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ABSTRACT

Psoriasis is a chronic inflammatory disease with a prevalence in Sweden of 2-3%.
Stress worsens psoriasis. Serotonin, a monoamine and a neurotransmitter, is a well-
documented signal substance in situations like stress and in regulation of inflammatory
processes. Serotonin produces its effects via about 21 receptors (R), of which the most
characterized are 5-HT1AR and 5-HT2AR. The amplitude and duration of activation of
the serotonergic system is determined by the serotonin transporter protein (SERT).

The aim of the thesis is to elucidate the serotonergic mechanisms involved in psoriasis.

In the first study there was a decreased expression of 5-HT1AR and an increased 5-
HT2AR expression in the involved skin as compared to normal skin. This differential
expression concord with their antagonistic effects, 5-HT1AR inhibiting inflammation
and 5-HT2AR promoting inflammation. These two receptors could be potential targets
for anti-inflammatory therapies in psoriasis. The expression of 5-HT3R was absent in
involved skin and evident in the basal epidermis of the non-involved skin.

In Study Il the expression of SERT was increased in involved skin as compared to non-
involved and normal skin and there was co-localization with caspase-3, a key regulator
of apoptosis. This indicates that SERT might play a role in regulating apoptosis in
inflammatory cells in psoriasis. SERT might thus constitute a valuable therapeutic
target.

In Study 111 an increased SERT expression in inflammatory cells in the epidermis was
positively correlated to psoriasis severity and to chronic stress. This implicates that
SERT expression could be of importance for psoriasis severity and chronic stress.

In the last study, a broad population-based cohort study, SSRI use among patients with
plaque psoriasis was associated with a decreased need for systemic psoriasis treatment.
SSRI may have a protective effect in psoriasis.

In conclusion, a role for the serotonergic system was implicated for the chronic
inflammation in psoriasis.
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1 INTRODUCTION

1.1 PSORIASIS
1.1.1 Epidemiology

Psoriasis is a common chronic inflammatory disease, affecting around 2% of the
population in Sweden.’® Psoriasis is equally common in males and females* and the
disease can appear at any time of life®> with a mean age of onset estimated at 33 years,
with 75% of cases occurring before 46 years of age.’®

1.1.2 Clinical features

The most common type of the disease is psoriasis vulgaris, accounting for 90% of all
cases, in which papulosquamous plaques are well delineated from surrounding normal
skin. The plaques are red or salmon-pink in color, covered by white or silvery scales,
and may be thick, thin, large or small. They are most active at the edge: rapidly
progressing lesions may be annular, with normal skin in the centre. Plaques are usually
distributed symmetrically, and occur most commonly on the extensor aspects of elbows
and knees, scalp, lumbosacral region and umbilicus. Active inflammatory psoriasis is
characterized by the Koebner phenomenon, in which new lesions develop at sites of
trauma or pressure.’

Other forms of psoriasis, accounting for 10% of all cases, includes guttate psoriasis,
generalized pustular psoriasis (von Zumbusch psoriasis), palmoplantar pustulosis and
erythrodermic psoriasis. Guttate psoriasis, an acute form, in which small papules erupt
on the trunk, is affecting mostly children and adolescents, being self-limiting and
resolving within 3-4 months of onset. Generalized pustular psoriasis (von Zumbusch
psoriasis) is another acute form in which small, monomorphic sterile pustules develop
in painful, inflamed skin. Palmoplantar pustulosis, consisting of yellow-brown, sterile
pustules on palms and soles, predominantly affects women (9:1 ratio) and is still
regarded a variant of psoriasis in the textbooks. However, different demographics and
genetics imply that the condition may therefore be a comorbidity rather than a variant
of psoriasis. Erythrodermic psoriasis is a life-threatening condition, where the whole
body surface is affected by psoriasis, which can lead to hypothermia,
hypoalbuminaemia, and high output cardiac failure.

1.1.3 Pathogenesis

The scales of psoriasis vulgaris are a result of a hyperproliferative epidermis with
premature maturation of keratinocytes and incomplete cornification with retention of
nuclei in the stratum corneum (parakeratosis). The epidermis is thickened (acanthosis)
with elongated rete ridges as a result of an increased mitotic rate of the basal
keratinocytes as compared to normal skin. The inflammatory infiltrate mainly consists
of dendritic cells, macrophages and T cells in the dermis and neutrophils, with some T
cells in the epidermis. The redness of the lesions is due to increased numbers of



tortuous capillaries that reach the skin surface through a markedly thinned
epithelium.>"®

1.2 NEUROIMMUNE INTERACTION - PSYCHONEUROIMMUNOLOGY

The skin constitutes one of the major targets for the immune system. There is a
complex bidirectional brain-immune network, providing a biological basis for the
ancient anecdotal notion that the mind can play a role in health and disease by its ability
to influence relevant biological processes.’ This brain-immune network, the so-called
‘brain-skin-axis’ can be activated by stress among other stimuli.
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Figure 1. The bi-directional brain-immune network — The brain-skin-axis”.’

Stress can activate three independent pathways that are linked with the immune system.
The first pathway is the hypothalamic pituitary adrenal axis (HPA-axis), where a
stressful stimulus releases corticotrophin-releasing hormone (CRH) from the
hypothalamus. CRH then increases the production of adrenocorticotrophic hormone
(ACTH) from the pituitary. ACTH is in turn released into the circulation and
transported to the adrenal gland where it stimulates the release of glucocorticoids and
the stress hormone cortisol from the adrenal cortex. Cortisol then acts as a negative
feedback loop inhibiting the release of CRH from the hypothalamus.”® In chronic
inflammation this negative feedback loop can be disturbed due to low levels of cortisol
in serum, leading to a continuous activation of the HPA-axis.

The second pathway is the activation of sensory nerves in the brain and skin resulting
in release of neuroendocrine and neural mediators such as CRH, neurotrophins and a-
melanocyte stimulating hormone, and different neuropeptides active in the skin —
substance P (SP) and calcitonin gene-related peptide (CGRP).

The third pathway is the activation of the autonomic nervous system (ANS).



1.3 NEUROIMMUNE INTERACTION IN PSORIASIS

There is an association between the nervous system and psoriasis. In 1971 Dewing™
accidently sectioned a spinal nerve and the psoriasis in the corresponding nerve area
declined. In retrospective studies there was a correlation between stress experience or
stressful life events and the onset of guttate psoriasis or the severity of symptoms in
psoriasis vulgaris. Some studies even demonstrated that stress-experience associates
with stress axis modulation in psoriasis patients.’”*** In prospective studies chronic
stress worsens psoriasis.*>™® Exactly which mediators are involved in the crosstalk
between the psoriatic skin and the central nervous system (CNS) are not known. There
are several neurotransmitters that can be involved.

Nerve growth factor (NGF), a neurotrophic factor, which is expressed both in the
nervous system and in the peripheral organs, influences an inflammatory reaction by
regulating neuropeptides, angiogenesis, cell trafficking molecules and T cell activation.
NGF augments tissue innervation and plays a critical role in regulating certain
neuropeptides such as SP and CGRP. Keratinocytes in involved and non-involved
psoriatic tissue express high levels of NGF compared to controls, and there is a marked
up-regulation of nerve growth factor-receptor (NGFR) in the terminal cutaneous nerves
of psoriatic lesions.’” NGF is also a mediator of stress responses.*®*

In the involved skin of psoriasis patients there are more nerve fibers containing the
sensory neuropeptide SP. These nerve fibers also maintain increasing numbers of
contacts to Neurokinin 1 receptors (NK1R)-positive mast cells, a target for SP.?>%#
Release of SP, which then activates mast cells, could lead to an increased TNFa
release.?®® TNFaq is an important mediator maintaining chronic inflammation and a
target for the biologics used in the treatment of psoriasis. It seems that acute stress
suppresses TNFa due to the secretion of catecholamines and glucocorticoids while
chronic stress increases TNFa, possibly due to the secretion of neuropeptides.

One important mediator of stress-induced responses is the neurotransmitter serotonin.

1.4 SEROTONIN

Serotonin (5-hydroxytryptamine; 5-HT), a monoamine, is one of the oldest signalling
substances to appear during evolution. It was first discovered by Rapport et al. in 1948
as a potent vasotonic factor and was therefore given the name “tonin”.?** Serotonin
has an important role in normal physiology, including appetite, thermoregulation, sleep
and pain perception.?® Moreover, stress and stress-related hormones increase serotonin
synthesis.?”?® At the cellular level serotonin has effects on proliferation, migration and
apoptosis.?® Like other neurotransmitters such as acetylcholine, glutamate and gamma-
amino butyric acid (GABA), serotonin acts via two categories of receptors: ionotropic
and metabotropic, where the ionotropic receptors have a low affinity for their
neurotransmitter ligand but a rapid activation constant, and the metabotropic receptors
(G-protein activated) exhibit both a high affinity for their neurotransmitter and a slow
activation constant.”®



1.4.1 Serotonin synthesis

Serotonin is synthesized via enzymatic cleavage from its precursor tryptophan by a rate
limiting enzyme, tryptophan hydroxylase (TPH).*® Hydroxytryptophan is then further
decarboxylated to serotonin by L-aromatic amino-acid decarboxylase with the cofactor
pyridoxal phosphate.

Tryptophan is an essential amino acid in humans obtained from dietary sources.
Tryptophan is very effective in capturing light, and it is formed in the reactive core of
chlorophyll in plants.®* Serotonin is involved in root growth and helps out as a potent
antioxidant in cell metabolism and leaf motility in plants. In humans TPH is found in
brainstem neurons, pineal glands, lungs, gut and also skin, where it has been localised
to blood vessels, mast cells, melanocytes, keratinocytes and fibroblasts.*

1.4.2 Serotonin degradation

Degradation of serotonin mainly occurs through oxidative deamination in the liver and
in lung endothelial cells, where serotonin is stored in vesicles until being released and
catalysed by monoaminoxidase (MAQ) which is expressed in mammalian skin.** MAO
deaminates serotonin to 5-hydroxyindole acetaldehyde, which is followed by its
transformation to 5-hydroxyindole acetic acid (5-HIAA). 5-HIAA is excreted in the
urine and serves as an indicator of serotonin transmission in the body.

Stress induces activation of the HPA-axis resulting in increased levels of
glucocorticoids, which stimulate serotonin turnover and synthesis. It has been shown
that treatment with dexamethasone, a synthetic adrenal steroid, increases TPH protein
concentration in brainstem neurons.?’ In the periphery, 5-HIAA and serotonin turnover
is increased in patients showing an elevated cortisol level.*

1.4.3 Localisation

Serotonin occurs at the highest concentrations in three locations in the body:

1. In the wall of the intestine. About 90% of the total amount of serotonin in the
body is present in enterochromaffin cells, which are mainly located in the
stomach and small intestine.

2. In blood. Serotonin is present in high concentration in platelets, which
accumulate it from the plasma by an active transport system and release it when
they aggregate at sites of tissue damage.

3. Inthe CNS, acting as a neurotransmitter.*®

1.4.4 Role of serotonin in skin inflammation

In the inflammatory skin serotonin expression is limited to platelets.**s“®" In chronic
eczema and psoriasis serotonin expression has been evident in the cytoplasm of prickle
cells, sweat gland cells, sebaceous gland cells, and hair roots, while no expression was
evident in normal skin.®"*® A recent report determined that there was an expression of
serotonin in mast cells in urticaria pigmentosa.®® In earlier studies serotonin was also
expressed in melanocytes.>*



1.5 SEROTONIN RECEPTORS

The actions of serotonin are mediated through interaction with membrane-bound
receptors which are categorized into 7 families (5-HT1 — 5-HT7) with at least 21
subtypes.”® Most of these are, as described above, metabotropic receptors coupled to G
proteins, except the 5-HT3 receptor family which are ionotropic receptors.

The human skin expresses these membrane-bound receptors. Detailed molecular
analyses have identified mRNA encoding for 5-HT1A, 5-HT1B, 5-HT2A, 5-HT2B, 5-
HT2C and 5-HT7 receptors.” In situ studies have also demonstrated expression of the
5-HT3R in the basal epidermal layer in the skin,**S“®" while pharmacological studies
indicate that 5-HT3R are expressed on sensory nerve endings.*

The best-characterized receptor is 5-HT1AR, which is a high-affinity receptor. It is
stimulated by normal circulating levels of day-time serotonin and mediates promotion
of mitogen-activated T and B cell survival, associated with increased translocation of
the transcription factor Nucleus factor kappa beta (NFkp) to the nucleus.” Activation
of 5-HT1AR can also induce the release of S100beta from astrocytes.* It has been
reported that 5-HT1AR is important in preventing apoptosis in neuronal cells and
hippocampal HN2-5 cells.*’ Conversely it may be pro-apoptopic through c-Jun N-
terminal kinase in Chinese hamster ovary fibroblasts.* Hence activation of the 5-
HT1AR leads to neurite outgrowth® and maybe neuronal survival as well.*

The 5-HT2AR is a low-affinity receptor and only activated when serotonin levels are
high. Activation of 5-HT2AR is associated with an increase in kinase activity and with
cell division and apoptosis through increasing phosphatidylinositol-hydrolysis, which
leads to increased intracellular Ca®* levels. Thus 5-HT2AR increases cell
proliferation.” In rats, cutaneous expression of 5-HT2AR was detected in
unmyelinated axons at the dermal — epidermal junctions and in the nerve endings of
Pacinian corpuscles. In eczematous skin of mice there was 5-HT2AR
immunoreactivity in the epidermis and on nerve endings.

The 5-HT7R has been suggested to have a role in pain and migraine, via actions on
blood vessels, but also on neurogenic inflammation.”®

1.5.1 Role of serotonin receptors in skin inflammation

1.5.1.1 5-HT1A receptor

Serotonin promotes inflammation by increasing the number of mast cells at the site of
tissue injury, via the 5-HT1AR.*® Expression of 5-HT1AR in inflamed skin is
associated with melanocytes, keratinocytes in the upper part of the epidermis, mast
cells and in vessel walls. In the same study of human contact allergy skin there was a
decrease in the number of 5-HT1AR positive cells in the eczematous skin compared to
normal skin.*

Buspirone, a non-selective 5-HT1AR agonist, applied topically or orally, was able to
diminish contact allergy in mice.>* Tandosporine, another agonist, has been reported to
decrease stress and to attenuate itching in patients with atopic dermatitis.>>>°



1.5.1.2 5-HT2A receptor

In humans Study | revealed expression of 5-HT2AR in mononuclear cells in the
papillary dermis of psoriatic skin. These were CD3 positive, indicating these cells to be
lymphocytes. These cells are increased in involved compared to non-involved psoriatic
skin and normal healthy skin, as well as increased in allergic contact dermatitis skin
compared to control skin.

Different 5-HT2AR antagonists have been reported to be able to decrease contact
allergic reactions in mice.>”*® Of such antagonists, ketanserin inhibits the established
but not challenge-induced phase of allergic contact dermatitis to nickel in humans.>*

In aortic smooth muscle cells activation of 5-HT2AR, with the agonist - 2,5-
dimethoxy-4-iodoamphetamine (DOI) provides an inhibition of TNFa-mediated
inflammation.®*

1.5.1.3 5-HT3 receptor

When injected intradermally serotonin gives rise to pruritus in humans.* This may be
mediated through different receptors such as the 5-HT3 receptor. Thus ondansetron, a
5-HT3 antagonist, is able to decrease pruritus. In addition, pruritus in malignant disease
has been treated with paroxetine, a selective SSRI, and the antipruritic action was
connected with a down-regulation of 5-HT3 receptors.®

1.6 SEROTONIN TRANSPORTER PROTEIN

Serotonin in the plasma can be transferred to platelets by the serotonin transporter
protein (SERT), which is a 12-membrane spanning molecule that regulates both the
release and uptake of serotonin. The release of serotonin from platelets is mediated by
SERT. SERT moves serotonin into the cells in most situations and there are a large
number of pharmaceutical drugs that can inhibit this reuptake process, namely
serotonin reuptake inhibitors (SSRI) that are used in the treatment of depression.

Some individuals are prone to be more sensitive than others to stress and depression
due to polymorphisms in the promoter or intron region of the SERT gene.®*® In
psoriasis no significant differences in genotype distribution and allele frequencies were
apparent in a German population.®

1.6.1 Role of serotonin transporter protein in inflammation

No earlier studies have focused on SERT expression in the skin. Platelet SERT appears
to be identical to that carried by neurons and stored serotonin can be rapidly released in
response to a variety of inflammatory signals.®® Lymphocytes also carry SERT. The
high affinity uptake of serotonin by peripheral blood lymphocytes has been described
with corresponding inhibition by SSRI.%’

The results of studies of intestinal inflammation in experimental animals and humans
regarding mucosal expression of SERT have been inconsistent. For instance, the levels
of SERT mRNA have been reported to be elevated in the small intestines of patients
with irritable bowel syndrome (I1BS),%® reduced in rectal biopsies of patients with



ulcerative colitis and IBS,% and in guinea pig colitis® and normal in rectal and
sigmoidal mucosal biopsies of patients with 1BS.™

Other important cytokines in chronic skin inflammation might be affected by SERT.
In cultured colonic epithelial cells SERT function and expression decreases IFNy and
TNFa.” It has been reported that SERT synthesis may be stimulated by another
cytokine important for psoriasis pathogenesis, IFNa.”®

1.7 SEROTONIN REUPTAKE INHIBITORS

Serotonin reuptake inhibitors (SSRI) are a family of antidepressants with more-or-less
the same mode of action. The most common SSRI in Sweden are: citalopram,
escitalopram, paroxetine, fluoxetine, fluvoxamine and sertraline.

The mechanism of action of SSRI is simply explained by selective inhibition of
SERT. SSRI immediately blocks the serotonin reuptake pump, and this action causes a
sudden increase in serotonin, predominantly in the somatodendritic area as compared to
the axon terminals where serotonin is presumably needed in order to exert its
therapeutic actions. This might explain why SSRI do not have a rapid onset of
therapeutic effect. In the longer term, this sustained increase of serotonin causes the
somatodendritic 5-HT 1A autoreceptors to desensitize and the neuronal impulse flow is
turned on, which means that more serotonin releases from the axon terminal. The final
step of action is the desensitization of post-synaptic serotonin receptors, leading to
serotonin release in the axon terminal.”

There might be other pathways of action for SSRI in the treatment of depression such
as neuroplasticity. Treatment with escitalopram in the rat frontal cortex activated
intracellular pathways linked to brain-derived neurotrophic factor (BDNF) and
increased the levels of Pro-brain-derived neurotrophic factor, hence contributing to
synaptic plasticity.”

1.7.1 Role of serotonin reuptake inhibitors in skin inflammation

Treatment with SSRI can lead to cutaneous side-effects such as spontaneous bruising,
pruritus, urticaria, angioedema, erythema multiforme, Stevens-Johnson syndrome, toxic
epidermal necrolysis, erythema nodosum, alopecia, hypertrichosis and leukocytoclastic
vasculitis.”® Interestingly, case reports on the effect of SSRI in psoriasis have yielded
conflicting results; one study indicated improvement of psoriasis after use of
paroxetine’’ and three studies indicated a flare-up or worsening of the psoriasis
following fluoxetine and paroxetine treatments.’®*°

Patients with depression have elevated blood levels of cytokines as compared to
healthy controls, and these levels are reduced upon treatment with SSRI.%#? In patients
who failed to respond to SSRIs, no reduction in cytokine levels was observed,®
suggesting a connection between SSRI, depression and the immune system.

In humans and in an animal arthritis model there was a suppressed inflammatory
cytokine production through treatment of fluoxetine and citalopram, i.e. anti-
inflammatory effects.®* In rats fluoxetine has also suppressed inflammatory responses
in lung tissue and inhibited the expression of inflammatory cytokines, interleukin-1p,
TNFa, monocyte chemotactic protein and intercellular adhesion molecule-1.%° There is



further evidence for an anti-inflammatory effect of SSRI. In a rat model of periodontitis
fluoxetine suppressed the inflammatory response and protected against periodontal
bone resorption and destruction of collagen fibers.®® In a murine colitis model
fluoxetine inhibits NF«kB activation in intestinal epithelial cells and hence ameliorates
acute murine colitis.®” In animal models of septic shock and allergic asthma, fluoxetine
reduced the inflammatory reaction.®®

There are no earlier studies of SSRI and skin inflammation.

1.8 SWEDISH HEALTHCARE REGISTERS

Sweden has a long tradition of healthcare registers. Already in 1749 there was a
nationwide cause-of-death register introduced.®® The structure of the Swedish
healthcare system, reliable healthcare registers and the unique personal identification
number (PIN)® offers exceptional possibilities for performing register-based
epidemiological studies in Sweden.

1.8.1 National Patient Register

In 1964 the National Board of Health and Welfare launched the National Patient
Register (NPR). Since 1987 the register has a nearly complete coverage of all inpatient
care (both public and private). From 2001 data from specialized out-patient care is
included (both public and private) with primary care being excluded.” It is estimated
that the outpatient register has 80% coverage® due to lower reporting from private
caregivers and low reporting data in psychiatric care. Private care is estimated to
sustain less than 10% of all healthcare in Sweden. Regarding accuracy, a validation
from the Swedish National Board of Health and Welfare in 2007 reported that more
than 98% of all diagnoses had been technically correctly coded with only 1-2%
dropouts and 1% missing data. ** Other studies with validations of medical records of
the inpatient care registered in NPR have shown varying positive predictive values
between 85-94%.%%% No validation of the specific diagnosis of psoriasis vulgaris has
been performed.

Since 1997 diagnoses in the register are coded according to the International
Classification of Diseases, 10" revision (ICD-10). Register information includes patient
characteristics (PIN, sex, age, and county of domicile), administrative data, hospital
identification and medical data (major interventions and discharge diagnoses, with one
main diagnosis and up to seven secondary discharge diagnoses and dates of diagnosis).

1.8.2 Prescribed Drug Register

In 1999 the Prescribed Drug Register (PDR) was started and since 1% July 2005 the PIN
was included. The register offers complete coverage of all dispensed drugs in Sweden,
where each dispensation is connected to an individual. It is updated every month and
contains approximately 90 million prescriptions annually. Only dispensed drugs are
captured since the register is pharmacy-based.* All pharmacies in Sweden report to the
register. Pharmacy dispensing is considered as the golden standard in drug exposure
information.*



The register measurements units are PIN, type of drug described, date of prescription
and dispensing and Defined Daily Doses (DDDs). All drugs are classified according to
the Anatomical Therapeutic Chemical (ATC) classification system. The DDD is the
assumed average maintenance dose per day for a drug used for its main indication in
adults.®® The database is complete for the entire population in the country (patient
identity data are missing for <0.3% of all items).**



2 AIMS OF THE STUDIES

2.1 OVERALL AIM

To study the serotonergic mechanisms in psoriasis and its impact on disease.

2.2 SPECIFIC AIMS

10

Study the expression of serotonergic receptors (5-HT1AR, 5-HT2AR, and 5-
HT3R) in involved and non-involved psoriatic skin as compared to normal skin
and characterization of cells and structures expressing these receptors (Study I).

Study the expression of SERT and serotonin in involved and non-involved
psoriatic skin as compared to normal skin, characterization of cells and
structures expressing SERT and serotonin and their relation to apoptosis (Study

).

Study if the altered SERT expression determined in Study Il correlates to
psoriasis severity, depression, and chronic stress (Study IlI).

Study if modulation by the serotonergic system can improve or worsen psoriasis
by studying SSRI and its effect in psoriasis (Study 1V).



3 PATIENTS AND METHODS

STUDIES | -1l

3.1 SUBJECTS

Patients were recruited from the Department of Dermatology, Karolinska University
Hospital with stable plaque psoriasis, without ongoing systemic treatment who had not
received topical treatment (except emollients) for at least two weeks. Control patients
were recruited from the same area and were healthy regarding inflammatory
dermatoses (Studies I-11).

In Study Il patients were recruited from the Department of Dermatology, Karolinska
University Hospital and from treatment units at the Psoriasis Association in Stockholm
with the same criteria as described above.

3.2 CLINICAL MEASUREMENTS (STUDY IlI)

3.2.1 Psoriasis Area and Severity Index

The clinical severity of psoriasis in each patient was assessed using the Psoriasis Area
and Severity Index (PASI).”

3.2.2 Salivary cortisol test

Nineteen of the 20 patients with psoriasis took part in the salivary cortisol test. Salivary
cortisol samples were collected in plastic vials at 08.00h for four consecutive days. At
22.00h on the third day each patient was asked to take 0.25 mg dexamethasone orally,
which was followed by a cortisol test the following morning. These samples were
stored at -20°C until analysed. The cortisol concentration was determined using a
radioimmunoassay kit (Spectria Cortisol; Orion Diagnostica, Espoo, Finland). A
salivary cortisol quotient was determined by dividing the mean of the three initial
cortisol values by the last cortisol value following the dexamethasone challenge. A low
ratio is an indicator of chronic stress.*

3.2.3 Beck’s Depression Inventory

Symptoms of depression of each patient with psoriasis were assessed using Beck’s
Depression Inventory (BDI), which consists of 21 questions. A score of 21 or more
represents depression.'®

3.3 IMMUNOHISTOCHEMISTRY

Punch biopsies of 3 mm diameter were obtained from the edge of the involved and non-
involved skin (at least 5 cm away from the plague) on the lower back of patients.
Biopsies were taken from the same site from the healthy controls.
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The skin specimens were first immersed in phosphate-buffered 4% formaldehyde
containing 0.17% picric acid for 2 h and thereafter rinsed in 0.1 M Sorensen’s
phosphate-buffered saline (PBS) supplemented with 10% sucrose for at least 24 h. The
samples were then frozen rapidly on dry ice and stored at -70° C until further
processing. While still frozen the biopsy material was embedded in Tissue Tek OCT
Compound (Sakuro Finetek, Zoeterwoude, Netherlands), cut to 14-pum thick sections
with a Microm HM500 cryostat (Heidelberg, Germany), and mounted on
SuperFrost/Plus glass slides (six sections on each slide) for immunohistochemical
staining.

3.3.1 Biotinylated streptavidine method

After blocking of non-specific binding sites with normal serum, sections were
incubated with the primary antibodies overnight at 4°C. The following day sections
were incubated with a biotinylated secondary antibody (Vector Laboratories,
Burlingame, CA, USA) for 40 min at room temperature. Finally, a fluorochrome was
added to visualize the primary antibody. Fluorochromes used were a Cy2-labelled
streptavidine (Amersham Pharmacia Biotech, Uppsala, Sweden) with a green
fluorescence (Study I11) and streptavidine-conjugated Texas Red (Vector Laboratories)
with a red fluorescence (Studies I-111).

Table 1. Primary antibodies for immunohistochemical staining

Used
Antibody Type Company Dilution in Fluorochrome
study
Poly Diasorin, Millwater,
5-HT . 1:10000 Il Cy2
(rabbit) USA
MabTechnologies,
Mono . 1:2500 - Cy 2,
SERT Stone Mountain, 11, 1
(mouse) 1:10000 Texas Red
USA
Poly - 101 .
5-HT1AR . Azmitia et al. 1:1000 | Texas Red
(rabbit)
Mono Pharmingen, San
5-HT2AR . 1:150 I Texas Red
(mouse) Diego, USA
Pol
5-HT3R e Morales etal.’®  1:4000 | Texas Red
(rabbit)

For 5-HT and 5-HT1AR antibodies preadsorption with each antigen eliminated the
immunostaining. For the 5-HT3R antibody a preimmune serum was used as control.
For the monoclonal antibodies (SERT and 5-HT2AR) control staining with non-
specific mouse 1gG of the same isotype (Dako, Glostrup, Denmark) and in the same
dilution as the primary antibodies were negative. Additionally, for each observation and
every patient, the primary antibody was omitted in two sections and no staining was
observed.
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3.3.1.1 Double staining

The sections were treated as described above and then subjected to a second blocking
of non-specific binding sites. Next, another primary antibody was added and the
sections were incubated overnight at 4°C. The following day sections were incubated
with secondary antibodies that were associated with a fluorochrome, either FITC-
conjugated (green label) or Alexa Fluor-conjugated (green label). As a control the
primary antibody was omitted in two sections and no staining was recorded. In two
sections the second primary antibody was being stained in the absence of the first

primary antibody.

Table 2. Antibodies for double staining procedures.

) Used
. o Stained .
Antibody Type Company Dilution With in Fluorochrome
study
Poly R&D Systems, FITC-conjugated
Caspase-3 . . . 1:100 SERT ] . i :
(rabbit) Minneapolis, USA swine-antirabbit
Becton-Dickinson, 1:100(I) 5-HT1A Texas Red (l), FITC-
Mono . .
CD1a Franklin Lakes, ,1:320 (), SERT I conjugated donkey
(mouse) )
USA (1 (1) anti-mouse (I1)
FITC-conjugated
. donkey anti-
BD Pharmingen, 1:20 (1), 5-HT2A
Mono . mouse(l)
CD1a Franklin Lakes, 1:25 (1), SERT Il
(mouse) Alexa Fluor-
USA (1) (1) .
conjugated donkey
anti-mouse (lll)
Mono o
CcD3 Becton-Dickinson 1:100 5-HT1A Texas Red
(mouse)
Poly Novocastra Lab, FITC-conjugated
CD3 . 1:50 SERT Il : ) :
(rabbit) Newcastle, UK swine-antirabbit
Mono o
CD4 Becton-Dickinson 1:40 5-HT1A Texas Red
(mouse)
Mono L
CD8 Becton-Dickinson 1:40 5-HT1A | Texas Red
(mouse)
Alexa Fluor-
Mono Immunotech SAS, .
LAMP . 1:25 SERT I conjugated donkey
(mouse) Marseille, France )
anti-mouse
Sanbio BY, Am
NK1- Mono
Uden, Netherlands 1:80 5-HT1A | Texas Red
beteb (mouse)
Mono Chemicon,
Tryptase 1:5000 5-HT1A Texas Red
(mouse) Temecula, USA
Trvotase Poly Gift from 11000 SERT I FITC-conjugated
L (rabbit) Harvima'® i swine-antirabbit
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3.3.2 Microscopy

Sections were mounted with glycerolgelatin (Merck, Darmstadt, Germany), covered
with glass coverslips and then examined using a fluorescence Zeiss Axioskop 2 MOT
microscope (Carl Zeiss, Stockholm, Sweden) in Studies Il and I1I.

In Study I the sections were mounted with glycerol/PBS and then covered with glass
coverslips. For microscopic evaluation a Nikon Microphot-FXA microscope was used
(Nikon Corporation, Yokohama, Japan).

The numbers of labelled cells in involved, non-involved and normal skin respectively,
were counted by the same observer. For each patient the numbers of cells were counted
in a blinded way in four different sections. The average values were used to calculate
the mean £ SD value for all of the specimens. In Study | the 5-HT1A and 5-HT2A cells
were counted in the papillary dermis. In Studies Il and 111 the SERT-positive cells were
counted separately for the epidermis and papillary dermis.

3.3.2.1 Double staining

In Study I the 5-HT1A and 5-HT2A positive cells in the papillary dermis were counted
in two sections per sample and then the double stained cells with each antibody
(tryptase, CD1a, CD3, CD4, CD8, and NK1-beteb) were counted and expressed as
“majority of 5-HT1A cells were positive for...”.

In Study Il 7/10 biopsies were double stained and two sections per patient were
counted and expressed as mean percentages. In this case each positive, double-stained
cell with antibody (CD1a, CD3 and tryptase) was counted and then the expression of
SERT was counted and expressed as a percentage of CDla-, CD3-, and tryptase
positivity, respectively. For caspase-3 the SERT-positive cells were counted and then
the caspase-3-positive cells were counted and expressed as a percentage of SERT-
positive cells.

In the case of double staining in Study Il 7/20 subjects were examined and the
numbers of epidermal SERT-positive cells were counted in two sections per sample
and then the epidermal cells double stained for the other primary antibodies (CD1a and
LAMP) were counted and expressed as a percentage of SERT-positive cells.

3.4 STATISTICAL ANALYSIS

To compare the total numbers of labelled cells in involved and non-involved skin
compared to normal skin the Mann-Whitney U-test was used (Studies I, I1) For within-
group analysis to compare between involved and non-involved skin the Wilcoxon
signed rank test was used (Studies I,11,111).

In Study 111 the Pearson correlation coefficient was used to measure the strength of a
linear correlation between number of cells expressing SERT in the epidermis and
papillary dermis, and in PASI and BDI, respectively. The Spearman correlation
coefficient was used to measure the strength of a linear correlation between number of
cells expressing SERT in the epidermis and papillary dermis and salivary cortisol ratio
levels.
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A p-value of <0.05 (two-tailed) was considered to be statistically significant. All the
analyses were carried out using SAS software (SAS Institute, Cary, NC, USA).

In Study 111 missing data was handled by exclusion from correlation for one patient
regarding salivary cortisol level and for one patient regarding numbers of SERT-
positive cells in the papillary dermis and epidermis.

STUDY IV

3.5 SUBJECTS

The source population was all Swedish residents ever diagnosed with plaque psoriasis
by dermatologists (ICD; L40.0, L40.5, L40.8-9) and registered in the National Patient
Register (in-hospital care 1997-2006 and outpatient care 2001-2006). In total, 69830
patients were identified.

3.5.1 Exposed cohort

The cohort of SSRI-exposed subjects (n=1282) had a prescription dispensed of
fluoxetine, citalopram, paroxetine, sertraline, fluvoxamine, or escitalopram twice
during a period of six months at a Swedish pharmacy between 1% July 2006 and 1%
April 2008. To assure incident SSRI treatment we conformed to a wash-out period of at
least one year without any dispensed SSRI drugs. Cohort entry was defined as date for
dispensed SSRI prescription. Psoriasis disease severity was classified according to the
last psoriasis treatment dispensed (systemic or non-systemic) up to six months prior to
cohort entry. Severe psoriasis was defined as use of systemic treatment (methotrexate,
cyclosporine, acitretin, and biologics (etanercept, infliximab, efalizumab and
infliximab)), while patients without systemic treatment were classified as having mild
psoriasis. This method for psoriasis classification has previously been used and
validated in several publications.'***%

3.5.2 Reference cohort

The reference cohort included patients from the source population with psoriasis but
unexposed to SSRI (n=1282). Reference patients were matched for age, sex, county of
domicile, psoriasis severity (systemic or non-systemic psoriasis treatment), and for
seasonal variation. Seasonal variation was matched between the two cohorts as same
date of psoriasis drug disposure + 2 months.

3.5.3 Main outcome measure

The main outcome measure was change in psoriasis severity by means of switching
psoriasis treatments from systemic to non-systemic or vice versa six months after
exposure to SSRI. Outcome was measured between six-to-twelve months after cohort
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entry, defined as first psoriasis drug dispensation or absence of psoriasis drug
dispensation.

3.6 STATISTICAL ANALYSIS

To measure change in psoriasis severity we studied switching or not switching in
psoriasis treatments, from systemic to non-systemic treatment and vice versa in our two
cohorts — exposed and unexposed to SSRI (binary outcome and binary predictor).
Conditional logistic regression was used to determine the odds ratio (OR) and 95%
confidence interval (Cl) of switching psoriasis treatments after exposure to SSRI. The
OR was adjusted for age, sex, and county. Age was divided into 10-year strata and
counties in Sweden divided into three regions, one rural and two urban. We also
performed a sensitive analysis for DDD of SSRI at three levels: low, medium, and high.
SAS 9.2 was used for statistical analyses.

STUDIES I-IV

3.7 ETHICS APPROVAL

All studies in this thesis were approved by a Regional Ethical Review Board. For
Studies I-111 informed consent was obtained from the patients prior to enrolment in the
studies. For Study IV the Regional Ethical Review Board in Stockholm did not require
informed consent from the patients.
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4 RESULTS

4.1 STUDY |

4.1.1 5-HT1A receptor

There was a decreased expression of 5-HT1AR positive cells in the papillary dermis in
involved (p<0.001) and non-involved skin (p<0.001) compared to normal skin. No
difference was recorded between the involved and non-involved skin. The majority of
5-HT1AR-positive cells were tryptase positive, with a few CD4 and CD8 positive cells.
There was also 5-HT1AR immunoreactivity in the vessel walls.

In the normal and non-involved skin there were immunoreactive cells in the basal
epidermis. Double staining of these cells with NK1-beteb indicated that they were
melanocytes. There was also 5-HT1AR immunoreactivity of a reticular pattern in the
upper part of the epidermis, staining 25% of the keratinocytes in the normal and non-
involved skin and up to 40% in the involved skin.

4.1.2 5-HT2A receptor

There was an increased expression of 5-HT2AR-positive cells in papillary dermis in
involved skin as compared to both normal (p<0.001) and non-involved skin (p<0.01).
Nearly all 5-HT2AR positive cells were CD3 positive.

4.1.3 5-HT3 receptor

There were 5-HT3R positive cells in the basal part of the epidermis in non-involved
skin, which were absent in the involved skin. The acrosyringium of involved skin
exhibited immunoreactivity.

4.2 STUDY Il

421 Serotonin

Serotonin was present in the platelets of the involved skin. There was also a focal
expression in keratinocytes in 2/10 biopsies of the involved skin. These two biopsies
had a high grade of inflammation and acanthosis. In the non-involved skin 1/10
biopsies exhibited diffuse keratinocyte expression. Normal skin had expression of
serotonin in 1/10 biopsies with a weak staining in the apical part of epidermis.

4.2.2 SERT

There was an increased expression of SERT-positive inflammatory cells in the
epidermis in the involved skin as compared to normal skin (p<0.05). There was also an
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increased expression of SERT-positive mononuclear cells in the papillary dermis in the
involved skin as compared to both non-involved (p<0.01) and normal skin (p<0.01).

In the involved skin 7/10 biopsies had focal or basal epidermal immunoreactivity as
compared to apical epidermal immunoreactivity in 5/10 biopsies of the non-involved
skin. In normal skin weaker apical epidermal immunoreactivity was evident in 8/10
biopsies. Intense SERT immunoreactivity was evident in adnexal structures,
irrespective of skin inflammation.

Double staining revealed that the SERT-positive cells could express CD1a, CD3, and
tryptase. A majority of the SERT-positive cells in the papillary dermis expressed
caspase-3. Among the SERT-positive dendritic epidermal cells, only a few stained for
caspase-3.

4.3 STUDY llI

PASI values of the patients varied from 4-45 with a mean value + standard deviation of
17+10. The mean of the cortisol ratio levels was 2.9+2.7 and the BDI score was
10.049.4.

As in study Il the expression of SERT-positive cells in dermis in the involved
psoriatic skin, with a mean +SD value of 10.5+7.7 was increased as compared to the
SERT positive cells in dermis in the non-involved skin, with a mean +SD value of
0.9+1.8 (p<0.001). The expression of SERT-positive cells in epidermis in the
involved psoriatic skin, (Fig. 1a) with a mean £SD value of 5.0+4.4 was increased as
compared to the SERT-positive cells in epidermis in the non-involved skin, with a
mean £SD value of 1.9+2.4 (p< 0.001).

4.3.1 Correlation data

There was a correlation between PASI and the numbers of SERT-positive
inflammatory cells in the epidermis of the involved skin (r=0.53; p<0.05). There was
also a high tendency for a positive correlation between PASI and the numbers of
SERT-positive cells in the epidermis of the non-involved psoriatic skin (r=0.44;
p=0.06). Furthermore, a negative correlation between salivary cortisol ratio levels and
the numbers of SERT-positive cells in the epidermis of the involved skin (r=-0.46,
p<0.05) was evident. A low level of salivary cortisol ratio indicates chronic stress; our
finding therefore indicates that an increased epidermal SERT expression in psoriasis
correlates with chronic stress.

No correlation was observed between dermal SERT expression in involved and non-
involved skin and PASI or salivary cortisol ratio levels, respectively. No correlation
was determined between epidermal and dermal SERT expression in involved and non-
involved skin and BDI.

4.3.2 Double staining

Double staining revealed that 73% of the SERT-positive epidermal cells were positive
for CD1la and 50% were positive for LAMP. These findings strongly indicate that the
SERT-positive epidermal cells are dendritic cells (both immature and mature).
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44 STUDY IV

Sixty-four percent of the patients were females. The mean age was 55 years among
both the exposed and the reference cohort. At cohort entry 89% were classified as
having mild psoriasis (Table 3).

Table 3. Basic characteristics of the two cohorts

Characteristics Exposed group Reference group
n=1282 n=1282

Sex
Female 482 36% 482 36%
Male 800 64% 800 64%

Age
0-19 28 2% 28 2%
20-39 265 21% 265 21%
40-59 442 34% 442 34%
60-79 421 33% 421 33%
80- 126 10% 126 10%
Median (IQR) 57(41,69) 56(41,68)
Mean 55.0 54.6

Psoriasis severity
Mild (no systemic treatment) 1136 89% 1136 89%
Severe (systemic treatment) 146 11% 146 11%

Among those with mild psoriasis 29 patients switched from non-systemic to systemic
treatments after exposure to SSRI as compared to 64 patients in the reference group
(OR 0.44 95% CI 0.28-0.68) (Table 4). Among study subjects classified with severe
psoriasis, 42 patients switched from systemic to non-systemic treatment after SSRI use
as compared to 37 patients in the reference group (OR 1.20 95% CI 0.71-2.02) (Table
4). Both these findings indicate that SSRI may have a protective effect in psoriasis.

To assess whether this effect might be dose-dependent we investigated days covered
with DDDs of SSRI and changes in psoriasis severity. Among those with more than
90% of days covered with 1 DDD/day of prescribed SSRI and mild psoriasis, 23
patients switched treatments after SSRI use as compared to 49 patients in the reference
group (OR 0.45 95% CI 0.27-0.75). The protective effect of SSRI is also seen among
those with 40-90% of days covered with 1 DDD/day of prescribed SSRI, where four
patients with mild psoriasis switched treatments after SSRI use as compared to 13
patients in the reference group (OR 0.30 95% CI 0.10-0.93) (see Table 4, manuscript
V).
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Table 4. Number of persons switching and risk of switching psoriasis treatments before vs. after SSRI
exposure. The risks are depicted as adjusted odds ratios with 95% confidence intervals adjusted for
age, sex, and county.

Treatment at Exposed Reference Adjusted odds
baseline i G ratio (95%Cl)
(No=1282) (No=1282)
Non-systemic
No Switch 1107 97.4% 1072 94.4% Reference
Switch (NS->S) 29 2.6% 64 5.6% 0.44 (0.28-0.68)
Total 1136 1136
Systemic
No switch 104 71.2% 109 74.7% Reference
Switch (S->NS) 42 28.8% 37 25.3% 1.20(0.71-2.02)
Total 146 146

Finally, we also studied whether this protective effect of SSRI was maintained
between males and females. When stratified for sex, the odds ratio of switching
treatments from non-systemic to systemic treatment after SSRI use was 0.51 for males,
(95% CI 0.28-0.96) and 0.37 for females, (95% CI 0.19-0.71) (data not included).

We determined no major difference between the exposed and reference cohort in the
use of phototherapy and the geographical distribution of the patients (data not
included).
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5 DISCUSSION

5.1 SEROTONIN

Serotonin was present in platelets of the involved skin. This is a well-known
localization for serotonin. However, we did not detect any serotonin expression in the
platelets of non-involved and normal skin. This could most probably be explained by
the fact that in a high grade of inflammation, an enhanced vascularization, as in the
involved skin will occur compared to in the non-involved and normal skin. There are
findings supporting that altered platelet levels of serotonin may be involved in elevated
blood pressure levels and cardiovascular disease.'® Psoriasis is also associated with an
increased risk of cardiovascular disease'®****, It might be that serotonergic pathways
can contribute to this comorbidity in psoriasis.

The focal serotonin expression in keratinocytes evident in two patients in the involved
skin in Study Il is interesting, even though no definitive conclusions can be drawn from
such small findings. This is in contrast to earlier studies by Huang et al.® in which
serotonin expression in psoriasis was observed in prickle cells, sweat gland cells,
sebaceous gland cells and hair roots with a more prominent staining in ‘progressive’
psoriasis compared to the ‘static’ stage of disease. These differences in serotonin
expression might be explained by different patient characteristics and different
technical procedures. We used immunohistochemistry on biopsies treated with Lanas
fix with polyclonal antibody to serotonin, while Huang and colleagues used paraffin-
embedded tissue and a “Rabbit anti-serotonin multicolonal antibody”.

Whether the focal staining seen in the keratinocytes was cytoplasmatic or membrane
attached was not assessable.

5.2 SEROTONIN RECEPTORS

The expression of 5-HT1AR was mainly localized to mast cells and melanocytes. The
mast cells produce important inflammatory cytokines and neuropeptides' and the
number of mast cells are increased in psoriasis.*** A 5-HT1A-mediated promotion of
cell survival and proliferation of mitogen-activated T and B lymphocytes,”® a 5-HT1AR
stimulation that inhibits apoptosis in neuronal cells,"****> and a protection of NK cells
against oxidation-induced apoptosis**® may contribute to a prolonged life span of mast
cells in psoriasis, leading to prolonged release of proinflammatory cytokines and
neuropeptides, thus maintaining chronic inflammation. Moreover, the flare-up of
psoriasis during stress conditions might be explained by hormonal effects through 5-
HT1AR on mast cells and the subsequent release of inflammatory mediators.

In the brain, the firing rate of serotonergic neurons is inhibited by 5-HT1AR and
results in a decreased release of serotonin from these cells. Melanocytes may contain
serotonin. “****" \We do not know if a similar mechanism occurs in melanocytes,
constituting an autocrine system, where released serotonin would feedback on the cell
through the 5-HT1AR.

The increased immunoreactivity in the upper epidermis in involved skin might be
explained by the fact that the normal keratinocyte differentiation process is changed
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and the presence of 5-HT1AR may suggest an up-regulation of the receptor due to
decreased activation.* It has been reported that 5-HTL1AR is important in preventing
apoptosis in neuronal cells and hippocampal HN2-5 cells.*’ A decreased activation of
5-HT1AR may lead to stimulated apoptosis and it could be that the keratinocytes in
upper epidermis enter apoptosis, leading to an increased turnover of keratinocytes.

The most important finding is the decreased expression of 5-HT1AR-positive cells in
the papillary dermis. These cells were mainly mast cells and some lymphocytes. 5-
HT1AR might influence inflammation in psoriasis by mechanisms described above or
by another pathway, with altered neuropeptide release supporting TNFa-induced
inflammation. Furthermore, a 5-HT1AR agonist (buspirone) could suppress a contact-
allergy reaction.>

There was an increase of 5-HT2AR-positive cells in papillary dermis and double-
staining indicated that they were lymphocytes. DOI, a 5-HT2AR agonist, was able to
potently inhibit the effects of TNFa.®! In another disease with chronic and TNFa-driven
inflammation, RA, it was observed that the density of 5-HT2AR was decreased,
suggesting a possible role for reduced expression of the 5-HT2AR in the sensitization
of cells to TNFa in RA™® An up-regulation of 5-HT2AR could reflect a high
inflammation or being a stimulator of inflammation. This effect of 5-HT2AR in
involved skin was also seen in the delayed type hypersensitive reaction, where a 5-
HT2AR antagonist (ketanserin) could suppress a contact-allergy reaction.>’

The different dynamics of reversed expression in involved skin, with a decrease of 5-
HT1AR and increase of 5-HT2AR expression are intriguing since in short 5-HT1AR
suppresses inflammation and 5-HT2AR triggers inflammation. These two receptors
may work together in an antagonistic way to maintain inflammation in psoriasis.

The reduced immunoreactivity of 5-HT3R in involved skin in basal epidermis
implicates that it may affect keratinocyte proliferation and differentiation. 5-HT3R
antagonists inhibit the stimulated release of SP, neurokinin A and CGRP from primary
afferents'’® and prevent unmasking of autonomous tachykinin NK2R.*® Diminished 5-
HT3R may therefore affect neuropeptides in psoriasis.

Regarding the role of the serotonergic mechanisms in psoriasis our findings are just
hypothesis-generating. To further elucidate the role of the serotonergic receptors in
psoriasis it would be interesting to examine their contact with the nerve endings. We
know that serotonergic receptors were expressed in immune cells and mast cells in the
papillary dermis where they are in close contact with nerve endings. Double staining
with a marker for nerve endings could be useful.

Another key issue is the functionality of the receptors. Are we staining functionally
active receptors? It would be very useful to perform a ligand-binding study where
either skin biopsies or a cell line (for example keratinocytes) would be treated with a
specific agonist or antagonist and then the activity of the involved receptors could be
measured. So far this technique is not available in skin specimens.
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5.3 SERT

The expression of SERT-positive cells in the epidermis and papillary dermis of the
involved skin is increased in involved skin as compared to normal skin and the non-
involved skin. These findings are in agreement with earlier findings in other
inflammatory dermatoses such as atopic eczema'?! and allergic contact eczema.®* We
also determined that increased epidermal SERT expression in inflammatory cells is
correlated to psoriasis severity and chronic stress, implicating a role for the serotonergic
system in psoriasis.

Double staining revealed that SERT-positive cells in the epidermis were either
dendritic cells or lymphocytes and in the papillary dermis lymphocytes or mast cells.
One disadvantage with the double staining procedure in Study Il was that we did not
count the percentage of SERT-positive cells that expressed CD1a, CD3, or tryptase.
However, we did that for caspase-3 in Study Il and for CD1a and LAMP in Study III.
We can conclude that the majority of SERT-positive cells in epidermis are dendritic
cells and that the SERT-positive cells in the papillary dermis were mainly mast cells or
lymphocytes.

Dendritic cells have a key role in the pathogenesis of psoriasis, bridging the gap
between innate and adaptive immunity.® Dendritic cells have been reported to express
functional SERT at a level that is regulated by their state of maturation. Immature
dendritic cells may sequester serotonin released by platelets or mast cells at sites of
injury and inflammation and mature dendritic cells may shuttle serotonin between
activated and naive T cells, thereby amplifying adaptive immune responses.'?
Serotonin activates different dendritic cell signaling pathways in a maturation-
dependent manner*?® and in this respect is able to modulate the release of different
chemokines and cytokines in human monocytes.*** Serotonin could also inhibit
apoptosis in human monocytes, allowing these cells to remain in the tissue and to
contribute to chronic inflammation.® In addition, SSRI suppress the ability of
dendritic cells to present bacterial antigens to T cells and could thus down-regulate the
resulting T-cell proliferation in a SERT/5-HT-independent manner.*”® Furthermore,
migration of dendritic cells may be affected. These modes of actions of SERT might be
possible explanations for the positive correlation between psoriasis severity and SERT
expression in Study IlI.

The co-localization of immunostaining of SERT-positive cells in the papillary dermis
and caspase-3 might indicate that the immune cells of the skin that enter into apoptosis
may express SERT. It has been demonstrated that SERT synthesis may be stimulated
by IFNo, an important cytokine for psoriasis pathogenesis.”® This could lead to a
regulatory loop in which chronic inflammation and release of IFNa could stimulate
SERT synthesis that would lead to apoptosis of immune cells, thus maintaining chronic
inflammation. Modulating the levels of SERT expressed by the immune cells could
possibly lead to a change in chronic inflammation. This finding led us to Study IV and
to analyse the use of SSRI in psoriasis.

We also determined a modified epithelial SERT expression, with a stronger basal
expression in the involved skin as compared to non-involved skin, but also as compared
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to a weaker apical staining in normal skin. These findings are just observations in ten
patients with no possibility of further statistical analysis. In another disease with
chronic inflammation, IBS, there have been numerous reports of modified epithelial
SERT expression. Levels of SERT mRNA have so far been reported to be elevated in
the small intestines of patients with IBS,% reduced in rectal biopsies from patients with
ulcerative colitis and 1BS,*® and in guinea pig colitis,”® and normal in rectal and
sigmoidal mucosal biopsies from patients with 1BS.” This modified epithelial
expression indicates that SERT may also have a direct role in epithelial proliferation
and differentiation in psoriasis.

As for the serotonin receptors we lack information about the functionality of the SERT
expression. At the SERT gene level there were no significant differences in genotype
distribution and allele frequencies in a German population.®> More limitations are the
lack of patient characteristics in Studies | and Il. We had no information of important
potential confounders such as smoking and alcohol. The patients were not receiving
systemic or local treatments for the previous two weeks prior to biopsy, but no
information regarding possible previous systemic or local psoriasis treatments or other
important medications were obtained. In Studies I and 11 no information about psoriasis
severity, chronic stress, gut inflammation or depression was obtained. The present
results are limited but they generate further questions and new important theories about
the role for the serotonergic system in psoriasis.

5.4 USE OF SSRI IN PSORIASIS

Bearing in mind the possibilities to modify SERT expression our aim was to investigate
the role of SSRI in psoriasis. The golden standard for such an investigation would be a
randomized clinical trial. With limited resources that was not an option. Instead we
conducted a broad population-based cohort study from Swedish healthcare registers
with incident SSRI treatment as exposure and change in psoriasis treatments (a
surrogate for psoriasis severity) as outcome.

We demonstrated that patients with mild psoriasis have a decreased need for systemic
psoriasis treatment after starting SSRI treatment. We also determined that patients with
severe psoriasis are more likely to have a decreased need for systemic psoriasis
treatment after SSRI use.

One possible explanation would be that treatment of clinical depression will have a
direct effect on psoriasis symptoms and thus reduce the need for psoriasis treatment or
an indirect effect where improvement in the exposed subjects’ mood disorder will
increase their ability to comply with non-systemic psoriasis treatments. Another
explanation could be a direct biological anti-inflammatory effect of SSRI, either
involving serotonin signaling pathways or being independent of the serotonergic
system. Animal studies and some human models have indicated that some SSRI may
have anti-inflammatory effects.®*%

Particular strengths of Study IV include its thorough design with a well-defined study
base, which minimizes bias while maximizing generalizability of the results. We
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included two strict criteria for exposure to SSRI. First, to assure incident SSRI
treatment only patients with a wash-out period of SSRI of one year or longer were
included. Second, only patients with at least two dispensed prescriptions of SSRI
during six months were included. This reflects a clinically relevant SSRI treatment,
since the biological effects of SSRI will take approximately 4-6 weeks to evaluate.
Patients who face side-effects after a few weeks were not included in this study, since
available register information prevented us from finding out whether these patients
stopped treatment because of side-effects or for any other reason. Further strengths are
that the diagnosis of plaque psoriasis was made by dermatologists, minimizing
misclassification of disease. Both databases used have high internal validity with
identity data missing for <0.3% of all items in the Swedish Prescribed Drug Register®*
and 0.5% for the National Patient Register. One limitation is that no validation was
conducted regarding the diagnosis of psoriasis vulgaris. However, it is a clinical
diagnosis and the ICD-coding system for psoriasis vulgaris is stringent. In RA, another
disease with chronic inflammation, one validation study from the NPR reported that the
positive predictive value for RA-diagnosis was around 87-94%.%

The reference group is strictly matched to allow us to look at the effect of SSRI
exposure. However, this does not allow us to draw any other conclusions than those we
studied. One important matching factor is the seasonal variation, not only reflecting the
clinical impression from Sweden that psoriasis improves during summertime. It is also
evident that there is a seasonal variation in the binding potential for the target protein of
SSRI, the SERT.*

There are some important limitations to consider. By using systemic psoriasis treatment
as a construct to measure severe psoriasis it is possible that there is misclassification
with regard to psoriasis severity. Patients with severe psoriasis may not receive
systemic treatment and may therefore be misclassified into the mild psoriasis cohort.
The possibility of misclassification is unlikely to differ between study groups and
may be regarded as non-differential. Another limitation is that our study design does
not include those who experience side-effects of SSRI and stop the SSRI treatment
after one or two months. These individuals could be highly interesting if they develop a
flare-up of psoriasis as a side-effect. In that case we would overestimate the protective
effect of SSRI in psoriasis. However, this also strengthens our study since we could be
certain that the subjects in the two study groups tolerated SSRI and are those who could
benefit from the possible treatment effects.

More limitations to consider include the dermatologist’s delay in changing psoriasis
treatments even though the patient experiences a change in psoriasis severity.
Phototherapy is traditionally a fairly common systemic treatment used for psoriasis in
Sweden. We did not include this entity as a marker for severe psoriasis since it is not
registered in the Prescribed Drug Register. Phototherapy is recorded in the National
Patient Register, but there may be variations between counties in the reporting of such
outpatient treatment procedures. We therefore investigated use of phototherapy and the
geographical distribution of the patients and we determined no major differences
between the exposed and the reference groups. We did lack information regarding two
important confounders, smoking and alcohol.

In conclusion, our results suggest that SSRI may have a protective effect in psoriasis.
To our knowledge this finding has not been previously described.
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5.5 METHODOLOGICAL CONSIDERATIONS

Immunohistochemistry is useful in describing expression of receptors and proteins. The
method is reproducible and transparent in trained hands. One has to be cautious when
interpreting results from the method for several reasons. First of all the sections
analyzed are relatively limited parts of a punch biopsy. Furthermore, the
representativeness of a punch biopsy may differ depending on which area you biopsy.
We therefore tried to be consequent taking the biopsies from the lower back from both
involved and non-involved skin and from the reference persons with normal skin.
Nevertheless the ‘lower back’ is a quite broad area and there may be local differences
in the skin.

All the staining procedures were conducted consecutively for all the patients,
eliminating staining failures. Six sections from one patient were stained on the same
glass slide, grouped two-by-two, allowing three possible primary antibodies to be
employed in the same staining procedure. We chose to have one group of two sections
with the primary antibodies omitted as control, and the other two groups with the
primary antibody, a total of four sections per patient. In the case of double staining two
sections were controls with primary antibody omitted. Two sections were only stained
with the first antibody and the last two sections were double-stained.

Interpreting immunohistochemistry is dependent on the examiner. In all three studies
the positive cells were always counted by the same observer blinded to the nature of the
specimen (involved skin, non-involved skin, and normal skin), and the patient
examined. However, in some cases the acanthosis and broadened rete ridges with thin
suprapapillary areas were obvious, indicating involved skin. In two of the studies (Il
and I11), an independent examiner re-counted the cells and no major differences were
determined.

Immunohistochemstry only allowed us to describe receptor and protein expression.
You cannot say if you have stained an active or inactive receptor or protein and
therefore no statements about functionality can be made. It would be important to
follow-up the observed findings and try to use other methods for functionality
(activation or blocking with receptor agonists or antagonists in a ligand-binding study,
either in vitro with for example cultured keratinocytes, monocytes or lymphocytes or in
vivo with skin specimens). We did try to see one form of functionality by correlating
the expression of SERT with important patient characteristics.

A particular strength is that we have had an internal control in the case of the non-
involved skin. Conversely, psoriasis is a systemic disease and we do not know if there
are more important observations or inflammatory processes in the non-involved skin
compared to the involved skin. For example, the numbers of mast cells are increased in
the non-involved skin in psoriasis,'® indicating that there is also inflammation in the
non-involved skin as well.

As mentioned in the Discussion we lack important information about patient
characteristics in Studies | and Il, which could influence the results.
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In Study 111 we used salivary cortisol ratios as an indicator for chronic stress. The use of
salivary cortisol as a measure of stress is debatable.’’ In our study we used both a
dexamethasone-suppressed salivary cortisol level and a mean morning cortisol level of
three observations. The ratio of the mean of the three values to the last cortisol value
was determined, a low ratio being an indicator of chronic stress. This method for
chronic stress has previously been used in other studies.*®*%

In Study III we used the Beck’s Depression Inventory for measure of depression. A
more commonly used measurement is Montgomery Asberg Depression Rating Scale
(MADRS).

In Study IV we used a population-based cohort study. In a cohort study a number of
patients with a specific exposure are followed over time and the occurrence of different
outcomes are studied and compared with an unexposed cohort. A cohort study is
efficient for unusual exposures but usually not for rare outcomes and gives possibilities
to study multiple endpoints. Cumulative risks, incidence rates, relative risks and
attributable risks can be calculated. On the negative side is that cohort studies can be
costly, time consuming, the validity of the results can be influenced by loss to follow-
up, and there is a risk of selection and information bias. *?® This was not the case in our
study where register data allowed us complete follow-up and already finished study-
time.
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6 CONCLUSION

28

In psoriatic skin the expression of serotonin is limited to platelets in the
involved skin.

There is a decreased expression of 5-HT1AR in involved skin as compared to
normal skin and there is an increased expression of 5-HT2AR in involved skin
as compared to non-involved and normal skin. This reversed receptor
expression concords with their antagonist function; 5-HT1AR inhibiting
inflammation and 5-HT2AR being pro-inflammatory.

The expression of SERT is increased in involved skin as compared to non-
involved and normal skin.

An increased SERT expression in inflammatory cells in epidermis correlates to
psoriasis severity and chronic stress.

SSRI may have a protective effect in psoriasis, since patients with mild
psoriasis have a decreased need for systemic psoriasis treatment and patients
with severe psoriasis are more likely to have a decreased need for systemic
psoriasis treatment after starting SSRI treatment.

These findings indicate a role for the serotonergic system in psoriasis both as a
neuroimmunological bridge between the psychological symptoms and the
disease, as well as an actor in the inflammatory process.



/7 QUESTIONS FOR THE FUTURE

e Is the change in serotonin receptors and SERT expression observed by
immunohistochemistry related to functional differences?

e Isthere a therapeutic potential of selective modulation of 5-HT1A and 5-HT2A
receptors for the treatment of psoriasis?

e Are SSRI a possible new and easily accessible treatment option for psoriasis?
Future clinical trials would be of interest.

e Are there other treatments strategies to modulate SERT in the skin, such as for
example topical treatments, not having the systemic effects of SSRI?

e Could it be that the important serotonergic mechanisms in psoriasis are due to
the presence of SERT and serotonin receptors in keratinocytes?

e Is there a correlation between a functional SERT gene polymorphism and the
severity of disease?
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8 SUMMARY IN SWEDISH

Psoriasis &r en kronisk inflammatorisk hudsjukdom, 2-3% av alla svenskar &r drabbade.
Stress forsamrar psoriasis. En viktig signalsubstans vid stressutlost inflammation &ar
serotonin. Serotonin utdver sina effekter via ett antal olika serotoninreceptorer, varav
tva stycken &r battre karaktériserade an andra — serotonin receptor 1A och serotonin
receptor 2A. Serotonins inflammatoriska effekt regleras av ett transportOrprotein,
serotonin transporter protein (SERT). Vid inflammatoriska sjukdomar sasom psoriasis
och IBS (Irritable Bowel Syndrome) &r nivaerna av detta protein andrat och det tycks
spegla den inflammatoriska aktiviteten.

Vart mal var att kartlagga vad som driver den inflammatoriska processen vid psoriasis
och om det serotonerga systemet kan vara involverat. En 6kad forstaelse av vad som
driver den inflammatoriska processen vid psoriasis kan pa sikt leda till nya
behandlingsmetoder av sjukdomen.

| de forsta tre studierna anvande vi oss av involverad och icke-involverad hud fran
psoriasispatienter och fran friska individer. Huden fryssnittades och darefter anvandes
en fargningsteknik, dar antikroppar som binder till serotonin receptorer eller SERT syns
i mikroskopet. Pa sa satt kan man jamfora forekomsten av dessa receptorer och SERT
mellan friska individer och psoriasispatienters involverade och icke-involverade hud.

| den forsta studien sags minskad forekomst av serotonin receptor 1A i den involverade
huden och en Okad forekomst av serotonin receptor 2A jamfort med den icke-
involverade och den friska huden. | den andra studien sags okad forekomst av SERT i
inflammatoriska celler i den involverade huden jamfort med den icke-involverade och
den friska huden. I den tredje studien kunde vi pavisa att ju storre forekomst av SERT i
overhuden desto storre var svarighetsgraden av psoriasis. Dessutom kunde vi pavisa att
ju storre forekomst av SERT i 6verhuden desto hdgre grad av kronisk stress uppvisade
patienterna.

Genom att paverka nivaerna av SERT skulle man kanske kunna paverka
inflammationsprocessen i psoriasis. Ett sadant preparat ar
serotoninaterupptagshammarna (SSRI — “lyckopiller” vid depression). Detta ledde fram
till den fjarde studien, dar vi genom de unika svenska halsoregistren kunde fa fram
69835 individer med psoriasis, dar 1282 individer hade behandlats med SSRI under
atminstone 6 manader och 1282 individer med samma kaon, alder, boenderegion,
svarighetsgrad av psoriasis, och given SSRI behandling under samma tidsperiod pa
aret. Nar man jamforde dessa tva grupper visade det sig att de som fatt SSRI i mindre
utstrackning behdvde “tyngre” psoriasisbehandling. Saledes visade studien att det tycks
finnas en skyddande effekt av SSRI behandling vid psoriasis.

Med den hér avhandlingen konstateras att det serotonerga systemet tycks ha en
inverkan pa den inflammatoriska processen vid psoriasis.

30



9 ACKNOWLEDGEMENTS

I would like to thank all those who have supported me during my work with this
thesis. There are some people that desire additional thanks:

First of all I would like to thank my supervisor Klas Nordlind for being supportive all
the time. He has been fantastic in Sunday afternoon-meetings, late and early e-mails,
and for always answering questions. Klas is the creator of this thesis and he has a
fantastic ability to think straightforward making interesting science from limited
resources.

Anna-Lena Kastman for teaching me the method I’ve used — “Method Kastman”.
Without Anna-Lena’s help and encouragement this thesis wouldn’t have been done. I
have appreciated all the talks that we’ve had and for her hospitality in Langbo.

My co-supervisor Michael Fored for a friendly and supportive atmosphere, opening
my eyes for epidemiology and supporting me in applying to “Forskarskolan i
epidemiologi”.

Sol-Britt Lonne-Rahm, my second co-supervisor.
Tobias Svensson, my co-author in study 1V for being so interested and helpful.

Husameldin EI-Nour and Beni Amatya, co-authors and members of the group,
always friendly and cheerful.

Gunilla Ekstrand for admirable administration help and for always caring about my
life and family.

Robert A. Harris for grateful linguistic advice. Per Nasman and Fredrik Granath
for statistical advice.

Mona Stahle for reviewing and critically reading manuscript 1V, and for being a
glimmering Head of Unit.

My resident colleagues, with a special thank to Josefin Lysell, Hanna Eriksson,
Daniel Nosek and Carina Gronhagen. Josefin for her willingness and interest in
science, cheering me up in hard times. Hanna for fruitful discussions on how to survive
and combine science with clinical work. My former roommate Daniel for endless
laughs and talks in the room. Carina and her thesis was a great inspiration during my
writing process.

All the participants of Forskarskolan i epidemiologi 8, especially Johan Martensson
and Olof Brattberg for helping me with some of the statistics in Study Ill. Mattias
Jangard for waking me up when the oxygen in the lecture hall was gone. Nathalie
Roos for support in Study IV.

31



To my clinical supervisors Ismini Vassilaki and Peter Berg for all support and
encouragement. Mari-Anne Hedblad for introducing me to dermatopathology and
being a great source of inspiration.

All my former colleagues, administrative staff and nurses at Hudkliniken Karolinska.
My present colleagues at Hudkliniken Sodersjukhuset and Patologen Karolinska
Danderyd. To my present directors Peter Zickert and Asa Bostrém, and to my
former director Lena Lundeberg for support.

Carl-Fredrik Wahlgren for bringing fun into teaching and for giving me the
possibility to teach undergraduate medical students.

Edvard Welanders stiftelse, Psoriasisfonden, Stiftelsen Sigurd och Elsa Goijes
minne, and MSD Psoriasisstipedium 2011 for important financial support.

To the two most important persons in my life, Kajsa and Sofia.

32



10 REFERENCES

10

11

12

13

14

Hellgren L. Psoriasis. A statistical, clinical and laboratory investigation of 255
psoriatics and matched healthy controls. Acta Derm Venereol 1964; 44: 191-
207.

Jacobson CC, Kumar S, Kimball AB. Latitude and psoriasis prevalence. J Am
Acad Dermatol 2011; 65: 870-3.

Lindegard B. Diseases associated with psoriasis in a general population of
159,200 middle-aged, urban, native Swedes. Dermatologica 1986; 172: 298-
304.

Gudjonsson JE, Elder JT. Psoriasis: epidemiology. Clin Dermatol 2007; 25:
535-46.

Griffiths CE, Barker JN. Pathogenesis and clinical features of psoriasis. Lancet
2007; 370: 263-71.

Nevitt GJ, Hutchinson PE. Psoriasis in the community: prevalence, severity and
patients' beliefs and attitudes towards the disease. Br J Dermatol 1996; 135:
533-7.

Griffiths CEM, Camp RDR, Barker INWN. Rook’s textbook of dermatology,
7th edn. Oxford: Blackwell. 2005.

Nestle FO, Kaplan DH, Barker J. Psoriasis. N Engl J Med 2009; 361: 496-5009.

Zachariae R. Psychoneuroimmunology: a bio-psycho-social approach to health
and disease. Scand J Psychol 2009; 50: 645-51.

Golden SH, Wand GS, Malhotra S et al. Reliability of hypothalamic-pituitary-
adrenal axis assessment methods for use in population-based studies. Eur J
Epidemiol 2011; 26: 511-25.

Dewing SB. Remission of psoriasis associated with cutaneous nerve section.
Arch Dermatol 1971; 104: 220-1.

Fortune DG, Richards HL, Griffiths CE. Psychologic factors in psoriasis:
consequences, mechanisms, and interventions. Dermatol Clin 2005; 23: 681-94.

Gaston L, Crombez JC, Lassonde M et al. Psychological stress and psoriasis:
experimental and prospective correlational studies. Acta Derm Venereol Suppl
(Stockh) 1991; 156: 37-43.

Naldi L, Chatenoud L, Linder D et al. Cigarette smoking, body mass index, and

stressful life events as risk factors for psoriasis: results from an Italian case-
control study. J Invest Dermatol 2005; 125: 61-7.

33



15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

34

Verhoeven EW, Kraaimaat FW, de Jong EM et al. Individual differences in the
effect of daily stressors on psoriasis: a prospective study. Br J Dermatol 2009;
161: 295-9.

Verhoeven EW, Kraaimaat FW, Jong EM et al. Effect of daily stressors on
psoriasis: a prospective study. J Invest Dermatol 2009; 129: 2075-7.

Raychaudhuri SK, Raychaudhuri SP. NGF and its receptor system: a new
dimension in the pathogenesis of psoriasis and psoriatic arthritis. Ann N'Y Acad
Sci 2009; 1173: 470-7.

Arck PC, Slominski A, Theoharides TC et al. Neuroimmunology of stress: skin
takes center stage. J Invest Dermatol 2006; 126: 1697-704.

Peters EM, Handjiski B, Kuhlmei A et al. Neurogenic inflammation in stress-
induced termination of murine hair growth is promoted by nerve growth factor.
Am J Pathol 2004; 165: 259-71.

Harvima IT, Viinamaki H, Naukkarinen A et al. Association of cutaneous mast
cells and sensory nerves with psychic stress in psoriasis. Psychother Psychosom
1993; 60: 168-76.

Jiang WY, Raychaudhuri SP, Farber EM. Double-labeled immunofluorescence
study of cutaneous nerves in psoriasis. Int J Dermatol 1998; 37: 572-4.

Ansel JC, Brown JR, Payan DG et al. Substance P selectively activates TNF-
alpha gene expression in murine mast cells. J Immunol 1993; 150: 4478-85.

Okabe T, Hide M, Koro O et al. Substance P induces tumor necrosis factor-
alpha release from human skin via mitogen-activated protein kinase. Eur J
Pharmacol 2000; 398: 309-15.

Azmitia EC. Serotonin and brain: evolution, neuroplasticity, and homeostasis.
Int Rev Neurobiol 2007; 77: 31-56.

Rapport MM, Green AA, Page IH. Crystalline Serotonin. Science 1948; 108:
329-30.

Bockaert J, Claeysen S, Becamel C et al. Neuronal 5-HT metabotropic
receptors: fine-tuning of their structure, signaling, and roles in synaptic
modulation. Cell Tissue Res 2006; 326: 553-72.

Azmitia EC, Liao B, Chen YS. Increase of tryptophan hydroxylase enzyme
protein by dexamethasone in adrenalectomized rat midbrain. J Neurosci 1993;
13: 5041-55.

Azmitia EC, Jr., McEwen BS. Corticosterone regulation of tryptophan
hydroxylase in midbrain of the rat. Science 1969; 166: 1274-6.

Azmitia EC. Modern views on an ancient chemical: serotonin effects on cell
proliferation, maturation, and apoptosis. Brain Res Bull 2001; 56: 413-24.



30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

Azmitia EC. Serotonin neurons, neuroplasticity, and homeostasis of neural
tissue. Neuropsychopharmacology 1999; 21: 33S-45S.

Mockus SM, Vrana KE. Advances in the molecular characterization of
tryptophan hydroxylase. J Mol Neurosci 1998; 10: 163-79.

Slominski A, Pisarchik A, Johansson O et al. Tryptophan hydroxylase
expression in human skin cells. Biochim Biophys Acta 2003; 1639: 80-6.

Slominski A, Wortsman J, Tobin DJ. The cutaneous
serotoninergic/melatoninergic system: securing a place under the sun. FASEB J
2005; 19: 176-94.

Mitani H, Shirayama Y, Yamada T et al. Plasma levels of homovanillic acid, 5-
hydroxyindoleacetic acid and cortisol, and serotonin turnover in depressed
patients. Prog Neuropsychopharmacol Biol Psychiatry 2006; 30: 531-4.

Rang HP, Dale MM, Ritter JM et al. Other peripheral mediators: 5-
hydroxytryptamine and purines. In: Pharmacology, 5th edn. London: Churchill
& Livingstone. 2003; 184-97.

ElI-Nour H, Lundeberg L, Abdel-Magid N et al. Serotonergic mechanisms in
human allergic contact dermatitis. Acta Derm Venereol 2007; 87: 390-6.

Huang J, Li G, Xiang J et al. Immunohistochemical study of serotonin in
lesions of chronic eczema. Int J Dermatol 2004; 43: 723-6.

Huang J, Li G, Xiang J et al. Immunohistochemical study of serotonin in
lesions of psoriasis. Int J Dermatol 2004; 43: 408-11.

Ritter M, EI-Nour H, Hedblad MA et al. Serotonin and its 5-HT1 receptor in
human mastocytosis. Immunopharmacol Immunotoxicol 2012.

Johansson O, Liu PY, Bondesson L et al. A serotonin-like immunoreactivity is
present in human cutaneous melanocytes. J Invest Dermatol 1998; 111: 1010-4.

Lundeberg L, Liang Y, Sundstrom E et al. Serotonin in human allergic contact
dermatitis. An immunohistochemical and high-performance liquid
chromatographic study. Arch Dermatol Res 1999; 291: 269-74.

Slominski A, Pisarchik A, Zbytek B et al. Functional activity of serotoninergic
and melatoninergic systems expressed in the skin. J Cell Physiol 2003; 196:
144-53.

Lundeberg L, EI-Nour H, Mohabbati S et al. Expression of serotonin receptors
in allergic contact eczematous human skin. Arch Dermatol Res 2002;294:393-8.

Weisshaar E, Ziethen B, Gollnick H. Can a serotonin type 3 (5-HT3) receptor
antagonist reduce experimentally-induced itch? Inflamm Res 1997; 46: 412-6.

Abdouh M, Albert PR, Drobetsky E et al. 5-HT1A-mediated promotion of
mitogen-activated T and B cell survival and proliferation is associated with

35



46

47

48

49

50

51

52

53

54

55

56

57

58

36

increased translocation of NF-kappaB to the nucleus. Brain Behav Immun 2004;
18: 24-34.

Whitaker-Azmitia PM, Murphy R, Azmitia EC. Stimulation of astroglial 5-
HT1A receptors releases the serotonergic growth factor, protein S-100, and
alters astroglial morphology. Brain Res 1990; 528: 155-8.

Adayev T, Ray I, Sondhi R et al. The G protein-coupled 5-HT1A receptor
causes suppression of caspase-3 through MAPK and protein kinase Calpha.
Biochim Biophys Acta 2003; 1640: 85-96.

Turner JH, Garnovskaya MN, Raymond JR. Serotonin 5-HT1A receptor
stimulates c-Jun N-terminal kinase and induces apoptosis in Chinese hamster
ovary fibroblasts. Biochim Biophys Acta 2007; 1773: 391-9.

Azmitia EC, Murphy RB, Whitaker-Azmitia PM. MDMA (ecstasy) effects on
cultured serotonergic neurons: evidence for Ca2(+)-dependent toxicity linked to
release. Brain Res 1990; 510: 97-103.

Fricker AD, Rios C, Devi LA et al. Serotonin receptor activation leads to
neurite outgrowth and neuronal survival. Brain Res Mol Brain Res 2005; 138:
228-35.

Carlton SM, Coggeshall RE. Immunohistochemical localization of 5-HT2A
receptors in peripheral sensory axons in rat glabrous skin. Brain Res 1997; 763:
271-5.

Rasul A, EI-Nour H, Blakely RD et al. Effect of chronic mild stress on
serotonergic markers in the skin and brain of the NC/Nga atopic-like mouse
strain. Arch Dermatol Res 2011; 303: 625-33.

Kushnir-Sukhov NM, Gilfillan AM, Coleman JW et al. 5-hydroxytryptamine
induces mast cell adhesion and migration. J Immunol 2006; 177: 6422-32.

McAloon MH, ChandraSekar A, Lin YJ et al. Buspirone inhibits contact
hypersensitivity in the mouse. Int Arch Allergy Immunol 1995; 107: 437-8.

Hashizume H, Takigawa M. Anxiety in allergy and atopic dermatitis. Curr
Opin Allergy Clin Immunol 2006; 6: 335-9.

Kawana S, Kato Y, Omi T. Efficacy of a 5-HT1a receptor agonist in atopic
dermatitis. Clin Exp Dermatol 2010; 35: 835-40.

Ameisen JC, Meade R, Askenase PW. A new interpretation of the involvement
of serotonin in delayed-type hypersensitivity. Serotonin-2 receptor antagonists
inhibit contact sensitivity by an effect on T cells. J Immunol 1989; 142: 3171-9.

Sharpe RJ, Chandrasekar A, Arndt KA et al. Inhibition of cutaneous contact
hypersensitivity in the mouse with systemic or topical spiperone: topical
application of spiperone produces local immunosuppression without inducing
systemic neuroleptic effects. J Invest Dermatol 1992; 99: 594-600.



59

60

61

62

63

64

65

66

67

68

69

70

71

72

Bondesson L, Nordlind K, Mutt V et al. Inhibitory effect of vasoactive
intestinal polypeptide and ketanserin on established allergic contact dermatitis
in man. Acta Derm Venereol 1996; 76: 102-6.

Lundeberg L, Mutt V, Nordlind K. Inhibitory effect of vasoactive intestinal
peptide on the challenge phase of allergic contact dermatitis in humans. Acta
Derm Venereol 1999; 79: 178-82.

Yu B, Becnel J, Zerfaoui M et al. Serotonin 5-hydroxytryptamine(2A) receptor
activation suppresses tumor necrosis factor-alpha-induced inflammation with
extraordinary potency. J Pharmacol Exp Ther 2008; 327: 316-23.

Greaves MW. Itch in systemic disease: therapeutic options. Dermatol Ther
2005; 18: 323-7.

Lesch KP, Gutknecht L. Pharmacogenetics of the serotonin transporter. Prog
Neuropsychopharmacol Biol Psychiatry 2005; 29: 1062-73.

Wendland JR, Martin BJ, Kruse MR et al. Simultaneous genotyping of four
functional loci of human SLC6A4, with a reappraisal of 5-HTTLPR and
rs25531. Mol Psychiatry 2006; 11: 224-6.

Mossner R, Stiens G, Konig IR et al. Analysis of a functional serotonin
transporter promoter polymorphism in psoriasis vulgaris. Arch Dermatol Res
2009; 301: 443-7.

Mossner R, Lesch KP. Role of serotonin in the immune system and in
neuroimmune interactions. Brain Behav Immun 1998; 12: 249-71.

Faraj BA, Olkowski ZL, Jackson RT. Expression of a high-affinity serotonin
transporter in human lymphocytes. Int J Immunopharmacol 1994; 16: 561-7.

Kerckhoffs AP, Ter Linde JJ, Akkermans LM et al. Trypsinogen IV, serotonin
transporter transcript levels and serotonin content are increased in small
intestine of irritable bowel syndrome patients. Neurogastroenterol Motil 2008;
20: 900-7.

Coates MD, Mahoney CR, Linden DR et al. Molecular defects in mucosal
serotonin content and decreased serotonin reuptake transporter in ulcerative
colitis and irritable bowel syndrome. Gastroenterology 2004; 126: 1657-64.

Linden DR, Chen JX, Gershon MD et al. Serotonin availability is increased in
mucosa of guinea pigs with TNBS-induced colitis. Am J Physiol Gastrointest
Liver Physiol 2003; 285: G207-16.

Camilleri M, Andrews CN, Bharucha AE et al. Alterations in expression of p11
and SERT in mucosal biopsy specimens of patients with irritable bowel
syndrome. Gastroenterology 2007; 132: 17-25.

Foley KF, Pantano C, Ciolino A et al. IFN-gamma and TNF-alpha decrease

serotonin transporter function and expression in CacoZ2 cells. Am J Physiol
Gastrointest Liver Physiol 2007; 292: G779-84.

37



73

74

75

76

77

78

79

80

81

82

83

84

85

86

38

Tsao CW, Lin YS, Cheng JT et al. Interferon-alpha-induced serotonin uptake in
Jurkat T cells via mitogen-activated protein kinase and transcriptional
regulation of the serotonin transporter. J Psychopharmacol 2008; 22: 753-60.

Stahl SM. Basic psychopharmacology of antidepressants, part 1:
Antidepressants have seven distinct mechanisms of action. J Clin Psychiatry
1998; 59 Suppl 4: 5-14.

Alboni S, Benatti C, Capone G et al. Time-dependent effects of escitalopram on
brain derived neurotrophic factor (BDNF) and neuroplasticity related targets in
the central nervous system of rats. Eur J Pharmacol 2010; 643: 180-7.

Nordlind K, Azmitia EC, Slominski A. The skin as a mirror of the soul:
exploring the possible roles of serotonin. Exp Dermatol 2008; 17: 301-11.

Luis Blay S. Depression and psoriasis comorbidity. Treatment with paroxetine:
two case reports. Ann Clin Psychiatry 2006; 18: 271-2.

Hemlock C, Rosenthal JS, Winston A. Fluoxetine-induced psoriasis. Ann
Pharmacother 1992; 26: 211-2.

Osborne SF, Stafford L, Orr KG. Paroxetine-associated psoriasis. Am J
Psychiatry 2002; 159: 2113.

Tan Pei Lin L, Kwek SK. Onset of psoriasis during therapy with fluoxetine.
Gen Hosp Psychiatry 2010; 32: 446 €9- e10.

Basterzi AD, Aydemir C, Kisa C et al. IL-6 levels decrease with SSRI
treatment in patients with major depression. Hum Psychopharmacol 2005; 20:
473-6.

Tsao CW, Lin YS, Chen CC et al. Cytokines and serotonin transporter in
patients with major depression. Prog Neuropsychopharmacol Biol Psychiatry
2006; 30: 899-905.

O'Brien SM, Scully P, Fitzgerald P et al. Plasma cytokine profiles in depressed
patients who fail to respond to selective serotonin reuptake inhibitor therapy. J
Psychiatr Res 2007; 41: 326-31.

Sacre S, Medghalchi M, Gregory B et al. Fluoxetine and citalopram exhibit
potent antiinflammatory activity in human and murine models of rheumatoid
arthritis and inhibit toll-like receptors. Arthritis Rheum 2010; 62: 683-93.

Li XQ, Wang HM, Yang CG et al. Fluoxetine inhibited extracellular matrix of
pulmonary artery and inflammation of lungs in monocrotaline-treated rats. Acta
Pharmacol Sin 2011; 32: 217-22.

Branco-de-Almeida LS, Franco GC, Castro ML et al. Fluoxetine Inhibits
Inflammatory Response and Bone Loss in a Rat Model of Ligature-Induced
Periodontitis. J Periodontol 2011.



87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

Koh SJ, Kim JM, Kim IK et al. Fluoxetine inhibits NF-kappaB signaling in
intestinal epithelial cells and ameliorates experimental colitis and colitis-
associated colon cancer in mice. Am J Physiol Gastrointest Liver Physiol 2011;
301: G9-19.

Roumestan C, Michel A, Bichon F et al. Anti-inflammatory properties of
desipramine and fluoxetine. Respir Res 2007; 8: 35.

Socialstyrelsen. Dodsorsaksstatistik - Historik, produktionsmetoder och
tillforlitlighet. In. Stockholm. 2010; 6-8.

Ludvigsson JF, Otterblad-Olausson P, Pettersson BU et al. The Swedish
personal identity number: possibilities and pitfalls in healthcare and medical
research. Eur J Epidemiol 2009; 24: 659-67.

Socialstyrelsen. Kodningskvalitet i patientregistret - Slutenvard 2007. In.
Stockholm. 2009.

Ludvigsson JF, Andersson E, Ekbom A et al. External review and validation of
the Swedish national inpatient register. BMC Public Health 2011; 11: 450.

Nilsson AC, Spetz CL, Carsjo K et al. [Reliability of the hospital registry. The
diagnostic data are better than their reputation]. Lakartidningen 1994; 91: 598,
603-5.

Wettermark B, Hammar N, Fored CM et al. The new Swedish Prescribed Drug
Register--opportunities for pharmacoepidemiological research and experience
from the first six months. Pharmacoepidemiol Drug Saf 2007; 16: 726-35.

Schneeweiss S, Avorn J. A review of uses of health care utilization databases
for epidemiologic research on therapeutics. J Clin Epidemiol 2005; 58: 323-37.

WHO. Guidelines for ATC classification and DDD assignment. WHO
Collaborating Centre for Drug Statistics Methodology (Website). In. Oslo.
2011.

Fredriksson T, Pettersson U. Severe psoriasis--oral therapy with a new retinoid.
Dermatologica 1978; 157: 238-44.

Amatya B, EI-Nour H, Holst M et al. Expression of tachykinins and their
receptors in plaque psoriasis with pruritus. Br J Dermatol 2011; 164: 1023-9.

Rosmond R, Dallman MF, Bjorntorp P. Stress-related cortisol secretion in men:
relationships with abdominal obesity and endocrine, metabolic and
hemodynamic abnormalities. J Clin Endocrinol Metab 1998; 83: 1853-9.

Exton MS, Artz M, Siffert W et al. G protein beta3 subunit 825T allele is
associated with depression in young, healthy subjects. Neuroreport 2003; 14:
531-3.

Azmitia EC, Yu I, Akbari HM et al. Antipeptide antibodies against the 5-HT1A
receptor. J Chem Neuroanat 1992; 5: 289-98.

39



102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

40

Morales M, Battenberg E, de Lecea L et al. Cellular and subcellular
immunolocalization of the type 3 serotonin receptor in the rat central nervous
system. Brain Res Mol Brain Res 1996; 36: 251-60.

ElI-Nour H, Lundeberg L, Boman A et al. Study of innervation, sensory
neuropeptides, and serotonin in murine contact allergic skin. Immunopharmacol
Immunotoxicol 2005; 27: 67-76.

Gelfand JM, Neimann AL, Shin DB et al. Risk of myocardial infarction in
patients with psoriasis. JAMA 2006; 296: 1735-41.

Gelfand JM, Shin DB, Neimann AL et al. The risk of lymphoma in patients
with psoriasis. J Invest Dermatol 2006; 126: 2194-201.

Gelfand JM, Troxel AB, Lewis JD et al. The risk of mortality in patients with
psoriasis: results from a population-based study. Arch Dermatol 2007; 143:
1493-9.

Kurd SK, Troxel AB, Crits-Christoph P et al. The risk of depression, anxiety,
and suicidality in patients with psoriasis: a population-based cohort study. Arch
Dermatol 2010; 146: 891-5.

Mercado CP, Kilic F. Molecular mechanisms of SERT in platelets: regulation
of plasma serotonin levels. Mol Interv 2010; 10: 231-41.

Gelfand JM, Dommasch ED, Shin DB et al. The risk of stroke in patients with
psoriasis. J Invest Dermatol 2009; 129: 2411-8.

Gottlieb AB, Dann F. Comorbidities in patients with psoriasis. Am J Med 2009;
122: 1150 e1-9.

Naldi L, Mercuri SR. Epidemiology of comorbidities in psoriasis. Dermatol
Ther 2010; 23: 114-8.

Ackermann L, Harvima IT, Pelkonen J et al. Mast cells in psoriatic skin are
strongly positive for interferon-gamma. Br J Dermatol 1999; 140: 624-33.

Jiang WY, Chattedee AD, Raychaudhuri SP et al. Mast cell density and IL-8
expression in nonlesional and lesional psoriatic skin. Int J Dermatol 2001; 40:
699-703.

Ahlemeyer B, Glaser A, Schaper C et al. The 5-HT1A receptor agonist Bay x
3702 inhibits apoptosis induced by serum deprivation in cultured neurons. Eur J
Pharmacol 1999; 370: 211-6.

Suchanek B, Struppeck H, Fahrig T. The 5-HT1A receptor agonist BAY x 3702
prevents staurosporine-induced apoptosis. Eur J Pharmacol 1998; 355: 95-101.

Betten A, Dahlgren C, Hermodsson S et al. Serotonin protects NK cells against
oxidatively induced functional inhibition and apoptosis. J Leukoc Biol 2001; 70:
65-72.



117

118

119

120

121

122

123

124

125

126

127

128

129

Iyengar B. The UV-responsive melanocyte system: a peripheral network for
photoperiodic time measurements. a function of indoleamine expression. Acta
Anat (Basel) 1998; 163: 173-8.

Kling A, Rantapaa-Dahlqgvist S, Stenlund H et al. Decreased density of
serotonin 5-HT2A receptors in rheumatoid arthritis. Ann Rheum Dis 2006; 65:
816-9.

Saria A, Javorsky F, Humpel C et al. 5-HT3 receptor antagonists inhibit sensory
neuropeptide release from the rat spinal cord. Neuroreport 1990; 1: 104-6.

Moore KA, Oh EJ, Weinreich D. 5-HT(3) receptors mediate inflammation-
induced unmasking of functional tachykinin responses in vitro. J Appl Physiol
2002; 92: 2529-34.

Lonne-Rahm SB, Rickberg H, EI-Nour H et al. Neuroimmune mechanisms in
patients with atopic dermatitis during chronic stress. J Eur Acad Dermatol
Venereol 2008; 22: 11-8.

O'Connell PJ, Wang X, Leon-Ponte M et al. A novel form of immune signaling
revealed by transmission of the inflammatory mediator serotonin between
dendritic cells and T cells. Blood 2006; 107: 1010-7.

Idzko M, Panther E, Stratz C et al. The serotoninergic receptors of human
dendritic cells: identification and coupling to cytokine release. J Immunol 2004;
172: 6011-9.

Durk T, Panther E, Muller T et al. 5-Hydroxytryptamine modulates cytokine
and chemokine production in LPS-primed human monocytes via stimulation of
different 5-HTR subtypes. Int Immunol 2005; 17: 599-606.

Soga F, Katoh N, Inoue T et al. Serotonin activates human monocytes and
prevents apoptosis. J Invest Dermatol 2007; 127: 1947-55.

Branco-de-Almeida LS, Kajiya M, Cardoso CR et al. Selective serotonin
reuptake inhibitors attenuate the antigen presentation from dendritic cells to
effector T lymphocytes. FEMS Immunol Med Microbiol 2011; 62: 283-94.

Praschak-Rieder N, Willeit M, Wilson AA et al. Seasonal variation in human
brain serotonin transporter binding. Arch Gen Psychiatry 2008; 65: 1072-8.

Michaelsson G, Hagforsen E, Lundin IP. The number of mast cells is highly
increased in non-involved skin in psoriasis. Acta Derm Venereol 1995; 75: 1609.

Gronhagen C. Cutaneous Lupus Erythematosus; Epidemiology, Association
with SLE and Comorbidity. In. Stockholm: Karolinska Institutet. 2012.

41



