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ENGLISH SUMMARY 
Itch is a sensation characterized by the innate desire to scratch. Although 
acute itch is generally tolerable, chronic itch (itch occurring for more than 6 
weeks) can severely affect the patients’ quality of life and have a prevalence 
up to 25%. In the last decades, many therapies and treatments have been 
developed, but to date, their efficacies are scarce and may present with side 
effects. If efficient non-pharmacological treatment options could be developed 
this would have a major clinical potential. 
Scratching itchy skin is ultimately a form of self-inflicted mechanical pain that 
can help in relieving itch to some extent. Therefore, many studies have 
focused on the interaction between itch and pain.  
Regarding heat stimulations, it has been shown that long noxious heat stimuli 
can inhibit itch, but on the other hand, such stimuli may cause hyperalgesia 
and skin damage.  
Many clinical observations indicate that patients can experience increased itch 
in warm environments, suggesting some relationships between heat and itch 
sensations.  
A 70 years old study showed that a paradoxical itch sensation could be 
achieved when anaesthetised skin was stimulated with what was defined as 
a “burning” sensation.  
Taken together these independent observations, seem to indicate that thermal 
perception may have a role in modulating different aspects of itch sensation, 
and therefore it is of interest to understand better the mechanism underlining 
these modulatory effects. 
 
Within this context, this PhD project aimed at investing these aspects: 1) the 
effects of very short heat stimuli (ranging from innocuous to noxious) on 
various itch modalities; 2) how continuous skin warming affects itch intensity 
in human surrogate itch models; 3) investigate and possibly confirm with a 
more modern and systematic approach the observed dysesthesia of 
paradoxical itch sensation when a “burning” stimulus is applied on top of 
anaesthetised skin.  
The first study showed that homotopical transient noxious heat stimuli were 
able to inhibit histaminergic itch and, to a lesser extent, non-histaminergic itch 
induced by cowhage. When the stimuli were applied heterotopically there was 
no significant inhibition suggesting that, at least for very transient stimuli, the 
observed inhibitory effect relies on peripheral mechanisms.  
The second study showed that mild skin heating selectively aggravates 
serotoninergic and histaminergic itch but not cowhage-induced itch. These 
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results partially agree with what is observed in animals (increased 
serotoninergic itch intensity) and parts are in direct contrast with them 
(unchanged histaminergic itch intensity).  
The third study failed to confirm what was previously in a 70 years old 
observation. Applying a heat ramp (ranging from warm to noxious heat) on 
anaesthetised skin did not evoke a paradoxical itch sensation at any of the 
time points analysed.  
In conclusion, this dissertation unveils a potential role of thermal stimulation 
to modulate itch. Further studies are needed to investigate this in a clinical 
context.  
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DANSK RESUME 
Kløe er en følelse, som karakteriseres ved et instinktivt ønske om at kradse 
sig. Selvom akut kløe generelt er udholdelig, så kan kronisk kløe (dvs. kløe 
som varer ved i mere end seks uger) påvirke patienternes livskvalitet alvorligt, 
og kronisk kløe har en prævalens på op til 25%. I de seneste årtier er der 
blevet søgt udviklet mange terapiformer og behandlinger til lindring af kløe, 
men virkningen af disse har indtil nu vist sig at være mangelfuld og forbundet 
med bivirkninger. Hvis der kunne udvikles ikke-farmakologiske 
behandlingsmuligheder til kløe, ville disse have et betydeligt klinisk potentiale.  
Når man kradser i kløende hud, påfører man ultimativt sig selv en slags 
selvforskyldt mekanisk smerte, som til en vis grad kan hjælpe med at lindre 
kløen. Derfor har mange studier fokuseret på interaktionen mellem kløe og 
smerte. For varmestimulationer har det vist sig, at langvarige smertefulde 
varmestimulationer kan hæmme smerte, men samtidig kan sådanne stimuli 
også forårsage hyperalgesi og hudskader. 
Mange kliniske observationer peger på, at patienter kan opleve forøget kløe i 
varme miljøer, hvilket indikerer en forbindelse mellem varme og følelse af 
kløe. 
Et 70 år gammelt studie viste, at der kunne opnås en paradoksal følelse af 
kløe, når bedøvet hud blev stimuleret med hvad, der blev defineret som en 
”brændende” følelse.  
Overordnet synes disse uafhængige observationer at indikere, at termisk 
perception kan spille en rolle i moduleringen af forskellige aspekter af kløe, og 
derfor er det interessant at opnå en bedre forståelse af de mekanismer, der 
ligger til grund for disse modulatoriske effekter.  
 
Med baggrund heri var formålet med dette ph.d.-projekt at undersøge 
følgende aspekter: 1) Effekterne af meget korte varmestimuli (fra ikke-
smertefulde til smertefulde) på forskellige kløe-modaliteter; 2)Hvordan 
kontinuerlig opvarmning af huden påvirker kløeintensiteten i humane 
surrugatmodeller for kløe; 3) Ved hjælp af en mere moderne og systematisk 
tilgang at undersøge og eventuelt bekræfte den observerede dysæstesi med 
paradoksal kløe, når der påføres en ”brændende” stimulation på bedøvet hud. 
Det første studie viste, at homotopiske, kortvarige smertefulde 
varmestimulationer var i stand til at hæmme histaminerg kløe og i mindre grad 
ikke-histaminerg kløe fremkaldt ved hjælp af nåle fra planten mucuna 
pruriens. Når stimulationerne blev påført heterotopisk, var der ingen 
signifikant hæmning, hvilket antyder, at den observerede hæmmende effekt - 
i hvert fald for meget kortvarige stimuli – er afhængig af perifere mekanismer.  
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Det andet studie viste, at let opvarmning af huden selektivt forværrer 
serotonerg og histaminerg kløe men ikke kløe fremkaldt ved hælp af nåle fra 
mucuna pruriens. Disse resultater er til dels i overensstemmelse med 
observationer hos dyr (forøget serotonerg kløeintensitet) og andre dele er i 
direkte kontrast med disse (uændret histaminerg kløeintensitet).  
Det tredje studie kunne ikke bekræfte det, som tidligere var en 70 år gammel 
observation. Påføring af en varmerampe (fra varm til smertefuld varme) på 
bedøvet hud fremkaldte ikke en paradoksal kløefølelse på nogen af de 
analyserede tidspunkter.  
Denne afhandling præsenterer dermed varmestimulationers potentielle rolle 
til modulation af kløe. Yderligere studier er nødvendige for at undersøge 
denne rolle i klinisk kontekst. 
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"All right," said the computer, and settled into silence again. The 
two men fidgeted. The tension was unbearable. 

"You're really not going to like it," observed Deep Thought. 
"Tell us!" 

"All right," said Deep Thought. "The Answer to the Great 
Question..." 

"Yes..!" 
"Of Life, the Universe and Everything..." said Deep Thought. 

"Yes...!" 
"Is..." said Deep Thought, and paused. 

"Yes...!" 
"Is..." 

"Yes...!!!...?" 
"Forty-two," said Deep Thought, with infinite majesty and calm.” 

 
Douglas Adams 
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CHAPTER 1. INTRODUCTION 
1.1. ITCH AT A GLANCE 
Itch is considered an uncomfortable sensation that causes the desire to 
scratch. It can be caused by different plants, animals or clinical conditions 
giving rise to acute or chronic itch1–4.  
Acute itch can occur in many instances with moderate to no effects on day-to-
day life whereas chronic itch can be very burdensome.  
Itch is primarily a skin condition, but the aetiology could originate from central 
neurobiological mechanisms or as secondary symptoms too eg. vascular 
conditions, kidney conditions, pharmacological treatments, etc…5–7. 
The desire to scratch is a primordial instinct and it is basically the urge to use 
mechanical pain to abolish the itch sensation. This consideration led the 
researchers to focus extensively on the interaction and the relationship 
between itch and pain transmission. When the pruritus sensation lasts for 
more than 6 weeks it is clinically referred to as chronic itch. To understand 
better the extent of such a condition, it has to be noticed that one every 5 
people will experience chronic itch in their life8,9. In the most recent study on 
the global burden of disease (2017), “Skin and subcutaneous diseases” 
ranked ninth when measuring the “years lived with disability” parameter10. And 
among these diseases, the first four positions were held by atopic dermatitis, 
psoriasis, urticaria and scabies all of which are heavily characterized by the 
presence of itch11. It must be noticed that these results were before to the 
recent global pandemic that most likely would have skewed the results. 
Furthermore, chronic itch has been associated with a decrease in Health-
Related Quality of Life (HRQoL) and can involve psychiatric comorbidities and 
sleep disorders 9,12–16. 
Since 1990 there has been an increase in itch prevalence globally, from 812 
to 932 in 2017 (out of 100000 people)8. Highlighting itch as a growing problem 
in our society. Interestingly, data indicates also being female and older as risk 
factors linked to itch8,9,17–19.  
The impact that itch diseases have on society can be also measured in health 
care expenditures. Only in the United States, itch has been associated with a 
yearly cost of more than $90 billion for the all population8,20. Altogether, these 
data highlight a clinical challenge that can affect a very large part of the 
population. Historically itch perception has been divided into a histaminergic 
and non-histaminergic itch, based on which receptors and pathways are 
involved.  
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1.2. SIMILARITIES AND DIFFERENCES BETWEEN 
ITCH AND PAIN 
Traditionally, it is known that painful counter stimuli can inhibit itch. The same 
definition of itch recalls the desire to scratch which is substantially self-inflicted 
mechanical pain, that aims at removing the source of itch. Whereas the natural 
reflex for acute pain is a withdrawal response, intended to escape from the 
source that causes this sensation21,22.  
One of the main differences between these two sensory modalities is that pain 
can occur in various tissues (cutaneous, musculoskeletal, etc) whereas itch is 
present solely in the cutaneous tissue.  
Interestingly, the known inhibitory effect of µ-opioids on pain does not affect 
itch sensation whereas µ-antagonists can inhibit itch and have no effects on 
pain sensation23,24. Whereas, κ-receptor’s agonists showed to have analgesic 
and antipruritic effects, leading to the development of new potential drugs25–

27. This line of evidence suggests a sort of specificity in the itch and pain 
transmission, in opposition to what has been widely demonstrated in the 
literature, where these two distinct sensory modalities have many receptors28 
and pathways29–31 in common. Therefore, many theories have been 
postulated to evaluate and describe the relationship between these two 
sensory modalities. 

1.2.1. ITCH CODING HYPOTHESES 
Understanding how itch and pain are transmitted is important to identify new 
targets for a selective and effective therapy able to help the many patients 
suffering from chronic itch and chronic pain conditions.  
Historically, itch has been considered a submodality of pain, giving rise to the 
so-called intensity theory according to which, some nociceptors can be 
activated by both algogens and pruritogens (hence the name polymodal 
fibres) and are connected to the same neurons’ population at the central level. 
Depending on the intensity at which the neurons fire these can signal itch 
(weak activation) or pain (strong activation)32–34.  
The specificity theory (also referred to as labelled line theory) assumes that 
itch and pain are transmitted by fibres creating a distinct and selective 
pathway up to the central nervous system32–34. Many studies have identified 
various markers expressed in neurons attributed to specifically signal itch 
sensation35–41. 
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The selectivity theory expands what is already said by the specificity theory 
by adding the presence of spinal interneurons activated by painful stimuli, that 
exerts an inhibitory effect on itch sensation42. 
The spatial contrast theory postulates that itch and pain sensation share the 
same set of neurons and nociceptors and the discrimination between these 
two sensory modalities is given by the number of nociceptors recruited in the 
epidermis. When there is a focal stimulation few nerve endings are activated, 
and this translate into an itchy sensation. When the area stimulated is larger, 
more nociceptors are excited, and this gives rise to a pain sensation43,44.  
Finally, more recently a leaky gate theory has been presented45. The latter 
has some similarities with the selectivity theory and shows a set of spinal 
neurons that are activated by both nociceptive and pruriceptive stimuli and 
can evoke simultaneously itch and pain sensations. Upon strong nociceptive 
stimulus, endogenous opioids inhibit what would be an overwhelming pain 
sensation.  
Many studies in the last years have explored several aspects of itch and pain 
signalling and interaction, but to date, an unambiguous theory has not been 
presented. Further studies using both human and animal models are needed 
to understand how the brain and the nervous system can discriminate 
between itch and pain.  

1.3. ITCH HUMAN MODELS 
It is of utmost importance to study and understand itch mechanisms to develop 
new devices and therapies able to help to improve the patients’ quality of life. 
To do so, many models have been developed both for animal and human 
experiments. Animal models could potentially provide a lot of information but 
unfortunately, they are not reliable when it comes to establishing the intensity 
of itch experienced, and they rely on behavioural responses such as 
scratching bouts and licking (itch and pain behaviour respectively)46,47. 
However, animal models remain the first choice when it comes to investigating 
new molecular mechanisms both at the central and peripheral levels. Several 
animal itch models have been developed and used in many studies, these will 
not be treated in detail here and further information can be found in 
literature3,34,46,48.  
A good way to study and investigate itch mechanisms is to use human 
surrogate models of itch. The current itch models, rely on the intracutaneous 
application of various substances, called pruritogens, producing a mild-to-
moderate itch sensation. Except for cowhage-induced itch (where itch 
disappear as soon as the spicules are removed; more details below),not 
counter stimulated itch sensations will slowly fade when the substances in the 
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skin have been cleared physiologically. Although not optimal, these models 
helped in progressing toward a better understanding of the basic mechanisms 
of itch.  
The most used pruritogen is histamine, able to evoke substantial itch, lasting 
between 5 to 20 minutes, coupled with a well-documented wheal and 
neurogenic inflammation (also referred to as neurogenic flare)49–52. The wheal 
appears as a small oedema (approximately 5 mm in diameter) in the exact 
provocation site resembling to the wheal present after a mosquitoes bite49,52–

56. The neurogenic flare is characterised by a short increase in superficial 
blood perfusion due to the activation of peptidergic nerve fibers57–59. This latter 
cutaneous response, can be measured by full-field laser perfusion imaging 
(FLPI), a modern technique that can quantify the superficial blood perfusion 
by analysing the haemoglobin content60–65.  
Histamine activates histamine 1 receptor (H1) peripherally, inducing an 
increase in intracellular Ca2+ influx trough intracellular cooperation with 
phospholipase Cβ66 or phospholipase A267. Interestingly, it has been shown 
recently that selective and systematic inhibition of histamine 4 receptor (H4) 
lead to decreased itch intensity in rodents, highlighting a potential new role for 
H468. Nonetheless, in clinic most chronic itch conditions are unaffected by the 
treatment with antihistamines, demonstrating how chronic itch does not rely 
solely on histaminergic pathways1,69–72.  
Histamine has to be introduced into the skin, to achieve an itch sensation. This 
can be done using a skin prick test, iontophoresis, intradermal injection and 
inactivated cowhage spicules soaked in a histamine solution50,52,73–76.  
Another itch human model is achieved by the use of cowhage spicules already 
characterized in 195577,78. These are collected from the pod of Mucuna 
pruriens and applied onto the skin by gently rubbing with the fingertip until a 
light pricking sensation is felt on the treated skin. In recent years, cowhage 
received more attention as a pruritogen due to the unique sensory qualities 
that evokes43,79. The itch sensation evoked by cowhage is stronger compared 
to histamine, furthermore is coupled with nociceptive sensory qualities like 
pricking/stinging43,80. Cowhage-evoked itch lasts up to 5-15 minutes and 
rapidly disappears when the spicules are carefully removed73,74. The molecule 
believed to be responsible for its action is mucunain, an enzyme present on 
the spicules78. The mechanism that leads to the itch sensation is still not fully 
clear, two pathways have been suggested so far: the activation of proteinase-
activated receptor 2 and 4 (PAR2/4) and it has been suggested the 
contribution of mas-related G protein-coupled receptor X1 and 2 
(MRGPRX1/2)35,81. The activation of the MRGPRX2 also lead to mast cell 
degranulation, a mechanism that characterize histamine-dependent itch 
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pathways, suggesting that cowhage-induced itch pathways could also recruit 
histaminergic itch pathways82–84. Nonetheless, it has been shown that 
cowhage do not evoke any wheal typical of mast cells degranulation50. More 
molecular studies are needed to fully elucidate cowhage-evoked itch pathway. 
It is worth mentioning that all the receptors activated by mucunain are 
expressed and activated on superficial epidermal C-fibres35,81.  
A third model used for inducing itch in healthy subjects relies on the use of 
serotonin. Serotonin can be introduced to the skin by iontophoresis and 
induces a mild itch sensation85,86. A study explored itch induction by 
intradermal injection achieving slightly weaker results87, overall iontophoresis 
remain the preferred induction modality. Serotonin in the epidermis activates 
both mechanosensitive, also called polymodal C-fibres (PmC-fibres), and 
mechano-insensitive C-fibres (Cmi-fibres), the latter a specific group that can 
be activated by histamine as well88. Notably, pre-treatment with antihistamines 
does not affect itch intensity following iontophoresis with serotonin86, 
indicating that serotoninergic itch does not rely on histamine-releasing 
mechanisms to develop itch. However, treatment with tropisetron, a selective 
serotonin type 3 receptor (5-HT3) antagonist, showed a marked 
serotoninergic itch inhibition, suggesting that 5-HT3 may be the responsible 
for serotoninergic itch sensation89.  
Other itch models rely on the application of various pruritogens. Bovine 
adrenal medulla 8-22 (BAM8-22) can be applied to the skin to evoke an itch 
sensation similar to the one achieved with cowhage spicules52,90–92. BAM8-22 
is a direct agonist of MRGPRX1 and can be introduced by the use of 
intradermal injection or inactivated cowhage spicules soaked in a solution of 
this compound90. 
The use of β-alanine as an agonist of MRGPRD has been used as itch 
model93. Qualitatively, it evokes a less intense itch compared to histamine- or 
cowhage-evoked itch. Furthermore, β-alanine is not able to provoke itch 
sensitization94. 
Transient Receptor Potential Ankyrin 1 (TRPA1) activation with trans-
cinnamaldehyde lead to mild cutaneous pain as well as itch in some 
participants, but further investigation is needed to make it a reliable itch 
model.95,96. These latter three models were not used in the studies on which 
the dissertation is based, more detailed information can be found in the 
literature.  
Thanks to these human models it is possible to analyse and investigate how 
itch interacts with other sensory modalities, as well as to develop new 
therapies. 
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For this thesis, the attention will be set on histamine-, cowhage- and serotonin-
induced itch models.  

1.4. HEAT PERCEPTION 
Numerous studies have shown the effect of various thermal stimuli on top of 
the skin. These studies investigated the temperature at which generally warm 
detection and pain perception occurs.  
Normal skin temperature is set around 32°C95,97–100, and the Heat Pain 
Threshold (HPT) is ≈45°C101. These temperatures can vary based on different 
body regions stimulated, gender and method of stimulation102–105.  
Heat stimuli can be applied to the skin using various methods: radiation 
(infrared, microwave, laser, etc)74,102,106, convection (through a fluid, i.e. air 
and liquid)107,108 and conduction (by putting the skin in contact with a hot 
object)73,97,109–111 or a combination of these. This dissertation will focus mainly 
on conductive heat transfer (using a controlled Peltier element; Study I and III) 
and radiant heat transfer (by the use of infrared radiation; Study II).  
With regards to the interaction between itch and thermal stimulation, it has 
been shown how noxious heat and cold stimulation can inhibit itch 
sensation73,97,110,112. Specifically, these studies explored the effect of 30-
seconds long stimulation at 49°C, showing that this was able to inhibit itch 
when applied homotopically and/or heterotopically to a previous itch 
provocation97,109,110. These results suggest that the inhibitory mechanism 
relied on spinal or supraspinal pathways, because the effect was observed 
also when the stimuli were applied heterotopically i.e. in a cutaneous area 
differently innervated compared to the itch provocation area97. Nonetheless, it 
is still unclear how this known mechanism can be exploited for the 
development of new therapies.  

1.4.1. TRPS IN HEAT AND ITCH PERCEPTION 
Heat perception resides mainly on a specific class of calcium-permeable ion 
channel receptors, of the TRPs family called Transient Receptor Potential 
Vanilloid (TRPV).  
Two decades ago TRPV1 was indicated as the receptor able to sense noxious 
heat, and to respond to temperatures above 48°C; since then the research 
around these ion channels and their relation with thermal sensation has been 
widely explored113,114. Further studies showed that this receptor is activated 
by temperatures above 42°C115,116. Its central role as a primary noxious heat 
detector was confirmed also by genetic ablation experiments showing 
inhibition in heat pain sensation that was not completely abolished, suggesting 
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the involvement of other receptors as well115,117,118. TRPV1 is markedly 
expressed by small-diameter sensory neurons113,117 as well as in 
keratinocytes119,120.  
Although direct activation of this receptor is known to cause pain and not 
itch121, following itch induction with histamine, sensory neurons can 
intracellularly activate TRPV1122. Similarly, it has been shown how TRPV1 can 
help mediate itch when induced by PAR2 activation or IL-31122,123.  
TRPV2 activation starts at a higher temperature (>52°C), to date no studies 
are showing a connection between itch sensation and this receptor115,124. 
Warm innocuous stimuli activate TRPV3, specifically above 33°C115,125. This 
receptor is capsaicin-insensitive125 and its expression is mainly in 
keratinocytes126,127 rather than neuronal cells. Interestingly, a specific 
mutation of this receptor, characterized by a gain of function has been 
associated with pruritus and dermatitis128,129. Moreover, itch elicited by PAR2 
activation has been linked with TRPV3130,131. 
Also, TRPV4 is activated by innocuous stimuli in the range of 27-42°C, the 
higher the temperature goes the more active this receptor is, and with 
repeated or sustained stimulation >42°C desensitization is achieved115,132. 
Furthermore, recently it has been shown its involvement both in serotoninergic 
and histaminergic itch133–135. 
Another TRP channel receptor is somehow involved in the heat perception, 
TRP Ankyrin 1 (TRPA1). TRPA1 is widely known for his role as chemosensor 
and in inflammation, but some studies also showed its involvement in thermal 
and mechanical sensation136–139. Although it has been recognised as a cold 
stimuli detector115,140,141, it has been shown how its genetic deletion or 
pharmacological blockade is necessary in order to achieve a complete loss to 
noxious heat sensitivity142. One could think that these two sets of evidence 
contradict each other, nonetheless it has been shown that TRPA1 could in 
theory be able to exert this double sensitivity143 and moreover some evidence 
in vitro showed activation with cold and heat stimuli144. Further investigations 
are needed to fully verify TRPA1 thermal sensitivity.  

1.5. TOPICAL CUTANEOUS ANAESTHESIA 
Local anaesthetic exerts their anaesthetic effect by blocking the sodium 
channels (Nav) and consequently blocking the majority of sensory fibres from 
firing any signals145,146. They have been extensively used in clinic for 
dermatologic procedures147,148, in certain case they can also be used as 
treatments for particular neuropathic pain conditions in the form of 
plasters149,150.  
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A recent study investigating the RNA expression profile of all the cutaneous 
sensory fibres showed that Nav channels are expressed by the so-called 
peptidergic (PEP) and non-peptidergic (NP) sensory fibres’ endings in the 
epidermis151. According to this study, these fibres are involved in the pain and 
itch perception151. Therefore, topical Nav blockers are a potent tool to 
modulate the sensorial cutaneous inputs. 
The use of topical anaesthesia, besides the well-known analgesic effect, has 
been reported to partly alleviate itch, usually in the form of anaesthetic 
creams25,152,153. These creams supposedly achieve anaesthesia in a large 
section of the skin, meaning that they can block fibres in the upper as well as 
the deeper cutaneous layers.  
This distinction is important because it has been shown how the different 
fibres PEPs and NPs, involved in itch and pain transduction have their 
terminals ending in different cutaneous layers. Specifically, NPs terminals are 
in the upmost layer of the skin (superficial epidermis), whereas, PEPs endings 
are closer to the dermal-epidermal junction (deep epidermis)151,154,155.  
Interestingly, a 70 years old study investigated the effect of heat stimuli 
following topical anaesthetization due to subcutaneous injection of procaine 
(a local anaesthetic known to block the Nav channels)156. In this study, a 
stimulation intended to achieve a “decided sensation of burning” was applied 
on top of the anaesthetized skin and led to the development of a paradoxical 
itch sensation when anaesthetization started to subside156. This observation 
highlights a potential interaction between heat perception and itch pathways 
that needs to be further investigated to be fully understood.  

1.6. AIMS OF THE PHD PROJECT 
Given these premises, this PhD project aimed to explore and investigate how 
heat perception interacts with itch sensation and development. Furthermore, 
to understand if it can be used as a tool to modulate itch. For these purposes 
there were three main focuses: 
 

1. To evaluate the effects of short noxious heat stimuli, homotopically 
and heterotopically to itch induction. 

2. To investigate the pruritic effects of continuous warm innocuous 
stimulation pre- and post-itch induction in various human itch models. 

3. To explore the short- and long-term effects of escalating heat 
stimulation on top of anaesthetised skin. 

4.  
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1.6.1. PAPERS AND DISSERTATION OVERVIEW 
To this end, the thesis is based on two published papers, and one submitted 
to peer-reviewed journals, each paper exploring one of the above bullet points. 
 

• Study I73: Riccio D., Andersen HH. & Arendt-Nielsen L. 
Antipruritic effects of transient heat stimulation on histaminergic 
and non-histaminergic itch. Br. J. Dermatol. 181, 786–795 
2019. 

• Study II74: Riccio D., Andersen HH. & Arendt-Nielsen L. Mild 
skin heating evokes warmth hyperknesis selectively for 
histaminergic and serotoninergic itch in humans. Acta Derm. 
Venereol. 102, adv00649 2022. 

• Study III111: Riccio D., Lo Vecchio S., & Arendt-Nielsen L., The effect 
of escalating heat stimulation on top of anaesthetized skin. Itch 2022. 
(SUBMITTED). 
 

All the studies were conducted on healthy human participants with the 
approval of the regional ethical committee (N-20180035). The full 
methodologies will not be discussed in this dissertation, a detailed version of 
them is available in the papers. 
The figure 1 (Fig. 1) shows an overview of how the different studies analyse 
different aspects of the interaction between heat perception and itch.  
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Figure 1. Schematic overview of the dissertation studies with the 
temperature ranges, models applied and outcomes measured: Study I 
and II investigated the effects of various heat stimuli on well-established 
itch models (histamine, cowhage and serotonin). Study III investigated 
the interaction between heat perception and anaesthesia (lidocaine).  



Chapter 2. The effects of noxious heat on itch 

23 
 

CHAPTER 2. THE EFFECTS OF 
NOXIOUS HEAT ON ITCH 
The content of this chapter is related to Study I73.  
 
In chapter 1.2 it was briefly discussed how counter stimuli can inhibit, partially 
or completely the itch sensation5,157,158. Particularly, it has been shown that 
long noxious heat stimulation can reverse itch in healthy human 
participants97,109. These long stimulations usually induce also primary and 
secondary hyperalgesia on the skin area stimulated and therefore they are not 
considered a suitable treatment option159,160. Nonetheless, it is important to 
investigate the mechanisms behind the observed effect as well as try a 
different approach to exploit this known outcome. 
In Study I, the effects of very transient (5 seconds) heat stimuli in healthy 
participants after itch induction with histamine or cowhage has been analysed. 
The stimuli were applied, exactly 2 minutes after the itch provocation, at the 
same site as the itch induction (experiment 1, homotopically; Study I Fig.1A) 
or in a different site (experiment 2, heterotopically; Study I Fig. 1B) either next 
to the provocation site (intrasegmentally) or on the other side of the forearm 
(extrasegmentally; Study I Fig. 1C).  
Itch intensity was measured starting from the itch induction up to 10 minutes 
after. Notably, the heat stimuli applied in Study I did not evoke a long-lasting 
pain sensation in any of the conditions, mainly due to their transient nature.  

2.1 NOXIOUS HEAT REVERSE HISTAMINERGIC 
ITCH 
Fifteen years ago Yosipovitch et al., started investigating the effects of noxious 
heat stimuli on histamine-evoked itch both in healthy participants97,109 and 
atopic dermatitis patients110. As mentioned before, these focused on long 
noxious stimuli (30 seconds stimulations), applied homotopically or 
heterotopically. Little is known about the effects of transient and very short 
heat stimuli.  
The results in Study I show that a very transient homotopical noxious heat 
stimulation was able to greatly inhibit histaminergic itch sensation. 
Specifically, a significant reduction in itch sensation was achieved with 
stimulations of 45°C (-41.27%, p<0.01) and 50°C (-76.66%, p<0.0001; Study 
I Fig. 2A)73.  
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Interestingly, as explained in section 1.4, these stimuli, able to inhibit itch, 
directly activate TRPV1115,161, known to hold an important role in signalling 
histaminergic itch162–166. Following histamine receptor activation, intracellular 
pathways lead to the co-activation of TRPV191,167.  
It can be speculated that, due to the external activation of TRPV1 with 
transient heat counter stimulation, histaminergic intracellular pathways are not 
able to co-opt it and therefore an inhibition in itch sensation is observed. This 
latter hypothesis is yet to be confirmed, with further investigations and possibly 
with pharmacological tools.  

2.2 NOXIOUS HEAT PARTIALLY INHIBITS NON-
HISTAMINERGIC ITCH 
With regards to cowhage-induced itch, Study I shows that a homotopic 
transient noxious stimulation (50°C) was able to achieve a partial itch inhibition 
(-43.6%, p=0.011; Study I Fig. 2B).  
As explained in section 1.3, cowhage spicules lead to the activation of PAR2/4 
and/or MRGPX1/281. Rather than recruiting TRPV1 as for histaminergic itch, 
these pathways are known to recruit TRPA1168,169, which is substantially less 
activated by heat noxious stilmuli142,170,171. As mentioned in the section 1.4, 
TRPA1 historically has been considered as a cold detector but some evidence 
showed a possible activation by heat stimuli, that needs further data to be 
confirmed144.  
Since cowhage-induced itch was inhibited to a lower extent (compared to 
histaminergic itch; Study I Fig. 2B and Fig. 3) and there was no significant 
inhibition by stimuli lower than 50°C, one can assume that the different 
inhibition pattern derives from the different TRP receptors involved, 
specifically cowhage-induced itch was less inhibited due to the less prominent 
response to heat stimuli by TRPA173.  

2.3 HETEROTOPIC NOXIOUS HEAT DOES NOT 
AFFECT ITCH SENSATION 
The second experiment conducted in Study I, explored the effect of 
heterotopic counter stimuli to itch induction.  
For both histaminergic and non-histaminergic itch, heterotopic stimuli were not 
able to inhibit itch sensation (Study I Fig.5).  
The effect known as “diffuse noxious inhibitory control” was for the first time 
described in rodents in 1979172,173. This psychophysical mechanism refers to 
the reduced pain perception following a painful stimulus applied to a 
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heterotopic area. Later on, the human behavioural correlate was investigated 
and named conditioned pain modulation (CPM)174,175. Studies have shown 
that CPM signal starts at central level in the brainstem175–178. Thus, heterotopic 
counter-stimuli to the itch induction site were explored to rule out the presence 
of a similar mechanism called conditioned itch modulation179,180.  
As showed in Study I, both histaminergic and non-histaminergic itch were 
inhibited only by homotopical counter-stimuli (Study I Fig. 5). This is in sharp 
contrast with pieces of evidence showing pain-evoked itch inhibition being 
mainly a central mechanism because itch inhibition by intra- and 
extrasegmental counterstimuli would have meant the central nervous system 
involvement42,181.  
Furthermore, some previous studies presented opposite results to what 
showed in Study I. Specifically, itch inhibition was achieved by intrasegmental 
stimuli in the noxious range97,109,110,182. It has to be notice that in all of these 
studies the counter stimulations were long (3 minutes182 and 30 seconds97,109) 
in opposition to the present study in which the stimuli lasted 5 seconds to avoid 
any possibility of hyperalgesia (both primary and secondary). The transient 
and short nature of the applied stimuli could be the reason for lack of 
involvement of the descending inhibitory pathways on the itch sensation.  
Taken together the results of this study show that depending on the type and 
the pathways involved, itch can be differently modulated by counter-stimuli.  
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CHAPTER 3. THE EFFECTS OF 
INNOCUOUS HEAT ON ITCH 
The considerations made in this chapter are based on Study II74. 
 
Itch is defined as chronic when it persists for more than 6 weeks and generally 
comes with two characteristic symptoms: alloknesis (when a non-pruritogen 
stimulus causes itch sensation) and hyperknesis (when a pruritogen stimulus 
causes a stronger and/or longer itch sensation)183–185. Many studies have 
focused on a specific type of dysesthesia called warmth hyperknesis, the 
mechanism where skin warming lead to an exacerbation in itch intensity, both 
in animal models108 and in patients186–188. Nonetheless, a clear understanding 
of the mechanism characterizing warmth hyperknesis is lacking and therefore 
further investigations are needed.  
Study II aimed to explore the effect of mild skin warming on various human 
itch models. To do so, the skin of the volar forearms of the healthy subject 
was heated either by +4 or +7°C above their measured and recorded 
individual baseline (≈32°C) using an infrared lamp. Once the target 
temperature was achieved, itch was provoked either by histamine, serotonin 
or cowhage, and itch intensity was assessed for up to 10 minutes, with 
constant and precise skin warming by the infrared lamp (Study II Fig1).  
Furthermore, it was also investigated the superficial blood perfusion at two 
different time points after the skin warming and the itch intensity recording 
were stopped (Study II Fig1).  

3.1 SELECTIVE WARMTH HYPERKNESIS FOR 
HISTAMINERGIC AND SEROTONINERGIC ITCH 
Histaminergic itch intensity was significantly increased when the skin was 
warmed by 7°C (≈39°C), the same effect was not observed when the skin 
temperature was increased by 4°C (≈36°C; Study II Fig.3). This result is in 
direct contrast with what was previously reported in animals, where 
histaminergic itch was not enhanced at any of the analysed temperatures108. 
Interestingly, the warmth hyperknesis phenomenon was present only in the 
first 2 minutes after itch induction, meaning the onset phase, and not at later 
stages.  
Serotonin-evoked itch intensity was enhanced when the skin temperature was 
increased by 4°C (≈36°C) and not by 7°C (≈39°C; Study II Fig. 4). Animal 
preclinical findings confirm these data, where serotoninergic itch was 
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enhanced when the skin temperature was ≈36°C108. Also, in this case, the 
increased itch sensation was present in the early part after the itch 
provocation, specifically in the first 4 minutes (Study II Fig.4).  
As explained in section 1.4.1 of this dissertation, TRPVs have a major role in 
transmitting heat perception from innocuous to noxious115. The temperatures 
used in Study II are mainly sensed by TRPV3 and TRPV4 (≥33°C and 27-
42°C respectively). TRPV4 has been recently linked to histaminergic itch133 
and serotoninergic itch134,135, whereas a direct interaction between TRPV3 
and these itch modalities has yet to be shown. Therefore, it can be speculated 
that there is the direct involvement of TRPV4 in the hyperknesis effect hereby 
observed, but other key players cannot be ruled out.  
Of particular interest is the observation that hyperknesis occurred only in the 
initial phase of the itch sensation (Study II Fig.3-4), suggesting that the itch 
modulation by activation of TRPVs is more relevant in the onset phase and at 
later stages is less important (in regard to the itch intensity).  

3.2 COWHAGE-INDUCED ITCH IS NOT AFFECTED 
BY INNOCUOUS SKIN HEATING 
Cowhage-evoked itch intensity was not modified by the increase in skin 
temperature both by 4 and 7°C (Study II Fig.5). Interestingly, even though 
these results showed a lack of itch modulation following TRPV3 activation (via 
temperature), it has been shown how TRPV3 is important in the itch 
transmission when evoked by cowhage130. Specifically, when keratinocytes 
lacked TRPV3, there was a decreased itch behaviour in mice, when treated 
with PAR2 agonists (compared with wild-type animals)130. One could assume 
that, despite the well-documented interaction, prior activation of TRPV3 is not 
able to exacerbate itch intensity. It could be that cowhage spicules activate 
PAR2 which in turn recruits TRPV3 to exert its pruritic effect, but further or 
greater TRPV3 activation is unable to increase itch intensity.  
Another reason for the lack of warmth hyperknesis in this condition could be 
that pre-activation of TRPV3 does not facilitate itch.  
But we cannot exclude the possibility of increased warmth sensation given 
that this was not recorded in the experiment.  

3.3 ENHANCED SUPERFICIAL BLOOD PERFUSION 
DUE TO INNOCUOUS SKIN HEATING 
Other than itch intensity, Study II explored the combined effect of different 
individual itch provocation and mild skin warming onto superficial blood 
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perfusion. The results from this analysis showed that superficial blood 
perfusion following histaminergic itch induction was unaffected by the 
continuous increase in skin temperature (Study II Fig. 6). It is known that 
histamine-evoked itch alone can generate a substantial neurogenic 
inflammation with subsequent increased blood perfusion together with 
cutaneous redness and wheal51. Therefore, one could suggest that higher skin 
temperature does not increase this state any further. 
Superficial blood perfusion was significantly enhanced when skin temperature 
was increased by 7°C for serotoninergic itch, while for cowhage-evoked itch it 
was increased both at +4 and +7°C above the resting skin temperature. This 
line of evidence confirm, what previously observed, that neurogenic 
inflammation is not necessary for the development of itch sensation because 
the first was increased exactly when the latter was not different from the 
control condition49,80,92,189,190. A very captivating explanation could be that 
increased superficial blood perfusion leads to increased tissue clearance and 
therefore this would counteract what would be an increased itch intensity, but 
this study does not provide enough data to make such an assumption. Further 
investigations in this regard are needed.  
It has been shown that TRPV3 and PAR2 participate in the inflammatory 
response127,191–195. Therefore, the increased blood perfusion could be due to 
the probable co-activation of these two receptors that would lead to a more 
pronounced inflammatory response.  
Regarding serotonin-evoked itch, increased blood perfusion was achieved 
only when the skin was heated by 7°C. As we said earlier, to date there is no 
evidence suggesting an interaction between serotoninergic itch and TRPV3, 
rather with TRPV4134,135. Temperature-selective increased neurogenic 
inflammation in this setup could be due to a marked activation of TRPV4 (i.e. 
skin temperature ≈39°C); once again this is just a speculation that needs to 
be confirmed.  
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CHAPTER 4. THE EFFECTS OF 
ESCALATING HEAT ON TOP OF 
ANAESTHETIZED SKIN 
This chapter is based on the results shown in the manuscript submitted, Study 
III111.  
 
As discussed throughout the introduction and the previous studies of this 
dissertation, the relationship between heat and itch is complicated and has 
many aspects to be analysed. In section 1.5 it was mentioned how topical 
cutaneous anesthetisation is able to inhibit both pain and itch by blocking Nav 
channel transmission25,145,146,152,153,196. There is some evidence regarding the 
effectiveness of topical anaesthetics in various itch conditions, particularly 
neuropathic itch25,152,197,198. However, the use of these topical anaesthetics is 
not a feasible clinical solution to itch and pain, especially when these are 
chronic.  
Study III investigated whether escalating heat on top of anaesthetized skin 
can provoke a paradoxical itch sensation when the anaesthesia is subsiding. 
This was done to explore, using a more modern and systematic approach, the 
results achieved by a 70 years old study156. In this study, the skin was 
anaesthetised by 2% procaine with subcutaneous injections. Once the 
efficacy of the anaesthesia was verified by pinprick sensibility, the area was 
heated by an infrared lamp to 41°C. After 15 minutes from the 
anaesthetisation, a paradoxical itch sensation started to develop, while 
simultaneously numbness was still present but pinprick sensibility was 
recovered156. To date, we are not aware of any further study investigating this 
peculiar mechanism, that could be useful to develop new sensitive targets.  
In Study III, healthy skin was superficially anaesthetized by using intradermal 
injection with lidocaine 2% together with adrenalin as vasoconstrictor to 
achieve a qualitative better anaesthetisation199. Subsequently, on top of the 
same spot, an escalating heat ramp, lasting 1 minute in total and ranging from 
38 to 50 °C, was applied every five minutes. To the participants it was asked 
to continuously rate their itch and pain sensation simultaneously during every 
heat stimulation (Study III Fig.S1). The results were compared with saline 
treatment as internal control.  
To have a better idea of the different modulations involved in this study, the 
analysis of the itch and pain sensation was divided into 3 subgroups according 
to the temperature at which the intensity was rated. Innocuous range i.e. 38-
42°C, painful range i.e. 42.2-46°C and finally noxious range i.e. 46.2-50°C.  
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4.1 PAIN INTENSITY 
Pain sensation was reduced in the area treated with lidocaine compared to 
saline, specifically in the noxious range in the first 15 minutes (Study III Fig.1). 
This result suggests that, after this period, the anaesthetisation is subsided 
enough to not be able to inhibit strong nociceptive stimulation.  
Interestingly, a previous study showed that an intradermal injection of 
lidocaine led to anaesthetisation being present after 20 minutes and subsiding 
after 120 minutes, this was tested by various heat stimuli ranging from 40 to 
52°C200. Whereas, Cormia and Kuykendall156 started to see the 
aforementioned “paradoxical itch sensation” exactly 15 minutes after the 
anaesthetic treatment.  
When the escalating stimulation was in the painful and noxious range, 40 
minutes after the anaesthetisation, it was observed a decreased pain intensity. 
To the best of our knowledge, this pain inhibition at this specific time point 
does not have a clear explanation and further studies are needed to assess 
whether it was an artefact or a specific unexplored new mechanism.  

4.2 ITCH INTENSITY 
The results in Study III showed no significant differences between saline and 
lidocaine treatment in itch intensity, in any of the temperature ranges and time 
points analysed. This is in sharp contrast with what was observed 70 years 
ago156.  
As explained in section 1.5, a recent study characterized the different sensory 
fibres by discriminating them according to their transcriptome151. The leading 
hypothesis prior to Study III was that after about 15 minutes (as previously 
showed156) the fibres of the uppermost layer (superficial epidermis154,155) (i.e. 
NP fibres) would recover faster from the anaesthetisation and therefore would 
transmit a paradoxical itch sensation, as a consequence to noxious heat 
stimulation. For this reason, intradermal injections were preferred to a more 
common and modern method such as anaesthetic cream (e.g. EMLA), which 
would achieve a deeper, longer and less specific anaesthetisation.  
It has to be pointed out that in the previous study, the temperature at which it 
was achieved an itch sensation was constant and developed by a radiant heat 
source, in opposition to Study III in which there was a heat ramp by direct 
contact with the skin. This methodological difference could have been what 
led to the development of paradoxical itch sensation due to the prolonged 
stimulation. Further studies are needed to explore different heat modalities 
and more specific temperatures in this setup to understand better the 
mechanisms at play. 
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CHAPTER 5. GENERAL DISCUSSION 
There is a need for new targets and therapies able to help chronic itch 
patients. The three studies presented in this thesis explore how heat from 
innocuous to noxious range can modulate itch. The ultimate goal of these 
studies was to understand which receptors and/or pathways involved in the 
processing of thermal sensation can be exploited toward the development of 
new treatments.  
In brief the take home messages are: 
-1) Short noxious heat stimuli can greatly inhibit itch. 
-2) Innocuous skin warming can exacerbate itch. 
-3) Heat stimuli onto anaesthetized skin are not able to evoke itch sensation. 
 
1) Very transient (5 seconds) noxious homotopical heat stimuli can inhibit 
different modalities of itch (histaminergic and cowhage-induced itch) to a 
different extent. Specifically, histaminergic itch showed a greater inhibition 
compared to cowhage-evoked itch (up to 76% compared to 43%, 
respectively73).  
Recently, some tentative device has been developed and studied in a clinical 
context, consisting of the application of 51°C for 3 or 6 seconds on top of 
insect bites201. This latter study, showed how swelling, pain intensity and itch 
intensity, coming from wasps, bees or mosquitoes bites, were greatly 
inhibited, demonstrating that transient noxious heat stimuli can help in 
modulating itch intensity201. 
Although, it is widely known that itch sensation due to insect bites is primarily 
histaminergic and this study can provide some knowledge about the intricate 
interaction between itch and pain, further systematic investigations are 
needed to better understand the mechanisms at play. 
It has to be kept in mind that this approach would be scarcely applicable in 
chronic itch patients due to the large section of skin on which noxious heat 
should be applied as well as probably repeated exposure during the day.  
Moreover, most of the itch symptomatic conditions (except for urticaria and 
mastocytosis) are unaffected by the treatment with antihistamines25,152 
therefore it is important to find mechanisms able to inhibit mostly non-
histaminergic itch. 
For this reason, Study I focused more on the potential mechanism underlining 
such an effect and the involvement of TRPV1 (important for the development 
of histaminergic itch91,162–167) and TRPA1 (recruited during cowhage-induced 
itch168,169) was hypothesized.  
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Capsaicin (a potent TRPV1 agonist) is used in clinical setup as an 8% cream 
able to achieve on some occasions long-lasting itch relief153,202–206. Whereas, 
to the best of our knowledge compounds acting on TRPA1 are yet to be 
explored as potential drugs for treating itch. 
The data presented in Study I together with these clinical observations 
strongly suggest continuing the research toward TRPV1 and/or TRPA1 
activation as a valuable targets to inhibit chronic itch.  
 
2) The known mechanism of warmth hyperknesis108,186–188, was observed 
when itch was evoked by histamine and serotonin and not by cowhage. It can 
be assumed that the enhanced itch sensation could originate from the 
activation of TRPV4 rather than TRPV3, because of the selective documented 
interaction that this receptor has with both histaminergic133 and serotoninergic 
itch134,135 pathways. Moreover, despite the known interaction between 
cowhage-induced itch and TRPV3130, the pre-activation by skin warming of 
this latter receptor did not result in enhanced itch intensity. 
TRPV4 is generally expressed by both sensory neurons and keratinocytes207. 
In keratinocytes, other than participate in itch development of histaminergic 
and serotoninergic itch, TRPV4 activation leads to the release of endothelin 
1, known for its pruritogen activity67,133,208. Interestingly, this evidence shows 
also that keratinocytes are able to initiate itch sensation without the 
involvement of neuronal cells34.  
Given these premises, a potential new target for therapies could be the 
antagonism of TRPV4. To the best of our knowledge, such a mechanism has 
yet to be explored for clinical purposes.  
 
3) By using a more systematic and modern approach to investigate a 
previously observed effect156 data presented in Study III did not confirm the 
results from an old study, however, few considerations can be done.  
Firstly, if the Study III hypothesis would have been confirmed, could have 
given a new potential target by retro-analysing at what exact temperature itch 
sensation occur and therefore which among the thermal receptor was most 
likely involved in this mechanism. 
Secondly, in the paper published by Cormia and Kuykendall, the stimulation 
able to evoke a paradoxical itch sensation was achieved by irradiation with an 
infrared lamp. The same methodology was used in Study II to mildly warm the 
skin which resulted in hyperknesis. Together these pieces of evidence could 
suggest that radiant heat stimulation, specifically using an infrared lamp, can 
facilitate itch sensation in certain conditions. This would be a novel and 
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unexplored role for such a stimulation but need further investigations to be 
verified and understood.  
 
All things considered, the results and speculations highlighted in this 
dissertation point out that heat perception and TRP receptors as key player in 
itch sensation, that need more attention in the development of new potential 
therapies.   

5.1 LIMITATIONS 
The studies hereby analysed present some limitations.  
In Study I73, only cowhage was used as a non-histaminergic itch model. 
Whereas, in Study II it was used also serotonin-evoked itch. This was done 
for practical reasons, serotoninergic itch is induced by iontophoresis which 
requires more space on the skin due to the presence of the conductive pad 
and ion chamber (compared to histamine- and cowhage evoked itch, which 
requires only the treated area). Therefore having 5 different areas on the 
forearm (as for histamine- and cowhage-evoked itch) would have been not 
feasible. Moreover, the second experiment of Study I would have been 
impossible to be performed in a single session without applying itch 
provocation on the same area already treated previously (Study I Fig.1B-C). 
We could hypothesize that serotoninergic itch would have been inhibited by 
noxious heat as it happened for the other 2 itch modalities, to understand to 
what extent further investigations are needed.  
The analysis of the skin blood perfusion in Study II74 was not adopted in the 
other two studies. This was due to the intensity of the heat stimulation applied 
that most likely would have resulted in an oversaturated picture, to be 
expected due to the cutaneous redness seen after the heat stimulations (data 
not shown).  
The heat stimulations applied in the three studies differ substantially from the 
qualitative point of view. In Study I and III contact heat stimuli were used, 
whereas in Study II it was used a source of radiant heat. The latter was chosen 
to better simulate what was observed in clinic, where patients have 
exacerbated itch in warm environments. Moreover, by applying a contact form 
of stimulation the results could have been invalidated due to mechanical itch 
inhibition.  
In Study I and II more intermediate temperatures could have been explored, 
however, due to limited space on the forearms (Study I Fig.1 and Study II 
Fig.1) this was not possible.  
On the other hand, in Study III it could have been more helpful to use very 
specific heat stimuli (i.e. few chosen temperatures) instead of using a heat 
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ramp. However, our purpose was to understand at exactly what temperature 
the potential paradoxical itch sensation would occur, to have a systematic 
view of the effects at play, for this reason, a heat ramp was preferred.  
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CHAPTER 6. CONCLUSIONS 
This dissertation aimed to evaluate 1) the effects of transient noxious heat 
stimuli on itch, 2) investigate how various itch models interact with continuous 
warm innocuous heat stimulation and 3) explore old results showing a 
“paradoxical itch sensation” when anaesthetised skin receives a “burning” 
heat stimulation156.  
Study I73 showed that transient homotopical noxious heat counter stimulations 
can inhibit itch showing a dose-response effect, where the higher the 
temperature the higher the inhibitory effect is. These are more effective on 
histaminergic compared with non-histaminergic itch. Moreover, heterotopic 
counter stimuli failed to inhibit itch, suggesting that transient heat stimuli effect 
is mainly due to peripheral mechanisms.  
Study II74 partially confirmed what was already observed in animal108 where 
serotoninergic itch was enhanced by innocuous skin warming. In contrast with 
data in rodents, it also showed exacerbation of histaminergic itch due to skin 
warming. These data may give a more detailed explanation of what has been 
observed in clinic186–188, the so-called warmth hyperknesis and open up a new 
avenue in the development of new therapies by antagonising TRPV4, the 
main suspect in the observed itch exacerbation.  
Interestingly, cowhage-induced itch was not aggravated, however, there was 
an increased skin blood perfusion. This was probably due to the co-activation 
of PAR2 (by cowhage spicules) and TRPV3 (by increased temperature) 
known to interact130 and probably cause an increased inflammatory response.  
Study III failed to confirm what was observed in an old study156, since noxious 
heat applied on top of previously anaesthetised skin did not evoke any 
paradoxical itch sensation. As briefly explained in section 5.1, it could be 
useful to investigate the effect of specifically chosen temperature to better 
match the methodology used in the previous study.  
In summary, these studies highlight a unique role in the interaction between 
heat and itch perception and intensity, suggesting how fine-tuning and 
modulation of TRPVs receptors can translate into inhibition or increased itch 
intensity. Particularly, following up on the use and the development of TRPV1 
agonists and exploring the effect of endogenous and synthetic TRPV4 
antagonists.  
Further proof-of-concept studies in patient populations are needed to validate 
the experimental data and the initial step toward a better understanding of new 
non-pharmacological targets to treat chronic itch.  
 





Literature list 

39 
 

LITERATURE LIST 
1. Yosipovitch, G. & Bernhard, J. D. Chronic Pruritus. N. Engl. J. Med. 

368, 1625–1634 (2013). 

2. Yosipovitch, G., Rosen, J. D. & Hashimoto, T. Itch: From mechanism 
to (novel) therapeutic approaches. Journal of Allergy and Clinical 
Immunology 142, 1375–1390 (2018). 

3. Yosipovitch, G., Greaves, M. W. & Schmelz, M. Itch. Lancet (London, 
England) 361, 690–4 (2003). 

4. Lay, M. & Dong, X. Neural Mechanisms of Itch. Annual Review of 
Neuroscience 43, 187–205 (2020). 

5. Dong, X. & Dong, X. Peripheral and Central Mechanisms of Itch. 
Neuron 98, 482–494 (2018). 

6. Weisshaar, E. Epidemiology of Itch. Curr. Probl. Dermatology 50, 5–
10 (2016). 

7. Roh, Y. S., Choi, J., Sutaria, N. & Kwatra, S. G. Itch: Epidemiology, 
clinical presentation, and diagnostic workup. J. Am. Acad. Dermatol. 
86, 1–14 (2022). 

8. Kulkarni, V., Liu, D., Aggarwal, P., Gamsarian, V. & Fleischer, A. B. 
Global epidemiology of itch from 1990 to 2017: gender, age, sanitation, 
and air pollution as risk factors. Itch 7, e60–e60 (2022). 

9. Weisshaar, E. et al. European S2k Guideline on Chronic Pruritus. Acta 
Derm. Venereol. 99, 469–506 (2019). 

10. Global Health Data Exchange (GBDE). Global Burden of Disease 
Study 2017 (GBDE 2017). (The Lancet, 2017). 

11. Brenaut, E., Garlantezec, R., Talour, K. & Misery, L. Itch 
characteristics in five dermatoses: Non-atopic eczema, atopic 
dermatitis, urticaria, psoriasis and scabies. Acta Dermato-
Venereologica 93, 573–574 (2013). 

12. Zachariae, R., Lei, U., Haedersdal, M. & Zachariae, C. Itch severity 
and quality of life in patients with pruritus: Preliminary validity of a 
danish adaptation of the itch severity scale. Acta Derm. Venereol. 92, 
508–514 (2012). 



Heat stimulation as a modulatory tool for the histaminergic and non- histaminergic itch 

40 
 

13. Schneider, G. et al. Psychosomatic cofactors and psychiatric 
comorbidity in patients with chronic itch. Clin. Exp. Dermatol. 31, 762–
767 (2006). 

14. Tessari, G. et al. The impact of pruritus on quality of life of patients 
undergoing dialysis: A single-center cohort study. J. Nephrol. 22, 241–
248 (2009). 

15. Chen, S. C. Pruritus. Dermatologic Clinics 30, 309–321 (2012). 

16. Leader, B., Carr, C. W. & Chen, S. C. Pruritus epidemiology and quality 
of life. Handb. Exp. Pharmacol. 226, 15–38 (2015). 

17. Matterne, U., Apfelbacher, C. J., Vogelgsang, L., Loerbroks, A. & 
Weisshaar, E. Incidence and determinants of chronic pruritus: A 
population-based cohort study. Acta Derm. Venereol. 93, 532–537 
(2013). 

18. Holm, E. A., Esmann, S. & Jemec, G. B. E. Does visible atopic 
dermatitis affect quality of life more in women than in men? Gend. Med. 
1, 125–130 (2004). 

19. Stander, S. et al. Gender differences in chronic pruritus: women 
present different morbidity, more scratch lesions and higher burden. Br 
J Dermatol 168, 1273–1280 (2013). 

20. Tripathi, R., Knusel, K. D., Ezaldein, H. H., Bordeaux, J. S. & Scott, J. 
F. The cost of an itch: A nationally representative retrospective cohort 
study of pruritus-associated health care expenditure in the United 
States. J. Am. Acad. Dermatol. 80, 810–813 (2019). 

21. Yosipovitch, G., Carstens, E. & McGlone, F. Chronic itch and chronic 
pain: Analogous mechanisms. Pain 131, 4–7 (2007). 

22. Liu, X., Miao, X. H. & Liu, T. More than Scratching the Surface: Recent 
Progress in Brain Mechanisms Underlying Itch and Scratch. Neurosci. 
Bull. 36, 85–88 (2020). 

23. Akiyama, T., Carstens, M. I. & Carstens, E. Differential itch- and pain-
related behavioral responses and μ-opioid modulation in mice. Acta 
Derm. Venereol. 90, 575–581 (2010). 

24. Dawn, A. G. & Yosipovitch, G. Butorphanol for treatment of intractable 
pruritus. J. Am. Acad. Dermatol. 54, 527–531 (2006). 

25. Leslie, T. A., Greaves, M. W. & Yosipovitch, G. Current topical and 



Literature list 

41 
 

systemic therapies for itch. Handb. Exp. Pharmacol. 226, 337–356 
(2015). 

26. Marsella, R., Ahrens, K., Wilkes, R., Soeberdt, M. & Abels, C. Topical 
κ-opioid receptor agonist asimadoline improves dermatitis in a canine 
model of atopic dermatitis. Exp. Dermatol. 31, 628–632 (2022). 

27. Ádám, D. et al. Opioidergic Signaling—A Neglected, Yet Potentially 
Important Player in Atopic Dermatitis. International Journal of 
Molecular Sciences 23, 4140 (2022). 

28. Han, L. et al. A subpopulation of nociceptors specifically linked to itch. 
Nat. Neurosci. 16, 174–182 (2013). 

29. Davidson, S. et al. Pruriceptive spinothalamic tract neurons: 
physiological properties and projection targets in the primate. J. 
Neurophysiol. 108, 1711–23 (2012). 

30. Jansen, N. A. & Giesler, G. J. Response characteristics of pruriceptive 
and nociceptive trigeminoparabrachial tract neurons in the rat. J. 
Neurophysiol. 113, 58–70 (2015). 

31. Moser, H. R. & Giesler, G. J. Characterization of pruriceptive 
trigeminothalamic tract neurons in rats. J. Neurophysiol. 111, 1574–
1589 (2014). 

32. Schmelz, M. How Do Neurons Signal Itch? Frontiers in Medicine 8, 
284 (2021). 

33. Carstens, E., Follansbee, T. & Iodi Carstens, M. The challenge of basic 
itch research. Acta Dermato-Venereologica 100, 3–9 (2020). 

34. Yosipovitch, G., Andersen, H. H., Arendt-Nielsen, L. & Andersen, H. 
H. Itch and Pain: similarities, Interactions, and Differences. (Wolters 
Kluwer, 2020). 

35. Reddy, V. B., Iuga, A. O., Shimada, S. G., LaMotte, R. H. & Lerner, E. 
A. Cowhage-evoked itch is mediated by a novel cysteine protease: A 
ligand of protease-activated receptors. J. Neurosci. 28, 4331–4335 
(2008). 

36. Sun, Y.-G. G. et al. Cellular basis of itch sensation. Science 325, 1531–
4 (2009). 

37. Buddenkotte, J. & Steinhoff, M. Pathophysiology and therapy of 
pruritus in allergic and atopic diseases. Allergy: European Journal of 



Heat stimulation as a modulatory tool for the histaminergic and non- histaminergic itch 

42 
 

Allergy and Clinical Immunology 65, 805–821 (2010). 

38. Mishra, S. K. & Hoon, M. A. The cells and circuitry for itch responses 
in mice. Science 340, 968–71 (2013). 

39. Bader, M., Alenina, N., Andrade-Navarro, M. A. & Santos, R. A. Mas 
and its related G protein–coupled receptors, Mrgprs. Pharmacol. Rev. 
66, 1080–1105 (2014). 

40. Aresh, B. et al. Spinal cord interneurons expressing the gastrin-
releasing peptide receptor convey itch through VGLUT2-mediated 
signaling. Pain 158, 945–961 (2017). 

41. Mu, D. et al. A central neural circuit for itch sensation. Science (80-. ). 
357, 695–699 (2017). 

42. Ross, S. E. et al. Loss of Inhibitory Interneurons in the Dorsal Spinal 
Cord and Elevated Itch in Bhlhb5 Mutant Mice. Neuron 65, 886–898 
(2010). 

43. LaMotte, R. H., Shimada, S. G., Green, B. G. & Zelterman, D. Pruritic 
and nociceptive sensations and dysesthesias from a spicule of 
cowhage. J. Neurophysiol. 101, 1430–1443 (2009). 

44. Steinhoff, M., Oaklander, A. L., Szabó, I. L., Ständer, S. & Schmelz, M. 
Neuropathic itch. Pain 160, S11–S16 (2019). 

45. Sun, S. et al. Leaky Gate Model: Intensity-Dependent Coding of Pain 
and Itch in the Spinal Cord. Neuron 93, 840-853.e5 (2017). 

46. LaMotte, R. H., Shimada, S. G. & Sikand, P. Mouse models of acute, 
chemical itch and pain in humans. Experimental Dermatology 20, 778–
782 (2011). 

47. Yuan, T. et al. Assessment of itch and pain in animal models and 
human subjects. Adv. Exp. Med. Biol. 904, 1–22 (2016). 

48. Akiyama, T., Nagamine, M., Carstens, M. I. & Carstens, E. Behavioral 
model of itch, alloknesis, pain and allodynia in the lower hindlimb and 
correlative responses of lumbar dorsal horn neurons in the mouse. 
Neuroscience 266, 38–46 (2014). 

49. Darsow, U., Ring, J., Scharein, E. & Bromm, B. Correlations between 
histamine-induced wheal, flare and itch. Arch. Dermatol. Res. 288, 
436–441 (1996). 



Literature list 

43 
 

50. Sikand, P., Shimada, S. G., Green, B. G. & LaMotte, R. H. Similar itch 
and nociceptive sensations evoked by punctate cutaneous application 
of capsaicin, histamine and cowhage. Pain 144, 66–75 (2009). 

51. Sikand, P., Shimada, S. G., Green, B. G. & LaMotte, R. H. Sensory 
responses to injection and punctate application of capsaicin and 
histamine to the skin. Pain 152, 2485–2494 (2011). 

52. Andersen, H. H., Elberling, J. & Arendt-Nielsen, L. Human Surrogate 
Models of Histaminergic and Non-histaminergic Itch. Acta Derm. 
Venereol. 95, 771–7 (2015). 

53. Bjerring, P. & Arendt-Nielsen, L. A quantitative comparison of the effect 
of local analgesics on argon laser induced cutaneous pain and on 
histamine induced wheal, flare and itch. Acta Derm. Venereol. 70, 
126–131 (1990). 

54. Schmelz, M., Luz, O., Averbeck, B. & Bickel, A. Plasma extravasation 
and neuropeptide release in human skin as measured by intradermal 
microdialysis. Neurosci. Lett. 230, 117–120 (1997). 

55. Rukwied, R., Lischetzki, G., McGlone, F., Heyer, G. & Schmelz, M. 
Mast cell mediators other than histamine induce pruritus in atopic 
dermatitis patients: A dermal microdialysis study. Br. J. Dermatol. 142, 
1114–1120 (2000). 

56. Heinzerling, L. et al. The skin prick test - European standards. Clin. 
Transl. Allergy 3, 3 (2013). 

57. Lewis, T. The blood vessels of the human skin. Br. Med. J. 2, 61–62 
(1926). 

58. Schmelz, M. & Petersen, L. J. Neurogenic inflammation in human and 
rodent skin. News Physiol. Sci. 16, 33–37 (2001). 

59. Steinhoff, M. et al. Modern Aspects of Cutaneous Neurogenic 
Inflammation. Archives of Dermatology 139, 1479–1488 (2003). 

60. Boas, D. A. & Dunn, A. K. Laser speckle contrast imaging in biomedical 
optics. J. Biomed. Opt. 15, 011109 (2010). 

61. Eriksson, S., Nilsson, J. & Sturesson, C. Non-invasive imaging of 
microcirculation: A technology review. Med. Devices Evid. Res. 7, 
445–452 (2014). 

62. Lindahl, F., Tesselaar, E. & Sjöberg, F. Assessing paediatric scald 



Heat stimulation as a modulatory tool for the histaminergic and non- histaminergic itch 

44 
 

injuries using laser speckle contrast imaging. Burns 39, 662–666 
(2013). 

63. Video capability revives interest in laser method. Optics & Laser 
Europe magazine Available at: https://optics.org/article/27263.  

64. Stewart, C. J. et al. A comparison of two laser-based methods for 
determination of burn scar perfusion: Laser Doppler versus laser 
speckle imaging. Burns 31, 744–752 (2005). 

65. Nomura, S. et al. Reliability of laser speckle flow imaging for 
intraoperative monitoring of cerebral blood flow during cerebrovascular 
surgery: Comparison with cerebral blood flow measurement by single 
photon emission computed tomography. World Neurosurgery 82, 
E753–E757 (2014). 

66. Han, S. K., Mancino, V. & Simon, M. I. Phospholipase Cβ 3 Mediates 
the Scratching Response Activated by the Histamine H1 Receptor on 
C-Fiber Nociceptive Neurons. Neuron 52, 691–703 (2006). 

67. Kim, B. M., Lee, S. H., Shim, W. S. & Oh, U. Histamine-induced Ca2+ 
influx via the PLA2/lipoxygenase/TRPV1 pathway in rat sensory 
neurons. Neurosci. Lett. 361, 159–162 (2004). 

68. Ko, K. et al. Discovery of a Novel Highly Selective Histamine H4 
Receptor Antagonist for the Treatment of Atopic Dermatitis. J. Med. 
Chem. 61, 2949–2961 (2018). 

69. Mollanazar, N. K., Smith, P. K. & Yosipovitch, G. Mediators of Chronic 
Pruritus in Atopic Dermatitis: Getting the Itch Out? Clin. Rev. Allergy 
Immunol. 51, 263–292 (2016). 

70. Wahlgren, C. F. Itch and atopic dermatitis: An overview. J. Dermatol. 
26, 770–779 (1999). 

71. Patel, T. & Yosipovitch, G. Therapy of pruritus. Expert Opin. 
Pharmacother. 11, 1673–1682 (2010). 

72. Twycross, R. et al. Itch: scratching more than the surface. QJM An Int. 
J. Med. 96, 7–26 (2003). 

73. Riccio, D., Andersen, H. H. & Arendt-Nielsen, L. Antipruritic effects of 
transient heat stimulation on histaminergic and nonhistaminergic itch. 
Br. J. Dermatol. 181, 786–795 (2019). 

74. Riccio, D., Andersen, H. H. & Arendt-Nielsen, L. Mild Skin Heating 



Literature list 

45 
 

Evokes Warmth Hyperknesis Selectively for Histaminergic and 
Serotoninergic Itch in Humans. Acta Derm. Venereol. 102, adv00649 
(2022). 

75. Wahlgren, C. F. & Ekblom, A. Perception of histamine-induced itch 
elicited in three different skin regions. Acta Derm. Venereol. 71, 205–
208 (1991). 

76. Marzell, R., Reichwein, G., Gieler, U., Kupfer, J. & Schut, C. Itch 
induction by audiovisual stimuli and histamine iontophoresis: a 
randomized, controlled noninferiority study. Br. J. Dermatol. 182, 
1253–1261 (2020). 

77. Shelley, W. B. & Arthur, R. P. Studies on Cowhage (Mucuna Pruriens) 
and Its Pruritogenic Proteinase, Mucunain. A. M. A. Arch. Dermatology 
72, 399–406 (1955). 

78. Shelley, W. B. & Arthur, R. P. Mucunain, the active pruritogenic 
proteinase of cowhage. Science (80-. ). 122, 469–470 (1955). 

79. Johanek, L. M. et al. Psychophysical and Physiological Evidence for 
Parallel Afferent Pathways Mediating the Sensation of Itch. J. 
Neurosci. 27, 7490–7497 (2007). 

80. Andersen, H. H., Elberling, J., Vecchio, S. Lo & Arendt-Nielsen, L. 
Topography of itch: evidence of distinct coding for pruriception in 
thetrigeminal nerve. Itch (Philadelphia, Pa.) 2, e2 (2017). 

81. Reddy, V. B., Azimi, E., Chu, L. & Lerner, E. A. Mas-Related G-Protein 
Coupled Receptors and Cowhage-Induced Itch. J. Invest. Dermatol. 
138, 461–464 (2018). 

82. McNeil, B. D. et al. Identification of a mast-cell-specific receptor crucial 
for pseudo-allergic drug reactions. Nature 519, 237–241 (2015). 

83. McNeil, B. & Dong, X. Mrgprs as Itch Receptors. in Itch: Mechanisms 
and Treatment (eds. Carstens, E. & Akiyama, T.) (CRC Press/Taylor 
& Francis, Boca Raton (FL), US, 2014). 

84. Azimi, E. et al. Dual action of neurokinin-1 antagonists on Mas-related 
GPCRs. JCI Insight 1, 89362 (2016). 

85. Weisshaar, E., Ziethen, B. & Gollnick, H. Lack of efficacy of topical 
capsaicin in serotonin-induced itch. Skin Pharmacol. Appl. Skin 
Physiol. 13, 1–8 (2000). 



Heat stimulation as a modulatory tool for the histaminergic and non- histaminergic itch 

46 
 

86. Hosogi, M., Schmelz, M., Miyachi, Y. & Ikoma, A. Bradykinin is a potent 
pruritogen in atopic dermatitis: A switch from pain to itch. Pain 126, 
16–23 (2006). 

87. Rasul, A., Nordlind, K. & Wahlgren, C. F. Pruritic and vascular 
responses induced by serotonin in patients with atopic dermatitis and 
in healthy controls. Acta Derm. Venereol. 93, 277–280 (2013). 

88. Schmelz, M. et al. Chemical response pattern of different classes of C-
nociceptors to pruritogens and algogens. J. Neurophysiol. 89, 2441–
2448 (2003). 

89. Weisshaar, E., Ziethen, B. & Gollnick, H. Can a serotonin type 3 (5-
HT3) receptor antagonist reduce experimentally-induced itch? 
Inflamm. Res. 46, 412–416 (1997). 

90. Sikand, P., Dong, X. & LaMotte, R. H. BAM8-22 peptide produces itch 
and nociceptive sensations in humans independent of histamine 
release. J. Neurosci. 31, 7563–7 (2011). 

91. Lamotte, R. H., Dong, X. & Ringkamp, M. Sensory neurons and circuits 
mediating itch. Nat. Rev. Neurosci. 15, 19–31 (2014). 

92. Aliotta, G. E., Vecchio, S. Lo, Elberling, J. & Arendt-Nielsen, L. 
Evaluation of itch and pain induced by bovine adrenal medulla 
(BAM)8–22, a new human model of non-histaminergic itch. Exp. 
Dermatol. (2022). doi:10.1111/EXD.14611 

93. Liu, Q. et al. Mechanisms of itch evoked by β-alanine. J. Neurosci. 32, 
14532–7 (2012). 

94. Christensen, J. D., Vecchio, S. L. O., Elberling, J., Arendt-Nielsen, L. 
& Andersen, H. H. Assessing punctate administration of beta-alanine 
as a potential human model of non-histaminergic itch. Acta Derm. 
Venereol. 99, 222–223 (2019). 

95. Olsen, R. V., Andersen, H. H., Møller, H. G., Eskelund, P. W. & Arendt-
Nielsen, L. Somatosensory and vasomotor manifestations of individual 
and combined stimulation of TRPM8 and TRPA1 using topical L-
menthol and trans-cinnamaldehyde in healthy volunteers. Eur. J. Pain 
(United Kingdom) 18, 1333–1342 (2014). 

96. Namer, B., Seifert, F., Handwerker, H. O. & Maihöfner, C. TRPA1 and 
TRPM8 activation in humans: Effects of cinnamaldehyde and menthol. 
Neuroreport 16, 955–959 (2005). 



Literature list 

47 
 

97. Yosipovitch, G., Duque, M. I., Fast, K., Dawn, A. G. & Coghill, R. C. 
Scratching and noxious heat stimuli inhibit itch in humans: a 
psychophysical study. Br. J. Dermatol. 156, 629–634 (2007). 

98. Werner, Y. & Lindberg, M. Transepidermal water loss in dry and 
clinically normal skin in patients with atopic dermatitis. Acta Derm. 
Venereol. 65, 102–105 (1985). 

99. Geber, C. et al. Test-retest and interobserver reliability of quantitative 
sensory testing according to the protocol of the German Research 
Network on Neuropathic Pain (DFNS): A multi-centre study. Pain 152, 
548–556 (2011). 

100. Rolke, R. et al. Quantitative sensory testing in the German Research 
Network on Neuropathic Pain (DFNS): standardized protocol and 
reference values. Pain 123, 231–43 (2006). 

101. Lowenstein, E. & Dallenbach, K. M. The Critical Temperatures for Heat 
and for Burning Heat. Am. J. Psychol. 42, 423 (1930). 

102. Jones, L. A. & Berris, M. The psychophysics of temperature perception 
and thermal-interface design. in Proceedings - 10th Symposium on 
Haptic Interfaces for Virtual Environment and Teleoperator Systems, 
HAPTICS 2002 137–142 (IEEE Comput. Soc, 2002). 
doi:10.1109/HAPTIC.2002.998951 

103. Fillingim, R. B. et al. Sex, Gender, and Pain: A Review of Recent 
Clinical and Experimental Findings. J. Pain 10, 447 (2009). 

104. Park, S., Roh, S. H. & Lee, J. Y. Body regional heat pain thresholds 
using the method of limit and level: a comparative study. Eur. J. Appl. 
Physiol. 119, 771–780 (2019). 

105. Dyck, P. J. et al. Cool, warm, and heat-pain detection thresholds: 
testing methods and inferences about anatomic distribution of 
receptors. Neurology 43, 1500–8 (1993). 

106. Frahm, K. S., Gervasio, S., Arguissain, F. & Mouraux, A. New Insights 
into Cutaneous Laser Stimulation – Dependency on Skin and Laser 
Type. Neuroscience 448, 71–84 (2020). 

107. Hardy, J. D., Stolwijk, J. A., Hammel, H. T. & Murgatroyd, D. Skin 
temperature and cutaneous pain during warm water immersion. 
https://doi.org/10.1152/jappl.1965.20.5.1014 20, 1014–1021 (1965). 

108. Akiyama, T. et al. Innocuous warming enhances peripheral 



Heat stimulation as a modulatory tool for the histaminergic and non- histaminergic itch 

48 
 

serotonergic itch signaling and evokes enhanced responses in 
serotonin-responsive dorsal horn neurons in the mouse. J. 
Neurophysiol. 117, 251–259 (2017). 

109. Yosipovitch, G., Fast, K. & Bernhard, J. D. Noxious heat and scratching 
decrease histamine-induced itch and skin blood flow. J. Invest. 
Dermatol. 125, 1268–1272 (2005). 

110. Ishiuji, Y. et al. Repetitive scratching and noxious heat do not inhibit 
histamine-induced itch in atopic dermatitis. Br. J. Dermatol. 158, 78–
83 (2008). 

111. Riccio, D., Lo Vecchio, S. & Arendt-Nielsen, L. The effect of escalating 
heat stimulation on top of anaesthetized skin (SUBMITTED). (2022). 

112. Murray, F. S. & Weaver, M. M. Effects of ipsilateral and contralateral 
counterirritation on experimentally produced itch in human beings. J. 
Comp. Physiol. Psychol. 89, 819–826 (1975). 

113. Caterina, M. J. et al. The capsaicin receptor: A heat-activated ion 
channel in the pain pathway. Nature 389, 816–824 (1997). 

114. Voets, T. et al. The principle of temperature-dependent gating in cold- 
and heat-sensitive TRP channels. Nat. 2004 4307001 430, 748–754 
(2004). 

115. Dhaka, A., Viswanath, V. & Patapoutian, A. Trp Ion Channels and 
Temperature Sensation. Annu. Rev. Neurosci. 29, 135–161 (2006). 

116. Tõth, B. I., Oláh, A., Szöllósi, A. G. & Bírõ, T. TRP channels in the skin. 
British Journal of Pharmacology 171, 2568–2581 (2014). 

117. Tominaga, M. & Calerina, M. J. Thermosensation and pain. J. 
Neurobiol. 61, 3–12 (2004). 

118. Caterina, M. J. et al. Impaired nociception and pain sensation in mice 
lacking the capsaicin receptor. Science (80-. ). 288, 306–313 (2000). 

119. Inoue, K. et al. Functional vanilloid receptors in cultured normal human 
epidermal keratinocytes. Biochem. Biophys. Res. Commun. 291, 124–
129 (2002). 

120. Tóth, B. I. et al. Endocannabinoids modulate human epidermal 
keratinocyte proliferation and survival via the sequential engagement 
of cannabinoid receptor-1 and transient receptor potential vanilloid-1. 
J. Invest. Dermatol. 131, 1095–1104 (2011). 



Literature list 

49 
 

121. Petersen, K. L. & Rowbotham, M. C. A new human experimental pain 
model: The heat/capsaicin sensitization model. Neuroreport 10, 1511–
1516 (1999). 

122. Kittaka, H. & Tominaga, M. The molecular and cellular mechanisms of 
itch and the involvement of TRP channels in the peripheral sensory 
nervous system and skin. Allergology International 66, 22–30 (2017). 

123. Tóth, B. I., Szallasi, A. & Bíró, T. Transient receptor potential channels 
and itch: How deep should we scratch? Handb. Exp. Pharmacol. 226, 
89–133 (2015). 

124. Kojima, I. & Nagasawa, M. TRPV2. Handb. Exp. Pharmacol. 222, 247–
272 (2014). 

125. Smith, G. D. et al. TRPV3 is a temperature-sensitive vanilloid receptor-
like protein. Nat. 2002 4186894 418, 186–190 (2002). 

126. Peier, A. M. et al. A heat-sensitive TRP channel expressed in 
keratinocytes. Science (80-. ). 296, 2046–2049 (2002). 

127. Szöllősi, A. G. et al. Activation of TRPV3 Regulates Inflammatory 
Actions of Human Epidermal Keratinocytes. J. Invest. Dermatol. 138, 
365–374 (2018). 

128. Asakawa, M. et al. Association of a mutation in TRPV3 with defective 
hair growth in rodents. J. Invest. Dermatol. 126, 2664–2672 (2006). 

129. Lin, Z. et al. Exome sequencing reveals mutations in TRPV3 as a 
cause of Olmsted syndrome. Am. J. Hum. Genet. 90, 558–564 (2012). 

130. Zhao, J. et al. PAR2 Mediates Itch via TRPV3 Signaling in 
Keratinocytes. J. Invest. Dermatol. 140, 1524–1532 (2020). 

131. Park, C. et al. TRPV3 Channel in Keratinocytes in Scars with Post-
Burn Pruritus. Int. J. Mol. Sci. 18, 2425 (2017). 

132. Güler, A. D. et al. Heat-evoked activation of the ion channel, TRPV4. 
J. Neurosci. 22, 6408–6414 (2002). 

133. Chen, Y. et al. Transient Receptor Potential Vanilloid 4 Ion Channel 
Functions as a Pruriceptor in Epidermal Keratinocytes to Evoke 
Histaminergic Itch *. J. Biol. Chem. 291, 10252–10262 (2016). 

134. Akiyama, T. et al. Involvement of TRPV4 in Serotonin-Evoked 
Scratching. J. Invest. Dermatol. 136, 154–160 (2016). 



Heat stimulation as a modulatory tool for the histaminergic and non- histaminergic itch 

50 
 

135. Snyder, L. M., Kuzirian, M. S. & Ross, S. E. An unexpected role for 
TRPV4 in serotonin-mediated itch. J. Invest. Dermatol. 136, 7 (2016). 

136. Julius, D. TRP channels and pain. Annual Review of Cell and 
Developmental Biology 29, 355–384 (2013). 

137. Zygmunt, P. M. & Högesättt, E. D. TRPA1. Handb. Exp. Pharmacol. 
222, 583–630 (2014). 

138. Trevisan, G. et al. TRPA1 mediates trigeminal neuropathic pain in mice 
downstream of monocytes/macrophages and oxidative stress. Brain 
aww038- (2016). doi:10.1093/brain/aww038 

139. Landini, L. et al. TRPA1 Role in Inflammatory Disorders: What Is 
Known So Far? International Journal of Molecular Sciences 23, 4529 
(2022). 

140. Karashima, Y. et al. TRPA1 acts as a cold sensor in vitro and in vivo. 
Proc. Natl. Acad. Sci. U. S. A. 106, 1273–1278 (2009). 

141. Camino, D. Del et al. TRPA1 Contributes to Cold Hypersensitivity. J. 
Neurosci. 30, 15165–15174 (2010). 

142. Vandewauw, I. et al. A TRP channel trio mediates acute noxious heat 
sensing. Nature 555, 662–666 (2018). 

143. Clapham, D. E. & Miller, C. A thermodynamic framework for 
understanding temperature sensing by transient receptor potential 
(TRP) channels. Proc. Natl. Acad. Sci. U. S. A. 108, 19492–19497 
(2011). 

144. Moparthi, L. et al. Human TRPA1 is a heat sensor displaying intrinsic 
U-shaped thermosensitivity. Sci. Rep. 6, 1–10 (2016). 

145. Arcisio-Miranda, M., Muroi, Y., Chowdhury, S. & Chanda, B. Molecular 
mechanism of allosteric modification of voltage-dependent sodium 
channels by local anesthetics. J. Gen. Physiol. 136, 541–554 (2010). 

146. Ahern, C. A., Payandeh, J., Bosmans, F. & Chanda, B. The hitchhiker’s 
guide to the voltage-gated sodium channel galaxy. Journal of General 
Physiology 147, 1–24 (The Rockefeller University Press, 2016). 

147. Sobanko, J. F., Miller, C. J. & Alster, T. S. Topical anesthetics for 
dermatologic procedures: A review. Dermatologic Surgery 38, 709–
721 (2012). 



Literature list 

51 
 

148. Friedman, P. M., Mafong, E. A., Friedman, E. S. & Geronemus, R. G. 
Topical anesthetics update: EMLA and beyond. Dermatologic Surg. 
27, 1019–1026 (2001). 

149. Mick, G. & Correa-Illanes, G. Topical pain management with the 5 
lidocaine medicated plaster a review. Current Medical Research and 
Opinion 28, 937–951 (2012). 

150. Derry, S., Wiffen, P. J., Moore, R. A. & Quinlan, J. Topical lidocaine for 
neuropathic pain in adults. Cochrane Database of Systematic Reviews 
2017, (2014). 

151. Usoskin, D. et al. Unbiased classification of sensory neuron types by 
large-scale single-cell RNA sequencing. Nat. Neurosci. 18, 145–153 
(2015). 

152. Weisshaar, E. et al. European guideline on chronic pruritus: In 
cooperation with the European dermatology forum (EDF) and the 
European academy of dermatology and venereology (EADV). Acta 
Derm. Venereol. 92, 563–581 (2012). 

153. Rosen, J. D., Fostini, A. C. & Yosipovitch, G. Diagnosis and 
Management of Neuropathic Itch. Dermatologic Clinics 36, 213–224 
(2018). 

154. Zylka, M. J., Rice, F. L. & Anderson, D. J. Topographically distinct 
epidermal nociceptive circuits revealed by axonal tracers targeted to 
Mrgprd. Neuron 45, 17–25 (2005). 

155. Lowy, D. B., Makker, P. G. S. & Moalem-Taylor, G. Cutaneous 
Neuroimmune Interactions in Peripheral Neuropathic Pain States. 
Front. Immunol. 12, 1064 (2021). 

156. Cormia, F. E. & Kuykendall, V. Experimental histamine pruritus. II. 
Nature; physical and environmental factors influencing development 
and severity. J. Invest. Dermatol. 20, 429–446 (1953). 

157. Braz, J., Solorzano, C., Wang, X. & Basbaum, A. I. Transmitting Pain 
and Itch Messages: A Contemporary View of the Spinal Cord Circuits 
that Generate Gate Control. Neuron 82, 522–536 (2014). 

158. Wallengren, J. & Sundler, F. Cutaneous field stimulation in the 
treatment of severe itch. Arch. Dermatol. 137, 1323–1325 (2001). 

159. Pedersen, J. L. & Kehlet, H. Secondary hyperalgesia to heat stimuli 
after burn injury in man. Pain 76, 377–84 (1998). 



Heat stimulation as a modulatory tool for the histaminergic and non- histaminergic itch 

52 
 

160. Brull, S. J., Atanassoff, P. G., Silverman, D. G., Zhang, J. & LaMotte, 
R. H. Attenuation of experimental pruritus and mechanically evoked 
dysesthesiae in an area of cutaneous allodynia. Somatosens. Mot. 
Res. 16, 299–303 (1999). 

161. Patapoutian, A., Peier, A. M., Story, G. M. & Viswanath, V. Sensory 
systems: ThermoTRP channels and beyond: mechanisms of 
temperature sensation. Nat. Rev. Neurosci. 4, 529–539 (2003). 

162. Imamachi, N. et al. TRPV1-expressing primary afferents generate 
behavioral responses to pruritogens via multiple mechanisms. Proc. 
Natl. Acad. Sci. 106, 11330–11335 (2009). 

163. Jian, T. et al. TRPV1 and PLC Participate in Histamine H4 Receptor-
Induced Itch. Neural Plast. 2016, 1–9 (2016). 

164. Shim, W.-S. et al. TRPV1 mediates histamine-induced itching via the 
activation of phospholipase A2 and 12-lipoxygenase. J. Neurosci. 27, 
2331–7 (2007). 

165. Min, H. et al. TLR4 enhances histamine-mediated pruritus by 
potentiating TRPV1 activity. Mol. Brain 7, 59 (2014). 

166. Gibson, R. A. et al. A randomised trial evaluating the effects of the 
TRPV1 antagonist SB705498 on pruritus induced by histamine, and 
cowhage challenge in healthy volunteers. PLoS One 9, e100610 
(2014). 

167. Davidson, S. & Giesler, G. J. The multiple pathways for itch and their 
interactions with pain. Trends Neurosci. 33, 550–558 (2010). 

168. Wilson, S. R. et al. TRPA1 is required for histamine-independent, Mas-
related G protein-coupled receptor-mediated itch. Nat. Neurosci. 14, 
595–603 (2011). 

169. Wilson, S. R. et al. The ion channel TRPA1 is required for chronic itch. 
J. Neurosci. 33, 9283–9294 (2013). 

170. Bautista, D. M. et al. TRPA1 Mediates the Inflammatory Actions of 
Environmental Irritants and Proalgesic Agents. Cell 124, 1269–1282 
(2006). 

171. Hoffmann, T. et al. TRPA1 and TRPV1 are differentially involved in 
heat nociception of mice. Eur. J. Pain 17, 1472–1482 (2013). 

172. Le Bars, D., Dickenson, A. H. & Besson, J.-M. Diffuse noxious 



Literature list 

53 
 

inhibitory controls (DNIC). I. Effects on dorsal horn convergent 
neurones in the rat. Pain 6, 283–304 (1979). 

173. Yarnitsky, D. et al. Recommendations on terminology and practice of 
psychophysical DNIC testing. Eur. J. Pain 14, 339 (2010). 

174. Kennedy, D. L., Kemp, H. I., Ridout, D., Yarnitsky, D. & Rice, A. S. C. 
Reliability of conditioned pain modulation: A systematic review. Pain 
157, 2410–2419 (2016). 

175. Yarnitsky, D. Conditioned pain modulation (the diffuse noxious 
inhibitory control-like effect): its relevance for acute and chronic pain 
states. Curr. Opin. Anaesthesiol. 23, 611–615 (2010). 

176. Youssef, A. M., Macefield, V. G. & Henderson, L. A. Cortical influences 
on brainstem circuitry responsible for conditioned pain modulation in 
humans. Hum. Brain Mapp. 37, 2630–2644 (2016). 

177. Youssef, A. M., Macefield, V. G. & Henderson, L. A. Pain inhibits pain; 
human brainstem mechanisms. Neuroimage 124, 54–62 (2016). 

178. Ramaswamy, S. & Wodehouse, T. Conditioned pain modulation—A 
comprehensive review. Neurophysiologie Clinique 51, 197–208 
(2021). 

179. Andersen, H. H., van Laarhoven, A. I. M., Elberling, J. & Arendt-
Nielsen, L. Modulation of Itch by Conditioning Itch and Pain Stimulation 
in Healthy Humans. J. Pain 18, 1437–1450 (2017). 

180. van Laarhoven, A. I. M., Kraaimaat, F. W., Wilder-Smith, O. H., van de 
Kerkhof, P. C. M. & Evers, A. W. M. Heterotopic pruritic conditioning 
and itch--analogous to DNIC in pain? Pain 149, 332–7 (2010). 

181. Snyder, L. M. & Ross, S. E. Itch and its inhibition by counter stimuli. 
Handb. Exp. Pharmacol. 226, 191–206 (2015). 

182. Bickford, R. Experiments relating to the itch sensation, it’s peripheral 
mechanism, and central pathways. Clin Sci 3, 377–386 (1938). 

183. Andersen, H. H. et al. Alloknesis and hyperknesis—mechanisms, 
assessment methodology, and clinical implications of itch 
sensitization. Pain 159, 1185–1197 (2018). 

184. LaMotte, R. H. Subpopulations of ‘nocifensor neurons’ contributing to 
pain and allodynia, itch and alloknesis. APS J. 1, 115–126 (1992). 



Heat stimulation as a modulatory tool for the histaminergic and non- histaminergic itch 

54 
 

185. Simone, D. A., Alreja, M. & Lamotte, R. H. Psychophysical studies of 
the itch sensation and itchy skin (‘alloknesis’ produced by 
intracutaneous injection of histamine. Somatosens. Mot. Res. 8, 271–
279 (1991). 

186. Goon, A. T. J., Yosipovitch, G., Chan, Y. H. & Goh, C. L. Clinical 
characteristics of generalized idiopathic pruritus in patients from a 
tertiary referral center in Singapore. Int. J. Dermatol. 46, 1023–1026 
(2007). 

187. Darsow, U. et al. New aspects of itch pathophysiology: component 
analysis of atopic itch using the ‘Eppendorf Itch Questionnaire’. Int. 
Arch. Allergy Immunol. 124, 326–31 (2001). 

188. Dawn, A. et al. Itch characteristics in atopic dermatitis: Results of a 
web-based questionnaire. Br. J. Dermatol. 160, 642–644 (2009). 

189. Andersen, H. H., Lo Vecchio, S., Elberling, J., Yosipovitch, G. & 
Arendt-Nielsen, L. UVB- and NGF-induced cutaneous sensitization in 
humans selectively augments cowhage- and histamine-induced pain 
and evokes mechanical hyperknesis. Exp. Dermatol. 27, 258–267 
(2018). 

190. Andersen, H. H., Marker, J. B., Hoeck, E. A., Elberling, J. & Arendt-
Nielsen, L. Antipruritic effect of pretreatment with topical capsaicin 8% 
on histamine- and cowhage-evoked itch in healthy volunteers: a 
randomized, vehicle-controlled, proof-of-concept trial. Br. J. Dermatol. 
177, 107–116 (2017). 

191. Dai, Y. et al. Sensitization of TRPA1 by PAR2 contributes to the 
sensation of inflammatory pain. J. Clin. Invest. 117, 1979–1987 (2007). 

192. Vergnolle, N., Hollenberg, M. D., Sharkey, K. A. & Wallace, J. L. 
Characterization of the inflammatory response to proteinase-activated 
receptor-2 (PAR2)-activating peptides in the rat paw. Br. J. Pharmacol. 
127, 1083–1090 (1999). 

193. Vergnolle, N., Wallace, J. L., Bunnett, N. W. & Hollenberg, M. D. 
Protease-activated receptors in inflammation, neuronal signaling and 
pain. Trends in Pharmacological Sciences 22, 146–152 (2001). 

194. Seeliger, S. et al. Proinflammatory role of proteinase‐activated 
receptor‐2 in humans and mice during cutaneous inflammation in vivo. 
FASEB J. 17, 1871–1885 (2003). 

195. Saifeddine, M., Al-ani, B., Cheng, C. H., Wang, L. & Hollenberg, M. D. 



Literature list 

55 
 

Rat proteinase-activated receptor-2 (PAR-2): cDNA sequence and 
activity of receptor-derived peptides in gastric and vascular tissue. Br. 
J. Pharmacol. 118, 521–530 (1996). 

196. Davidson S, Moser H, G. G. Itch Mechanisms and Treatments. in Itch 
Mechanisms and Treatment (CRC Press, Taylor & Francis group, 
2014). 

197. Freitag, G. & Höppner, T. Results of a postmarketing drug monitoring 
survey with a polidocanolurea preparation for dry, itching skin. Curr. 
Med. Res. Opin. 13, 529–537 (1997). 

198. Young, T. A. et al. A pramoxine-based anti-itch lotion is more effective 
than a control lotion for the treatment of uremic pruritus in adult 
hemodialysis patients. J. Dermatolog. Treat. 20, 76–81 (2009). 

199. Sisk, A. L. Vasoconstrictors in local anesthesia for dentistry. 
Anesthesia Progress 39, 187–193 (1992). 

200. Atanassoff, P. G., Brull, S. J., Printsev, Y. & Silverman, D. G. The effect 
of intradermal administration of lidocaine and morphine on the 
response to thermal stimulation. Anesth. Analg. 84, 1340–1343 (1997). 

201. Müller, C., Großjohann, B. & Fischer, L. The use of concentrated heat 
after insect bites/ stings as an alternative to reduce swelling, pain, and 
pruritus: An open cohort-study at German beaches and bathing-lakes. 
Clin. Cosmet. Investig. Dermatol. 4, 191–196 (2015). 

202. Papoiu, A. D. & Yosipovitch, G. Topical capsaicin. the fire of a ‘hot’ 
medicine is reignited. Expert Opinion on Pharmacotherapy 11, 1359–
1371 (2010). 

203. Andersen, H. H., Sand, C. & Elberling, J. Considerable variability in the 
efficacy of 8% capsaicin topical patches in the treatment of chronic 
pruritus in 3 patients with notalgia paresthetica. Ann. Dermatol. 28, 86–
89 (2016). 

204. Zeidler, C. et al. Capsaicin 8% cutaneous patch: A promising treatment 
for brachioradial pruritus? British Journal of Dermatology 172, 1669–
1671 (2015). 

205. Andersen, H. H., Arendt-Nielsen, L. & Elberling, J. Topical capsaicin 
8% for the treatment of neuropathic itch conditions. Clin. Exp. 
Dermatol. 42, 596–598 (2017). 

206. Misery, L. et al. Successful treatment of refractory neuropathic pruritus 



Heat stimulation as a modulatory tool for the histaminergic and non- histaminergic itch 

56 
 

with capsaicin 8% patch: A bicentric retrospective study with long-term 
follow-up. Acta Dermato-Venereologica 95, 864–865 (2015). 

207. Chung, M. K., Lee, H. & Caterina, M. J. Warm temperatures activate 
TRPV4 in mouse 308 keratinocytes. J. Biol. Chem. 278, 32037–32046 
(2003). 

208. Moore, C. et al. UVB radiation generates sunburn pain and affects skin 
by activating epidermal TRPV4 ion channels and triggering endothelin-
1 signaling. Proc. Natl. Acad. Sci. U. S. A. 110, (2013). 

 





D
a

n
iele R

ic
c

io
H

eaT STiM
U

laTio
n

 a
S a M

o
D

U
laTo

R
Y To

o
l Fo

R
 TH

e H
iSTa

M
in

eR
G

ic
 a

n
D

 n
o

n
-H

iSTa
M

in
eR

G
ic

 iTc
H

ISSN (online): 2246-1302
ISBN (online): 978-87-7573-806-9


	Omslag_DR.pdf
	PHD_SHORT_DR_TRYK.pdf
	Kolofon_DR.pdf
	Thesis_DanieleRiccio.pdf
	Heat stimulation as a modulatory tool for the histaminergic and non- histaminergic itch
	CV
	English summary
	Dansk resume
	Acknowledgements
	Chapter 1. Introduction
	1.1. Itch at a glance
	1.2. Similarities and differences between itch and pain
	1.2.1. Itch coding hypotheses

	1.3. Itch human models
	1.4. Heat perception
	1.4.1. TRPs in heat and itch perception

	1.5. Topical cutaneous anaesthesia
	1.6. Aims of the PhD project
	1.6.1. Papers and dissertation overview


	Chapter 2. The effects of noxious heat on itch
	2.1 Noxious heat reverse histaminergic itch
	2.2 Noxious heat partially inhibits non-histaminergic itch
	2.3 Heterotopic noxious heat does not affect itch sensation

	Chapter 3. The effects of innocuous heat on itch
	3.1 Selective warmth hyperknesis for histaminergic and serotoninergic itch
	3.2 Cowhage-induced itch is not affected by innocuous skin heating
	3.3 Enhanced superficial blood perfusion due to innocuous skin heating

	Chapter 4. The effects of escalating heat on top of anaesthetized skin
	4.1 Pain intensity
	4.2 Itch intensity

	Chapter 5. General discussion
	5.1 Limitations

	Chapter 6. Conclusions
	Literature list


	Omslag_DR
	Blank Page
	Blank Page
	Blank Page



