated for each sample. The mean Ct value
(± SD) for β-actin from all subjects (n = 56) was 18.62 ± 0.22 and the mean coefficient of
variation 1.15 %. The Ct values did not differ between FM patients and healthy subjects (p =
0.83; 18.66 ± 1.49 and 18.58 ± 1.10, respectively). T-tests were used to compare differences
in group means and these results are presented as mean ± standard error (SE). Allele
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frequencies were calculated and tested for group differences with chi-square test. HardyWeinberg equilibrium was confirmed with chi-square tests whenever appropriate. Fisher's
exact test was also applied to compare the characterisation data of the two study groups.
Correlations were calculated using Pearson’s test. Statistical analysis and graphs were
performed with SPSS version 15.0 (SPSS Inc., Chicago IL, USA) and SigmaPlot 9.0 (Systat
Software GmbH, Erkrath, DE), respectively. Statistical significance was considered for p <
0.05.

A.3.

Results

A.3.1 Subject characteristics
The demographic characteristics of the patients and the matched healthy controls did not
differ significantly from each other (Table 1). The intake of antidepressants, mostly used in
low doses as analgesics in FM, was limited to the patients’ group. In comparison to the
healthy controls, FM patients scored significantly higher in the FIQ-G and ADS (p < 0.001).
These scores significantly correlated with each other for the patients (r = 0.70, p < 0.001) but
not for the control group (r = 0.35, p = 0.07), despite a similar tendency.

A.3.2 Basal cortisol levels
The basal function of the HPA axis was assessed by determining cortisol levels in both
plasma and saliva. Total plasma cortisol levels were slightly lower in FM patients compared
to healthy controls, a difference with borderline statistical significance (118.7 ± 7.9 and 143.7
± 9.8 ng/mL, respectively; p = 0.054) (Figure 14A). Salivary free cortisol was not different
between the two groups (6.6 ± 0.7 and 7.2 ± 0.6 nmol/L, respectively; p = 0.5) (Figure 14B).
Nevertheless, plasma and salivary cortisol levels correlated significantly in both FM patients
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(r = 0.70, p < 0.001) and healthy controls (r = 0.43, p = 0.02). For both groups, cortisol levels
did not correlate with the scores of current depressive symptoms nor did they differ between
patients with or without prior antidepressant medication.

Figure 14. Mean concentration ± SE of basal plasma (A) and salivary cortisol (B) concentrations in
healthy controls (■; n = 29) and FM patients (□; n = 27).

A.3.3 DEX inhibition of LPS-induced IL-6 secretion
The LPS-stimulated IL-6 levels without DEX did not differ significantly between FM patients
and healthy controls (p = 0.36; 90.96 ± 11.00 and 79.58 ± 6.57, respectively). DEX
significantly inhibited IL-6 in a dose-response manner (F1.5,

59.1

= 170.47, p < 0.001) but

cytokine levels did not differ between FM patients and healthy controls (F1, 40 = 1.30, p =
0.26) (Figure 15). The mean IC50 was of 3.8 x 10-8 M for both groups, indicating similar DEX
sensitivities. No significant effects were observed when the scores of depressive symptoms or
antidepressant intake were entered as covariates in the GLMs.

84

Chapter 4: Glucocorticoid sensitivity in fibromyalgia patients

Figure 15. Effect of DEX on LPS-induced IL-6 secretion in whole blood cell cultures from healthy
controls (○; n = 24) and FM patients (●; n = 18). Mean ± SE.

A.3.4 Relative mRNA expression
The relative mRNA expression of both GR-α and MR (Figure 16) was significantly lower (p
< 0.001) in FM patients compared to healthy controls. The GR-α/MR ratio was not different
between the two groups (p = 0.80). Although antidepressants were suspended for two weeks
before the sample collection, the group of FM patients having taken antidepressant drugs
seemed to have higher GR-α (although without statistical significance, p = 0.099), but normal
MR mRNA expression compared to the drug-free patients. The expression of GILZ was also
significantly lower (p = 0.004) in FM patients, while no difference was observed in the
expression of FKBP5 compared to the controls (Figure 16). Antidepressant medication did
not influence the expression of these two genes. In addition, depressive symptoms did not
correlate significantly with the expression of any of the studied genes.
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Figure 16. Relative mRNA expression of GR-α (A), MR (B), GILZ (C) and FKBP5 (D) in PBMCs of
healthy controls (n = 29) and FM patients (n = 27). The horizontal line in the box indicates the
median; the box stretches from the upper to the lower hinges which represent the 75th and 25th
percentiles, respectively, and the plot whiskers represent the 5th and 95th percentiles. Data are
expressed in arbitrary units normalised to β-actin.

A.3.5 GR and MR sequence analysis
The GR and MR genes were chosen as prime candidates for mutational analysis in a
candidate gene approach. Sequencing revealed a number of known SNPs in the coding
regions of the GR: rs6189/rs6190 (ER22/23EK), rs6195 (N363S), rs6196 (N766N); and MR:
rs2070951 (-2G/C of the 5’ untranslated region), rs5522 (I180V), rs5525 (D499D), in both
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FM patients and healthy controls (Table 11). Most of these SNPs were heterozygous and all
of the MR rs5522 carriers also carried the silent rs5525. The frequency of the minor alleles
for the latter SNPs was 6 % in the healthy group and 20 % in the FM group, although this
difference did not reach significance (p = 0.08). The comparison of carriers with at least one
minor allele and individuals homozygous for the major allele (non-carriers) did not differ in
MR mRNA levels (mean 2−(ΔCt) ± SE) neither in the patients (4.4 x 10-4 ± 0.5 and 4.6 x 10-4 ±
0.4, respectively; p = 0.84) nor in the controls (4.8 x 10-4 ± 0.4 and 6.0 x 10-4 ± 0.3,
respectively; p = 0.13). Also, MR expression among carriers did not differ between FM
patients and controls (p = 0.65), but differed among non-carriers (p = 0.003). An unreported
heterozygous but silent T/C mutation (ss76901128), confirmed by direct resequencing, was
identified in one healthy subject at the mRNA position 1989 (S591S) in MR exon 3, which
encodes part of the DNA binding domain (Figure 17).

Table 11. Numbers of SNPs found in the ORF of the GR and MR of healthy controls and FM patients.
RefSNP (rs)
ID

Nucleotide
variant

Amino acid
variant

Allele frequencya
P
Healthy controls

FM patients

GR
rs6189/rs6190
198/200 G/A
E22E/R23K
1/58 (1.7)
2/54 (3.7)
rs6195
1220 A/G
N363S
0/58 (0)
2/54 (3.7)
rs6196
2430 T/C
N766N
5/58 (8.6)
6/54 (11.1)
MR
rs2070951
-2 G/C
22/52 (42.3)
25/46 (54.3)
rs5522
538 A/G
I180V
3/52 (5.8)
9/46 (19.6)
rs5525
1497 C/T
D499D
3/52 (5.8)
9/46 (19.6)
a
Number of minor alleles compared to number of total alleles (percentage in parentheses).
b
ND: not determined.

NDb
ND
0.9
0.3
0.08
0.08
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domain; LBD, ligand-binding domain). The scale can only serve as an approximate indication of the exons length.
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directions); MR protein structure (B) indicating the exons encoding the different domains of the receptor (NTD, N-terminal domain; DBD, DNA-binding

aminoacid substitutions indicated; identified mutation, ●; representative fwd (Y = C/T) and rev (R = A/G) sequence electropherograms (similar results in both

transcripts. The translation start (ATG) and stop (TGA) codons are shown, as well as the SNPs observed in this study with the resulting nucleotide and

Figure 17. Genomic structure of the MR gene (A), including the two alternative 5’ - exons 1α and 1β and the eight coding exons 2 - 9 of the mRNA
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A.4.

Discussion

This study was performed to evaluate the expression and function of corticosteroid receptors
in FM. Basal plasma cortisol was marginally lower in FM patients than in healthy controls but
similar salivary cortisol levels indicated comparable cortisol availability. This discrepancy
could possibly be explained by the lower cortisol binding globulin levels reported in FM
patients (Lentjes et al., 1997; Griep et al., 1998). Cortisol levels did not correlate with
depressive symptoms. Other possible confounding factors such as early trauma modulating
cortisol levels in these patients (McLean et al., 2005), and the number of tender points
(observed to negatively correlate with cortisol levels) (Gur et al., 2004), were not evaluated in
this study. Also, incidental differences caused by morning fluctuations of cortisol cannot be
fully excluded.
The sensitivity to DEX was identical in both groups and IL-6 levels were not statistically
different. The latter result is similar to previous findings from us and others in stimulated
PBMCs (Wallace et al., 2001; Amel Kashipaz et al., 2003; Macedo et al., 2007), serum (Maes
et al., 1999; Gur et al., 2002b) and plasma of FM patients (Bazzichi et al., 2007b).
Both GR-α and MR were lower in FM patients compared to healthy controls, but ratios of
GR-α/MR were similar in both groups. This seems in contrast to an older study which
reported normal numbers of GR in PBMCs of FM patients using a DEX binding assay
(Lentjes et al., 1997). In rheumatoid arthritis, where the HPA axis is generally hypoactive as
in FM, GR levels were found reduced in a whole cell binding assay in PBMCs (Schlaghecke
et al., 1992), at least in female patients (Huisman et al., 2002; van Everdingen et al., 2002).
Although GR expression may differ with organ and cell type, GR concentration and binding
affinity in human PBMCs have been suggested as a surrogate of GR in the brain and have
been used in HPA axis dysregulation studies. For instance, in conditions such as major
depression, both lower PBMC GR levels (Calfa et al., 2003) and reduced GR levels in certain
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brain regions, including hippocampal subregions (dentate gyrus), have been observed
(Webster et al., 2002c). Also, in the rat model, simultaneous downregulation of both
hippocampal and lymphocyte GRs by GCs has been shown (Lowy, 1991). Lentjes et al.
(1997) also observed a lower GR affinity in FM patients, indicating that higher cortisol
concentrations would be needed to obtain the same effects as in healthy controls. Sequencing
did not reveal mutations that could explain lower receptor affinity and/or impaired function.
The frequency of the MR I180V minor allele was approximately three times higher in the FM
patients group than in the controls. This MR 180V variant was recently associated with a mild
loss of receptor function (DeRijk et al., 2006). Also, in the study of DeRijk et al. (2006),
carriers of the V-encoding allele were shown to differ in response to a psychological stressor
when compared to non-carriers, although a bias of our results due to a low variant frequency
in the control group or the overall low number of subjects cannot be excluded. At least at the
mRNA level, there were no differences in MR expression between I180V minor allele carriers
and non-carriers, both in patients and controls. Assuming a complex genetic predisposition,
genetic association studies on large cohorts are warranted.
In our study, FM patients who took antidepressants seemed to express more GR-α despite the
two weeks abstinence before blood collection. Antidepressants have been shown to restore
reduced expression or disturbed GR-α function both in vivo and in vitro (Seckl and Fink,
1992; Johansson et al., 1998; Lai et al., 2003; Pariante et al., 2003; Funato et al., 2006). This
may reflect the therapeutic effect of antidepressants in FM (Anderberg et al., 2000b; Arnold et
al., 2004b; Gendreau et al., 2005), similar to the effect of a non-pharmacological treatment
which increased GR-α expression and reduced symptoms in FM patients (Bonifazi et al.,
2006).
FKBP5 and GILZ were both shown to be GR and MR regulated but GILZ is more rapidly
induced (Rogerson et al., 2004; Soundararajan et al., 2005). GILZ, which is more sensitive to
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GCs than other steroids (Smit et al., 2005), was expressed significantly lower in FM patients
compared to the controls, which could be the result of lower cortisol and/or corticosteroid
receptor levels. GILZ is downregulated in activated T and B lymphocytes (Glynne et al.,
2000; Berrebi et al., 2003), in macrophages in granulomas of delayed-type hypersensitivity
reactions (Berrebi et al., 2003) and by proinflammatory cytokines (Eddleston et al., 2007).
Berrebi and colleagues (2003) suggested that GILZ downregulation may be a general
phenomenon of immune cell activation and its upregulation has recently been proposed as a
novel therapy for inflammatory conditions like asthma (Eddleston et al., 2007).
A weakness of our study, as for many others on FM, is the limited size of the cohort. In this
sense, our conclusions may be partially preliminary and would require confirmation in a
larger cohort. A larger cohort would have a higher statistical power, but possibly at the
expense of less severe inclusion/exclusion criteria and more patients’ heterogeneity.
Nevertheless, the present study shows a lower expression of corticosteroid receptors in
PBMCs from FM patients and a suspected lower plasma cortisol. Heim et al (2000) proposed
that individuals with a tendency to hypocortisolism not counterbalanced by up-regulation of
corticosteroid receptors or with impaired receptor function may have enhanced adverse
effects, e.g. on the immune function, and increased susceptibility to stress-related disorders.
Although corticosteroid receptor regulation is very tissue-specific, a similar downregulation
in the brain may contribute to an impaired HPA axis function. These effects would be
compounded by lower expression of antiinflammatory mediators such as GILZ, known to
inhibit proinflammatory transcription factors that regulate numerous genes which may be
involved in the sickness response associated with FM.
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B.

Corticosteroid receptor polymorphisms in stress responses

B.1.

Introduction

In the last years, GR and MR gene variants have been associated with differences in GC
sensitivity, metabolic parameters and in HPA axis responses to acute psychosocial stressors.
The GR N363S variant, a SNP in exon 2 causing an aspargine to serine aminoacid change,
has been associated with increased sensitivity to GCs, increased body mass index (BMI),
waist-to-hip ratio (WHR) and obesity (Huizenga et al., 1998; Dobson et al., 2001; Di Blasio et
al., 2003; Lin et al., 2003; Wust et al., 2004), findings that have not always been verified
(Echwald et al., 2001; Rosmond et al., 2001). In a first report of GR SNP impact on HPA axis
activity following the Trier Social Stress Test (TSST), carriers of the N363S were shown to
have stronger salivary cortisol responses whereas GG carriers of the restriction length
polymorphism BclI, located in intron 2, displayed a relative HPA axis hypoactivity (Wust et
al., 2004). The GR ER22/23EK polymorphism in exon 2, comprising a synonymous
nucleotide change in codon 22 and an aminoacid change in codon 23, has been associated
with reduced sensitivity to GCs (van Rossum et al., 2002) and with a healthier cardiovascular
and metabolic profile (van Rossum et al., 2004). Both ER22/23EK carriers and homozygous
carriers of the BclI have been found to have an increased susceptibility to develop major
depression (van Rossum et al., 2006; van West et al., 2006). Moreover, sex specific effects of
GR polymorphisms on HPA axis activity and GC sensitivity have recently been reported
(Kumsta et al., 2007). Male BclI GG carriers showed relatively diminished ACTH, total and
salivary cortisol responses to the TSST, while female carriers with the same genotype showed
high total cortisol responses. In addition, male carriers of a GR non-coding SNP (A to G
transition) in exon 9β displayed the highest ACTH levels after TSST exposure and after DEX
administration, which was not observed in female carriers. This GR9β G variant was also
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observed with a higher prevalence in rheumatoid arthritis patients compared to healthy control
subjects (Derijk et al., 2001), although not corroborated by a later study (Donn et al., 2007).
Recently, the study of the common MR I180V variant has evidenced the role of the MR in the
regulation of HPA axis and autonomic responsiveness, with the SNP carriers found to have
enhanced cortisol and heart rate responses to the TSST (DeRijk et al., 2006).
In the present study, the sequence of corticosteroid receptors of FM patients and healthy
controls were analysed for the presence of polymorphisms (Chapter 4A). The frequency of the
observed GR coding SNPs was reduced in the overall study group, while the frequency of the
MR SNPs allowed establishing small subgroups for further testing. Thus, the different MR
genotype groups were evaluated in terms of stress responsiveness to the TSST, to which the
subjects had been submitted in collaboration with Hesse-Husain (2007).

B.2.

Materials and Methods (Complementary to Section A.2., Chapter 4A)

B.2.1 Psychological stress protocol and sample collection
Study participants entered the Department of Psychobiology, University of Trier, Germany,
between 08.00h and 08.30h, for medical examination and clinical interview. A catheter was
then inserted into their antecubital vein followed by a 45 min resting period. Blood and saliva
samples were taken 30 min before and 1, 10, 30 and 120 min after subjects were exposed to
the TSST (Kirschbaum et al., 1993). The test consists of a three-minute preparation period,
followed by a five-minute free speech task and a five-minute mental arithmetic task in front
of an audience including one male and one female trained staff members. Additional saliva
samples were collected 2 min before and 20, 45 and 90 min after the TSST. Saliva samples
collected by passive drooling into 1.5 mL tubes (Eppendorf, Hamburg, Germany) were stored
at -20 °C until analysis. Blood samples were collected in EDTA tubes (Sarstedt, Nümbrecht,
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Germany), the plasma isolated after 15 min of centrifugation at 4 °C and 1000 g, and aliquots
stored at -20 °C and -80 °C for cortisol and ACTH measurements, respectively.

B.2.2 Statistical analysis
Previously, TSST responses were analysed using GLMs with the repeated measures effect
time, the between-subjects effect group and the interaction time x group (Hesse-Husain,
2007). Here, GLMs were computed to assess the repeated measures effect time, the betweensubjects effect genotype group and the interaction time x genotype group for TSST responses.
Greenhouse-Geisser corrections were applied to adjust for violations of the sphericity.
Although recognising that pairwise comparison do not account for type I errors, these results
are presented if significant or borderline statistically significant, independently of the main
effects tested with GLMs, as in some cases it may indicate parameters worth further
investigation in larger cohorts. Univariate GLM analysis were performed for genotype group
differences in BMI, WHR and ADS scores, as these parameters have been found associated to
certain SNPs, as well as for testing possible differences in MR mRNA levels by subgroups of
TSST responders and non-responders.

B.3.

Results

B.3.1 Stress responsiveness
TSST responses may differ by gender and age (Kirschbaum et al., 1999; Kudielka et al.,
2004a), as such, GLMs were conducted only for female subjects, as the low number of male
subjects (4 FM patients and 4 healthy controls, in total) did not allow further analysis. Age
was tested as a covariate. The impact of other potential covariates, such as medication intake,
on genotype groups was not significant in any of the performed analysis.
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For both FM patients (n = 23) and healthy controls (HC, n = 26), statistical analysis revealed a
significant time effect for salivary cortisol, plasma cortisol and ACTH responses to the TSST,
as well as a significant interaction effect between time and age for all measures, as a result of
stronger stress responses in younger subjects. Based on the area under the curve increase
(AUCi) (Pruessner et al., 2003), relative to salivary cortisol measured between 2 min before
and 60 min after the TSST, subgroups of responders and non-responders were defined based
on positive or negative AUCi, respectively. It has been suggested that subjects with a negative
AUCi do not respond to the TSST in terms of cortisol changes, whereas a positive AUCi
indicates a cortisol response to the stress test and thus a slowing down of the diurnal cortisol
decline, which is more pronounced in the morning hours. After reanalysing the TSST data for
the four subgroups generated (FM responders, n = 12; FM non-responders n = 11; HC
responders n = 15; and HC non responders n = 11), Hesse-Husain (2007) found a significant
time effect, significant time x group interactions and significant group effects for salivary
cortisol, plasma cortisol and ACTH responses. In summary, after TSST exposure, FM
responders compared to HC responders (only females analysed) had lower salivary and
plasma cortisol responses. This suggests blunted adrenal activity at least in some of the FM
patients included in this study.
We extended the statistical analyses of TSST responses grouping FM and HC subjects by MR
genotype, with age as the only covariate. Differences in BMI, WHR or ADS scores according
to the genotype subgroup are reported if significant. Comparison of the MR expression at the
mRNA level did not show significant differences between TSST responders and nonresponders, neither in FM patients (p = 0.47) nor in healthy controls (p = 0.36).
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B.3.2 Mineralocorticoid exonic polymorphisms

MR -2 (215 G/C)
For this MR -2 polymorphism, genotype groups were designated as GG homozygous (noncarriers), GC heterozygous and CC homozygous carriers. TSST responses by genotype group
were not significantly different neither in terms of salivary cortisol, plasma cortisol, nor
ACTH (F10.7, 71.0 = 1.32, p = 0.23; F13.0, 80.6 = 1.34, p = 0.21 and F7.9, 48.7 = 0.94, p = 0.50,
respectively). Pairwise comparisons revealed a significant difference between female FM
patient CC homozygotes and healthy control GG homozygotes (p = 0.015), as they showed
the lowest and highest response levels, respectively. A similar result was observed for plasma
cortisol (p = 0.035) but not ACTH responses (Figure 18).
The HC non-carriers compared to CG carriers had a significantly higher BMI (p = 0.02). In
the patient group, BMI levels were higher in CC carriers compared to CG carriers (p = 0.056).
Consistently, in both subject groups, CG carriers had the lowest BMI levels.

MR I180V (538 A/G) and D499D (1497 C/T)
The SNPs I180V and D499D are linked, belonging to a same haplotype block. The haplotype
groups were designated as AA homozygous (non-carriers) and G carriers. Again, TSST
responses by genotype group were not significantly different neither in terms of salivary
cortisol, plasma cortisol, nor ACTH (F6.8, 95.7 = 1.49, p = 0.18; F8.7, 113.0 = 1.03, p = 0.42 and
F5.1, 65.7 = 1.17, p = 0.34, respectively). Although not statistically significant, there was a trend
towards lower salivary cortisol responses in FM G carriers compared to healthy control noncarriers (p = 0.068), which showed the overall strongest response. This observation was
corroborated for plasma cortisol (p = 0.045) but not for ACTH responses (Figure 19).
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patients (red); MR rs2070951 non-carriers (GG homozygous) are represented with full circles, CG heterozygous with open circles and CC homozygous with

Figure 18. Salivary cortisol (A), plasma cortisol (B) and plasma ACTH (C) responses to the TSST (mean ± SE), in female healthy controls (black) and FM

MR -2 (215 G/C)
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patients (red); MR rs5522 non-carriers (AA homozygous) are represented with full circles and G carriers with open circles.
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Figure 19. Salivary cortisol (A), plasma cortisol (B) and plasma ACTH (C) responses to the TSST (mean ± SE), in female healthy controls (black) and FM

MR I180V (538 A/G)
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B.3.3 Mineralocorticoid intronic polymorphisms
To amplify and sequence the MR from gDNA, besides the exons sequence, the available
spanning intronic regions of each exon were also analysed for the presence of possible SNPs.
In total, four intronic SNPs were identified at: 3’ - exon 3, C/T (rs17484245); 5’ - exon 4, C/T
(rs4835500); 3’ - exon 6, A/G (rs2272089) and 5’ - exon 8, A/G (rs1879829).
After analysis of the different female genotype groups in terms of TSST responsiveness, no
significant interactions were observed between genotype groups and salivary cortisol, plasma
cortisol or ACTH responses. Only a trend to different salivary cortisol responses by genotype
(F6.0 = 2.12, p = 0.062) was observed for the rs2272089 carriers compared to non-carriers,
which was not as evident with age introduced as covariate (F6.4, 74.5 = 1.62, p = 0.15). For the
latter, pairwise comparisons revealed a significant difference between FM patients and
healthy control carriers of the minor G allele (p = 0.026), which was also verified in terms of
plasma cortisol levels (p = 0.047). A trend to differences between FM G carriers and healthy
control non-carriers (AA) was also observed (p = 0.064), indicating overall lower plasma
cortisol responses in FM G carriers (Figure 20).
In addition, pairwise comparisons also evidenced significantly higher overall plasma cortisol
responses in the healthy control carriers of the rs17484245 (n = 5) as compared to FM patients
carriers (n = 8, p = 0.034), FM non-carriers (n = 9, p = 0.005) and marginally to healthy noncarriers (n = 16, p = 0.056). FM carriers of this SNP had significantly higher ADS scores
compared to FM non-carriers (27.78 ± 2.51 versus 20.20 ± 2.38 (mean ± SE), p = 0.035), with
score means above and below the clinically relevant cut-off of 23, respectively.
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patients (red); MR rs2272089 non-carriers (AA homozygous) are represented with full circles and G carriers with open circles (all AG heterozygous).
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Figure 20. Salivary cortisol (A), plasma cortisol (B) and plasma ACTH (C) responses to the TSST (mean ± SE), in female healthy controls (black) and FM

MR intron 6 (A/G)
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B.4.

Discussion

In this study, the minor allele of the MR I180V polymorphism was shown to occur with a
slightly higher frequency, approximately three times higher, in FM patients compared to
healthy controls (Chapter 4A). To date, this has been the only SNP of the MR studied in terms
of TSST responses (DeRijk et al., 2006). In our cohort, female carriers seemed to have
reduced TSST responses compared to non-carriers. This was more evident for FM patient
carriers, which tended to have lower salivary cortisol and significantly lower plasma cortisol
responses compared to healthy control non-carriers. Such observations contrast with the
findings of DeRijk et al. (2006), where young male carriers were found to have increased
TSST responses compared to non-carriers. However, the two studies differ in terms of
number, age and sex of the subjects, as well as the time of day selected to perform the TSST.
Moreover, recent evidence suggests that a same genetic variant can have differential or even
opposite effects on HPA axis responses in males and females, supporting the notion of sex
specific regulation of the HPA axis (Kumsta et al., 2007). Interestingly, in the referred study
of DeRijk et al. (2006), the MR I180V was also associated with an in vitro mild loss of
receptor function, using cortisol as a ligand. This may suggest an altered function of the MR
in FM.
From the four SNPs found in the spanning intronic regions of the MR exons, carriers of the
rs2272089 showed a tendency towards differences in response to the TSST. Additionally, FM
G carriers tended to have lower cortisol responses compared to both healthy control G carriers
and non-carriers. Interestingly, FM carriers of the rs17484245 had significantly higher
depressive symptoms compared to FM non-carriers, which may suggest a relation between
this SNP and depression. Subsequent studies, analysing larger cohorts, are warrant to confirm
these potential associations.
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The study of associations between MR SNPs and stress responses in FM patients and healthy
controls is hereby limited by the number of subjects. This hampered, for instance, making a
subgroup of healthy controls that would represent the most common haplotype, as a more
unbiased control group. Other factors may as well complicate the generalisation of the
findings. A previous study has shown that comparable HPA axis responses to psychosocial
stress can be equally measured in the morning and afternoon (Kudielka et al., 2004b).
However, without further testing, we cannot assume that TSST responses in subjects with
different MR genotypes or haplotypes do not differ with the time of day because of the
circadian rhythm of cortisol. Age, gender and oral contraceptives are also important factors
known to influence TSST responses (Kirschbaum et al., 1999). Age was indeed a significant
covariate in most of the TSST analysis, whereas the intake of oral contraceptives had no
impact on the findings.
This work, despite its limitations, confirms that SNPs in corticosteroid receptor genes may
add to the individual variability in HPA axis responsiveness, following a stressor, but also to
the individual vulnerability for HPA-related or stress-related clinical conditions such as FM.
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Chapter 5
Tissue specific glucocorticoid receptor expression, a role for
alternative first exon usage? Evidence for alternative exon 1s
expression in fibromyalgia patients

This chapter is partially based on the work published in:
Biochemical Pharmacology. November 2006; 72 (11): 1529-1537.
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A.

Tissue specific GR expression, a role for alternative first exon usage?

Multicellular organisms with specialised tissues require mechanisms to control differential
expression of proteins in a tissue-specific manner. Protein expression is regulated either at a
transcriptional, post-transcriptional or at a translational level. Chromatin condensation,
initiation and DNA methylation are important for the regulation of expression of many genes
at the transcriptional level. Post-transcriptional mechanisms of gene regulation include e.g.
alternative RNA splicing and modulation of mRNA stability. Certain genes possess multiple
promoter regions, each associated with a specific alternative transcriptional start site, in a
specific non-coding alternatively transcribed first exon. The alternative use of one of multiple
exon 1s has only recently been recognized as another mechanism of transcriptional control of
gene expression.
The use of alternative proximal promoters, located immediately upstream of known
transcription start sites, results in RNA polymerase-generated primary transcripts of varying
length. In this case, the location of the 5’ (five prime) 7-methyl-guanylate RNA cap structure
may correspond to different positions within the genomic sequence depending upon the
promoter used. Each primary RNA transcript is an exact copy of the genomic DNA (gDNA)
and includes the first exon adjacent to the promoter region used, as well as all other
downstream first exons that are excised only during further nuclear processing to produce
mRNA. Within the human genome more than 3000 genes contain multiple first exons (Zhang
et al., 2004a). In the mouse, over 2000 genes with multiple first exons were identified. Zang
et al. (2004a) observed that, except for gene clusters encoding the immunoglobulins and Tcell receptors, only the variable 5’ exons of the neural protocadherin (Pcdh), UDP
glucuronosyltransferase 1 (UGT1), and I-branching β-1,6-N-acetylglucosaminyltransferase
(IGnT) gene clusters displayed intra-gene sequence similarity and their first exons are
translated giving a variety of closely related N-terminal protein variants.
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The variable 5’ exons of all the other genes investigated showed no such sequence similarity,
nor were they thought to be translated. Although the majority of genes seem to have only a
few alternative first exons, some genes, such as the glucocorticoid receptor (GR), have a
remarkable number of first exons (McCormick et al., 2000; Turner and Muller, 2005). This
profusion of alternate first exons would be conducive to an important role in the
transcriptional control of gene expression.

A.1.

The GR gene structure

The gene coding for the GR has been studied in some detail in only three species: humans,
mice and rats. The human GR gene covers a region of more than 80 kb. Similarly, the rat and
mouse GR genes span >80 and >110 kb, respectively. The three species have a similar gene
structure with seven constant coding exons (exon 2 to 8), multiple alternative 5’ non-coding
exon 1s and two exon 9s encoding the alpha and beta protein isoforms (Hollenberg et al.,
1985; Strahle et al., 1992). The alternative first exons were not designated sequentially but
according to their order of discovery, which somewhat complicates the nomenclature. Most of
the variable first exons of humans, rats and mice are located in a CpG rich region of about 3.1
kb, starting some 4.6 kb and finishing 1.5 kb upstream of exon 2, although, a group of
corresponding exons (human 1-A, rat 11 to 13 and mouse 1-A) is located 27-30 kb upstream.
The rat has 11 alternative exon 1s (11 to 111) (McCormick et al., 2000) and the mouse has 5
(1-A to 1-E) (Strahle et al., 1992; Chen et al., 1999). Analysis of the 5’ UTR (untranslated
region) of the human GR has revealed 13 splice variants derived from 9 exon 1s (Figure 21).
Initially, three exon 1 variants (1-A, -B and -C) and associated promoter regions were
described (Zong et al., 1990; Breslin et al., 2001). Moreover, exon 1-A was reported to
contain three alternative splice sites, resulting in mRNA transcripts containing exons 1-A1, A2 or -A3 (Breslin et al., 2001). Additional variants were soon discovered (1-D, -E, -F and -
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H) and exon 1-C was found to be subject to internal splicing, generating transcripts with 1C1, -C2 or -C3 (Turner and Muller, 2005). More recently, two previously unknown exon 1
variants were reported, 1-I and 1-J, without direct mouse or rat reported correlates (Presul et
al., 2007).
All of the known exon 1 variants in the human, mouse and rat have unique splice donor sites,
splicing to a common exon 2 splice acceptor site. All mRNA splice variants have a common
in-frame stop codon (mouse and rat TAA; human TGA) before the ATG translation start site
in exon 2. Since the translation start codon lies within the exon 2, the 5’-heterogeneity is
untranslated and does not affect the sequence of the receptor.

Figure 21. Map of the currently identified alternative exon 1s in the 5’ UTR (in grey) of the hGR gene.
Drawing is not to scale.

A.2.

GR tissue specific expression

Tissue specific differential usage of exon 1s has been examined systematically in a range of
human tissues. Earlier data from our group suggests that no first exon is expressed in all
tissues (Turner and Muller, 2005). Conversely, at least the human hippocampus expressed all
of the known exon 1 transcript variants. In addition to their presence in the hippocampus,
exons 1-E and 1-F seem to be biased towards the immune system. Exon 1-E was observed in
both CD8+ T cells and CD14+ monocytes, while exon 1-F was best expressed in CD19+ B
106

Chapter 5: GR multiple first exons

lymphocytes and BCDA2+ peripheral blood dendritic cells. Exons 1-B and 1-C were broadly
expressed in many tissues, although they appeared to be absent from subcutaneous adipose
tissue, heart muscle and liver. Exons 16 and 110, the rat homologues of the latter human exons,
also showed a broad expression pattern. In the rat, 110 represents at least 50 % of the total GR
transcripts, while exon 16 accounts for far less. As in humans, the other rat exons were
expressed in a tissue-specific manner and most were expressed in the hippocampus, including
significant levels of transcripts containing the minor exons 15, 17, and 111. Exon 11 was
observed in the thymus but not in the hippocampus and the liver. As in humans, exons 15-, 17and 111-containing transcripts were either low or undetectable in the liver and thymus
(McCormick et al., 2000).
Much less is known about the promoter usage and first exon expression in the mouse. Strähle
et al. (1992) showed that mouse exon 1-A was present in two T-lymphoma cell lines (S49 and
WEHI-7 cells) but not in fibroblasts, liver or brain. In contrast, transcripts containing exons
1-B and 1-C were found in the latter tissues and at lower levels in T lymphocytes. Exons 1-D
and 1-E have only been observed in mouse S49 T lymphoma cells and AtT-20 pituitary
tumour cell lines (Chen et al., 1999), but otherwise have not been investigated.

A.3.

GR CpG island common to many species

The alternative 5’ UTRs in the CpG island upstream of GR exon 2 have been compared
between different species. Table 12 shows the homology of the sequences upstream of the GR
exon 2, after gDNA alignment of the human chromosome 5 (July 2004, UCSC), rat
(AJ271870, NCBI), mouse (NCBIM35:18: 39863309:39869358:1, Ensembl), chimpanzee
(CHIMP1A:5: 149403812:149409861:1, Ensembl) and cow (ChrUn.313: 334239:339538:1,
Ensembl), performed using Vector NTi (Invitrogen, Paisley, UK).
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Over the entire CpG island (3.1 kb), the total inter-species homology ranged from 65.2 %
(mouse vs. cow) to 98.9 % (human vs. chimpanzee). The cow seems to share a greater
homology with the human and the chimpanzee, than with either the rat or the mouse (77.3 %
and 77.0 % vs. 66.2 % and 65.2 %, respectively).

Table 12. Sequence homology of the GR 5’ UTR between different species.
Cow

Chimpanzee

Human

Rat

Mouse

61.9 b

65.8

65.7

82.5

Rat

61.9

65.3

66.0

Human

78.0

100.0

500 bp intron

a

Chimpanzee
CpG island

76.0

c

Mouse

65.2

66.1

66.4

Rat

66.2

67.5

67.6

Human

77.3

98.9

Chimpanzee

77.0

88.1

CDS d
Mouse

85.3

87.8

88.0

Rat

81.9

86.2

81.5

Human

90.0

99.7

Chimpanzee

90.2

92.6

a

Comparison of 500 bp of intron sequence between the CpG island and exon 2.

b

Data are expressed as the percentage of identical base pairs.

c

Comparison of 3.1 kb genomic sequence.

d

Comparison of GR-α isoform RefSeq mRNA from the start of exon 2 to the end of the CDS (coding

sequence).

A.4.

Alternative GR 5’ UTRs identified in many species

Alignment of the known human first exons with the genomic sequence of the cow CpG island
shows that the human exons 1-B, -D, -E and -F have homologies of 82.1 %, 80.6 %, 84.0 %,
and 64.2 %, respectively, with the cow sequence. While the homology with exon 1-H was still
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significant, although including a small segment (25 bp) of unknown genomic sequence, there
was none with 1-G.
The known 5’ UTRs of GR of the species align at least with one of the known rat or human
variable exon 1s (Figure 22). The published mRNA sequences suggest that only the African
clawed frog (Xenopus laevis) has alternative first exons and these correspond to the human
exons 1-H and 1-B, only the latter exon being shared also with the cow. The sequences of the
pig (Sus scrofa) and northern tree shrew (Tupaia belangeri) seem homologous to the mouse
1-E, but are significantly different from the corresponding rat and human region. The
corresponding human region encodes the multiple intra-exon spliced 1-C as well as 1-H,
while in the rat, three independent exons, 19, 110 and 111 are found here. The mouse exon 1-C,
included in the 5’ end of exon 1-E, is spliced to exon 2 similarly to the intra-exon splicing of
the human 1-C. This mouse exon 1-C overlaps with the ephimeric human 1-G and the rat
exon 18.
As previously noted (Turner and Muller, 2005), exon 1-D is slightly longer in the rat than in
the human. From these homologies, we can predict with reasonable accuracy the 3’ end of
exons 1-B, -D, -E, -F and -H in the cow, all 5 alternative first exons in the chimpanzee and
exons 1-D and -F in the mouse. Although, it is much more difficult to predict the 5’ end of
these potential exons, the predicted genomic region covered by these exons can be narrowed
down. As the repertoire of alternative first exons grows, it would seem logical to develop a
unified system of nomenclature. Such a system should allow for the comparison between
species and also prevent the situation arising, as currently exists, with homologous exons
having different names between species.
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Figure 22. Alternative exon 1s in the CpG island of GR genes from all species for which the data is
available. Experimentally identified exons (line boxes) and those predicted by genomic homology
(dotted boxes) are shown. Incomplete sequencing data is indicated by dashed lines. Drawing is not to
scale; exon and intron sizes are given in base pairs.

A.5.

Promoters and transcription factor binding sites of the alternative GR 5’ UTRs

Assuming that each variable first exon has its own proximal promoter, the high degree of
inter-species genomic homology suggests that transcriptional control mechanisms may be
similar among different species.
The human 1-B promoter contains previously identified transcription binding sites for SP1
and Yin Yang 1 (YY1) (Nobukuni et al., 1995; Breslin and Vedeckis, 1998; Nunez and
Vedeckis, 2002). Detailed analysis demonstrated that SP1 sites are also found in other species
upstream of the exon 1-B transcription start site. Three YY1 sites were identified at 1219,
1047 and 1003 bp upstream of the transcription initiation site of exon 1-B. Later only, 330,
158 and 114 bp downstream of these YY1 sites the initiation site of exon 1-D was discovered
(Figure 22). Therefore, these YY1 binding sites may be part of the proximal promoter region
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of exon 1-D rather than 1-B. In the rat, analysis of the proximal promoter region of exon 17
showed that the transcription factor NGFI-A binds only 2 bp upstream of the transcription
initiation site of this exon and sequence homology suggests that these transcription factors are
also operational in species such as the chimpanzee, cow and mouse.
The proximal promoter of human exon 1-A has received more attention, because of its role in
GR auto-regulation. This promoter is reportedly activated selectively in hematopoietic cells
(Nunez and Vedeckis, 2002; Adamson et al., 2004) and highly sensitive to dexamethasone
(DEX) stimulation. Its sensitivity to DEX may be partially explained by the presence of two
distinct (glucocorticoid responsive element) GRE-like sequences found in DNA footprinting
experiments including a half-site pair (Breslin et al., 2001) and an isolated half-site (Geng and
Vedeckis, 2005), although neither footprints corresponded to a consensus GRE. In super-shift
assays only GR-β bound to the half-site pair footprint, but technical reasons may have
prevented the detection of GR-α binding. The second single GRE-like half-site appears to be
paired with a second footprint that binds c-Myb and members of the ETS family. The T and B
cell lines differentially express members of these families, explaining the different results
upon DEX stimulation (Breslin et al., 2001).
It is difficult to attribute transcription factor binding sites to specific alternate first exons.
Experimentally, it has been shown that the footprints observed display promoter activity using
techniques such as luciferase reporter genes. However, examination of promoter elements
upstream of exons 1-B and 1-C was performed on approximately 1 kb segments (Breslin and
Vedeckis, 1998; Nunez and Vedeckis, 2002). Promoter constructs for exon 1-B included
exons 1-D and 1-E, whilst for 1-C both 1-F and 1-G were included in the test constructs.
Therefore, these experiments were unable to unequivocally assign the promoter activity
observed to the alternative exons.
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A.6.

GR mRNA sequence conserved between species

Since the human GR was first cloned and sequenced in 1985 (Hollenberg et al., 1985), full
length GR sequences have been obtained from more than a dozen species, and partial
sequences from a dozen other species. As expected, the phylogenetic tree of the GR-α mRNA
(Figure 23) shows that the sequence homology between mammals is high, while sequence and
length are less well conserved in other species (Ducouret et al., 1995; Takeo et al., 1996).

Figure 23. Phylogenic analysis of 25 complete NR3C1 coding sequences currently available on
GenBank. Numbers at nodes correspond to bootstrap values. Alignment of the mRNA sequences was
performed using ClustalX. Phylogenetic analysis was performed using neighbour-joining Kimura 2
parameter method and the tree was constructed using Mega 3.1 (Kumar et al., 2004).
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The DNA binding and ligand binding domains show the greatest sequence homology between
species (Yudt and Cidlowski, 2002). In our hands, the rat sequence showed a higher
homology with the mouse GR sequence than with the human, although, a higher homology
between rat and human was previously reported (Zhang et al., 2004b).

B.

GR variable exons and disease

Although differential expression of the GR variable first exons has received little attention in
various disorders, modulation of their expression has been observed in certain
psychobiological conditions.
The hippocampus is well known to be a site of inhibitory feedback of GCs on the
hypothalamic-pituitary-adrenal (HPA) axis. Perinatal manipulations (e.g. postnatal handling)
significantly increased GR mRNA level in the rat hippocampus and attenuated the stress
response of the HPA axis. This increase in hippocampal GR mRNA levels was due to the
selective upregulation of the rat hippocampus specific exon 17. As a result, adult rats that
were handled after birth were more sensitive to negative GC feedback and had a decreased
HPA reactivity to stress throughout their adult life (Francis et al., 1996; Liu et al., 1997).
In conditions such as major depression where the HPA axis is hyperactive, because of lower
hippocampal GR (mRNA) levels resulting in an impaired GC feedback, the selective
upregulation of exon 17 has been considered to play a role in the therapeutic mechanism of
certain antidepressant agents. In rats, a four-week antidepressant treatment with fluoxetine
increased hippocampal exon 17 expression (Yau et al., 2004) associated with increased total
GR expression. MR and GR expression was also increased in the rat hippocampus after
treatment with other antidepressant drugs, but the role of alternative first exon usage was not
investigated (Mitchell et al., 1992; Yau and Seckl, 2000; Lai et al., 2003). Similarly, it was
shown that prenatal exposure of rats to synthetic GCs such as DEX increased hepatic GR
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mRNA levels. As a result, the relative expression of the predominant hepatic first exon, 110,
was reduced, suggesting an increase of any of the other variable exons. In mouse lymphocytes
exon 1-A expression was upregulated by GC exposure in a similar manner to the rat, although
this effect was dependent on the organ source and the phenotype of lymphocytes (Purton et
al., 2004).
In humans GR regulation in acute lymphoblastic leukemia (ALL) has been investigated in an
effort to understand GC resistance, which is associated with a poor prognosis. Chemotherapy
of childhood ALL includes GCs, which in GC-sensitive ALL cell lines upregulates GR
mRNA and protein levels, and induces lymphoblast apoptosis (Eisen et al., 1988; Obexer et
al., 2001; Tonko et al., 2001). The GR promoter 1-A has a weak GRE, whereas promoters 1-B
to 1-H had no obvious predictable GRE. It was hypothesized and later confirmed in the
human ALL cell line CEM-C7 (Breslin et al., 2001; Pedersen and Vedeckis, 2003) that upon
GC exposure alternative GR promoters are regulated independently and in different ways
(Geng and Vedeckis, 2004). In ALL patients, baseline promoter usage and transcript variant
expression levels for the three exons investigated (1-A, -B, and -C) showed no difference
between either GC-sensitive or insensitive ALL patients and healthy controls. Similarly, after
GC stimulation, GR expression was induced in both GC-sensitive and insensitive ALL cells
in the same manner as in healthy controls. Therefore, GC resistance in primary ALL cells
cannot be attributed to the inability of resistant cells to upregulate the GR upon GC exposure,
nor to differences in GR promoter usage upon GC treatment (Tissing et al., 2006).
Thus, in humans, in vitro and in vivo studies seem to give conflicting results, or GR
expression is simply regulated differently in both cell types. Although alternative mechanisms
may explain the above results, differences in mRNA half-life of the transcript variants have so
far not been reported (Pedersen et al., 2004).

114

Chapter 5: GR multiple first exons

B.1.

Alternative exon 1s expression in fibromyalgia patients?

The transcription of the GR can result in a broad range of mRNA transcripts that can differ in
their 5’ and 3’ ends. Alternative splicing at the 5’ end is restricted to the UTR, constituted of
exon 1 and first 13 nucleotides of exon 2. The generated variants seem to have their own
proximal promoter and promoters 1-B and 1-C are thought to be responsible for the
constitutive expression of the GR (Nunez and Vedeckis, 2002; Turner and Muller, 2005).
Alternative splicing at the 3’ end generates at least five transcripts (Figure 24). Splicing of
exon 9 results in two mRNAs, coding for GR-α and GR-β, and alternative splicing of other
exons can result in insertion of an additional arginine codon between exons 3 and 4 (GR-γ), in
skipping of exons 5 to 7 (GR-A) or deletion of exons 8 and 9 (GR-P). The GR-α is the
functionally active isoform that mediates GC action (Duma et al., 2006). GR-P is also widely
expressed in tissues and cells, and can be found in PBMCs up to approximately 25 % and 50
% of GR-α expression in healthy subjects and in subjects with haematological malignancies,
respectively (de Lange et al., 2001; Hagendorf et al., 2005). Interestingly, an in vitro study
has recently shown that 1-B usage is related to the GR-P splicing route, whereas 1-C usage
favours the GR-α splicing route (Russcher et al., 2007). Thus, showing a correlation between
the most expressed 5’ and 3’ end variants of the GR and emphasizing a functional relation
between alternative promoter usage and alternative 3’ end splicing.
As we previously observed GR-α to be significantly reduced in FM patients (Chapter 4A),
and as this isoform was related to the expression of exon 1-C (Russcher et al., 2007), we
quantified the mRNA relative expression of GR 1-C also in FM patients.
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Figure 24. Genomic structure of the hGR (A) and mRNA transcripts (B). Drawing is not to scale.

B.1.1 Materials and Methods
The study subjects are described in detail in Chapter 2, sections A.1 and A.2. The methods
used are partially presented in Chapter 4, sections A.2.5 and A.2.6.
The primer sequences for the mRNA quantification of GR 1-C were taken from Russcher et
al. (2007). The primer set for total GR, spanning exons 3/4 (fwd/rev), was designed using
FastPCR (Kalendar R, 2005): fwd 5’- CTCAACAGCAACAACAGGACCAC and rev 5’GATGCAATCATTCCTTCCAGCA (166 bp). All primers were synthesized by Eurogentec
(Seraing, BE). Amplification of cDNA by PCR was performed in 25 μL reactions containing
20 mM Tris–HCl (pH 8.4), 50 mM KCl, 200 mM dNTPs, 2 mM Mg2+, 1 μM of primers,
SYBR Green 1X (Cambrex, Verviers, BE) and 2.5 U Platinum Taq DNA polymerase
(Invitrogen). Thermal cycling was performed in an Opticon 2 (Bio-Rad, Landgraf, NL): one
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cycle 95 °C, 2 min; 40 cycles each at: denaturation 95 °C, 20 s; annealing, 58 °C, 20 s;
extension, 72 °C, 20 s.
The statistical analysis were performed as described in Chapter 4, section A.2.9.

B.1.2 Results
According to the formulated premise, the relative mRNA expression of GR exon 1-C was
lower in FM patients compared to healthy controls (Figure 25A). Previously, although not
significant, a tendency to higher GR-α levels was observed in the subgroup of FM patients
having taken antidepressant drugs (Chapter 4A). A similar analysis for the exon 1-C revealed
a significant difference between these two subgroups of FM patients (p = 0.007), suggesting
that antidepressant treatment may be associated with an increased expression of GR 1-C
(Figure 25B).

Figure 25. (A) Relative mRNA expression of GR 1-C in PBMCs of healthy controls (n = 29) and FM
patients (n = 27); the horizontal line in the box plots indicates the median. (B) Relative mRNA
expression of GR 1-C in patients free of antidepressants (n = 15) and patients that had taken
antidepressants (n = 12) until two weeks before sample collection; the columns indicate mean ± SE.
Data are expressed in arbitrary units normalised to β-actin.
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In the patients, the correlation analysis between the score of depressive symptoms and GR 1C mRNA expression did not reach significance (r = 0.354, p = 0.070). Similarly, patient
subgroups with ADS scores above and below the clinically relevant cut-off of 23,
respectively, did not differ in exon 1-C mRNA levels (p = 0.21). Thus, the observed
differences seem to be attributable to the intake of antidepressants rather than to the
depressive state of patients.
The method of quantification was relative, which did not allow discriminating the percentage
of GR-α from the GR total expression. The difference expected in terms of real-time PCR
measure would be of half a cycle and this precision was not attained. Nonetheless, relating the
gene expression in FM patients as percentage of healthy controls, for a same assay, gives an
estimation of the relative differences (Table 13).

Table 13. Expression of GR 1-C, GR-α and GR total mRNA in patients as percentage of the controls.
mRNA levels in FM (n = 27)
as % of controls (n = 29)
GR 1-C

(exon 1C/2)

70.1

GR-α

(exon 8/9α)

75.4

GR total (exon 3/4)

78.6

Similarly to the report of Russcher and colleagues (2007), GR 1-C and GR-α expression
correlated (Pearson’s analysis), with borderline significance, in both FM patients and healthy
controls (r = 0.365, p = 0.051 and r = 0.375, p = 0.054, respectively). However, while in the
controls GR 1-C was also correlated with GR total (r = 0.370, p = 0.049), the same was not
observed in the patients (r = 0.333, p = 0.090), suggesting that other variants may account for
their total GR expression.
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C.

Discussion

The 3.1 kb CpG island upstream the GR exon 2 is highly structured and conserved, at least in
all the investigated animal species. Sequence alignment of these CpG regions showed
interspecies homology ranging from 65 % to 99 %. These CpG islands encode 5’ untranslated
mRNA organised into multiple first exons, each with its own hypothetical promoter region.
Alternative mRNA transcript variants are obtained by the splicing of these alternative first
exons to a common acceptor site in the second exon of the GR.
Tissue specific differential usage of exon 1s has been observed in a range of human tissues
and to a lesser extent in the rat and mouse. Baseline and stimulated levels of GR expression
are tightly controlled within each tissue or cell type. We suggest that no single promoter
region may be capable of containing all the necessary promoter elements and yet preserve the
necessary proximity to the transcription initiation site to produce such a plethora of responses.
Thus, we further suggest that alternative first exons, each under the control of specific
transcription factors, are involved in tissue specific GR expression both in the basal state and
in response to stimulation.
Transcriptional control via multiple alternate first exons provides new possibilities for control,
also at the translational level. Many mRNA features control its translation but most
translational control elements are located within the UTRs, especially the 5’ UTR (Wilkie et
al., 2003; Pickering and Willis, 2005). In eukaryotes, translation is mostly initiated by a cap
scanning mechanism and to a lesser extent through internal ribosome entry. The key features
of the 5’ UTR involved in translational control include their length initiation consensus
sequences, together with characteristic secondary structural elements, upstream start codons
and micro RNAs, and internal ribosome entry sites (IRES) (Gray and Wickens, 1998;
Mignone et al., 2002). In addition, 5’ UTRs can contain sequences that function as binding
sites for regulatory proteins. So far, the effect of multiple alternate 5’ UTRs on translation of
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the GR mRNA has received little attention, although, the conspicuous and evolutionary
conserved diversity in 5’ UTR length and sequence suggest an important role in translation.
In this context, Russcher and colleagues (2007) have recently demonstrated that GR-α
expression is related to the use of 1-C promoter and that expression of GR-P is related to the
use of 1-B promoter. In FM patients, mRNA expression of GR exon 1-C was lower compared
to healthy controls and it tended to correlate with GR-α. While in the controls GR 1-C also
correlated with GR total, this was not observed in the patients which suggests that other 3’ or
5’ variants may be differentially expressed. The significantly higher expression of GR 1-C in
patients that had taken antidepressants may indicate that such treatment can help to restore
their GR levels, via induction of exon 1-C. However, these results were obtained from
baseline samples. In order to assess the implications of antidepressant treatment in GR
expression in FM patients, an analysis over a time period should be performed. Despite the
differences, the report of increased rat’s hippocampal exon 17, equivalent to human 1-F, in
association with increased total GR after antidepressant treatment (Yau et al., 2004), supports
our observations in FM patients.
In summary, tissue, cell and stimuli specific transcriptional control of the GR appear to rely
on alternative promoters and their alternative transcription start sites. This mechanism appears
to be conserved across many species. Moreover, this regulation may be altered in conditions
associated with GR dysregulation.
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Chapter 6
G protein-coupled receptor kinases in fibromyalgia patients:
decreased mRNA and protein expression of GRK2
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A.

Introduction

G protein-coupled receptors (GPCRs) are the largest family of plasma membrane proteins. G
protein-coupled receptor kinases (GRKs) are a family of serine/threonine protein kinases that
specifically recognize agonist-occupied or activated GPCRs as substrates. Phosphorylation of
an activated receptor by a GRK terminates its signalling by initiating the uncoupling of the
receptor from heterotrimeric G proteins. This facilitates the binding of β-arrestin, which will
target the receptor for internalization. As a result the cell will be further desensitized against
the same agonist, a phenomenon identified as homologous desensitization (Heijnen, 2007;
Ribas et al., 2007).
Seven GRK types are known, with GRK2 being the most studied member of the family.
GRK2 is highly expressed in immune cells, and its regulated receptors include
neurotransmitter receptors for norepinephrine, substance P (SP), dopamine, serotonin, opioids
and adenosine (Lombardi et al., 2002a). The expression of GRK2 seems to be modulated by
immune activation and inflammation. In vitro proinflammatory cytokines, catecholamines and
oxygen radicals were shown to decrease its expression (Lombardi et al., 2002b; Penela et al.,
2003; Kleibeuker et al., 2007). In vivo, protein levels of GRK2 were downregulated by 40–50
% in immune cells of patients with rheumatoid arthritis and multiple sclerosis (Lombardi et
al., 1999; Vroon et al., 2005).
Heijnen (2007) recently suggested that downregulation of GRKs could sensitize neurons to
neurotransmitters involved in pain response such as SP, and to inflammatory mediators that
can induce or facilitate pain signalling such as chemokines and prostaglandins. This
hypothesis has been supported by Heijnen and colleagues (Kleibeuker et al., 2007) who
showed that mice heterozygous for GRK2 and expressing only 50 % GRK2 protein had a
lower pain threshold (experiencing mechanical allodynia), which was apparent only during
local inflammation but not at baseline.
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Other GRKs may also be involved in pain regulation. Preliminary evidence in mice
(Eijkelkamp et al., 2007) suggested that GRK6 levels may influence the magnitude of visceral
sensitivity in pain perception or hyperalgesia following inflammation, but not in normal pain
perception.
Central sensitization has been proposed to explain chronic generalized pain in fibromyalgia
(FM) (Meeus and Nijs, 2007), a syndrome with ambiguous endocrine and immune
disturbances. Since GRKs may play a significant role in neuro-endocrine-immune interactions
and possibly in chronic pain syndromes, we investigated GRK2 and GRK6 mRNA and
protein expression in peripheral blood mononuclear cells (PBMCs) from FM patients.

B.

Materials and Methods

The study subjects are described in detail in Chapter 2, sections A.1 and A.2. Blood sample
collection and PBMC separation, isolation of mRNA and reverse transcription for PCR
experiments, were performed according to the description in Chapter 4, sections A.2.2 and
A.2.5, respectively.

B.1.

Real-time PCR

The primer sequences were designed from the corresponding mRNA sequence for GRK2
(NM_001619.2):

fwd

5’-

TCTCGAAGAGTGCCACTGAGC

and

rev

5’-

GAATTTCTGGAACACGTCCCCTC (124 bp); and for GRK6, spanning exons 1-2, common
to the three transcript variants (NM_001004106, NM_002082, NM_001004105): fwd 5’AGCTCGAGAACATCGTAGCGAAC and rev 5’- TGGCTGATGTGAGGGAACTGG (118
bp); using FastPCR (Kalendar R, 2005). The primer sequences for β-actin were obtained from
the literature (Steuerwald et al., 1999). All primers were synthesized by Eurogentec (Seraing,
Belgium). Amplification of cDNA by PCR was performed in 25 μL reactions containing 20
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mM Tris–HCl (pH 8.4), 50 mM KCl, 200 mM dNTPs, 2 mM MgCl2, 1 μM of primers, SYBR
Green 1X (Cambrex, Verviers, BE) and 2.5 U Platinum Taq DNA polymerase (Invitrogen).
Thermal cycling was performed in an Opticon 2 (Bio-Rad, Landgraf, NL): one cycle 95 °C, 2
min; 40 cycles each at: denaturation 95 °C, 20 s; annealing, 60 °C (β-actin) or 58 °C (GRKs),
20 s; extension, 72 °C, 20 s. The PCR products were separated on a 2 % agarose gel and
visualized with ethidium bromide under UV light.

B.2.

Whole protein extraction

107 PBMCs were carefully thawed and washed twice in PBS. The cells were lysed with 150
mL of lysis solution containing 7 M urea, 2 M thiourea, 4 % CHAPS, 30 mM Tris, 12 %
isopropanol, a protease inhibitor cocktail (Roche, Brussels, BE), and a nuclease mix (GE
Healthcare Europe, Diegem, BE). After 30 min of incubation at 4 °C, the samples were
centrifuged at 50000 x g, 4 °C, for 1 hour. The supernatant proteins were precipitated with 4
volumes of pre-chilled (- 20 °C) acetone (Biosolve Valkenswaard, NL) for at least 1 hour at 20 °C. Precipitates were centrifuged at 15000 x g for 30 min and washed with 1 mL prechilled 90 % acetone/10 % distilled water. Proteins were re-dissolved in 50 μL of lysis
solution and quantified using a 2D-Quant kit, according to the manufacturer’s protocol (GE
Healthcare).

B.3.

Fluorescent western blotting

The total proteins, 5 μg per sample, were separated by electrophoresis using NuPAGE BisTris 4-12 % gradient gels (Invitrogen) at 200 V for 45 min. Subsequently, the proteins were
transferred to PVDF membranes (GE Healthcare), for 120 min at 9 V, using a semi-dry
electroblotting apparatus (Phase, Lübeck, Germany). The membranes were allowed to dry to
increase signal detection, cut in two parts for GRK2 (> 60 KDa) and GRK6 (< 60 KDa)
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detection, re-hydrated and blocked with 5 % dry fat milk in Tris buffer saline/0.3 % Tween20 for 2 hours. After washing, the blots were incubated for 1 hour with a 1:1000 dilution of
rabbit anti-human GRK2 (polyclonal C-15, Santa Cruz Biotechnology, Santa Cruz, CA, USA)
or 1:1000 GRK6 (polyclonal C-20, Santa Cruz Biotechnology), followed by subsequent
incubation with goat anti-rabbit IgG labelled with horseradish peroxidase (HRP, Pierce,
Rockford, IL, USA). The signal was developed with ECL plus reagent (GE Healthcare); the
blots were dried at 37 °C and scanned in a Typhoon 9400 imager (GE Healthcare), with
excitation and emission wavelengths of 457 nm and 520 nm (band pass filter of 40 nm),
respectively. Scans were acquired at 100 µm resolution and the protein bands analysed with
ImageQuant software (GE Healthcare). The blots used for GRK6 detection were re-hydrated
in methanol, washed and re-probed with rabbit anti-human GAPDH-HRP conjugated
antibody (40 KDa; Pierce, BE) to allow for relative protein quantification.

B.4.

Statistical analysis

GRK mRNA relative expression was calculated by the comparative 2−(ΔΔCt) method, using βactin as stable internal housekeeping gene. The mean from three PCR runs was calculated for
each sample and accepted if coefficients of variation were < 4 %. Relative protein
quantification was performed by calculating the band volume ratio between the protein of
interest (GRK) and the housekeeping protein (GAPDH), using local median values for
background subtraction. T-tests were used to compare differences in group means. This
results are presented as mean ± standard error (SE). Correlations were calculated using
Pearson’s test. Statistical analyses were performed using SigmaStat version 3.1 (Systat
Software GmbH, Erkrath, DE) and statistical significance considered for p < 0.05.
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C.

Results

The relative mRNA expression of both GRK2 (Figure 26A) and GRK6 (Figure 26B) was
significantly lower (p < 0.001) in FM patients compared to healthy controls. The
GRK2/GRK6 ratio was also significantly different between the two groups (p < 0.001) but
only when two obvious outliers, one from each group confirmed by the Grubbs test, were
excluded.

Figure 26. Relative mRNA expression of GRK2 (A) and GRK6 (B) in PBMCs of healthy controls (n =
29) and FM patients (n = 27). The horizontal line in the box plot indicates the median. Data are
expressed in arbitrary units normalised to β-actin.

Random subgroups of FM patients and healthy controls were used for GRK protein
quantification, in order to validate the mRNA data. The relative protein expression of GRK2,
indicated by the GRK/GAPDH ratio, was significantly lower in FM patients. GRK6 levels
were quantified by the stronger of the two bands observed. The minor (upper) band was not
possible to quantify (Figure 27). Previous studies have also reported similar protein doublets
differing by approximately 2 kDa (Loudon et al., 1996; Lombardi et al., 1999).
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Figure 27. Immunoblots depicting the immunodetectable proteins of interest GRK2, GRK6 and
housekeeping protein GAPDH, assessed in 5 μg of whole cell lysates of PBMCs from healthy controls
(left) and FM patients (right).

Re-analysis of the subgroup of samples used for protein quantification at the mRNA level
confirmed the significant decrease in GRK expression for the total cohort, although the
differences between FM patients and controls were less pronounced for both GRK2 (p =
0.004) and GRK6 (p = 0.03) (Table 14).

Table 14. Expression of GRK2 and GRK6, at mRNA and protein levels, in FM patients as percentage
of the healthy controls.
mRNA levels in FM (n = 27)

mRNA levels in FM (n = 11)

protein levels in FM (n = 11)

as % of controls (n = 29)

as % of controls (n = 15)

as % of controls (n = 15)

GRK2

39

55

76

GRK6

57

64

88

In terms of potential confounding variables, GRK expression was similar in drug-free subjects
and subjects having taken antidepressant or blood pressure medication. Significantly higher
GRK6 mRNA expression (p = 0.012) was observed in healthy subjects under
contraceptive/hormonal replacement medication, but this was not confirmed at the protein
level nor in FM patients. In addition, for both groups, mRNA expression of GRKs did not
correlate with Fibromyalgia Impact Questionnaire, Pain Disability Index nor Allgemeine
Depressionskala (ADS) scores. At the protein level, a significant correlation was obtained
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between GRK6 and ADS scores (r = -0.705, p = 0.003) in healthy controls but not in FM
patients (r = -0.268, p = 0.426).

D.

Discussion

The aim of this study was to investigate possible changes in GRK expression in FM patients,
because of their emerging importance in GPCRs signalling and pain responses. Our data
indicate significantly lower GRK2 expression in FM patients when compared to healthy
controls, both at mRNA and protein levels. GRK6 mRNA expression was also significantly
reduced, however, this difference was not significant at the protein level. GRK6 appears to
undergo alternative splicing of its carboxyl-terminal to yield three distinct variants (GRK6-A,
-B, and -C) which can be found in mouse, rat, and human (Premont et al., 1999). The mRNA
quantification was performed for a common region to all GRK6 mRNA transcripts, while at
the protein level probably only the most abundant isoform was quantified which may account
for the disparity between mRNA and protein data.
The phosphorylation of GPCRs by GRKs is one of the first steps of the desensitisation
process and therefore plays a key role in the functional uncoupling of G proteins from the
receptors. In general, low cellular GRK levels result in increased receptor signalling, whereas
high levels of GRKs are associated with decreased receptor function (Metaye et al., 2005).
For FM patients, the GRK expression levels did not correlate significantly with any of the
confounding variables analysed and no differences were observed between the tested
subgroups. Thus, there was no association between GRKs and drug therapy or
symptomatology.
Two prior G-protein related studies were performed in FM patients. The first evaluated the
function of G inhibitory (Gi) proteins by cAMP stimulation with forskolin and subsequent
inhibition with a GTP analogue (Galeotti et al., 2001). Stimulated levels of cAMP were
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similar in both groups but in FM patients Gi proteins were hypofunctional since cAMP was
not inhibited with the GTP analogue, compared to patients with other chronic pain conditions
and healthy controls. The suggested Gi hypofunctionality in FM patients could not be
explained by a reduction in Gi protein levels as there were no significant differences
compared to the healthy controls. In the second study, forskolin stimulation significantly
increased intracellular cAMP levels in both FM patients and healthy controls. Isoproterenol, a
β-adrenoreceptor (-AR) agonist, led at low concentration to cAMP increase only in the
healthy control group, while at a higher concentration an increase was observed in both
groups (Maekawa et al., 2003). However, the authors speculated that these findings could be
related to the depressive state of the FM patients and this was not evaluated in the study.
Blunted cAMP responses to isoproterenol were also observed in depressed patients. These
were shown to inversely correlate with the severity of depressive symptoms (MazzolaPomietto et al., 1994). Interestingly, the mean intracellular cAMP basal level was elevated in
FM patients in the referred studies. This may indicate that even though β2ARs function was
found decreased and sympathetic responses were abnormal in FM patients, the
hypofunctioning of the Gi system could lead to increased sensitisation of other GPCRs.
Alternatively, an increase of cAMP regulatory molecules might have been responsible for the
higher basal cAMP levels previously observed in these patients.
Changes in GRK expression have been found in different pathologies. In PBMCs of patients
suffering from inflammatory autoimmune diseases, mRNA expression of GRK2 and GRK6
was not altered but the protein levels were markedly reduced (Lombardi et al., 1999; Vroon et
al., 2005), which was suggested to be the result of post-translational regulation. However,
these studies used northern blot to quantify mRNA levels while we used the more sensitive
quantification by real time PCR. In platelets of depressed patients, GRK2 content but not
GRK6 was decreased and this was more pronounced in women than in men (Garcia-Sevilla et
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al., 2004). These GRKs were also decreased in PBMCs of patients undergoing
cardiopulmonary bypass surgery, associated with an increase in IL-6 levels (Hagen et al.,
2003). In our study, basal expression of GRKs did not correlate with IL-6 levels secreted by
LPS-stimulated PBMCs (data not shown).
The physiological importance of GRKs is evident in several pathologies and animal models
where the GPCR responses have been observed to change. Neuronal cells that become
activated by inflammatory and oxidative processes can also downregulate GRKs. Thus,
Heijnen (2007) has proposed that blocking the downregulation of kinases such as GRK2 may
regulate the function of their several substrate GPCRs, involved in pain responses.
Recently, FM patients were shown to have reduced mu-opioid receptor (OR) binding
potential in brain areas involved in pain modulation (Harris et al., 2007), indicating altered
opioid analgesic activity in FM and suggesting an explanation for reduced opiate efficacy in
these patients. On the other hand, delta-opioid and kappa-opioid receptor expression was
found normal in the muscles (Salemi et al., 2003a) and up-regulated in the skin of FM patients
(Salemi et al., 2007), emphasizing that not just the brain is responsive to opioids. The
importance of these GPCRs in analgesic effects upon activation remains unclear in FM.
The present findings warrant further investigation of mechanisms that control the expression
of GRKs and their possible implication in clinical symptoms of FM, as a result of their role in
the regulation of potential key receptors and respective signalling outcomes. Subsequent
studies regarding the expression and function of different AR subtypes could be valuable to
elucidate the GRKs role in the sympathetic regulation in FM. The same applies to mu-ORs in
terms of pain regulation both at peripheral and central levels.
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A.

General discussion

Several lines of evidence implicate a role for the immune system and the hypothalamicpituitary-adrenal (HPA) in the pathophysiology of fibromyalgia (FM). Within the scope of
this thesis, we investigated parameters related to these systems in both FM patients and
matched healthy control subjects. The severity of several FM accompanying symptoms was
assessed through psychometric tests. The patients scored significantly higher compared to the
controls in the Fibromyalgia Impact Questionnaire, Pain Disability Index, Fatigue Scale,
Pittsburgh

Sleep

Quality

Index,

State-Trait-Anxiety

Inventory,

and

Allgemeine

Depressionskala (ADS).
It has been suggested that dysregulation of immune-to-brain communication plays a role in
the

biopsychological

process

underlying

medically

unexplained

syndromes

with

heterogeneous symptoms. Despite the controversy of an etiological overlap, a clinical overlap
is evident. The peripheral immune system and the related central sickness response systems
can both be triggered by pathogens and “danger signals” but also by non-immune stressors,
like exposure to threat. Peripheral cytokines may modulate central sickness responses and
subjective health complaints like hyperalgesia, concentration problems, malaise and fatigue
(Dantzer, 2001).
A first approach was to investigate the role of cytokines, as they have been implicated in the
occurrence of several of the symptoms associated with FM. Moreover, adhesion molecules
which are involved in cell-to-cell communication and immune cell trafficking were also
studied (Chapter 3). The latter are known to be regulated by both cytokines and
glucocorticoids (GCs) and their expression is often found altered in patients with immune
dysregulation (Littler et al., 1997; Font et al., 2000; Garcia-Carrasco et al., 2000). While
several previous studies have looked at cytokine expression, there was only one report of
ICAM-1 expression in FM patients (Russell et al., 1999). Thus, we analysed the expression of
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a representative panel of cytokines and adhesion molecules, before and after the influence of
dexamethasone (DEX). Proinflammatory cytokines, associated with “sickness response”
symptoms, were expected to be increased in FM patients although no significant differences
were encountered. It seems that either possible differences are difficult to detect in small
groups of subjects or that no consistent pattern can actually been found due to the
heterogeneity of the groups, which overthrows the cytokine connection between FM and other
overlapping conditions. On the other hand, the bias toward lower IL-4 levels observed in FM
patients agrees with another recent report where IL-4 levels were evaluated for the first time
in patients with widespread pain, including a majority of FM patients (Uceyler et al., 2006).
Interestingly, studies in animal models have shown that IL-4 is able to inhibit induced
allodynia and hyperalgesia responses (Cunha et al., 1999; Hao et al., 2006).
Differences in group response to DEX were observed for IL-2, as the cytokine levels were
higher at baseline in the FM patients and decreased more pronouncedly than in the controls
after DEX administration In addition, patients having taken antidepressants had lower IL-2
levels and responded differently to DEX compared to antidepressant-free patients. There is
evidence that antidepressant treatment inhibits the release of IL-2 (Xia et al., 1996; Kim et al.,
2007). This may be an indication that some cytokines fluctuate more or are more responsive
to challengers or stressors in FM patients, which confers them an added relevance.
Although peripheral proinflammatory alterations were not demonstrated in our study,
cytokine pain mediation in FM could be centrally driven and a tendency to lower
antiinflammatory activity in the periphery may be an aggravating factor. Alterations in central
cytokine network are not necessarily apparent in the periphery (Dantzer, 2001). Alternatively,
despite a normal production of cytokines, the sensitivity of cytokine receptors could also be
altered in these patients. These are points that ought being addressed in further studies.
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From the analysed cellular and soluble adhesion molecules, the percentage of monocytes and
neutrophils bearing L-selectin expression was found elevated in FM patients. The selectins
are a family of vascular adhesion molecules that possess close structural and functional
relationships, and whose primary role is to promote rolling of leukocytes along the
endothelium prior to firm adhesion and subsequent migration. Evidence from both animal and
human studies suggest that L-selectin is an important early agent in leukocyte-endothelial
interactions and that modification of this interaction with antiinflammatory agents or selectin
blockers may have dramatic effects on the progression of inflammatory responses and clinical
outcomes. Increased expression of L-selectin on leukocytes was previously observed in
conditions associated with an activation of the immune system, such as in patients with
rheumatoid arthritis (Kurohori et al., 1995) and in trauma patients early after injury
(Hogevold et al., 1996; Cocks et al., 1998). Adhesion molecules not only function to localize
cells as they are emerging as potent signalling molecules. Besides its function as a classical
adhesion molecule, in the last years, a role for L-selectin in signal transduction has been
highlighted (Figure 28).

Figure 28. Signal transduction pathways of L-selectin in neutrophils and T lymphocytes. Reproduced
from Barkhausen et al. (2005) with kind permission of the publisher (Copyright Elsevier).
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It has been shown to modulate other neutrophil functions such as aggregation and oxygen
radical production (Bengtsson et al., 1996). Recently, neutrophil function in FM patients was
characterised by elevated spontaneous H2O2 production in comparison to healthy controls.
Moreover, the ability of neutrophils to adhere was found to correlate negatively with cortisol
levels and both adhesion and phagocytosis capabilities of neutrophils correlated positively
with the plasma levels of the endocannabinoid anandamide, found to be significantly higher in
the patients (Kaufmann et al., 2008). However, L-selectin is only one target molecule and it
acts in concert with other selectins and adhesion molecules.
Differences in group response to DEX were observed for sICAM-1 in the serum. In FM
patients, sICAM-1 levels tended to increase after DEX in contrast to the effect observed in
healthy controls. Moreover, a difference in response to DEX was observed for sICAM-1 and
sL-selectin in patients that had taken antidepressants. sCAMs may be produced as a
consequence of inflammation or they may compete with cell surface forms for ligand, thereby
regulating the inflammatory response. These molecules are subject to hormonal regulation
and, in women, differences in expression may occur depending on the menstrual/ovarian
cycle phase. Namely, sICAM-1 levels were found to peak during the early and mid-follicullar
phases, in comparison to other stages of the menstrual cycle, and to be inversely correlated
with estradiol (Bonello and Norman, 2002). Thus, variations across the menstrual cycle may
be at the source of differences in the initial concentration of this molecule and possibly
influence the individuals’ responsiveness. In addition, due to the range of age, many subjects
were probably in menopause. Unfortunately, these parameters were not evaluated in our study
and assumptions cannot be made from our data.
Most studies have shown that the HPA axis is underactive in stress-related disorders, but
contradictory results have also been reported, which may be due to the patients selected for
the study, the methods used, the stage of the syndrome when the tests have been performed
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and also the interpretation of the results. The two types of corticosteroid receptors, the
mineralocorticoid receptor (MR) and the glucocorticoid receptor (GR), play an important role
in the regulation of the HPA axis. Evidently, a tight control of the concentration and function
of these receptors is of prime importance to maintain and regain homeostasis after stressful
challenges. Peripheral blood mononuclear cells (PBMCs) are frequently used to study the GR
regulation in diseases associated with HPA axis abnormalities. The common arguments in
favour are based on the studies of Meaney et al. (1988), showing that GR in lymphocytes and
neuronal tissue have the same steroid specificity and affinity, and of Lowy (1991), showing
that changes in GR concentration and binding affinity in lymphocytes can be used as a model
for neuronal receptor changes in disease. In conditions such as major depression, both lower
PBMC GR levels (Calfa et al., 2003) and reduced brain GR levels, but only in certain regions
such as hippocampal subregions (dentate gyrus), have been observed (Webster et al., 2002c).
However, this also shows that GR expression may vary widely even in a same tissue. In FM
patients, differences in GR affinity (Lentjes et al., 1997) and disturbances associated with loss
of HPA axis resiliency, perhaps due to hippocampal defects in feedback inhibition related to
decreased GR function (Crofford et al., 2004), were previously observed.
Based on the previous studies in FM and related conditions, we investigated whether FM
would be associated with abnormalities in GC sensitivity (Chapter 4A). This study was
performed at different levels, using different methodology approaches. Lower basal plasma
cortisol levels, with borderline statistical significance, were observed in FM patients. This
seems in agreement with previous studies that evidenced a mild hypocortisolism in FM (Griep
et al., 1998; Bazzichi et al., 2006). However, no significant differences were observed in
terms of salivary cortisol levels. This discrepancy, indicating a similar cortisol availability in
patients and controls, may be a result of reduced cortisol binding globulin levels as previously
suggested (Lentjes et al., 1997; Griep et al., 1998). Possible confounding factors not evaluated

136

General Discussion

in this study and incidental differences caused by morning fluctuations of cortisol may
produce additional explanations for the heterogenous results in basal cortisol levels among
different studies.
GR sensitivity to DEX, evaluated through IL-6 inhibition in whole blood stimulated with
lipopolysaccharide (LPS), was not significantly different between patients and controls.
Recently, another study also found normal GC sensitivity in FM patients by measuring DEX
inhibition of LPS-induced IL-6 and TNF-α production in whole blood (Wingenfeld et al.,
2008). The expression of corticosteroid receptors and GC-induced leucine zipper (GILZ) in
PBMCs of FM patients was found lower than in healthy control subjects. Transcriptional
modulation by GR can be achieved through its crosstalk with other transcription factors such
as nuclear factor-κB (NF-κB), activator protein-1 (AP-1), and signal transduction and
activator of transcription (STAT). Both NF-κB and AP-1 are rapidly activated by
proinflammatory cytokines, bacterial or viral infection agents. Once activated, they quickly
upregulate transcription of immunoregulatory genes, including cytokines, cytokine receptors,
chemotactic proteins and adhesion molecules. It is generally assumed that GR interaction with
NF-κB and/or AP-1, and the subsequent suppression of their target genes, is the major
mechanism by which GCs protect against inflammation (De Bosscher et al., 2003). GILZ is
an endogenous GC-responsive gene and an antiinflammatory mediator known to inhibit
proinflammatory transcription factors (Ayroldi et al., 2001; Mittelstadt and Ashwell, 2001).
Thus, GILZ downregulation in FM patients may add to a decreased inhibition of the
expression of proinflammatory mediators or, alternatively, be a result of immune activation
(Eddleston et al., 2007).
Several studies on prenatal stress and GC exposure have suggested HPA axis programming in
animals and gender vulnerability to disease in adult life (Seckl, 2004). In rats, high levels of
maternal GCs during prenatal stress decreased hippocampal GR and MR in male adult
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offsprings (Barbazanges et al., 1996). Short-term prenatal exposure to DEX increased basal
plasma cortisol levels in male guinea pigs, whereas females had reduced HPA responses to
stress. In the latter study, hippocampal GR mRNA levels were significantly lower in young
females and elevated in males (Dean et al., 2001). Preliminary data from a recent pilot study
(Klingmann et al., submitted) suggests prenatal programming in FM based on blunted cortisol
rise after awakening in women with FM that were born preterm. Thus, it would be intriguing
to consider that the HPA disturbances found in FM patients may be related to prenatal
programming.
Studies of GR mutations and single nucleotide polymorphisms (SNP) present a clear example
of how small changes in a gene may affect its protein expression, structure, function and thus
have diverse clinical manifestations. Unlike the regulation of GR expression and function,
fewer in vivo studies are available on the MR. The MR rs5522 (I180V) was recently
associated with a mild loss of receptor function (DeRijk et al., 2006) and the minor allele of
this variant was found here three times more often in FM patients than in controls. At the
mRNA level, differences between FM patients and healthy controls were only observed
among the non-carriers. In addition, in our cohort, female carriers of the SNP seemed to have
reduced responses to the Trier Social Stress Test (TSST) compared to non-carriers (Chapter
4B). Although not evaluated in our study, it is also plausible that cortisol levels already
observed elevated in the quiescent period in FM patients (Crofford et al., 2004) reflect
diminished function of the MR, thought responsible for controlling HPA axis activity
particularly during the circadian nadir (Arvat et al., 2001). It has also been reported that
changes in MR function may contribute to reduced feedback activity in the elderly (Otte et al.,
2003). Interestingly, FM patient carriers of an MR intronic SNP (rs17484245), before exon 3,
were associated with significantly higher scores of depression symtoms compared to noncarriers. Potential associations between this SNP and depression may be hypothesized.
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The GR gene upstream of exon 2 has a CpG island, which is organised into multiple first
exons, each with its own hypothetical promoter region. Alternative mRNA transcript variants
are obtained by the splicing of these alternative first exons to a common acceptor site in the
second exon. Exon 2 contains an in-frame stop codon immediately upstream of the ATG start
codon so that this 5’ heterogeneity remains untranslated, and that the sequence and structure
of the GR protein is unaffected. The alignment of the available sequences of this CpG region
between different animal species gave an interspecies homology ranging from 65 % to 99 %,
which shows how well it is conserved (Chapter 5A).
We and others suggested that alternative first exons, each under the control of specific
transcription factors, control both the tissue specific GR expression and are involved in the
tissue specific GR transcriptional response to stimulation. In FM patients, as the GR-α mRNA
expression was found lower than in healthy controls, we hypothesized that the expression of
GR exon 1-C could also be altered (Chapter 5B). GR exon 1-C expression was found lower in
the patient group as well, and a positive correlation between GR-α and GR 1-C expression
was observed. Although without reaching statistical significance, FM patients who took
antidepressants seemed to express more GR-α despite the two weeks abstinence. However, a
significant difference was found when comparing GR 1-C expression between the two FM
subgroups. This is in agreement with most antidepressant effects, shown to restore reduced
expression or disturbed GR-α function (Pariante et al., 2004).
The heterotrimeric G-protein-coupled receptors (GPCRs), the largest family of cell surface
receptors, are widely distributed in the periphery and CNS. Many neuroendocrine mediators
are ligands for GPCRs on immune cells. Some G protein coupled kinases (GRKs), which
regulate agonist-induced desensitization and signalling of GPCRs, have been implicated in
pain-associated conditions, since they may regulate neurotransmitter-immune-cell interactions
(Heijnen, 2007). We investigated GRKs expression in PBMCs and found lower mRNA and
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protein GRK2 expression and lower GRK6 expression at the mRNA level in FM patients
compared to healthy controls. Decreased levels of these GRKs were observed in conditions
involving activation of the immune system (Lombardi et al., 1999; Vroon et al., 2005).
Several GPCRs are targeted by the same GRK, and both redundancy and specificity of GRK
function are not entirely known. Downregulation of GRKs in immune cells may lead to
sustained activation of proinflammatory GPCRs (Metaye et al., 2005).

In summary, this study shows a slight disturbance of some components of the innate immune
system of FM patients and suggests an enhanced adhesion and possible recruitment of
leukocytes to inflammatory sites. The reduced GR and MR expression and possibly the
reduced MR function may be associated with an impaired function of the HPA axis in these
patients. A hyporesponsiveness of the HPA axis under stress or disturbances of the stress
response could make these patients more vulnerable to cytokines and inflammation which,
compounded by lower antiinflammatory mediators, may sustain some of the symptoms that
contribute to the clinical picture of FM.
The functional significance of changes in GRKs expression in FM as in other pain-associated
pathologies remains to be established. Complementary studies are necessary to evaluate their
role in the regulation of potential key receptors and respective signalling outcomes.
Hopefully the research efforts to unveil the complexity of unexplained conditions such as FM
may contribute to aid, in practical terms, the afflicted patients in the near future.
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B.

Study limitations

The main limitations encountered during this study are herein briefly discussed.
The process of subjects’ recruitment is demanding and time-consuming. Although the cohort
of FM patients and healthy controls was thought to include a considerable number of subjects
for posterior statistical analysis, the exclusion criteria used, subjects’ absence to the
appointments and other problems encountered during the sample collection and processing,
limited the statistical power and thus preventing the detection of possible small differences in
the analysed parameters. This was especially notorious in the evaluation of the effects of
potential covariates and in the creation of subgroups for further analysis.
Gender can be an important determinant in health, as a certain spectrum of conditions seem
more common either in men or in women, although differences in susceptibility may be
independent of observable differences in e.g. sex hormones. The recruitment of male FM
patients was more difficult, probably because of lower prevalence of FM or misdiagnosis,
which resulted in a cohort constituted mainly of women. Therefore, the present findings
cannot be generalised, as they may not necessarily apply to male patients.
Patients with concomitant autoimmune, or other immunocompromising diseases, were not
included, which also limited the patients’ recruitment, as there is a high comorbidity between
FM and such conditions. Thus, finding a uniform group of FM patients seems unattainable
and, because of this heterogeneity, some medication was allowed and was tested as potential
covariate whenever adequate.
Several are the limitations that accompany every study but it is their perception by the
researchers that gives them the proficiency to improve subsequent studies.

141

General Discussion

C.

Future research

To some extent, this work was exploratory and the main findings were previously not studied
or demonstrated. Thus, it would be interesting to further validate them and promote a more
targeted investigation to better evaluate and frame these observations in the context of FM.
It would be interesting to corroborate the finding of increased expression of L-selectin on
monocytes and neutrophils in other FM cohorts and explore its potential role in this condition.
The expression of both corticosteroid receptors, not only GR, should be assessed in conditions
in which the HPA axis is implicated and the use of dynamic tests to evaluate their function
can help inferring both about peripheral but also central mechanisms. Moreover, the
expression of these receptors should be monitored before and after patients’ treatment with
different antidepressants. The role of genetics in stress-related mechanisms, in particular MR
polymorphisms, has only started to be explored. This type of studies needs a reasonable
sample population, especially when only healthy or normal subjects are being analysed.
Nevertheless, small exploratory studies or pilot studies on a certain condition may open new
potential lines of investigation. Interestingly, from our work, polymorphisms in the
untranslated region of corticosteroid receptors may be more relevant in disease since most
occur with higher frequency than polymorphisms in the coding region of genes. In FM, the
pattern of TSST responses in relation to the rs2272089 genotype merits further investigation.
The potential differences in TSST responses between males and females for a same genotype,
such as the MR I180V, seems also a point worth to salient from our work and that could be
relevant to prospect.
In summary, despite the limitations within, our results have shown subtle immunological
disturbances that warrants further investigation using larger FM cohorts.
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