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ENGLISH SUMMARY

Chronic itch is a symptom of many dermatological diseases (atopic dermatitis,
psoriasis, urticaria), but it can also be present in non-cutaneous conditions
(cholestasis, renal insufficiency, peripheral neuropathy). Itch severely affects the
quality of life of the patients. In fact, it interferes with important functions such as
concentration, sleep quality, sexual activity, etc., and is known to increase depression
and anxiety symptoms. Until now, the lack of knowledge on the possible itch and pain
interaction precludes an efficient and curative therapy.

Itch and pain share many similarities in terms of neuronal mediators, receptors, and
patterns of neuronal sensitization, but the overlap between these two sensations needs
to be better understood. The cutaneous pruriceptive subpopulations that transmit itch
are part of a larger population of fibers that also respond to noxious stimuli. Itch can
be divided into two distinct pathways depending on which subpopulation is activated,
defined as histaminergic and non-histaminergic itch pathways. Non-histaminergic
itch is particularly important because it is the most difficult to treat, by also being
refractory to antihistamines. In human surrogate models of itch, two molecules are
used to activate the two pathways: histamine and cowhage. These models are useful
to explore characteristics of itch and search for new targets for therapy, even though
they present some limitations. Another model of non-histaminergic itch involves the
application of bovine adrenal medulla (BAM)8-22. BAMS8-22 and cowhage induce
histamine-independent itch by the binding of two different families of receptors
present on the surface of the same fibers.

The actual treatments for itch are several and they target different aspects of itch
transmission. One of these is doxepin cream, a tricyclic antidepressant with strong
anti-histaminergic properties. Another is EMLA cream, a local anesthetic that block

the sodium channels.
Considering that, the aims of this PhD-project were to:

- Assess the properties of a model of non-histaminergic itch based on bovine adrenal
medulla (BAM) 8-22;
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- Compare the effect of doxepin cream on histaminergic and non-histaminergic itch
induced by histamine, cowhage, and BAMS-22;

- Investigate the effect of repetitive application of EMLA cream on neurogenic
inflammation, mechanical and thermal sensitivities, and histaminergic and non-

histaminergic itch induced by histamine and cowhage.

The first study confirmed that BAMS-22 is a good model of non-histaminergic itch
without inducing any pain. This is relevant because BAMS8-22 and cowhage therefore
show different properties, where cowhage induces pain. The second study compared
itch induced by histamine, BAMS8-22, and cowhage alone and with pretreatment with
doxepin cream. Interestingly, doxepin not only almost abolished histaminergic itch,
but also reduced the non-histaminergic. In the last study, repetitive application of
EMLA cream was conducted and different aspects were evaluated. EMLA cream
reduced mechanical and thermal sensitivities without a dose-cumulative effect.
Moreover, EMLA reduced non-histaminergic itch without affecting the histaminergic
pathway.

In conclusion, BAMS-22 is a valid surrogate human model of itch and, in combination
with cowhage, very useful to explore non-histaminergic itch pathway. The studies
with doxepin and EMLA showed different effects on histaminergic and non-
histaminergic itch and improved the understanding of these two pathways, necessary
for the development of optimal treatments for itch.



DANSK RESUME

Kronisk klge er et symptom i mange dermatologiske sygdomme (atopisk dermatitis,
psoriasis og urticaria), men kan ogsd ses i non-kutane tilstande (kolestase,
nyreinsufficiens og perifer neuropati). Klee péavirker i hej grad livskvaliteten for
patienterne. Faktisk pavirker det vigtige funktion sdsom koncentration, sevnkvalitet,
seksuel aktivitet, etc., og er kendt for at age depression og angstsymptomer. Indtil nu
er effektive og kurerende behandlinger udelukket grundet den manglende viden om
mulige interaktion mellem kloe og smerte.

Klge og smerte har mange ligheder i form af neuronale mediatorer, receptorer og
menstre af neuronal sensibilisering, men overlappet mellem disse to typer af foling
skal forstas bedre. De kutane pruriceptive underpopulationer der transmitterer kloe er
en del af en storre population af fibre der ogsa responderer til smertefulde stimuli.
Klge kan inddeles i to forskellige systemer. Non-histamin klee er specielt vigtig fordi
det er den svaereste at behandle og er ikke-responsiv til antihistaminer. I menneskelige
surrogatmodeller af klge bruges to molekyler til at aktivere de to systemer: Histamin
og cowhage. Disse modeller er brugbare til at undersege karakteristika omkring kloe
og sege nye mal for behandling, trods modellernes begransninger. En anden model
af non-histamin klee involverer péferelse af sékaldt bovine adrenal medulla (BAM)8-
22. BAMS-22 og cowhage inducerer en histamin-uathangig klee ved at binde til to
forskellige familier af receptorer pa overfladen af de samme fibre.

Der findes adskillelige behandlinger mod kloe og de er malrettet forskellige aspekter
ved klpetransmissionen. En af disse er doxepin creme, en tricyklisk antidepressiv med
steerke anti-histamin egenskaber. En anden er EMLA cremen, som er et lokalt
bedevelsesmiddel der blokerer natrium kanaler.

Baseret pa dette er malene med dette PhD projekt at:

- Male egenskaberne af en model af non-histamin klee baseret pA BAMS8-22;

- Sammenligne effekten af doxepin creme pa histamin og non-histamin kloe
induceret af histamin, cowhage og BAMS8-22;

- Underspge effekten af gentagen péferclse af EMLA creme pé neurogen
inflammation, mekanisk- og temperaturfelsomhed og histamin og non-histamin
klge induceret af histamin og cowhage.

Det forste studie bekraeftede at BAMS-22 er en god model for non-histamin klge uden
at inducere smerte. Dette er relevant da BAMS-22 og cowhage dermed viser
forskellige egenskaber, hvor cowhage inducerer smertefolelse. Det andet studie
sammenlignede klge induceret af histamin, BAM8-22 og cowhage alene og ved
forbehandling med doxepin creme. Et interessant fund var at doxepin ikke kun
modvirkede histamin-klge men ogsa reducerede non-histamin klge. I det sidste studie
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blev forskellige aspekter ved EMLA cremen undersogt. EMLA cremen reducerede
mekanisk- og temperaurfolsomheden uden en dosis-kumulativ effekt. Derudover
reducerede EMLA non-histamin klee uden at pavirke histaminsystemet.

Som konklusion, er BAMS8-22 en valid human surrogatmodel for klee og, i
kombination med cowhage, meget brugbar til at undersege non-histamin kloe.
Studierne med doxepin og EMLA viste forskellige effekter pa histamin- og non-
histamin klee og forbedrede vores forstéelse af de to klegesystemer, nedvendig for
udvikling af optimale behandlinger af klge.Danish.
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CHAPTER 1. INTRODUCTION

1.1. GENERAL ASPECTS OF ITCH

Itch or pruritus is defined as “an uncomfortable sensation that evokes the desire to
scratch” . Most people have experienced occasional pruritus, for example after a
mosquito bite, wearing an unpleasant woolen sweater, after contact with toxic plants
such as nettle, or an innocuous rash, etc.. In all these cases, itch lasts for a very limited
period, such that most people consider pruritus a nuisance, or a minor disease 2.
Unfortunately, itch may persist for longer, and when it occurs for more than 6 weeks
it is defined as chronic itch 2. Chronic itch is a symptom of several pathological
conditions, including psoriasis, atopic dermatitis (AD), cholestatic pruritus, drug-
induced itch, etc., and severely impacts the quality of life of patients.

1.1.1. EPIDEMIOLOGY OF CHRONIC ITCH

Assessing the prevalence of itch is quite difficult, partly due to differing
methodologies (definitions and surveys) and partly due to the heterogeneity of
populations recruited in the studies 3. Prevalence could be evaluated as point
(symptom experienced at the moment of the study), 12-month (symptoms experienced
within a year), and lifetime prevalence (symptom experienced in any period of the
life) 4.

In 2004, a prevalence of acute itch of 8.4% was reported in a population of 40,888
adults in Oslo 3. In 2007, in a cross-sectional study on Norwegian adults (18,770
subjects self-reported health with chronic itch and pain), prevalences of 20% for
chronic pain and 39% for chronic itch were reported, with a high association of
chronic pain with chronic itch ®. In 2010 and 2011, two studies were conducted in
Germany. The first one was a cross-sectional study and a point prevalence of 16.8%
of chronic pruritus in a working population of 11,730 was extracted . The second was
a population-based cohort study with 2,540 participants and prevalences of chronic
itch were calculated: point prevalence of 13.5%, 12-month prevalence of 16.4%, and
lifetime prevalence of 22.0% 8. This year a study with 44,689 participants from 27
countries (24 EU countries, plus Norway, Switzerland, and the United Kingdom) was
published and the 12-month prevalence of at least one dermatological condition or
disease was 43.35% °. Considering these numbers, the authors estimated that more
than 94 million people in Europe experience uncomfortable skin sensations (such as
itch, burning, or dryness) °.
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Chronic itch in children has an overall prevalence of 15%, with a country variability,
and atopic dermatitis is the most common cause 3. The intensity of chronic itch
increases with age ', but older adults (59-60 years old) compared to young adults (30-
45 years old) reported chronic pain more frequently than chronic itch !!. The causes
are dermatological disorders (psoriasis, eczema, urticaria, lichen planus, etc.),
systemic conditions (diabetes, renal or hepatic issues, etc.), neurodegenerative
conditions, and polypharmacy *. In general, women report more chronic itch than men
(11.9% and 9.6%, respectively) 2. Moreover, ethnic genetic polymorphisms, different
skin types, and socioeconomic factors may be involved in itch prevalence '3.

1.1.2. IMPACT OF CHRONIC ITCH ON QUALITY OF LIFE

Itch can be evaluated focusing on its intensity or in relation to its impact on quality of
life. Several instruments were developed to this end. Health-related quality of life
(HRQoL) is a multi-dimensional construct that contains several domains (such as
physical and psychological health, and social functioning). The World Health
Organization (WHO) developed in 1995 the WHOQOL to evaluate the impact of
disease on the quality of life '*'8, The WHOQOL consists of six domains: physical,
psychological, level of independence, social relationships, environmental health, and
spirituality. Dermatology Life Quality Index (DLQI) !° and Skindex 2%?! measure the
skin disease impact on HRQoL, but they are not specific to itch conditions. More
specific instruments to measure the itch impact are the 5-D Pruritus Scale, the
Questionnaire for the Assessment of Pruritus, the ItchyQoL, and the PROMIS
(Patient-Reported Outcomes Measurement Information System).

The 5-D Pruritus Scale evaluates duration, degree, direction, distribution, and
disability without covering emotional involvement 2. The Questionnaire for the
Assessment of Pruritus includes a verbal description of itch, affective dimensions, and
severity of itch 2. The ItchyQoL is an in-depth interview with 22 items 2*. The
PROMIS was developed by the National Institute of Health and is based on Item
Response theory; in this way, fewer items with higher precision are administrated 2.
Several studies demonstrated that itch has a negative impact on quality of life 22" and
increments the risk of suicidal ideation ?%?°. For example, a study from 2007 assessed
492 dermatology patients, and it was found that 50% of them suffer itch and fatigue,
and 25% experience severe symptoms that are associated with worse skin disease and
worse quality of life 3°. Many studies were conducted to assess the QoL in AD patients
and it was found that these patients are more depressed, agitated and anxious, less
energetic, and with difficulties in concentration 332, In general, chronic itch increases
stress, anxiety, and these mood disorders in turn exacerbate itch, worsening the
condition ¥,
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1.2. ITCH AND PAIN SIMILARITIES

Itch and pain share many similarities in terms of mechanisms and molecules involved.
Both transmissions involve the C-fibers, sensory nerves, and dorsal horn, and at the
cerebral level, they share areas such as the thalamus, anterior cingulate and insular
cortex, somatosensory cortex, and motor areas >*. Itch and pain can be both defined as
neuropathic, neurogenic, or psychogenic, and they can be provoked at each level.
There are many common mediators (endothelins, substance P, neurotensin,
prostaglandins, opioid peptides, etc.) and also the activation of transient receptor
potential vanilloid 1 (TRPV1) and transient receptor potential ankyrin 1 (TRPA1) may
induce itch or pain 3336 The inflammation process is involved in pain and itch,
facilitating them. Moreover, some treatments are used in both pain and itch
management (capsaicin, cannabinoids, gabapentin, anticonvulsant drugs,
antidepressants, etc.) 34,

1.2.1. DYSESTHESIAS

Dysesthesia is defined as “an unpleasant abnormal sensation” *’. Neuroplastic changes
in nociceptive and pruriceptive systems are considered the cause of dysesthesias 3340,
The manifestations of dysesthesias are very similar for itch and pain conditions: it is
possible to observe alloknesis and hyperknesis in patients affected by chronic itch
disorders (e.g. atopic dermatitis or neuropathic itch) ¥ as well as allodynia and
hyperalgesia in chronic pain patients (e.g. affected by neuropathic pain) *'*2, The
terms alloknesis and allodynia refer to an itch or pain sensation respectively in
response to an innocuous stimulus 5. On the other hand, hyperknesis and
hyperalgesia are states in which increased itch or pain are felt after an itchy or painful
stimulation respectively #3346 For all these sensory phenomena, it is possible to
distinguish between “primary” and “secondary”. They are considered “primary” when
the altered sensation occurs within a lesional skin or, in the research field, in the
noxious or pruritic stimulus application area, and “secondary” if the sensation occurs
in the surrounding area %47,

The response evoked mechanically by thin filaments or weighted needles is a pricking
sensation associated with a delayed mild itch or tickling -0, but if the stimulus is
dynamic or less intense, the response is often described as tickling associated with

motor responses such as scratching and rubbing (in accordance with itch definition)
51

In 1922, von Frey suggested that superficial tickling could be a mixture of tactile and
itch impulses 2. A few years later, Pritchard conducted studies on mechanically
induced itch in patients with neuropathic lesions. No itch reduction was found in
patients with selective touch hypoesthesia and, independently of touch sensation, itch
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and pain were always altered in parallel %3, In 1938, Bickford assessed mechanically
evoked itch after histamine application, and the sensation evoked in the surrounding
skin area was called “itchy skin” 6. In the late 1980s LaMotte et al. extended these
experiments and the terms “alloknesis” and “hyperknesis” replaced “itchy skin”,
owing to an improved knowledge of somatosensory neurophysiology 4837,

These terms are now mostly used in relation to mechanical stimulations, but not
exclusively. Recently the existence of so-called “warmth alloknesis” was
demonstrated, being an itch sensation elicited by innocuous warmth stimuli observed
in patients with chronic itch conditions 3%°°. Moreover, increased itch response to a
chemical itch provocation could be defined as hyperknesis.

The dysesthesias may last few minutes or hours after itch provocation or may be
persistent, for example in AD patients 436061,

1.2.2. SENSORY SENSITIZATION

The International Association for the Study of Pain (IASP) defined the term
nociception as “the neural process of encoding noxious stimuli”’, without the
implication of pain sensation *’. Nociceptors are “high-threshold sensory receptors of
the peripheral somatosensory nervous system that is capable of transducing and
encoding noxious stimuli (stimuli that are damaging or threaten damage to normal
tissues)” 37. In primates, pruriceptors (units responsive to pruritogens) are nociceptors
as well; in fact, they are responsive to noxious stimuli ®2. In humans, evidence
suggested the existence of “pruriceptive nociceptors” and ‘“non-pruriceptive
nociceptors” 2.

Pruriceptors and nociceptors can increase the sensitivity and the responsiveness to a
variety of stimuli, and this event is called sensitization ®-%°. Studies in chronic pain
patients suggest the involvement of sensitization in the chronification of pain and
dysesthesias 3%, In the itch scenario, the neuronal sensitization could be involved in
itch chronification and this hypothesis is proved by different evidence. First, C-fibers
are characterized by tachyphylaxis (decrease responsivness), and the chronic
spontaneous itch in e.g. inflammatory dermatoses could be due to the continuous
release of endogenous pruritogens 7%, Second, itch and pain dysesthesias share some
similarities regarding the spatiotemporal properties **°. Moreover, to support the
hypothesis, several events are involved, for instance the antipruritic effect of centrally
acting noradrenergic, serotonergic, and GABAnergic drugs 7°, the absence of a strong
correlation between itch and lesional severity 7'72, changes in the expression of
molecular transducers on epidermal C-fibers 73. However, pain sensitization has been
deeply studied 63667475 while itch sensitivity was poorly investigated 3376, however,
circumstantial evidence **77 suggested that nociceptive and pruriceptive sensitizations
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share mechanisms and the discriminant between the two sensitizations is still
unknown.

The nociceptive and pruriceptive fibers' sensitization occurs at peripheral and central
levels in the nervous system 406078,

1.2.2.1 Peripheral sensitization

Peripheral sensitization is defined as an “increased responsiveness and reduced
threshold of nociceptive neurons in the periphery to the stimulation of their receptive
fields” 7. A local inflammation (characterized by redness, swelling, a sensation of
warmth, and pain) often causes peripheral sensitization, even though there are
peripheral neuropathic conditions without inflammation 2. Cutaneous inflammation
involves different cells such as immune cells, keratinocytes, endothelial cells, and
primary sensory afferent neurons 2. There are different causes of the inflammatory
responses, like sunburn, contact with irritant substances, or a noxious heat stimulus;
the inflammatory reactions in these cases are mechanistically distinct, with differences
in sensory aberrations and temporal development 7%, The mediators involved are e.g
cytokines (interleukins and chemokines), nerve growth factor (NGF), tumor necrosis
factor alpha (TNFa), prostaglandins released by the immune cells and keratinocytes,
neuropeptides (substance P, and calcitonin gene-related peptide (CGRP)) from the
local peptidergic fibers °%8% These molecules are not only involved in
inflammation, but also in the acute and prolonged development of mechanical and
thermal hyperalgesia, edema, and extravasation %3'% Moreover, many of these
mediators are directly or indirectly involved in pain and itch signaling and peripheral
sensitization 3346, Specific chemokines and interleukins (e.g., CCL17, IL-13, and IL-
31) sensitize C-nociceptors in several itch conditions associated with inflammation
(for example AD) ®788: experiments conducted in rodents revealed the TRPAI
upregulation induced by IL-13 %,

Lastly, many intracellular signaling pathways in nociceptive neurons are sparked by
inflammation, and phosphorylation and transcription of nociceptors’ transduction
molecules (e.g. TRPs and sodium channels) are increased with the consequent
increase of excitability of nociceptive and pruriceptive A3- and C-fibers 5%,

1.2.2.2 Central sensitization

Central sensitization is an “increased responsiveness of nociceptive neurons in the
central nervous system to their normal or subthreshold afferent input” 7. The
mechanisms involved are spinal disinhibition, activation of glial cells, synaptic
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plasticity, and altered descending modulation %%6%  Specific mechanisms and

signaling molecules affect central transmission by facilitating or modulating
excitatory synaptic communication between first- and second-order neurons in the
spinal dorsal horn; these mechanisms and molecules are, for example, glutaminergic
mechanisms, CGRP, and brain-derived neurotrophic factor 374, Increased sensitivity
to noxious stimuli can be due to spinal and supraspinal alterations such as an increase
in the glial activity, long-term potentiation of synapses, and hyper-responsiveness of
nociceptive spinal dorsal horn neurons ®°!. The increased responsiveness of
nociceptive and pruriceptive neurons located in the spinothalamic tract to normal or

low-threshold input from primary neurons may explain pain and itch dysesthesias
38,40,51,63,74

1.3. ITCH CODING HYPOTHESIS

Itch- and pain-evoking stimuli activate overlapping nociceptors populations , spinal
neurons 2, and ascending sensory pathways #9193 Nevertheless, the sensations
evoked by pruritic and algesic stimuli are different, as well as the nocifensive
responses (scratching and biting for itch, wiping, and withdrawal for pain) **. The
implication is that there is a certain central specificity for itch and pain.

Several theories were developed for itch coding and the discrimination between itch
and pain: intensity, specificity, selectivity, and spinal-contrast hypothesis.

1.3.1. INTENSITY HYPOTHESIS

The intensity hypothesis posits the existence of only one type of nociceptors
responsive to both itch and pain. The discrimination between itch and pain sensation
is then possible by different encoding in the neurons firing rates (low firing rate for
itch, higher for pain) .

This hypothesis was proposed by von Frey and he suggested that mildly painful
stimuli elicit itch 3. Circumstantial evidence support this hypothesis: unmyelinated
peripheral fibers carry both itch and pain sensations, itch elicited by mild punctuate
mechanical stimuli, and the contralateral ablation of itch and pain after an anterolateral
ascending tract cordotomy.

Against this hypothesis, the less intense pain, and no itch, evoked by low
concentrations of algogens, experiments of stimulation of afferent nerve fibers in
which a lower stimulation frequency resulted in less itch or pain sensation, but not in
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a switch from pain to itch °>7, and the fact that opioids reduce pain and cause or
aggravate itch ¥,

1.3.2. SPECIFICITY HYPOTHESIS

The specificity hypothesis postulates the existence of two parallel pathways for itch
and pain: distinct primary afferents are selectively involved in itch or pain
transmission (pruriceptors and nociceptors respectively) and connect central pathway
dedicated to itch or pain sensation.

This hypothesis is supported by the existence of a subpopulation of mechano-
insensitive C-fibers (CMi-fibers) with very low conduction velocities that specifically
mediates itch °%. Contrary to this hypothesis, the same CMi-fibers also respond to
several algogens causing subjective pain 90101,

1.3.3. SELECTIVITY HYPOTHESIS

The selectivity hypothesis is similar to the specificity hypothesis, but it includes an
inhibitory modulation of itch by nociceptive input via interneurons. In other words,
itch is perceived when there is a predominant activation of itch-selective fibers. When
there is a co-activation of pain- and itch-selective fibers, pain is perceived 10102103,

Studies in patients with chronic itch support this hypothesis: it was demonstrated that
in these patients, noxious stimuli (mechanical, thermal, and chemical) induced itch
rather than pain ¢!,

1.3.4. SPATIAL-CONTRAST HYPOTHESIS

In the 1990s, the spatial-contrast hypothesis was formulated '°+!% and it suggests that
itch is evoked if c-nociceptors are activated in a scattered spatial pattern 1°%!%7, In other
words, if only a few nociceptive fibers are activated and the neighboring units are
silent, itch is perceived, while, if more units in the same skin area are activated, pain
is felt.

To support this hypothesis the fact that polymodal C-fibers (PmC-fibers), responsive
to cowhage, are not itch-selective and their activation may result in itch or pain
sensation 719107 Moreover, in mice studies, it was estimated the approximate
amount of subpopulation of C-fibers: histamine-sensitive C-fibers represent 5-10%,
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pruriceptive C-fibers expressing Mas-related G-protein coupled receptor Al
(MRGPRA1) are 5% of all C-fibers, while in the DRG population the chloroquine-
responsive fibers represent 12.8% °%100:108,109 The distribution of these fibers creates
a spatial contrast signaling pattern.

1.4. HISTAMINERGIC AND NON-HISTAMINERGIC ITCH

Itch can be divided into two categories focusing on the peripheral pathways involved:
histaminergic and non-histaminergic itch. Two different classes of C-fibers are
involved, mechano-insensitive (CMi) and mechano-heat sensitive “polymodal”
(PmC) C-fibers !5, These subgroups of fibers differs also in conduction velocity,

size of receptive fields, and the degree to which they show activity-dependent slowing
113,116,117

1.4.1. HISTAMINERGIC ITCH

During the last century, histamine-induced reactions on the skin started to be
investigated. Lewis analyzed skin responses ''®, while Bickford described the “itchy
skin” phenomenon (later described as dysesthesias, as previously mentioned) after
histamine application *°. Cormia and Kuykendall, by performing histamine injections,
conducted psychophysical studies and they found lower itch threshold and
hyperknesis in lesioned skin of itch patients !!>!20, Keele and Armstrong evaluated the
effect of different concentrations of histamine applied on exposed dermo-epidermal
nerves. They found that a low concentration induced itch, while pain was evoked with
an higher concentration, as well as deeper histamine injections 21122,

After the microneurography technique development, a study proved a strong
correspondence between subjective itch perceived after histamine iontophoresis and
activation of specific CMi-fibers **%°. The C-fibers responsive to histamine represent
5% of all skin nociceptors and are just a minority of all C-fibers usually
mechanosensitive and histamine-insensitive '2>!24, The subpopulation of CMi-fibers
responsive to histamine is mechanical insensitive, with a low conduction velocity,
large innervation territories, and high transcutaneous electrical thresholds. Moreover,
when histamine is applied and the CMi-fibers are activated, also a generation of an
axon reflex flare occurs. The CMi-fibers resulted also sensitive to various algogens
(such as bradykinin and capsaicin) causing spontaneous pain %1% In patients with

chronic itch, a microneurography study proved the spontaneous activity of these fibers
124
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The present knowledge of histaminergic itch is that it is transmitted through CMi-

fibers expressing histamine-receptors 1 and 4 (H1/4R) and TRPV1 on their surface
125,126

1.4.2. NON-HISTAMINERGIC ITCH

Histamine represents a golden mediator for the study of itch, but histaminergic itch
cannot account for the itch present in several clinical conditions 31277129 For
example, the treatment with antihistamines does not ameliorate itch in patients with
AD, which did not result different from healthy subjects in sensitivity to extra-lesional
histamine provocation 27128130131

Shelly and Arthur observed, in the 1950s, a kind of itch distinct from histamine-
induced itch, which could be induced by cowhage **134, This cowhage-induced itch
did not produce any flare reactions and it was more similar to the itch present in certain
pathological conditions 3. The extraction of the active itch-inducing enzyme
(mucunain) from cowhage spicules was performed by Shelly and Arthur 132134, Reddy
etal., in 2008 demonstrated that mucunain is a ligand of proteinase-activated receptors
2 and 4 (PAR2/4) expressed on epidermal C-fibers '3¢. Studies in recent years proved
that itch induced by cowhage is almost exclusively transmitted by PmC-fibers
107.137.138 " This pathway of itch was called non-histaminergic itch, in contrast with
histaminergic itch !3713%140 These definitions are not optimal: histaminergic itch
refers to the neuronal pathway that can also be activated by other compounds without
the binding to histamine receptors 64!, while non-histaminergic itch is only a
definition by negation. Moreover, in rodent experiments, CMi-fibers activated by
histamine and PmC-fibers activated by cowhage resulted not so clearly separated '4?
and further human studies are needed to elucidate these mechanisms '#*. Lastly, PmC-
fibers respond not only to cowhage but also to other substances (like BAMS8-22, trans-
cinnamaldehyde, etc. '“%) and pain-evoking stimuli 107:138:144,

1.5. HUMAN EXPERIMENTAL SURROGATE ITCH MODELS

A human experimental surrogate model aims to temporally reproduce specific
symptoms and mechanisms of a disease 17148 For example, to mimic the cold
allodynia observed in chemotherapy-induced peripheral neuropathy, high
concentration of L-menthol is used, while topical capsaicin mimics cutaneous heat
and pinprick hyperalgesia of post-herpetic neuralgia *:149-152, The study of a disease
or a clinical condition can be conducted through three different kinds of research in
humans:
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1) Basic mechanistic studies in healthy subjects;

2) Proof-of-concept studies to assess the efficacy of new or existing drugs or
therapies;

3) Clinical studies to evaluate gain and/or loss of function in patients compared
to healthy control.

For ethical reasons, human surrogate models of itch can only be acute or subacute
without the induction of the prolonged skin inflammatory state that is present in
chronic itch conditions '*>'%7. Up to now, human models of itch involve the use of
various chemicals '33. One problem is the impossibility of quickly switching on/off
the itch sensation provoked by the chemicals. On the contrary, this could be obtained
by the use of artificial stimuli (such as electrical) like the ones used as pain models,
but these stimuli do not exhibit solid results '33. As previously mentioned, nociception
and pruriception share some similarities and it is confirmed also by the fact that
commonly used algogens (eg. capsaicin, bradykinin, trans-cinnamaldehyde, etc.) can
induce both itch and pain depending on the administration circumstances >3, as
well chemical pruritogens can also elicit mild pain 6156157,

1.5.1. HISTAMINE

Histamine is the golden model of itch in human studies '#!. Histamine was available
from the early 20" century, after its discovery by Henry Dale in 1910 '8, Lewis started
to use histamine in human studies to examine the cutaneous capillary reactions,
followed by Bickford, who studied histamine-induced itch and sensitivity changes
56,158,159 Histamine elicits itch sensation (5 to 20 minutes) with occasional stinging
pain, mild burning, and warmth sensation !3>156, Histamine also causes a non-neuronal
microedema (wheal) and an extent neurogenic flare (axon-reflex flare) '3
Microneurography studies demonstrated that histamine activates mechano-insensitive
C-fibers 1%:1° Histamine (usually dihydrochloride salt at a 0.1% to 1% solution) can
be applied through skin prick test lancets, intradermal injections, abrasion, inactivated
cowhage spicules, or iontophoresis '*!. The deepness of histamine stimulation seems
to be related to the pain sensation in addition to itch, in fact, histamine injections are
associated with pain while a more superficial application mostly causes itch 121122161,
Regarding the itch coding hypothesis (previously described in chapter 1.3), the
predominant itch sensation evoked when histamine is applied dermo-epedermally
could be explained by the specificity theory and it could be assumed that CMi-fibers
are itch selective. On the other hand, the low density of histamine-sensitive fibers (5
to 10% of the C-nociceptor population) could be also related to the spatial-contrast
hypothesis due to the impossibility of activation of a high amount of fiber in a given
skin area 1%,
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Histamine-induced itch can be abolished using antihistamines. In urticaria, the
treatment with antihistamines is very effective in itch relieving !>, and histamine
could be considered a good model to mimic the pathological condition. However,
most clinical chronic itch conditions are unresponsive to antihistamine 341,
Especially in atopic dermatitis (AD), it was demonstrated the inefficacy of the
treatment ®°, but it is also true for neuropathic, dermatologic, and systemic itch
conditions 33,

1.5.2. COWHAGE

Cowhage refers to the spicules present on the pod of mucuna pruriens, legume native
in tropical Africa and Asia. In the 1950s, Shelley and Arthur started their experiment
with cowhage. They extracted the enzyme mucunain and demonstrated that cowhage-
induced itch is different from histamine-evoked itch '3>!34, The differences in sensory
qualities, the absence of flare, and the higher sensitization to cowhage compared to
histamine in AD patients indicated cowhage as a better itch model for this pathology
4162 Cowhage, mostly applied through spicules, evokes a stronger itch than
histamine but with a higher pain component (e.g., stinging, pricking, and burning
sensation) !36157163  Cowhage-induced itch quickly increases, peaks around 1-2
minutes, and decreases faster than histamine-induced itch (5-15 minutes) '3,

Mucunain evokes itch by binding to proteinase-activated receptors 2/4 expressed on
epidermal C-fibers '*°. In a recent study, the involvement of Mas-related G protein-
coupled receptors MrgprX1/2 was also proposed '®*. Mechanistic studies in human
and nonhuman primates demonstrated that itch induced by cowhage is mostly
transmitted by mechano-heat sensitive “polymodal” C-fibers (PmC-fibers) 07137,
These fibers are also responsive to various pain stimuli, underlying the lack of itch-
specificity of these fibers 97137, cowhage-induced itch can probably be better
explained by the spatial-contrast hypothesis due to the area provoked by the spicules.
The absence of a neurogenic response induced by cowhage is in line with previous
knowledge that only CMi-fibers induce an axon-reflex flare 7.

Lastly, itch induced by cowhage is refractory to treatment with antihistamines '/,
electing cowhage as a better model to mimic several clinical itch conditions.

1.5.3. BAMS-22

Bovine adrenal medulla (BAM)8-22 is an endogenous peptide derived from the
hormone proenkephalin A. It is an agonist of MrgprX1 and, via the Gag/11 pathway,
induces itch 195196, The MrgprX1 receptors are expressed on mechanosensitive C-
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fibers which terminate in the superficial layers of the skin '’. Sikand et al. applied on
the skin of healthy volunteers a BAMS8-22 solution (concentration up to 4 mg/ml)
through inactivated cowhage spicules '®8. It was found that BAM8-22 evokes an itch
intensity similar to histamine (10 mg/ml applied in the same way), but the itch
sensation is accompanied by a pricking/stinging sensation and the ratio between itch
and pain is on par with cowhage !9, They also demonstrated that antihistamines do
not affect BAMS-22-induced itch, defining it as a non-histaminergic itch model 6%
Itch is elicited also through intradermal injections of BAMS-22 in sterile extracellular
fluid 4*'%8, The intensity and the temporal profile of itch are similar to histamine,
nevertheless, the pain sensation is higher “*!®8, The BAMS8-22 properties as a
pruritogen will be deeper discussed in chapter 3.

1.5.4. OTHERS

1.5.4.1 Capsaicin

Capsaicin is the active compound of chili peppers and it is an agonist of transient
receptor potential (TRP) cation channel vanilloid-1 (V1) '%°. Through the binding of
TRPV1 receptors, capsaicin activates a subgroup of C- and Ad-nociceptors '6%170,
Capsaicin is a well-established algogen, but it also elicits itch when applied in certain
conditions. The topical application (cream or dermal solution) of low-concentration
of capsaicin (0.025 to 0.075%) induces both itch and pain '7'-'73, while higher
concentrations cause mostly pain 7#!7>, A highly localized capsaicin administration
(e.g. by skin prick lancet or inactivated cowhage spicules) induces mostly itch or the
same intensity of itch and pain 7%!77, and this seems to validate the spatial-contrast
hypothesis. Capsaicin represents a good model of mixed itch and pain sensations '3,
but it is not a valid pruritic model due to the absence of chronic itch conditions
associated with the TRPV1 signaling and/or heat hyperalgesia **#¢. The block of
TRPV1 channels, using a high concentration of capsaicin (patch 8%), has a profound
impact on histamine- and cowhage-induced itch 74,

1.5.4.2 TRPA1 agonists

TRPA1 agonists are not largely used as itch models, even though TRPAI is
considered a downstream mediator in itch pathways involving the activation of several
pruritogen-receptors 6178, TRPAI is probably expressed by cutaneous mechano-
insensitive as well as mechanosensitive C-fibers '7%!8. One problem of human models
involving TRPA1 agonists is the irritant contact sensitization they act on '8!, One
TRPA1 agonist is the trans-cinnamaldehyde (CA). The application of 5% CA solution
induces a predominant itch sensation accompanied by burning and warmth in some
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subjects '#2, while the nociceptive sensation raises by increasing the concentration of

CA 83184 'With the 5% solution, alloknesis and hyperknesis are poorly observed '%2,
This absence and the presence of pain represent a limit of the CA model of itch.
Another TRPA1 agonist is mustard oil (allyl isothiocyanate). In rodent and human
studies, mustard oil applied as a transdermal solution is an exclusive pain model, while
no studies were conducted with a low concentration of it or with a highly localized
application 33,

1.5.4.3 Mas-related G protein-coupled receptor agonists

Chloroquine is a MrgprA3 agonist and induces itch in rodents activating a subgroup
of C-fibers selective for itch %185 In humans, chloroquine is used as an antimalarial
drug. It was reported severe pruritus elicited by the treatment with chloroquine in a
black African cohort with malaria '%. Up to now, a human itch model based on
chloroquine is missing. B-alanine is an MrgprD receptors agonist. In human models,
B-alanine can be administrated by skin prick lancet, intradermal injection, or orally
187,188 1t induces a less intense and persistent itch than histamine or cowhage '®, not
enough to induce any itch sensitization 3%, making B-alanine insufficient as an itch-
inducer in human models.

1.5.4.4 Serotonin

Serotonin is a neurotransmitter involved in the inflammatory process. It was
demonstrated by microneurography studies that serotonin activates both
mechanosensitive C-fibers and histamine-responsive mechano-insensitive C-fibers
190 In humans, serotonin generally only elicits mild itch (approx. half oh histamine-
induced itch) ®1%° even though, in rodents, induces a scratching behavior when
injected intradermally '°!. Serotonin-induced itch is not abolished by antihistamines
L1353 "but it is not a used model due to the weak itch induction.

1.5.4.5 BradyKkinin

Bradykinin, an endogenous nociceptor released during inflammation %%1%2, is a low-
specific activator of C-fibers '%. Its application through cutaneous microdialysis
induces weak burning pain!®, while mild itch and pain are reported when bradykinin
is introduced by iontophoresis ®'. In patients with AD, bradykinin induces a more
robust itch, underlying peripheral sensitization °'. In general, pain is more robust than
itch and for this reason, bradykinin is not a used itch model '3
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1.5.4.6 Acetylcholine

Acetylcholine is an autonomic nervous system transmitter also involved in sweat
secretion '3, AD patients complain that sweat aggravates itch and for this reason
acetylcholine started to be studied as a pruritogen. It was tested in several studies, and
it was found that acetylcholine induces more pain than itch and activates both
mechanosensitive and mechano-insensitive C-fibers '°%193 while, in AD patients, it
elicits more itch than pain *%. Acetylcholine is not used as an itch-inducer for the same
reason as bradykinin.

1.5.4.7 Substance P

The vasoactive neuropeptide substance P is released after the stimulation of
peptidergic cutaneous C-nociceptors ', It recruits immune and endothelial cells and
it is probably involved in the C-nociceptor sensitization !*3, In rodents, substance P
induces a histamine-independent scratch behavior !>, while in humans substance P-
induced itch seems to be dependent on histaminergic pathway °1°°. In any case,
substance P causes a less robust itch than histamine, but the same cutaneous pain in
humans 619,

1.6. THERAPIES OF PRURITUS

In the past few decades, the knowledge about itch substantially improved, but despite
this, the treatment options remain sub-optimal. One of the reasons could be the
difficulty and/or impossibility to identify the underlying etiology of itch 2. Up to now,
the approach to itch management is individually tailored and a precise history and
physical evaluation are essential for identifying a possible underlying cause and then
choosing a therapy 2. The treatment of the underlying causes or disease usually
improves also the itch conditions. In general, if itch is mildly perceived or is localized,
topical interventions are adopted; if pruritus is severe or generalized, systemic
treatments are utilized 2.

Most of the therapies act on three main families of receptors present in the cutaneous
C-fibers: voltage-gated sodium (Nav) channels, G protein-coupled receptors
(GPCRs), and transient receptor potential (TRP) channels '*°. Nav channels are
involved in the generation of action potentials in the nervous system. One out of the
nine existing subtypes is involved in itch transmission: Navl.7 (expressed in
peripheral nerves and spinal cord) '°7. GPCRs are present on keratinocytes, primary
sensory neurons (at the nerve endings), and second-order neurons in the spinal cord
19 This family of receptors includes histamine, cannabinoid, and opioid receptors '%%.
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TRPs are cation channels and they can be downstream of GPCRs, increasing the
propagation of the signal !, There are several subfamilies and three are particularly
relevant in itch: TRP vanilloid (eg, TRPV1), TRP ankyrin (eg, TRPA1), and TRP
melastatin (eg, TRMPS). TRPs are also directly activated by different stimuli
depending on the subfamily; the stimuli are, for example, substances (capsaicin,
menthol, mustard oil), changes in temperature, pH, mechanical stimuli, etc. '8,

1.6.1. TOPICAL TREATMENTS

The rapy Mechanism Use in clinic
Mois turi llient Nocturnal itch
isturi mollien . . . .
o1stu ‘zers, cmofients, Action on the skin barrier Dry skin

and barrier creams . .
Atopic skin
AD

Topical antihistamines Block of histamine receptors Contact and nummular dermatitis

Lichen simplex chronicus

Neuropathic pruritus
Facial and anogenital itch

Local anesthetics Block of sodium channels L . . .
Pruritus in hemodialysis patients
Itch in chronic cholestatic liver diseases
Topical corticosteroids Reduction of skin inflammation Inflammatory skin disorders (e.g. AD)
AD
Prurigo nodularis
Topical immunomodulators | Anti-inflammatory action Lichen sclerosis
Anogenital pruritus
Chronic irritative hand dermatitis
Menthol Cooling properties through the Useful in patients who have itch relief
binding of TRPM8 with cooling
Neuropathic itch conditions
Capsaicin TRPVI agonist Aquagenic pruritus

Prurigo nodularis
CKD-associated pruritus

Block of the production of
prostaglandins and thromboxane by
the inhibition of the enzyme

Topical Nonsteroidal Anti-
Inflammatory Drugs
(NSAIDs)

Prurigo nodularis
Postherpetic neuralgia
Lichen simplex chronicus

cyclooxygenase
AD
. . Cannabinoid receptors CBI and CB2 |Prurigo nodularis
Topical cannabinoids . . .
agonists Lichen simplex

CKD-associated pruritus

Table 1: Topical treatments of itch, their mechanisms of action, and their clinical
uses.
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1.6.1.1 Moisturizers, emollients, and barrier creams

Moisturizers, emollients, and barrier creams are the simplest itch treatment and act on
the skin barrier 2. In AD patients an association was observed between the itch
intensity and the transepidermal water loss (TEWL) that reflects the barrier function
199 In particular, TEWL is higher during the night and for this reason, these creams
may be useful for nocturnal itch and dry or atopic skin 20%2°!, Moreover, creams with
a low pH help in the preservation of the normal pH of the skin surface ameliorating
the barrier function 2. An acid pH may also be useful to reduce the activity of serine
proteases, and endogenous PAR2 agonists 73292,

1.6.1.2 Topical antihistamines

Histamine is a mediator of itch and histamine receptors 1 and 4 (HR1 and 4) are
involved in itch mechanisms '%°. After the binding of histamine to HR1, there is an
increase of intracellular calcium via phospholipase C. Moreover, TRPV1 receptors
are involved 2%,

Doxepin is a tricyclic antidepressant and an HR1 and 3 antagonist 2, for this reason, it
is used in clinic as antihistaminergic cream. It was demonstrated that doxepin 5%
ameliorates the itch condition of several diseases such as AD, contact and nummular
dermatitis, and lichen simplex chronicus 2%42%, Its side effects include drowsiness,
allergic contact dermatitis, and localized cutaneous burning 2°42%, The doxepin
mechanism of action and its effect on histaminergic and non-histaminergic itch will
be discussed more deeply in chapter 4.

1.6.1.3 Local anesthetics

Local anesthetics are antagonists of sodium channels with a consequent block of nerve
conduction '°°. Pramoxine 1%, lidocaine 5%, and the eutectic mixture of lidocaine
2.5% and prilocaine 2.5% (EMLA) are common topical local anesthetics 22°62%8, They
often represent the first-line agents in the management of itch (particularly
neuropathic pruritus, facial, and anogenital itch 2°°) due to their minimal risk and low
costs 2!°. It was demonstrated that pramoxine reduces pruritus in adult hemodialysis
patients 2!! and intravenous lidocaine is efficient against itch in patients with chronic
cholestatic liver diseases 2'2. In any case, local anesthetics have different effects
between patients, only short-term benefits, and can only be used in skin diseases (e.g.
AD) 196213 The mechanism of action of EMLA cream and its effect on histaminergic
and non-histaminergic itch will be covered in detail in chapter 5.
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1.6.1.4 Topical corticosteroids

The reduction of skin inflammation by topical corticosteroids is considered the cause
of their antipruritic effect 2. They are used in clinic to treat itch in inflammatory skin
disorders (e.g. AD) for a short period 2. It was confirmed that hydrocortisone 2.5%
reduces experimentally induced itch compared to placebo 2'4. The side effects include
telangiectasia (dilation of small blood vessels), skin atrophy, and hypothalamus-
pituitary axis suppression 2.

1.6.1.5 Topical immunomodulators

The topical calcineurin inhibitors (TCI) reduce itch probably due to their anti-
inflammatory properties 2. The TCI (such as tacrolimus and pimecrolimus) reduce
pruritus in AD, prurigo nodularis, lichen sclerosis, anogenital pruritus, chronic
irritative hand dermatitis, and graft-versus-host disease 2!>2!7. They should be used
for short periods or in generalized pruritus, and transient burning and stinging
sensations are usual side effects 2.

1.6.1.6 Menthol

Menthol is a natural cyclic terpene alcohol from the peppermint plant and induces a
cool sensation through the binding of TRPMS8 receptors >1%6218219 Thanks to its
cooling properties, it is particularly useful in patients who expirience itch relief with
cooling 221 Low concentrations of menthol (1 to 5%) ameliorate itch conditions,
while irritation can be caused by higher doses 2%,

1.6.1.7 Capsaicin

The antipruritic effect of capsaicin is probably due to its effect on TRPV1 receptors
125, When capsaicin binds TRPV1, PmC-fibers are quickly depolarized with a
consequent release of substance P and other neuropeptides (such as somatostatin,
calcitonin  gene-related peptide (CGRP), and neurokinin) generating
hypersensitization, neurogenic inflammation, and desensitization of the nerves 22°.
Capsaicin is used in clinic for neuropathic itch conditions such as notalgia
paresthetica, brachioradial pruritus, and postherpetic pruritus ?2°. Capsaicin also
relieves pruritus in aquagenic pruritus, prurigo nodularis, and pruritus associated with
chronic kidney disease (CDK) 22225, More concentrations are used, several
applications of low concentration (0.025% to 0.075%) or a single high concentration
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(8% patch) 1%, The application of capsaicin is associated with dose-dependent burning
or stinging sensations 22°.

1.6.1.8 Topical Nonsteroidal Anti-Inflammatory Drugs (NSAIDs)

NSAIDs inhibit the enzyme cyclooxygenase, and this block the production of
prostaglandins and thromboxane A2 7. Their action prevents a peripheral neural
sensitization caused by peripheral prostaglandins, such as prostaglandin E2 226,
Topical acetylsalicylic acid (aspirin) ameliorates itch in prurigo nodularis,
postherpetic neuralgia, and lichen simplex chronicus 20%21°,

1.6.1.9 Topical cannabinoids

Topical cannabinoids are agonists of cannabinoid receptors CB1 and CB2 present on
cutaneous sensory nerve fibers, keratinocytes, and mast cells; and they reduce
histamine-induced itch in humans 2?7?2, It was demonstrated that N-
palmitoylethanolamine, a CB2 agonist, has an antipruritic effect in AD, prurigo

nodularis, lichen simplex, and chronic kidney disease (CKD)-associated pruritus
2,229,230

1.6.2. SYSTEMIC TREATMENTS

Therapy M e chanis m Use in clinic

Urticaria

Antihistamines Block of histamine receptors 1 .
Mastocytosis

Chronic urticaria

Uremic pruritus

Notalgia paresthetica
Brachioradial pruritus
CKD-associated pruritus
Poststroke pruritus
Cholestasis

Inhibition of the reuptake of
serotonin and norepinephrine at the
Antidepressants nerve synapse

Histaminergic, muscarinic, and alpha-
adrenergic receptors antagonists

AD
Opioid agonist and k-receptor agonists End-stage renal disease
antagonist p-receptor antagonists Urticaria

Inflammatory skin diseases or systemic diseases
CKD-associated pruritus

Neuropathic pruritus (brachioradial pruritus and
Block of nociceptive, and thus notalgia paresthetica)

pruriceptive, sensations to the brain |CKD-associated pruritus

Pruritus associated with cutaneous lymphoma

Neuroleptics

Immunosuppressants Anti-inflammatory action AD

Table 2: Systemic treatments of itch, their mechanisms of action, and their clinical
uses.
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1.6.2.1 Antihistamines

Oral antihistamines are particularly efficient only against itch from urticaria and
mastocytosis >!°, Moreover, the first-generation antihistamines have a sedating effect
due to the poor selectivity for HR1 and their additional interaction with serotonergic,
dopaminergic, muscarinic, and alpha-adrenergic receptors 26, They can be useful in
helping to improve sleep in patients with intense pruritus during the night %%
Second-generation antihistamines are more specific for HR1 and are not sedating, so
they can be used for relieving itch during the day >!26.

1.6.2.2 Antidepressants

Tricyclic antidepressants (TCAs) inhibit the reuptake of serotonin and norepinephrine
at the nerve synapse, increasing neurotransmission '%°. They are also antagonists of
histaminergic, muscarinic, and alpha-adrenergic receptors '°°. Doxepin and
amitriptyline are two TCAs used in itch therapy. Oral doxepin is utilized in chronic
urticaria and uremic pruritus 2%231-232, Amitriptyline is useful in notalgia paresthetica,
brachioradial pruritus, CKD-associated pruritus, and poststroke pruritus 23!, TCAs
require continuous monitoring and dose titration to avoid side effects 233.

Selective serotonin reuptake inhibitors (SSRIs) inhibit the presynaptic serotonin
reuptake, both peripherally and centrally . SSRIs are used when chronic itch is
refractory to other therapies, even though the mechanism is still unclear '°¢. Paroxetine
and fluvoxamine reduce pruritus in systemic lymphoma, AD, and solid tumors 223!,

Serotonin norepinephrine reuptake inhibitors (SNRIs) inhibit the reuptake of both
serotonin and norepinephrine in the presynapse '”7. Mirtazapine has an effect on
chronic and in nocturnal itch due to its sedating property >!°%234 It also may be

effective on pruritus in CKD, leukemia, cholestasis, lymphoma, and atopic dermatitis
209,234

1.6.2.3 Opioid agonist and antagonist

The opioidergic system has been found to have a role in itch pathophysiology: k-
opioid receptor antagonists and p-opioid receptor agonists elicit pruritus, while k-
receptor agonists and p-receptor antagonists have the opposite effect 2352%7
Naltrexone and nalmefene, two p-receptors antagonists, show an antipruritic effect in
cholestasis, atopic dermatitis, burns, end-stage renal disease, and urticaria 233243,
Nevertheless, their use is limited due to their side effects and costs. On the other hand,
butorphanol and nalfurafine are two k-opioid receptor agonists. Butorphanol seems to
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be effective in chronic intractable itch associated with inflammatory skin diseases or
systemic diseases, while nalfurafine in CKD-associated pruritus 24424,

1.6.2.4 Neuroleptics

The antipruritic mechanism of gabapentin and pregabalin, structural analogs of the
neurotransmitter g-aminobutyric acid (GABA), is unclear, it may be due to the block
of nociceptive, and thus pruriceptive, sensations to the brain 2. Gabapentine was found
useful in neuropathic pruritus (such as brachioradial pruritus and notalgia
paresthetica), CKD-associated pruritus, and pruritus associated with cutaneous
lymphoma 24628, However, it is not effective in cholestatic pruritus 2¥°. Also
pregabalin has an antipruritic effect on chronic itch conditions, with a risk of
withdrawal symptoms if the treatment is stopped abruptly 2*°.

1.6.2.5 Immunosuppressants

Cyclosporine and azathioprine ameliorate itch in AD probably thanks to their anti-
inflammatory effects 122!, The side effects of cyclosporine include hypertension,
immunosuppression, elevated creatinine and blood urea nitrogen, and renal toxicity,
while with azathioprine there is the risk of dose-dependent myelotoxicity 2. In general,
the use of immunosuppressants is only recommended for a short period.

1.7. PAPERS AND DISSERTATION OVERVIEW

Study I: Aliotta, G.E., Lo Vecchio, S., 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”. Published to Experimental Dermatology, 2022.

Study II: Aliotta, G. E., Lo Vecchio, S., Elberling, J., Arendt-Nielsen, L. “Effect of
antihistaminergic cream doxepin on histaminergic and non-histaminergic itch
induced by histamine, BAMS8-22, and cowhage”. Submitted, 2022.

Study III: Aliotta, G. E., Lo Vecchio, S., Elberling, J., Arendt-Nielsen, L. “The effect

of repetitive topical applications of local anesthetics (EMLA) on experimental
pain and itch (histaminergic and non-histaminergic)”. Submitted, 2022.
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Characterization of histaminergic and non-histaminergic itch

BAMS-22 (StudyT)

22

Published to Experimental Dermatology, 2022

Characterization of a non-histaminergic itch model based on

Aliotta. G.E.. Lo Vecchio, S., Elberling. J.. Arendt-Nielsen, L.
“Evaluation of itch and pain induced by bovine adrenal mediilla
(BAM)8-22, a new human model of non-histaminergic itch”.

Comparison between three human surrogate model of
histaminergic and non-histaminergic itch, histamine BAMS8-22,
and cowhage (Study II)

Aliotta. G.E.. Lo Vecchio, S., Elberling. J.. Arendt-Nielsen, L.
“Effect of antihistaminergic cream doxepin on histaminergic and
non-histaminergic itch indiced by histamine, BAMS-22, and
cowhage”. Submitted, 2022.

Modulation of histaminergic and non-histaminergic itch

histaminergic itch (Study IT)

cowhage”. Submitted, 2022.

Antipruritic effects of doxepin on histaminergic and non-

Aliotta. G.E.. Lo Vecchio. S., Elberling. J.. Arendt-Nielsen, L. &
“Effect of antihistaminergic cream doxepin on histamminergic and
non-histaminergic itch induced by histamine, BAMS-22, and

Effects of repetitive EMLA applications on neurogenic
inflammation. mechanical and thermal sensitivities, and
histaminergic and non-histaminergic itch (Study III)

Aliotta. G.E.. Lo Vecchio, S.. Elberling, J.. Arendt-Nielsen, L.
“The effect of repetitive topical applications of local anesthetics
(EMLA) on experimental pain and itch (histaminergic and non-
histaminergic)”. Submitted, 2022.

Figure 1: Schematic overview of dissertation studies
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Figure 2: Schematic overview of induction, modulation, and assessment methods
used in the three studies.
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CHAPTER 2. METHODS

2.1. ITCH AND PAIN ASSESSMENT

The measurement of itch intensity and duration is essential in the study of itch. There
are different approaches to assess itch intensity; basically, they involve the usage of
severity rating scales, unidimensional assessments of the symptom intensity. The most
used severity rating scales are the visual analog scales (VAS), the numeric rating
scales (NRS), and the verbal rating scales (VRS). All these scales are useful to also
assess pain intensity 2°2,

The visual analog scale was introduced for the measurements of intensities in the
1960s 233, and it is the most used scale for the study of itch 234, It consists of a 10 cm
line anchored at the two ends. The two ends report a verbal description, which is “no
itch” or “no pain” for the left end and “worst imaginable itch” or “worst imaginable
pain” for the right end. Patients are instructed to mark on the line, then the investigator
will measure the distance between the mark and the left end to settle a score. The
graphic orientation of the line depends on the reading tradition of the population
involved in the study 2*°. In Western countries, the line is usually horizontal, in a
Chinese study the vertical orientation showed less error 2. A disadvantage of the
VAS is the potential difficult usage without supervision or a proper explanation,
particularly for children and older patients 2. A variation of the VAS, the color
analogue scale (CAS), is used to avoid this problem in children. CAS is a vertical
VAS that looks like a thermometer with the bottom small and white corresponding to

no symptom, and the top wider and red which means the worse imaginable symptom
257

In the following studies, two electronic visual analogue scales (eVAS) have been used
(one for itch and one for pain displayed in the same frame of a tablet). They consist
of a 10 cm bar with the outer labels defined as “no itch” or “no pain” and “worst
imaginable itch” or “worst imaginable pain”. Moreover, a color gradient (from white
to black) was related to the intensity of itch or pain. The subjects were instructed to
rate itch and pain intensities continuously for 9 minutes. After the recording, the
application automatically transformed the data to values from 0 to 100 collected every
5 seconds. The advantage of this technique is the possibility to measure not only the
intensity of itch and pain, but also the duration and the temporal profile after the
application of the pruritogens.

The numerical rating scale (NRS) is simple to administrate and score 2. It consists
of'a scale from 0 to 10 where 0 corresponds to “no symptom” and 10 to “worst possible
symptom”. The scale could be imaginary, and the patients orally rate the perceived
level of symptom (as is done in the following studies) or the scale could be a 10 cm
line with tick marks every centimeter and, in this case, patients mark on the 11-point
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scale the symptom severity 2234, After a comparison between VAS and NRS, NRS
resulted more sensitive in the investigation of treatment effects 2%, Moreover, it
resulted to have better compliance, responsiveness, and applicability for pain rating
in the palliative care setting 238,

In contrast to VAS and NRS, verbal rating scale (VRS) does not involve numbers to
rate the symptom. VRS is a list of adjectives to describe the severity of the symptoms
and the most common are “none”, “mild”, “moderate”, and “severe” 2**. The patients
are instructed to choose one definition to describe their perception of the symptoms.
Unlike VAS and NRS, only non-parametric tests can be used to analyze the outcome
of VRS.

2.1. ASSESSMENT OF SUPERFICIAL BLOOD PERFUSION

After the exposure to chemical irritants, in particular pruritogens, two local cutaneous
vasomotor responses, wheals, and neurogenic inflammation can be observed
118,141259.260  The wheal reaction forms around the provoked skin area and it is a
circumscribed, pale, swollen dermal edema °'. The wheal is a common consequence
of exposure to histamine that acts on capillary receptors with consequent
microvascular leakage and acute protein extravasation in the dermis 412617265, The
wheal reaction is non-neuronal, and in fact, it is not affected by anesthesia or ablation
of local cutaneous nerves 26%2%, The wheal reaction is a signal of histaminergic
pathway and the capillaries responsiveness to histamine; this is the reason why wheal
is used in clinic to assess allergic sensitization to putative allergens !41:267-268,
Measurement with a ruler of the longest diameter and the orthogonal one is useful to
evaluate the wheal reaction 262268,

The neurogenic inflammation or flare is an increase in the superficial blood perfusion
(SBP) which occurs as a result of the retrograde signaling from the activation of
dermo-epidermal peptidergic nerve fibers 1826029 1t can appear in the area
immediately surrounding the application site of an irritant or in the unprovoked
surrounding area and, in this case, it is called “secondary” neurogenic inflammation
or axon-reflex flare °%!84270, Neurogenic inflammation depends on the peptidergic
dermo-epidermal fibers function. It can be almost completely abolished by local
infiltration of anesthetics or termini ablation induced by capsaicin, but the extent or
severity of the neurogenic flare is not affected by a proximal nerve anesthetization 27°.
Peptidergic C-fibers mostly mediate the flare reaction, in particular CMi-fibers, with
their extensive terminal branching and so the possibility to release vasodilatory
neuropeptides (such as CGRP and substance P 26426%27!) far from the activation point
17153271 In contrast, PmC-fibers less contribute to the generation of the homotopic
flare, and, partially due to the limited extension of their terminal arborizations, they
are not involved in the axon-reflex phenomenon ''713327! For these reasons, a robust
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axon-reflex flare is indirect evidence of the CMi-fibers activation, while a weak
homotopic flare implicates the PmC-fibers activation.

The application of histamine induces a very robust neurogenic inflammation, and the
axon-reflex flare size response was found to be positively correlated with the itch
intensity, indicating a strong association between the efferent reaction of the CMi-
fibers and the evoked itch perception 137:136:176.261 'On the other hand, cowhage evokes
no or very modest inflammatory response with sporadic micro-wheals and micro-
erythematic reactions within the insertion area of the spicules '36:157:162,

The neurogenic flare can be visible as an erythematic area around the application site.
The border of this reaction is highly irregular, the redness tends to blench
centrifugally, and the appearance is different due to the skin tone. For all these
reasons, a manual evaluation of the area by drawing the estimated circumference on
a transparent sheet is not easy nor accurate. To better analyze both the area and the
intensity of the neurogenic inflammation, several perfusion-imaging techniques were
developed such as doppler flowmetry, infrared thermography, spectrophotometry, or
speckle contrast imaging/full-field laser perfusion imaging (FLPI) 97272273 In the
following studies, FLPI was used to assess neurogenic inflammation. In this
technique, a preset laser light pattern illuminates a skin area. The laser light
wavelength is around 750 nm and it is just above the visible light wavelength, within
the hemoglobin reflectance spectrum 274276, The laser light induces a reflection from
the investigated skin area that causes a contrast laser pattern or a “speckle pattern”,
evaluated in proximate real-time. The speckle pattern shows a lower contrast in
relation to an increased cutaneous blood flow 27°. The good reliability of FLPI is
estimated from clinical studies in which blood flow was monitored 276278,

2.2. MECHANICAL SENSITIVITY

Mechanical, thermal, and chemical stimulations represent the best options to assess
cutaneous dysesthesias in humans for both experimental and clinical research *!133, In
contrast to pain dysesthesias, itch dysesthesias have been only poorly investigated. In
humans, they can be evaluated in the lesion/provocation site, the primary area, or the
region surrounding the lesion/provocation site, the secondary area 434%80:279.280 Tq
map the dysesthetic area, the mechanical assessment is conducted centripetally
towards the lesioned/provoked area in small increments (0.5-2 cm) 3¥43° For
alloknesis and allodynia, the participants report when the innocuous stimulus becomes
itchy/painful, while for hyperknesis and hyperalgesia, the participants report when the
slightly itchy/slightly painful stimulus becomes itchier/more painful **%!, To quantify
the dysesthetic intensity another approach is used. In the proximity or within the
lesioned/provoked area the stimulus (typically medium-intensity von Frey filaments
or pinprick stimulation) is delivered repeatedly using different intensities and the
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participants rate the mechanically evoked itch/pain intensity 67680156281 = A]] these
methods have the limitation of relying only on a subjective quantification of the
stimulus intensity 38:43-60.281,282

Histamine applications evoke, in non-human primates, alloknesis (increased response
to stroking) and hyperknesis (increased response to a punctate skin stimulus) 05144,
The brush strokes mostly activate AB-fibers and never induce itch under normal
conditions, for this reason, a central sensitization phenomenon should occur when itch
is provoked 3'. Hyperknesis is usually assessed by using pinprick stimulators or
filaments *>%, even though the mechanism is unclear, and the afferents are still
unknown 283 The secondary pinprick hyperalgesia is mediated by type-1 Ad-fibers
through a central mechanism, so it is probably also the mechanism of hyperknesis 3.
Moreover, a PmC-fibers contribution can be speculated due to the evidence of the itch
0.5-2 second delay usually reported after a pricking stimulus 6174,

In the studies of the present dissertation, mechanically evoked itch (MEI) was
assessed through the use of von Frey filaments (North Coast Medical, Gilroy, CA,
USA). The three filaments had 9.8, 13.7, and 19.6 mN of force (size 4.08, 4.16, and
4.31, respectively). The filaments were selected following a study in which it was
demonstrated that these are the optimal forces for evoking mild itch at baseline (and
thus hyperknesis) without any pain perception and below the known average
mechanical threshold for PmC-fibers in humans !%, In the following studies, three
stimuli (composed of three pricks in short succession) were conducted with each
filament and participants rated the itch intensity on an NRS. The statistical analysis
was performed on the total average of the stimuli.

The mechanical pain threshold (MPT) and the mechanical pain sensitivity (MPS) were
assessed using a pinprick set (MRC Systems GmbH, Germany) composed of seven
needles (diameter of 0.6 mm) with different forces (8, 16, 32, 64, 128, 256, and 512
mN). The MPT was assessed by performing five ascending/descending series of
stimuli (rate of each stimulus: 2 s on and 2 s off). The participants reported when the
stimulus become painful. The statistical analysis was performed on the geometric
means of the five thresholds obtained. On the other side, to assess the MPS, each
pinprick was applied in ascending order and the participants rated the pain on an NRS
elicited by each stimulus. The same procedure was repeated, and the final mean is the
arithmetic mean of the reported pain ratings.

2.3. THERMAL SENSITIVITY

The role of transient receptor potential (TRP) ion channels in itch perception was
largely discussed. TRP channels are a heterogeneous group in the family of voltage-
gated ion channels. Most of them are organized as six transmembrane segments and
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allow the Ca2+ to enter in the cell 2%*. In the field of itch, the TRP channels can act as
receptors or amplifying channels. In both cases, the activation and opening of TRPs
induce a neuronal membrane depolarization with the consequent start of neuronal
signaling that results in itch sensation 284, TRPs can be directly activated by stimuli
and then elicit itch. An example is the stimulation of H202 that directly activate
TRPA1 inducing itch, or TRPA1 agonist allyl isothiocyanate which causes also pain
28528 More often, TRPs in itch transduction act as amplifiers: pruritogens bind and
activate receptors expressed in the cell surface and the signaling cascade initiated
induces the opening of TRPs. As mentioned above in this dissertation, TRPV1 and
TRPA1 seem particularly involved in histaminergic and non-histaminergic itch
pathways, respectively.

In the studies of the present dissertation, thermal sensitivity was investigated to
evaluate if the application of pruritogens and possible therapies can affect the function
of some TRPs. In particular, TRPV1 is activated by heat (>43°C), TRPV3 and TRPV4
by moderate warm (>30-39°C and approx. 25-34°C respectively), while TRPMS8 by
moderate cool temperature (<23-28°C) 2!2872% Moreover, also TRPA1 may be
involved in cold sensitivity, even though its function is controversial 2°52%,

Cold detection threshold (CDT), warm detection threshold (WDT), cold pain
threshold (CPT), heat pain threshold (HPT), and suprathreshold heat sensitivity
(STHS) were assessed by using a thermal stimulator Medoc Pathway (Medoc Ltd,
Ramat Yishay, Israel). The stimuli were delivered as described in Figure 3.

Cold Detection Threshold (CDT)

The temperature decreases 1°C per 7 the subject detects a cold sensation
« second from a starting temperature Q\\ .
/o of32eC ~» Cold Pain Threshold (CPT)
// the subject detects a painful sensation
v
// . . Warm Detection Threshold (WDT)
/ The temperature raises 1°C per 7 o qubject detects a warm sensation
i second from a starting temperature of <
o e .
Thermode stimulator N e * Heat Pain Threshold (HPT)
N\ the subject detects a painful sensation
N
N

Starting from the baseline, 32°C, an

\\‘ increasing ramp of 5°C/s, 3 s plateau
at 50°C and decreasing at 5 °C/s to
the baseline

Supra-Threshold Heat Sensitivity (STHS)
— the subject rate the pain intensity on a NRS
from 0 to 10

Figure 3: Schematic overview of tests to assess thermal sensitivity.
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CHAPTER 3. EVALUATION OF ITCH
AND PAIN INDUCED BY BAMS-22

3.1. AIM AND STUDY DESIGN

The aim of the first study was to develop a model of non-histaminergic itch based on
the topical application of BAMS-22. For this reason, BAMS8-22 was administered by
using different delivery methods. In particular, in the first session, different
concentrations (BAMS8-22 solutions dissolved in distilled water at the concentrations
of 0.5, 1, and 2 mg/ml) and vehicle were applied through skin prick test (SPT,
performed by applying 120 g of pressure) on 22 healthy subjects. In the second
session, the same concentration of BAMS8-22 solution (Img/ml) was applied with
different amounts of SPT (1,5, and 25) and using heat-inactivated cowhage spicules.

The present study also aimed to evaluate the effects of the application of BAMS-22.
The itch and pain induced were monitored for 9 minutes after the application.
Moreover, the neurogenic inflammation, and the mechanical and thermal sensitivities
were assessed.

3.1. ITCH AND PAIN INDUCED BY BAMS-22

The results of the present study confirmed BAMS-22 as a good model of non-
histaminergic itch in humans, as shown in figure 4. In fact, in both itch peak and area
under the curve (AUC) three conditions resulted statistically higher than vehicle:
inactivated spicules, 1, and 2 mg/ml (Fig. 4A and B). Moreover, if only the data of the
first day are considered, a positive correlation between the BAMS8-22 concentration
and the itch intensity elicited has been found and this confirms the results of a previous
study by Sikand et al., in which BAMS8-22 was applied through inactivated spicules
soaked in 0.004, 0.04, 0.4, or 4 mg/ml solution and the AUC of itch increased
depending on the concentration '%. In both studies, the concentration to saturate the
receptors and elicit the highest possible itch intensity was not reached and remains
unknown. The baseline BAMS-22 concentration in human skin is not known as well.
Up to now, in pathological conditions, such as psoriasis, the expression of
proenkephalin A (BAMS-22 precursor) is known to be upregulated in fibroblasts and
keratinocytes 2%°. For this reason, proenkephalin A could be considered a contributing
factor in the development and maintenance of chronic itch.

Regarding the delivery methods, the SPT application allows BAMS8-22 to directly
reach the dermo-epidermal junction (approximately 0.5-1.5 mm of depth), while only
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Figure 4: Itch induced by BAMS-22. (A) Peak itch intensity. (B) AUC itch. (C)
Temporal profile of itch intensity. (D) Temporal profile of itch intensity focused on
BAMS-22 2 mg/ml, inactivated spicules, and vehicle. Values are reported as mean +
SEM. Significance indicators.: (*) p< 0.05, (**) p<0.01, (***) p<0.001 vs vehicle;
(#) p<0.05, (##) p<0.01 vs BAMS-22 coated spicules; (2%) p<0.05, (v2) p<0.01,
() p< 0.001 vs BAMS-22 2 mg/ml. Vehicle = black, BAMS-22 0.5 mg/ml = light
blue, BAMS-22 1 mg/ml = blue, BAMS-22 2 mg/ml = dark blue, 1 SPT = pink, 5 SPT
=red, 25 SPT = dark red, and inactivated spicules = green.

Figure adapted from Aliotta et al. Evaluation of itch and pain induced by bovine
adrenal medulla (BAM)8-22, a new human model of non-histaminergic itch. Exp
Dermatol. 2022

the keratinous layer of the skin (approx. 0.05-0.15 mm) is reached by BAMS§-22
applied with the spicules 137171176272 Experiments on mice demonstrated that itch is
transmitted by two subpopulations of neurons, a peptidergic group expressing
MrgprA3 and a non-peptidergic one expressing MrgprD 3%, They innervate two
different layers of the mice skin, in particular, the peptidergic subpopulation
innervates the stratum spinosum, while the non-peptidergic subpopulation innervates
the more superficial stratum granulosum '¢73%, The present experiment seems to
confirm that itch can be elicited by stimulating both layers of the skin, but not with
the same intensity. More precisely, as is shown in the graph of the temporal profile
(Fig. 4C and D), the inactivated spicules resulted the best delivery methods to induce
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itch, with a peak around 90 seconds after the application. Moreover, the BAMS8-22-
induced itch rapidly decreased after the peak. Probably, the more superficial fibers
present in the skin are more sensitive to BAMS8-22 and they induce a more intense
itch. Another theory that could explain the more intense itch elicited by the spicules
regards the size of the area stimulated. In fact, when spicules are used to induce itch,
they activate a larger area than a single SPT. In this way, it is enhanced the possibility
to activate a higher number of receptors. In the present study, the spatial summation
previously suggested %7, was tested through the multiple SPT. The area provoked by
the spicules is comparable to the area provoked by the 25 SPT. The results of the
present study on itch showed that the 25 SPT did not provoke intense itch as
inactivated spicules. To notice, the 25 pricks induced more, even if not significant
after a post hoc analysis, intense pain than all the other conditions (Fig. 5). It seems
that the pain sensation masks the itch perception. This effect was proposed in previous
studies and explained by the activity of the spinal cord Bhlhb5 interneurons 309, It
was observed that in healthy somatosensory system homotopic pain inhibits itch 30!~
393, The neuronal circuit of this inhibition is well established in rodents: interneurons
receive input from primary afferent nociceptors and inhibit spinothalamic pruriceptive
transmission 40,
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Figure 5: Pain induced by BAMS-22. (A) Peak pain intensity. (B) AUC pain. Values
are reported as mean + SEM. Vehicle = black, BAMS-22 0.5 mg/ml = light blue,
BAMS-22 1 mg/ml = blue, BAMS-22 2 mg/ml = dark blue, 1 SPT = pink, 5 SPT = red,
25 SPT = dark red, and inactivated spicules = green.

Figure adapted from Aliotta et al. Evaluation of itch and pain induced by bovine
adrenal medulla (BAM)8-22, a new human model of non-histaminergic itch. Exp
Dermatol. 2022
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3.2. NEUROGENIC INFLAMMATION

The analysis through the FLPI technique of all the areas reveals an absence of
neurogenic flare (Fig. 6). As discussed above in this dissertation, this could be indirect
evidence that BAMS-22 induces itch by activating a non-histaminergic pathway
without the involvement of CMi-fibers 3193275 The only differences found concern
the 25 SPT and 5 SPT. The superficial blood perfusion of 25 SPT resulted higher than
all the other conditions, while 5 SPT-induced SBP was increased only in comparison
with vehicle, 0.5, 1 mg/ml, and 1 SPT. The most probable explanation for these
changes is a microtrauma to the skin caused by the delivery methods instead of a
neurogenic inflammation caused by BAMS8-22.
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Figure 6: Changes in superficial blood perfusion induced by BAMS-22. (1) Mean
SBP. (B) Peak SBP. Values are reported as mean + SEM. Significance indicators: (*)
p<0.05, (*=2) p<0.001 vs 25 SPT; (+) p<0.05, (++) p<0.01, (+++) p<0.001 vs 5
SPT. Vehicle = black, BAMS-22 0.5 mg/ml = light blue, BAMS-22 1 mg/ml = blue,
BAMS-22 2 mg/ml = dark blue, 1 SPT = pink, 5 SPT = red, 25 SPT = dark red, and
inactivated spicules = green.

Figure adapted from Aliotta et al. Evaluation of itch and pain induced by bovine
adrenal medulla (BAM)8-22, a new human model of non-histaminergic itch. Exp
Dermatol. 2022

3.3. MECHANICAL AND THERMAL SENSITIVITY

No differences were detected in both mechanical and thermal sensitivities in any
conditions compared to vehicle (Fig. 7 and 8). The analysis of the mechanical
sensitivity results can detect if the application of BAMS-22 may inhibit or sensitize
mechanoreceptors. In the present study, no alterations were found in mechanical
sensitivity (Fig. 7). This means that the application of BAMS8-22 does not affect AB-

and Ad-fibers, stimulated by von Frey filaments and pinprick stimulators respectively
304
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Figure 7: Changes in mechanical sensitivity induced by BAMS-22. (A)
Mechanically evoked itch. (B) Mechanical pain threshold. (C) Mechanical pain
sensitivity. Values are reported as mean + SEM. Significance indicator: (#) p< 0.05
vs BAMS8-22 coated spicules. Vehicle = black, BAMS-22 0.5 mg/ml = light blue,
BAMS-22 1 mg/ml = blue, BAMS-22 2 mg/ml = dark blue, 1 SPT = pink, 5 SPT = red,
25 SPT = dark red, and inactivated spicules = green.

The thermal sensitivity was not affected as well (Fig. 8). This was not surprising since
in previous studies the same result was achieved 3*. Studies in lesional and/or non-
lesional skin of chronic itch patients showed no differences in warm and cold
detection +*3%63% Tn most of them, no changes also in cold pain threshold were found
43,306.307 while in all of them the heat pain threshold was not different between lesional
and non-lesional skin 43-306-308,
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Figure 8: Changes in thermal sensitivity induced by BAMS8-22. (A) Cold detection
threshold. (B) Cold pain threshold. (C) Warm detection threshold. (D) Heat pain
threshold. (E) Supra-threshold heat sensitivity. Values are reported as mean + SEM.
Vehicle = black, BAMS-22 0.5 mg/ml = light blue, BAMS-22 1 mg/ml = blue, BAMS-
22 2 mg/ml = dark blue, 1 SPT = pink, 5 SPT = red, 25 SPT = dark red, and
inactivated spicules = green.
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CHAPTER 4. EFFECT OF DOXEPIN ON
HISTAMINERGIC AND NON-
HISTAMINERGIC ITCH

4.1. AIM AND STUDY DESIGN

The second study aimed to compare the pruritogen properties of histamine, BAMS-
22, and cowhage. Moreover, also the neurogenic inflammation and changes in
mechanical and thermal sensitivities induced by the three substances were analyzed.
To do that, in the first session, histamine, BAMS8-22, cowhage, and vehicle were
administered in four areas on the forearms of 22 healthy subjects. The itch and pain
induced were monitored for 9 minutes with a VAS. At the end of the 9 minutes,
neurogenic flare, and mechanical and thermal sensitivities were assessed and
compared.

The second aim of the present study was to evaluate the antipruritic effect of 1'% hours-
application of doxepin cream on itch and pain induced by histamine, BAMS8-22, and
cowhage. It was also evaluated if the pretreatment with doxepin could alter the
neurogenic inflammation, and the mechanical and thermal sensitivities. In the second
session of the experimental procedure, doxepin cream was applied under occlusion
for 1% hours, and after the removal of the cream, the first session was repeated.

4.1. COMPARISON OF ITCH AND PAIN INDUCED BY HISTAMINE,
BAMS-22, AND COWHAGE

Histamine, BAMS-22, and cowhage induced itch compared to vehicle (Fig. 9). The
analysis of peak itch intensity and AUC did not reveal any differences between the
three pruritogens (Fig. 9A and B). A visual inspection of the temporal profile (Fig.
9C) indicates that cowhage induced the higher itch intensity that peaks around 90
seconds after the application, followed by a rapid decline of the itch perception. The
temporal profile of BAMS8-22 was very similar to cowhage with a peak slightly lower.
On the other hand, histamine peaks around 90-150 seconds after the application, and
the decline of the itch perception was slower compared to cowhage and BAMS-22.
As mentioned above, histamine induces itch by the histaminergic pathway, while
BAMS8-22 and cowhage by the non-histaminergic itch pathway. The different
pathways activated could explain also the differences observed in the temporal profile,
very different between histamine and the other two substances. To notice, all three
pruritogens elicited moderate to intense itch with high variability in response among
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the subjects. The development of these three experimental human surrogate models is
very relevant in the study of itch due to the different receptors directly activated by
histamine, cowhage, and BAMS8-22: HIR, PAR2/4, and MrgprX1 respectively.
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Figure 9: Itch induced by histamine, BAMS-22, and cowhage. (A) Peak itch
intensity. (B) AUC itch. (C) Temporal profile of itch intensity. Values are reported as
mean + SEM. Significance indicator: (***) p<0.001 vs vehicle. Histamine = red,
BAMS-22 = light blue, cowhage = green, vehicle = grey.

Regarding the pain induced by the pruritogens, the statistical analysis reveals an
overall difference (Fig. 10), but no specific differences were detected after a post hoc
analysis. A visual inspection of the peak and AUC of pain showed that cowhage
induced the higher pain intensity, confirming previous studies (see above in this
dissertation). The difference with histamine is not surprising, unlike the difference
with BAMS8-22. In fact, they were supposed to induce a similar pain intensity due to
the same non-histaminergic pathway activated. A possible explanation could be a
different receptor activation between cowhage and BAMS-22. The results of the
present study indicate that the sensations (both itch and pain) elicited by cowhage are
more intense than BAMS-22 and this could suggest a stronger activation induced by
cowhage.
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Figure 10: Pain induced by histamine, BAMS8-22, and cowhage. (A) Peak pain
intensity. (B) AUC pain. Values are reported as mean + SEM. Histamine = red,
BAMS-22 = light blue, cowhage = green, vehicle = grey.

4.2. EFFECT OF DOXEPIN ON ITCH AND PAIN

Doxepin, a tricyclic antidepressant (TCA), affects different areas of human body
interfering with several pathways and functions. The role as TCA is due to its action
at brain level, where doxepin prevents the presynaptic reuptake of serotonin and
norepinephrine increasing the synaptic concentration of these neurotransmitters 3%
Doxepin also acts as an inhibitor of potassium (in cardiomyocytes) and sodium (in
cardiomyocytes and at the peripheral level) channels 3'%3!!, Moreover, doxepin has
strong antipruritic effects due to its ability to block histamine (HI), alpha-1
adrenergic, and muscarinic receptors in the central nervous system 3%, For this reason,
is not surprising that doxepin pretreatment induced a reduction of itch for the three
pruritogens (Fig. 11). In particular, histaminergic itch was almost abolished by
doxepin as is possible to see in the graphs of peak, AUC, and temporal profile of itch
(Fig. 11A, B, and D).

Interestingly, doxepin reduced also the non-histaminergic itch induced by BAMS-22
and cowhage (Fig. 11A, B, E, and F). As is possible to observe in the graphs of
temporal profile of itch (Fig. 11C-F), doxepin seems to affect only the intensity and
not the duration of non-histaminergic itch. To explain this effect of doxepin on
BAMS-22- and cowhage-induced itch, two hypotheses could be formulated. The first
one is that non-histaminergic and histaminergic itch pathways have some mechanisms
in common. On the other hand, the second hypothesis is that the decrease of non-
histaminergic itch could be due to the doxepin block of the sodium channels reducing
the action potentials.
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Figure 11: Effect of doxepin on itch induced by histamine, BAMS-22, and cowhage.
A) Peak itch intensity; B) AUC itch; C) Temporal profile of itch intensity; D)
Temporal profile of itch intensity — Focus on histamine; E) Temporal profile of itch
intensity — Focus on BAMS-22; F) Temporal profile of itch intensity — Focus on
cowhage. Values are reported as mean + SEM. Significance indicators: (¢) p<0.05,
(**) p<0.01, (**2) p<0.001 vs doxepin; (*) p<0.05, (**) p<0.01, (***) p<0.001 vs
vehicle; (+) p<0.05, (+++) p<0.001 vs vehicletdoxepin, (#) p<0.05, (##) p<0.01,
(###) p<0.001 vs cowhage+doxepin. Histamine = red, histamine+doxepin = dark
red, BAMS-22 = light blue, BAMS-22+doxepin = dark blue, cowhage = green,
cowhage+tdoxepin = dark green, vehicle = grey, vehicle+doxepin = black.
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From a visual inspection of the peak and AUC of pain, doxepin seems to reduce pain
especially induced by cowhage and histamine (Fig. 12). Also, in this case, this could
be due to the block of the sodium channel.
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Figure 12: Effect of doxepin on pain induced by histamine, BAMS-22, and
cowhage. A) Peak pain intensity; B) AUC pain. Values are reported as mean + SEM.
Histamine = red, histamine+tdoxepin = dark red, BAMS-22 = light blue, BAMS-
22+doxepin = dark blue, cowhage = green, cowhage+doxepin = dark green, vehicle
= grey, vehicletdoxepin = black.

4.3. NEUROGENIC INFLAMMATION INDUCED BY
PRURITOGENS AND THE EFFECT OF DOXEPIN

The analysis of the superficial blood perfusion was used to evaluate the neurogenic
inflammation. As mentioned before in Chapter 2, a retrograde signaling from the
dermo-epidermal peptidergic nerve fibers causes neurogenic inflammation '37-26026%,
Moreover, the primary mediators of vasodilatation, CGRP and substance P, were
proposed to be involved in the neurogenic flare 26426%27!, The previous knowledge of
a major contribution of CMi-fibers in flare generation was confirmed by the present
study. Histamine induced a largely higher SBP and flare area compared to BAMS8-22,
cowhage, and vehicle (Fig. 13). The little flare present in BAMS8-22 and cowhage
areas could be due only to the delivery methods since it is present also in the vehicle
area.

Doxepin pretreatment reduced the SBP of all pruritogens, with a predominant effect
on histamine (Fig. 13). Moreover, only the flare induced by histamine decreased in
size (Fig. 13C). In particular, doxepin has only a minor effect on the peak of SBP
induced by histamine, while it has a very bigger effect on the mean SBP and flare
area. These two different effects could indicate a slight effect on the homotopic flare
and a strong effect on the axon-reflex flare. In addition, previous studies found a
positive correlation between itch intensity and axon-reflex flare size mediated by

CMi-fibers, and the present results seem to confirm the previous knowledge
137,156,176,261
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Figure 13: Changes in superficial blood perfusion induced by pruritogens and
doxepin. (4) Peak SBP. (B) Mean SBP. (C) Flare area. Values are reported as mean
+ SEM. Significance indicators: (¢) p<0.05, (*¢) p<0.01, (*s¢) p<0.001 vs doxepin;
(***) p<0.001 vs vehicle;, (+++) p<0.001 vs vehicletdoxepin; (#) p<0.05, (##)
p<0.01, (###) p<0.001 vs cowhage+doxepin, () p<0.001 vs histamine; (°°)
p<0.01, (°°°) p<0.001 vs histamine+doxepin. Histamine = red, histamine+doxepin =
dark red, BAMS-22 = light blue, BAMS-22+doxepin = dark blue, cowhage = green,
cowhage~+doxepin = dark green, vehicle = grey, vehicle+doxepin = black.

4.4. MECHANICAL AND THERMAL SENSITIVITIES

Mechanical sensitivity was assessed through mechanically evoked itch (MEI),
mechanical pain threshold (MPS), and mechanical pain sensitivity (MPS) (Fig. 14).
The MEI results of the present study indicate that only histamine evoked a higher itch
intensity in comparison with vehicle (Fig. 14A). The pretreatment with doxepin
reduced MEI in both histamine and BAMS8-22 areas, without affecting cowhage and
vehicle areas (Fig. 14A). The explanation for this reduction could be that doxepin may
decrease peripheral transmission and, in this way, prevent central sensitization, mostly
observed in histamine area. Regarding the pain sensitivity, no alterations were found
in MPT, while an increased MPS was found after the application of histamine (Fig.
14B and C). Doxepin induced an overall decrease in MPS, probably due to its action
on sodium channels on C-, AB-, and Ad-fibers.

The thermal sensitivity was not affected by the application of the three pruritogens,
nor by doxepin pretreatment (Fig. 15) indicating that alle these substances did not
interfere with the TRPs functions. In cold detection threshold (Fig.15A), a reduction
induced by doxepin can be observed, additional studies are needed to verify if this
decrease is due to doxepin properties or, more likely, to subjects' habituation to the
test.

52



CHAPTER 4. EFFECT OF DOXEPIN ON HISTAMINERGIC AND NON-HISTAMINERGIC ITCH

Machanicaly iten Mechanical pain thrazhold

Machanical pain sansitvity

ity INRS . 5}

Iner:

._,,

>

R RN Sl Pl Sl Y

Figure 14: Changes in mechanical sensitivity induced by pruritogens and doxepin.
(4) Mechanically evoked itch. (B) Mechanical pain threshold. (C) Mechanical pain
sensitivity. Values are reported as mean + SEM. Significance indicators: (*¢) p<0.01,
(***) p<0.001 vs doxepin, (*) p<0.05 vs vehicle; (+) p<0.05 vs vehicle+doxepin; ()

p<0.05 vs histamine;, (°) p<0.05 vs histamine+doxepin. Histamine = red,
histamine+doxepin = dark red, BAMS-22 = light blue, BAMS-22+doxepin = dark
blue, cowhage = green, cowhage+tdoxepin = dark green, vehicle = grey,

vehicle+doxepin = black.
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Figure 15: Changes in thermal sensitivity induced by BAMS8-22. (4) Cold detection
threshold. (B) Cold pain threshold. (C) Warm detection threshold. (D) Heat pain
threshold. (E) Supra-threshold heat sensitivity. Values are reported as mean + SEM.
Significance indicator: (*¢) p<0.01 vs doxepin. Histamine = red, histamine+doxepin
=dark red, BAMS-22 = light blue, BAMS-22+doxepin = dark blue, cowhage = green,
cowhage~+doxepin = dark green, vehicle = grey, vehicle+doxepin = black.
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CHAPTER 5. EFFECT OF REPETITIVE
APPLICATIONS OF EMLA CREAM ON
PAIN AND ITCH

5.1. STUDY DESIGN

The third study of the present dissertation aimed to evaluate if repetitive EMLA cream
application resulted in a cumulative effect on mechanical and thermal sensitivities. To
do that, EMLA was applied to two areas of the forearms of 24 healthy subjects. Two
more areas were treated with a placebo cream. EMLA and placebo were applied for
three hours under occlusion. At the end of the application time, the creams were
removed and SBP, mechanical and thermal sensitivities were assessed. After that, the
creams were applied for three more hours followed by the same measurements. This
procedure was repeated in the two following days.

The other aim of this study was to evaluate in repetitive EMLA application affected
histaminergic and non-histaminergic itch. For this reason, at the end of the third day,
histamine and cowhage were applied and itch, pain, and changes in SBP were
evaluated.

5.1. CHANGES IN MECHANICAL AND THERMAL
SENSITIVITIES AFTER EMLA APPLICATIONS

EMLA is a local anesthetic that blocks sodium channels reducing the transmission of
the action potentials 3'>313. More specifically, when a local anesthetic binds the
sodium channels, they pass to an “inactivated state”. From this state is impossible
directly pass to the “open channel” and for this reason, the opening of Na+ channels
is reduced with a consequent block of the action potentials 3!4. This effect occurs also
in AS8- and C-fibers 3'4, so is not surprising that 3-hours of EMLA application induced
a reduction in the mechanical sensitivity. In fact, both the mechanically induced itch
and pain were reduced in EMLA-treated areas (Fig. 16A-C). To notice, a cumulative
effect of EMLA application is not present in this study, the itch and pain
experimentally evoked did not further decrease with more EMLA application nor
subjects completely stopped to feel mechanical stimuli.

Regarding the thermal sensitivity, similar results were obtained (Fig. 16D-F). A
reduction of the thermal sensitivity (corresponding to an increase in warm detection
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Figure 16: Changes in mechanical and thermal sensitivity after the application of
EMLA. A) Mechanically evoked itch; B) Mechanical pain threshold; C) Mechanical
pain sensitivity, D) Warm detection threshold; E) Heat pain threshold; F) Supra-
threshold heat sensitivity. Values are presented as mean + SEM. Significance
indicators: (***) p<0.001vs placebo; (#) p<0.05, (##) p<0.01 application 1 vs
application 2; (v2) p<0.01 difference between days. Placebo = blue and EMLA =
dark blue.

threshold and heat pain threshold, and a decrease in supra-threshold heat sensitivity)
was present after a single EMLA application. For the thermal sensitivity, an absence
of cumulative effect was easier to determine: during the whole procedure (2 x 3-hrs
applications x 3 consecutive days) the temperature reached in WDT and HPT
remained constant. In STHS there was a reduction among days, but it was probably
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due to the habituation to the test since the same reduction was present equally in
placebo and EMLA treated areas. The effect of EMLA on thermal sensitivity is
probably due to its effect on TRP channels. It is known that lidocaine directly activates
the TRPA1 and TRPV1 channels enhancing the calcium influx 333!, A prolonged
application may induce desensitization of these channels 3!, The desensitization of
TRPV1 could be due to the local anesthetic-induced increase of PLC activity that
causes a depletion of phosphatidylinositol 4,5-bisphosphate (PI1(4,5)P2, needed for the
TRPV1 activation by lidocaine) 3!,

From the results of mechanical and thermal sensitivities and the absence of a
cumulative effect, it is possible to speculate that EMLA application for 3 days did not
cause a substantial decrease in fiber density. A reduction of ~40% in fiber density was
observed in a previous study in which EMLA was applied for 42 consecutive days !5,
This reduction was observed only in the superficial layers of the epidermis causing
only a minimal change in the outcome in the psychophysical tests. It was proposed
that a more substantial loss of epidermal and dermal nerve fibers can affect the
psychophysical tests 3!5317,

5.2. EFFECT OF EMLA APPLICATIONS ON ITCH AND PAIN
INDUCED BY HISTAMINE AND COWHAGE

In the present study, EMLA pretreatment only induced a reduction of non-
histaminergic itch without affecting histaminergic itch (Fig. 17A-C). A visual
inspection of the graph of the temporal profile of itch (Fig. 17C) reveals that EMLA
reduced the itch intensity of cowhage, and the result of this reduction was that
histamine and cowhage had a very similar profile of itch intensity. This effect could
be explained by a partial share of mechanisms between histaminergic and non-
histaminergic itch pathways. Another possible explanation is the different locations
of the PmC- and CMi-fibers in the skin 38313318, The PmC-fibers are more superficial,
while CMi-fibers are located deeper into the vascularized dermis 3"-!''7. Cowhage and
histamine and their delivery methods reflect the different skin layers to reach. In
particular, SPT arrives deeper than spicules into the skin and the different molecular
weight (cowhage ~36 kDa vs histamine ~0.11 kDa) allows histamine to diffuse in a
less superficial layer than cowhage 3!!74. It may be possible that the different effect of
EMLA on histaminergic and non-histaminergic itch is because the PmC-fibers are
more superficial and so more affected by EMLA. A longer application of EMLA may
result in a reduction of both histaminergic and non-histaminergic itch due to the
decreased fiber density.

Regarding the pain induced by pruritogens (Fig. 17D-F), cowhage induced a higher
pain than histamine, confirming previous knowledge (see above in this dissertation).
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As expected, the pretreatment with a local anesthetic reduced the pain induced by
cowhage, even though it is still present (Fig. 17D-F).
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Figure 17: Itch and pain intensities induced by histamine and cowhage after EMLA
pretreatment. A) Peak itch intensity. B) AUC itch. C) Temporal profile of itch
intensity. D) Peak pain intensity. E) AUC pain. F) Temporal profile of pain intensity.
Values are presented as mean + SEM. Significance indicators: (*) p<0.05, (**)
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violet; cowhage = light green; cowhage+EMLA = dark green.
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5.3. NEUROGENIC INFLAMMATION INDUCED BY HISTAMINE
AND COWHAGE AFTER EMLA PRETREATMENT

The application of EMLA did not induce any changes in SBP in the present study,
compared to placebo. (Fig. 18A, C, and E). In a previous study, it was proposed that
a short-time EMLA application induced concentration-dependent vasoconstriction 3!°.
In the same study, a biphasic effect on SBP was observed after the application of
EMLA: a minimal peak of SBP was detected after 14 hour of application, while
erythema and higher superficial blood perfusion were found after 4 hours of
application and an increase of 148% in SBP was found after 6 hours of application 3!°.
Two possible explanations can be formulated for the differences between this and the
previous study. The first one is that 3 hours of application is exactly in the middle of
the biphasic response and for this reason, no alterations were present in this study.
Moreover, between the two applications on the same day, there was a break of
approximately 45 minutes (time to run all the mechanical and thermal tests) and
possibly the superficial perfusion was normalized during this time avoiding the
cumulative effect of the two applications. Another explanation could be that the
technique used in this study is more precise and sensitive than the one used in the
previous study (specially constructed fibreoptic scanning reflectance
spectrophotometer) run in 1989 31°,

To notice, the EMLA pretreatment induced an increase in SBP and flare area size of
both histamine and cowhage (Fig. 18B, D, and F). In AD patients, an increase in
erythema and redness was observed after 30-60 minutes of EMLA 2. It was proposed
that the higher vascular reaction was due to increased absorption of the cream in AD-
affected skin 3%, As mentioned before, CMi-fibers are involved in the generation of
homotopic neuroinflammation and axon-reflex flare, while PmC-fibers are only
weakly involved in homotopic neuroinflammation. It could be speculated that the
EMLA pretreatment enhance the engagement of C-fibers in neurogenic inflammation
and the release of neuropeptides involved in vasodilatation, such as CGRP and
substance P.
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Figure 18: Changes in superficial blood induced by EMLA and pruritogens.
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CHAPTER 6. CONCLUSION

In the present PhD project, a novel non-histaminergic itch model based on the
application of BAMS8-22 was developed. The itch, pain, and the alteration in SBP,
mechanical and thermal sensitivities induced by BAMS-22 were compared with the
two most used experimental human models to induce itch, histamine and cowhage.
Moreover, the effects of two therapies of pruritus currently used in clinic were
evaluated in histaminergic (histamine-induced) and non-histaminergic itch (BAMS-
22- and cowhage-induced).

In the first study, different concentrations of BAMS8-22 and different delivery methods
were tested to assess the best one to induce itch. The highest itch intensity was reached
by BAMS&-22 (concentration of 1 mg/ml) applied through heat-inactivated spicules.
The application of BAMS8-22 did not induce neurogenic inflammation confirming the
activation of the non-histaminergic pathway. Moreover, the itch model based on
BAMS-22 did not evoke any kind of pain or mechanical and thermal alterations. In
the future, BAMS8-22 will be an essential model for the study of itch in humans
especially because it seems to evoke pure itch. Moreover, it could be interesting and
useful to evaluate the level of BAMS8-22 in the skin of chronic itch patients compared
to healthy subjects.

In the second study, histamine, BAMS8-22, and cowhage were compared. They all
induced itch and so can be considered three good acute itch models. Some differences
were detected between them; in particular, cowhage application elicited mild pain in
addition to itch, while histamine increased the neurogenic inflammation and
mechanical sensitivity. These three human models are particularly important for the
study of pruritus due to their ability to bind three different families of receptors: HIR
located on CMi-fibers, MrgprX1 and PAR2/4 on PmC-fibers. This differentiation is
very important in the study of itch features and the development of new therapies. The
second part of the experiment focused on the antipruritic effects of doxepin on
histaminergic and non-histaminergic itch. It was found that doxepin almost abolished
histamine-induced itch, while it only caused a reduction of BAMS8-22- and cowhage-
induced itch. Moreover, doxepin reduced the increased neurogenic inflammation and
mechanical sensitivity induced by histamine. Further studies are necessary to
understand if all these effects are due to the doxepin action on the histamine receptors
or sodium channels.

In the last study, the effects of repetitive EMLA applications were evaluated in
mechanical and thermal sensitivities. EMLA, applied 3 hours twice a day for three
consecutive days, induced a reduction of sensitivity without a cumulative effect and
without affecting the superficial blood perfusion. At the end of the third day, histamine
and cowhage were applied. It was found that EMLA reduced only non-histaminergic
itch and pain probably by a selective action on PmC-fibers. Moreover, EMLA
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pretreatment enhanced the neurogenic inflammation caused by the pruritogens. Since
non-histaminergic itch is the most difficult to treat, these results are particularly
relevant for clinical practice.

6.1. FUTURE PERSPECTIVE

The experiments of this PhD project give the opportunity to improve our knowledge
in the field of itch, opening new possibilities for the development of therapeutic
strategies. In particular, the similarities and differences between two distinct
experimental human models of non-histaminergic itch, BAMS8-22 and cowhage,
should be further investigated to understand if the selective activation of different
families of receptors can be found also in pathological itch conditions. Moreover, it
could be interesting to evaluate if repetitive applications of pruritogens induce longer
and/or more intense itch; in this case, it could be also possible to investigate if some
epigenetics modifications occur and compare them with alterations present in chronic
itch patients. In addition, the availability of three well-established human itch models
targeting three receptor families (Mrgpr, PAR, and histamine receptors) allows for
evaluation of new therapeutic targets and strategies, and for the comparison of the
effects on different kinds of itch.

62



LITERATURE LIST

10.

11.

12.

13.

14.

Ikoma, A., Steinhoff, M., Stinder, S., Yosipovitch, G. & Schmelz, M. The
neurobiology of itch. Nature reviews neuroscience 7, 535-547 (2006).

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

Nanda, S., Hashimoto, T. & Yosipovitch, G. Epidemiology of chronic pain and
chronic itch. in Iltch and Pain: Similarities, Interactions, and Differences
(Wolters Kluwer, 2020).

Weisshaar, E. Epidemiology of itch. ltch-Management in Clinical Practice 50,
5-10(2016).

Dagard, F., Svensson, A., Holm, J. @. & Sun.db%/, J. Self-reported skin morbidity
in Oslo. Associations with sociodemographic factors among adults in a cross-

sectional study. British journal of dermatology 151, 452—457 (2004).

Dalgard, F., Dawn, A. G. & Yosipovitch, G. Are itch and chronic pain associated
in adults? Results of a large population survey in Norway. Dermatology 214,
305-309 (2007).

Stander, S. et al. Prevalence of chronic pruritus in Germany: results of a cross-
sectional study in a sample working population of 11,730. Dermatology 221,
229-235 (2010).

Matterne, U. et al. Prevalence, correlates and characteristics of chronic pruritus:
?28?{);11at10n-based cross-sectional study. Acta Derm Venereol 91, 674—679

Richard, M. A. et al. Prevalence of most common skin diseases in Europe: a
pVOpulatlon-based study. Journal of the European Academy of Dermatology and
enereology (2022).

Mollanazar, N. K. et al. Retrospective analysis of data from an itch center:
Integrating validated tools in the electronic health record. J Am Acad Dermatol
75, 842-844 (2016).

Dalgard, F., Lien, L. & Dalen, I. Itch in the community: associations with
%sychosomal factors among adults. Journal of the European Academy of
ermatology and Venereology 21, 1215-1219 (2007).

Weisshaar, E. & Dalgard, F. Epidemiology of itch: adding to the burden of skin
morbidity. Acta Derm Venereol 89, 339—%50 (2009).

Yosipovitch, G., Arendt-Nielsen, L. & Andersen, H. Itch and Pain: Similarities,
Interactions, and Differences. (Lippincott Williams & Wilkins, 2020).

The WHO(%OL Group. The development of the World Health Organization
quality of life assessment instrument (the WHOQOL). in Quality of life

63



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

CHARACTERIZATION AND MODULATION OF HISTAMINERGIC AND NON-HISTAMINERGIC ITCH

clzgsgeéffment: international perspectives 41-60 (Springer Verlag Heidelberg,

The World Health Organization quality of life assessment (WHOQOL):
Eileggé(;pment and general psychometric properties. Soc Sci Med 46, 1569—1585

The World Health Organization quality of life assessment (WHOQOL): position
paper from the World Health Organization. Soc Sci Med 41, 1403—1409 (1995).

Szabo, S. The World Health Organisation Quality of life (WHOQOL) assesment
instgrlér)nent. Quality of life and pharmacoeconomics in clinical trials 355-362

Study protocol for the World Health Or%imization project to develop a Qualit
E)1f9L91§§: assessment instrument (WHOQOL). Quality 0]J life Research 2, 153—-15

Finlay, A. Y. & Khan, G. Dermatology Life Quality Index (DLQI)—a simple
lrgcgt‘igal measure for routine clinical use. Clin Exp Dermatol 19, 210-216

Chren, M.-M., Lasek, R. J., Flocke, S. A. & Zyzanski, S. J. Improved
discriminative and evaluative capability of a refined version of Skindex, a

%uallty—of-llfe instrument for patients with skin diseases. Arch Dermatol 133,
433-1440 (1997).

Chren, M.-M,, Lasek, R. J .,.Sahafy,.A. P. & Sands, L. P. Measurement properties
of Skindex-16: a brief quality-of-life measure for patients with skin diseases. J
Cutan Med Surg S, 105-110 (2001).

Elman, S., Hynan, L. S., Gabriel, V. & Mayo, M. J. The 5-D itch scale: a new
measure of pruritus. British Journal of Dermatology 162, 587-593 (2010).

Yosipovitch, G. ef al. A questionnaire for the assessment of pruritus: validation
1116 élrclerlnllc( g)oaélle)nts. ACTA DERMATOVENEREOLOGICA-STOCKHOLM- 81,

Desai, N. S. et al. A pilot quality-of-life instrument for pruritus. J Am Acad
Dermatol 59, 234-244 (2005?).

Bevans, M., Ross, A. & Cella, D. Patient-Reported Outcomes Measurement
Information System (PROMIS): efficient, standardized tools to measure self-
reported health and quality of life. Nurs Outlook 62, 339-345 (2014).

Kini, S. P. et al. The im}l)act of pruritus on quality of life: the skin equivalent of
pain. Arch Dermatol 147, 1153—-1156 (201%

Racine, M. et al. The impact of pain and itch on functioning and health-related
%}Jahty of life in systemic sclerosis: an exploratory study. J Pain Symptom
anage 52, 43-53 (2016).

Halvorsen, J. A., Lien, L., Dalgard, F., Bjertness, E. & Stern, R. S. Suicidal
ideation, mental health problems, and social function in adolescents with
eczema: a population-based study. Journal of investigative dermatology 134,
1847-1854(2014).

64



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

LITERATURE LIST

Halvorsen, J. A., Dalgard, F., Thoresen, M., Bjertness, E. & Lien, L. Itch and
pain in adolescents are associated with suicidal ideation: a population-based
cross-sectional study. Acta Derm Venereol 92, (2012).

Verhoeven, E. W. M. et al. Prevalence of physical symptoms of itch, pain and
fatigue in patients with skin diseases in general practice. British Journal of
Dermatology 156, 1346—1349 (2007).

Yosipovitch, G. et al. Itch characteristics in Chinese patients with atopic
dermatitis using a new questionnaire for the assessment of pruritus. Int J
Dermatol 41, 212-216 (2002).

Gieler, U., Ehlers, A., Hohler, T. & Burkard, G. The psychosocial status of
patients with endogenous eczema. A study using cluster analysis for the
correlation of psychological factors with somatic findings. Der Hautarzt,
Zleé'tgg)hriﬁ fur Dermatologie, Venerologie, und verwandte Gebiete 41, 416423

Sanders, K. M. & Akiyama, T. The vicious cgcle of itch and anxiety.
Neuroscience & Biobehavioral Reviews 87, 17-26 (2018).

Misery, L. Pruritus, pain and other abnormal skin sensations. in Pruritus 69—72
(Springer, 2016).

Stiander, S. & Schmelz, M. Chronic itch and pain—similarities and differences.
European journal of pain 10, 473478 (2006).

Moore, C., Gl}lﬁga, R., Jordt, S.-E., Chen, Y. & Liedtke, W. B. Regulation of pain
and itch by TRP channels. Neurosci Bull 34, 120-142 (2018).

IASP Taxonomy Working Group. Classification of chronic pain: Part III: Pain
‘2316111151) A current list with definitions and notes on usage.. 2011. Preprint at

Andersen, H. H. et al. Alloknesis and hyperknesis—mechanisms, assessment
Ilnle9tho(%(())llo y, and clinical implications of itch sensitization. Pain 159, 1185—
7 .

Ikoma, A. Ugdated neuro(?hilsiology of itch. Biological and Pharmaceutical
Bulletin 36, 1235-1240 (2013).

LaMotte, R. H., Dong, X. & Ringkamp, M. Sensory neurons and circuits
mediating itch. Nature Reviews Neuroscience 15, 19-31 (2014).

Maier, C. et al. Quantitative sensory testing in the German Research Network
on Neuropathic Pain (DFNS): somatosensory abnormalities in 1236 patients
with different neuropathic pain syndromes. Pain 150, 439-450 (2010).

Vollert, J. et al. Stratifying patients with peripheral neuropathic pain based on
?Sr(ﬁ%r)y profiles: algorithm and sample size recommendations. Pain 158, 1446

Andersen, H. H., Elberling, J., Selvsten, H., Yosipovitch, G. & Arendt-Nielsen,
L. Nonhlstammer%w and mechanical itch sensitization in atopic dermatitis. Pain
158, 1780-1791 (2017).

65



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

CHARACTERIZATION AND MODULATION OF HISTAMINERGIC AND NON-HISTAMINERGIC ITCH

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. Annals of Dermatology 28, (2016).

Ikoma, A., Handwerker, H., Miyachi, Y. & Schmelz, M. Electrically evoked itch
in humans. Pain 113, 148—154 (2005).

(Szc(%llrrslglz, M. Itch and pain differences and commonalities. Pain control 285-301

LaMotte, R. H. Allodynia and alloknesis. Encyclopedia of Pain 87-90 (2013).

LaMotte, R. H. Psychophysical and neurophysiological studies of chemically
induced cutaneous pain and itch: the case of the missing nociceptor. Prog Brain
Res 74, 331-335 (1988).

Simone, D. A., Alreja, M. & Lamotte, R. H. Psychophysical studies of the itch
sensation and itchy skn}‘}“alloknems” %roduced by infracutaneous injection of
histamine. Somatosens Mot Res 8, 271-279 (1991).

G. Atanassoff, P. et al. Enhancement of experimental pruritus and mechanicallg
?Yggge)d dysesthesiae with local anesthesia. Somatosens Mot Res 16, 291-29

Andersen, H. H. Studies on itch and sensitization for itch in humans. (2017).

von Frey, M. Zur physiologie der juckempfindung. Arch Neerland Physiol 7,
142—1431(1922). P £ ! P £ 4

Rothman, S. Physiology of itching. Physiol Rev 21, 357-381 (1941).

Pritchard, E. A. B. The clinical significance of variations in tickle sensibility.
Preprint at (1933).

Graham, D. T., Goodell, H. & Wolff, H. G. Neural mechanisms involved in
itch,“itchy skin,” and tickle sensations. J Clin Invest 30, 3749 (1951).

Bickford, R. G. Experiments relating to the itch sensation, its peripheral
mechanism, and central pathways. Clin Sci 3, 377-386 (1938).

LaMotte, R. H. Subpopulations of *“nocifensor neurons” contributing to pain and
allodynia, itch and alloknesis. 4PS Journal 1, 115-126 (1992).

Murota, H. & Katayama, I. Evolving understanding on the aetiology of thermally
provoked itch. Furopean Journal of Pain 20, 47-50 (2016).

E}zabrfté:)ns, E. Many parallels between itch and pain research. Eur J Pain 20, 5

Ikoma, A. et al. Painfu] stimuli evoke itch in patients with chronic pruritus:
central sensitization for itch. Neurology 62, 212-217 (2004).

Hosogi, M., Schmelz, M., Miyachi, Y. & Ikoma, A. Bradykinin is a potent
I()zrblgg))gen in atopic dermatitis: a switch from pain to itch. Pain 126, 16-23

66



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

LITERATURE LIST

lo Vecchio, S., Elberling, J. & Andersen, H. H. Itch and pain-related
dysesthesias. in ltch and Pain: Similarities, Interactions, and Differences
(Wolters Kluwer, 2020).

Sandkuhler, J. Models and mechanisms of hyperalgesia and allodynia. Physiol
Rev 89, 707-758 (2009).

Bessou, P. & Perl, E. R. .Reszgonse of cutaneous sensory units with unmyelinated
fibers to noxious stimuli. J Neurophysiol 32, 1025-1043 (1969).

Gold, M. S. & Gebhart, G. F. Nociceptor sensitization in pain pathogenesis. Nat
Med 16, 1248-1257 (2010).

Woolf, C. J. Central sensitization: implications for the diagnosis and treatment
of pain. pain 152, S2-S15 (2011).

(Szc(l)llrl(l)e):lz, M. Itch and pain. Neuroscience & Biobehavioral Reviews 34, 171-176

Liang, Y.-F., Haake, B. & Reeh, P. W. Sustained sensitization and recruitment
of rat cutaneous nocwegtors by bradykinin and a novel theory of its excitatory
action. J Physiol 532,229 (2001).

Jiang, Y.-M. et al. Acidosis counteracts i.tch.tachﬁphylaxis to consecutive
Il)rurlt0fen exposure dependent on acid-sensing ion channel 3. Molecular Pain
3, 1744806917721114 (2017).

Pongcharoen, P. & Fleischer Jr, A. B. An evidence-based review of systemic
treatments for itch. European Journal of Pain 20, 24-31 (2016).

Darsow, U. et al. New aspects of itch ath(_)physjolog;/: com}qjonent analysis of
atopic itch using the ‘Eppendorf Itch Q%estlonnalre.’ nt Arch Allergy Immunol
124, 326-331 (2001).

Beltrani, V. S. The clinical spectrum of atopic dermatitis. Journal of allergy and
clinical immunology 104, S§7-S98 (1999).

Steinhoff, M. et al. Proteinase-activated receptor-2 mediates_itch: a novel
?221(31(1)V3V)ay for pruritus in human skin. Journal of Neuroscience 23, 6176-6180

Latremoliere, A. & Woolf, C. J. Central sensitization: a %enerator of pain
hypersensitivity by central neural plasticity. J Pain 10, 895-926 (2009).

Peirs, C. & Seal, R. P. Neural circuits for pain: recent advances and current
views. Science (1979) 354, 578-584 (2016).

Ikoma, A. et al. Neuronal sensitization for histamine-induced itch in lesional
skin of patients with atopic dermatitis. Arch Dermatol 139, 1455-1458 (2003).

Rukwied, R. R., Main, M., Weinkauf, B. & Schmelz, M. NGF sensitizes
nociceptors for cowhage-but not histamine-induced itch in human skin. J Invest
Dermatol 133, 268 (2013).

von Frey, M. Untersuchungen iiber die sinnesfunctionen der menschlichen haut:
1. abhandlung: Druckempfindung und schmerz. vol. 23 (S. Hirzel, 1896).

67



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

CHARACTERIZATION AND MODULATION OF HISTAMINERGIC AND NON-HISTAMINERGIC ITCH

Gustorff, B. et al. The pattern and time course of somatosensory changes in the
human UVB sunburn model reveal the presence of peripheral and central
sensitization. Pain 154, 586597 (2013).

Pall, P. S., Hurwitz, O. E., King, B. A. & LaMotte, R. H. Psychophysical
measurements of itch and nociceptive sensations in an experimental model of
allergic contact dermatitis. The Journal of Pain 16, 741-749 (2015).

Basbaum, A. I, Bautista, D. M., Scherrer, G. & Julius, D. Cellular and molecular
mechanisms of pain. Cell 139, 267-284 (2009).

Bhave, G. & Gereau IV, R. W. Posttranslational mechanisms of peripheral
sensitization. J Neurobiol 61, 88—106 (2004).

Meyer, R. A. Peripheral mechanisms of cutaneous nociception. Wall and
Melzack’s textbook of pain (2006).

Gangadharan, V. & Kuner, R. Pain hypersensitivity mechanisms at a glance. Dis
Model Mech 6, 889-895 (2013).

Mollanazar, N. K., Smith, P. K. & Yosipovitch, G. Mediators of chronic pruritus
in at%glc dermatitis: getting the itch out? Clin Rev Allergy Immunol 51, 263-292

(201

Yosipovitch, G. & Bernhard, J. D. Chronic pruritus. New England Journal of
Medicine 368, 1625-1634 (2013).

Sonkoly, E. ef al. IL-31: a new link between T cells and pruritus in atopic skin
trzlf(')lgrgl)matlon. Journal of Allergy and Clinical Immunology 117, 411-417

Oh, M.-H. et al. TRPA1-dependent pruritus in IL-13—induced chronic atopic
dermatitis. The Journal of Immunology 191, 5371-5382 (2013).

Julius, D. & Basbaum, A. 1. Molecular mechanisms of nociception. Nature 413,
203-210 (2001).

Scholz, J. & Woolf, C. J. The neurogathic pain triad: neurons, immune cells and
glia. Nat Neurosci 10, 1361-1368 (2007).

Ji, R.-R., Kohno, T., Moore, K. A. & Woolf, C. J. Central sensitization and LTP:
?200 gl)n and memory share similar mechanisms? Trends Neurosci 26, 696705

Akiyama, T. et al. Mouse model of touch-evoked itch (alloknesis). Journal of
investigative dermatology 132, 1886—1891 (2012).

Davidson, S. A spinal circuit for mechanically-evoked itch. Trends in
Neurosciences 39, 1-2 (2016).

Rolke, R. et al. Quantitative sensory testing: a comprehensive protocol for
clinical trials. European journal of pain 10, 77-88 (2006).

Carstens, E., Carstens, M. I. & Follansbee, T. Coding of itch and pain:
neurophysiological parallels and differences. in Jtch and Pain: Similarities,
Interactions, and Differences (Wolters Kluwer, 2020).

68



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.
107.

108.

109.

110.

111.

112.

LITERATURE LIST

Torebjork, H. E. & Ochoa, J. L. Pain and itch from C fiber stimulation. in Soc
Neurosci Abstr vol. 7228 (1981).

Tuckett, R. P. Itch evoked by electrical stimulation of the skin. Journal of
Investigative Dermatology 79, 368-373 (1982).

Schmelz, M., Schmidt, R., Bickel, A., Handwerker, H. O. & Torebjork, H. E.
gggcéi?l%g%eceptors for itch in human skin. Journal of neuroscience 17, 8003—

Andrew, D. & Craig, A. D. Spinothalamic lamina I neurons selectively sensitive
to histamine: a central neural pathway for itch. Nat Neurosci 4, 72—77 (2001).

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

Simone, D. A. et al. Comparison of responses of primate spinothalamic tract
5131211‘?21‘18 Ot‘c‘))prurltlc and algogenic stimuli. Journal of Neurophysiology 91, 213—

(P%%Ii%\;verker, H. O. Microneurography of pruritus. Neurosci Lett 470, 193—196

Handwerker, H. O. & Schmelz, M. Itch without pain—a labeled line for itch
sensation? Nature Reviews Neurology S, 640—641 (2009).

McMabhon, S. B. & Koltzenburg, M. Itching for an explanation. Trends Neurosci
15, 497-501 (1992).

Greaves, M. W. & Wall, P. D. Pathophysiology of itching. The Lancet 348, 938—
940 (1996).

Namer, B. & Reeh, P. Scratching an itch. Nat Neurosci 16, 117-118 (2013).

Namer, B. et al. Separate peripheral pathways for pruritus in man. J
Neurophysiol 100, 2062-2069 (2008).

Han, L. et al. A sub ogulation of nociceptors specifically linked to itch. Nat
Neurosci 16, 174—182 (2013).

Jonathan, Y.-X., Li, L., Hasan, R. & Zhang, X. Excitation and modulation of
TRPA1, TRPVI, and TRPMS channel-expressing sensorif neurons by the
gbuilg())gen chloroquine. Journal of Biological Chemistry 288, 12818-12827

Michaelis, M., Hébler, H. & Jaenig, W. Silent afferents: a separate class of
grglni%r (alfgegge)nts? Clinical and experimental pharmacology and physiology 23,

Meyer, R. A., Davis, K. D., Cohen, R. H., Treede, R.-D. & Campbell, J. N.
Mechanically insensitive afferents (MIAs) in cutaneous nerves of monkey. Brain
Res 561, 252-261 (1991).

Davis, K. D., Meyer, R. A. & Campbell, J. N. Chemosensitivity and sensitization
of nociceptive afferents that innervate the hairy skin of monkey. J Neurophysiol
69, 1071-1081 (1993).

69



113.

114.

115.

116.

117.

118.
119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

CHARACTERIZATION AND MODULATION OF HISTAMINERGIC AND NON-HISTAMINERGIC ITCH

Weidner, C. et al. Functional attributes discriminating mechano-insensitive and
mechano—resgonswe C nociceptors in human skin. Journal of Neuroscience 19,
10184-10190 (1999).

Georgopoulos, A. P. Functional properties of primary afferent units Brobabl
E?l()a;%c)i to pain mechanisms in primate glabrous skin. J Neurophysiol 39, 71-8

Schmidt, R. et al. Novel classes of responsive and unresponsive C nociceptors
in human skin. Journal of Neuroscience 15, 333-341 (1995).

Schmidt, R., Schmelz, M., Weidner, C., Handwerker, H. O. & Torebjork, H. E.
Innervation territories of mechano-insensitive C nociceptors in human skin. J
Neurophysiol 88, 1859—1866 (2002).

Schmelz, M., Michael, K., Weidner, C., Schmidt, R. & Handwerker, H. O.
Which nerve fibers mediate the axon reflex flare in human skin? Neuroreport
11, 645-648 (2000).

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

Cormia, F. E. Experimental histamine pruritus: I. Influence of physical and
%sycholo%lcal factors on threshold reactivity. Journal of Investigative
ermatology 19, 21-34 (1952).

Cormia, F. E. & Kuykendall, V. Experimental histamine pruritus: II. Nature;
physical and environmental factors influencing development and severity.
Journal of Investigative Dermatology 20, 429-446 (1953).

Keele, C. A. & Armstrong, D. Substances producing pain and itch. (Williams &
Wilkins Company, 1964).

Armstrong, D., Dry, R. M. L., Keele, C. A. & Markham, J. W. Observations on
glzl%n(ligaslﬁmnants of cutaneous pain in man. The Journal of Physiology 120,

Hafenreffer, S. Nosodochium: in quo cutis, eique adhaerentium partium,
affectus omnes, singulari methodo, et cognoscendi et curandi fidelissime
traduntur [...]. (typis et expensis B. Kuehnen%.

Schmelz, M. et al. Active “itch fibers” in chronic pruritus. Neurology 61, 564—
566 (2003).

Imamachi, N. et al. TRPV1-expressing primary afferents generate behavioral
responses to Sprurltogens via multiple mechanisms. Proceedings of the National
Academy of Sciences 106, 11330-11335 (2009).

Shim, W.-S. et al. TRPV1 mediates histamine-induced itching via the activation
of fhos;())hollpase A2 and 12-lipoxygenase. Journal of Neuroscience 27, 2331—
2337 (2007).

ggglg%ren, C. Itch and atopic dermatitis: an overview. J Dermatol 26, 770-779

Wah%ren, C.-F. Itch and atopic dermatitis: clinical and experimental studies.
Acta Derm Venereol Suppl (Stockh) 165, 1-53 (1991).

70



129.
130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

LITERATURE LIST

Twycross, R. et al. Ttch: scratching more than the surface. Qjm 96, 7-26 (2003).

Wahlgren, C., Higermark, O. & Bergstrdm, R. The antipruritic effect of a
sedative and a non-sedative antihistamine in atopic dermatitis. British Journal of
Dermatology 122, 545-551 (1990).

Berth-Jones, J. & Graham-Brown, R. A. C. Failure of terfenadine in relievin
'211169 é'smtus of atopic dermatitis. British Journal of Dermatology 121, 635-63

Shelley, W. B. & Arthur, R. P. Mucunain, the active pruritogenic proteinase of
cowhage. Science (1979) 122, 469-470 (1955).

Shelley, W. B. & Arthur, R. P. The neurohistology and neurogh siolo% of the
itch sensation in man. AMA archives of dermatology 76, 296-323 (195 {

Shelley, W. B. & Arthur, R. P. Studies on cowhage (Mucuna pruriens) and its
?flglglgc))gemc proteinase, mucunain. AMA archives of dermatology 72, 399—406

Picardi, A., Lega, I. & Tarolla, E. Suicide risk in skin disorders. Clin Dermatol
31, 47-56 (2013).

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. Journal of Neuroscience 28, 4331-4335 (2008).

Johanek, L. M. ef al. Psychthysical and physiological evidence for parallel
afferent %athwa s mediating the sensation of itch. Journal of Neuroscience 27,
7490-7497 (2007).

Johanek, L. M. et al. A role for gol/ymodal C-fiber afferents in nonhistaminergic
itch. Journal of Neuroscience 28, 7659-7669 (2008).

Davidson, S. ef al. The itch-producing agents histamine and cowhage activate
separate populations of primate s;}nnothalamlc tract neurons. Journal of
neuroscience 27, 10007-10014 (2007).

Hoeck, E. A., Marker, J. B., Gazerani, P., H. Andersen, H. & Arendt-Nielsen, L.
?zr(e)(lslégncal and human surrogate models of itch. Exp Dermatol 25, 750-757

Andersen, H. H., Elberling, J. & Arendt-Nielsen, L. Human surrogate models of
?zl%tilgr;merglc and non-histaminergic itch. Acta Derm Venereol 95, 771-779

Ma, C., Nie, H., Gu, Q., Sikand, P. & LaMotte, R. H. In vivo responses of
cutaneous C-mechanosensitive neurons in mouse to punctate chemical stimuli
gh6a3t (e%:it] 1)tch and nociceptive sensations in humans. J Neurophysiol 107, 357—

Handwerker, H. O. Chapter 1—itch hypotheses. ltch mechanisms and treatment,
Ist edition. Boca Raton, FL: CRC Press/Taylor & Francis (2014).

71



144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

CHARACTERIZATION AND MODULATION OF HISTAMINERGIC AND NON-HISTAMINERGIC ITCH

Davidson, S. et al. Pruriceptive spinothalamic tract neurons: ghfsiolo ical
?zrglfggtles and projection targets in the primate. J Neurophysiol 108, 1711-1723

Arendt-Nielsen, L. & Yarnitsky, D. Experimental and clinical a]pé)lications of
uantitative sensory testing applied to skin, muscles and viscera. The Journal of
ain 10, 556-572 (2009).

Modir, J. G. & Wallace, M. S. Human experimental pain models 3:
heat/capsaicin sensitization and intradermal capsaicin models. in Analgesia 169—
174 (Springer, 2010).

Klein, T., Magerl, W., Rolke, R. & Treede, R.-D. Human surrogate models of
neuropathic pain. Pain 115, 227-233 (2005).

Olesen, A. E., Andresen, T., Staahl, C. & Drewes, A. M. Human experimental
ain models for assessing the therapeutic efficacy of analgesic drugs. Pharmacol
ev 64, 722-779 (2012).

Wasner, G., Schattschneider, J., Binder, A. & Baron, R. Topical menthol—a
human model for cold Ealn by activation and sensitization of C nociceptors.
Brain 127, 1159-1171 (2004).

Nassini, R. ef al. Oxaliplatin elicits mechanical and cold allodynia in rodents via
TRPAI receptor stimulation. Pain® 152, 1621-1631 (2011).

Petersen, K. L., Fields, H. L., Brennum, J., Sandroni, P. & Rowbotham, M. C.
(ljéclgs(%lg&l) )evoked pain and allodynia in post-herpetic neuralgia. Pain 88, 125—

Andersen, H. H. et al. Cold and L-menthol-induced sensitization in healthy
volunteers—a cold hypersensitivity analogue to the heat/capsaicin model. Pain
156, 880-889 (2015).

Andersen, H. H. & Arendt-Nielsen, L. Human Surrogate Models of Itch and
Pain. in ltch and Pain: Similarities, Interactions, and Differences (2020).

Hartmann, E. M., Handwerker, H. O. & Forster, C. Gender differences in itch
and pain-related sensations provoked by histamine, cowhage and capsaicin. Acta
Derm Venereol 95, 25-30 (12)015).

Sikand, P., Shimada, S. G., Green, B. G. & LaMotte, R. H. Sensory responses to
1rgect1on and punctate application of capsaicin and histamine to the skin. Pain
152, 2485-2494 (2011).

Andersen, H. H., Elberling, J., lo Vecchio, S. & Arendt-Nielsen, L. Topogra})hz
of itch: evidence of distinct coding for pruriception in the trigeminal nerve. /tc
(Phila) 2, €2 (2017).

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).

Dale, H. H. & Laidlaw, P. P. The physiological action of -
iminazolylethylamine. J Physiol 41, 318 (1910).

72



159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

LITERATURE LIST

Lewis, T. Experiments relatin% to cutaneous hyperalgesia and its spread through
somatic nerves. Clin. Sci. 2, 373-423 (1936).

Wooten, M. et al. Three functionally distinct classes of C-fibre nociceptors in
primates. Nat Commun 5, 1-12 (2014).

Vinik, A. I. Barely scratching the surface. Diabetes care vol. 33 210-212
Preprint at (2010).

Papoiu, A. D. P., Tey, H. L., Coghill, R. C., Wang, H. & Yosipovitch, G.
Cowhage-induced itch as an experimental model for pruritus. A comparative
study with histamine-induced itch. PLoS One 6, €17786 (2011).

Wilson, S. R. et al. The ion channel TRPA1 is required for chronic itch. Journal
of Neuroscience 33, 9283-9294 (2013).

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 (2018).

Aliotta, G. E., lo Vecchio, S., 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. Experimental Dermatology (2022).

Han, S.-K. et al. Orphan G protein-coupled receptors MrgAl and MrgC11 are
distinctively activated by -amide-related peptides through the Gog/11
2a(t)1(1)\év)ay. roceedings of the National Academy of Sciences 99, 14740-14745

Zylka, M. ], Rice, F. L. & Anderson, D. J. Topographically distinct epidermal
Illgcg:ser()‘él(\)fgsc)lrcults revealed by axonal tracers targeted to Mrgprd. Neuron 45,

Sikand, P., Dong, X. & LaMotte, R. H. BAM8-22 peptide produces itch and
nociceptive sensations in humans independent of histamine release. Journal of
Neuroscience 31, 7563-7567 (2011).

Anand, P. & Bley, K. To]tgical capsaicin for pain management: therapeutic
potential and mechanisms of action of the new high-concentration capsaicin 8%
patch. Br J Anaesth 107, 490-502 (2011).

O’Neill, J. et al. Unravelling the mystery of capsaicin: a tool to understand and
treat pain. Pharmacol Rev 64, 939—971?2012).

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, €100610 (2014).

Gooding, S. M. D., Canter, P. H., Coelho, H. F., Boddy, K. & Ernst, E.
Systematic review of topical capsaicin in the treatment of pruritus. Int J
Dermatol 49, 858865 (2010).

Green, B. G. Spatial summation of chemical irritation and itch produced by
topical application of capsaicin. Percept Psychophys 48, 12—18 (1990).

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

73



175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

CHARACTERIZATION AND MODULATION OF HISTAMINERGIC AND NON-HISTAMINERGIC ITCH

cowhage-evoked itch in healt}}y volunteers: a randomized, vehicle-controlled,
proof-of-concept trial. British Journal of Dermatology 177, 107-116 (2017).

lo Vecchio, S., Andersen, H. H. & Arendt-Nielsen, L. The time course of brief
and prolonged topical 8% capsaicin-induced desensitization in healthy
volunteers evaluated by quantitative senso?/ testing and vasomotor imaging.
Experimental Brain Research 236,2231-2244 (2018%.

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).

Pereira, M. ef al. Somatosensory dysfunctions in patients with chronic pruritus.
Abstr Eur Pain Fed 60, 3 (2015r§.

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

Nielsen, T. A., Eriksen, M. A., Gazerani, P. & Andersen, H. H. Psychophysical
and vasomotor evidence for interdependency of TRPA1 and TRPVI1-evoked
Izlggllce(:}zogifg)responses in human skin: an experimental study. Pain 159, 1989—

Flﬁ:ﬁel, C. et al. RNA-Seq analysis of human trigeminal and dorsal root ganglia
with a focus on chemoreceptors. PLoS One 10, €0128951 (2015).

Saarnilehto, M. et al. Contact sensitizer 2, 4-dinitrochlorobenzene is a highly
potent human TRPA 1 agonist. Allergy 69, 1424-1427 (2014).

Hojland, C. R., Andersen, H. H., Poulsen, J. N., Arendt-Nielsen, L. & Gazerani,
P. A human surrogate model of itch utilizing the TRPAI1 agonist trans-
cinnamaldehyde. Acta Derm Venereol 95, 798-803 (2015).

Namer, B., Seifert, F., Handwerker, H. O. & Maihofner, C. TRPA1 and TRPMS
activation in humans: effects of cinnamaldehyde and menthol. Neuroreport 16,
955-959 (2005).

Olsen, R. V., Andersen, H. H., Mgller, H. G., Eskelund, P. W. & Arendt-Nielsen,
L. Somatosensory and vasomotor manifestations of individual and combined
stimulation of M 8 and TRPA 1 using topical L-menthol and trans-
E:ér(l)riir)naldehyde in healthy volunteers. European Journal of Pain 18, 1333—-1342

Liu, Q. et al. Sensory neuron-specific GPCR Mrgprs are itch receptors mediating
chloroquine-induced pruritus. Cel/ 139, 1353—-1365 (2009).

Ajayi, A. A. L. Itching, chloroquine, and malaria: a review of recent molecular
and neuroscience advances and their contribution to mechanistic understanding
§r91c11 t(}i%rfg)eutlcs of chronic non-histaminergic pruritus. Int J Dermatol 58, 880—

Décombaz, J., Beaumont, M., Vuichoud, J., Bouisset, F. & Stellingwerff, T.
Effect of slow-release B-alanine tablets on af)sorptlon kinetics and paresthesia.

Amino Acids 43, 67-76 (2012).

74



188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

LITERATURE LIST

Liu, Q. et al. Mechanisms of itch evoked by B-alanine. Journal of Neuroscience
32, 14532-14537 (2012).

Christensen, J. D., lo Vecchio, S., Elberling, J., Arendt-Nielsen, L. & Andersen,
H. Assessing Punctate Administration of Beta-alanine as a Potential Human
Model of Non-histaminergic Itch. Acta Derm Venereol 99, 222-223 (2019).

Weidner, C. et al. Acute effects of substance P and calcitonin gene-related
}[))eptlde in human skin—a microdialysis study. Journal of Investigative
ermatology 115, 1015-1020 (2000).

Akiyama, T., Carstens, M. I. & Carstens, E. Facial injections of pruritogens and
algogens excite partly pverlaﬁlplng populations of rlmalgl and second-order
trigeminal neurons in mice. J Neurophysiol 104, 2442-2450 (2010).

Neugebauer, V., Schaible, H.-G. & Schmidt, R. F. Sensitization of articular
?fgegrgglts to mechanical stimuli by bradykinin. Pfliigers Archiv 415, 330-335

Heyer, G., Vogelgsang, M. & Hornstein, O. P. Acetylcholine is an inducer of
itching in patients with atopic eczema. J Dermatol 24, 621-625 (1997).

Herbert, M. K. & Holzer, P. Why are substance P (NK1)-receptor antagonists
ineffective in pain treatment? Anaesthesist 51, 308-319 (2002).

Andoh, T., Nagasawa, T., Satoh, M. & Kuraishi, Y. Substance P induction of
itch-associated res}?onse mediated %y cutaneous NK1 tachykinin reciptors in
?1119c9f:83]0urnal of Pharmacology and Experimental Therapeutics 286, 1140-1145

Fowler, E., Kapural, L. & Yosipovitch, G. Treatments for Itch and Pain. in Itch
and Pain: Similarities, Interactions, and Differences (2020).

Lee, J.-H. et al. RETRACTED: A Monoclonal Antibody that Targets a NaV1. 7
Channel Voltage Sensor for Pain and Itch Relief. Preprint at (2014).

Geppetti, P., Veldhuis, N. A., Lieu, T. & Bunnett, N. W. G protein-coupled
receptors: dynamic machines for signaling pain and itch. Neuron 88, 635-649

(2015)

Lee, C. et al. Transepidermal water loss, serum I%E and B-endorphin as
important and independent biological markers for development of itch intensity
in atopic dermatitis. British Journal of Dermatology 154, 1100-1107 (2006).

Patel, T., Ishiuji, Y. & Yosipovitch, G. Nocturnal itch: why do we itch at night?
Acta Derm Venereol 87, 295-298 (2007).

Yosipovitch, G. et al. Time-dependent variations of the skin barrier function in
humans: transepidermal water loss, stratum corneum hydration, skin surface 1§H,
and skin temperature. Journal of investigative dermatology 110, 20-23 (1998).

Yosipovitch, G. & Papoiu, A. D. P. What causes itch in atopic dermatitis? Curr
Allergy Asthma Rep 8, 306-311 (2008).

75



203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

CHARACTERIZATION AND MODULATION OF HISTAMINERGIC AND NON-HISTAMINERGIC ITCH

Liu, T. & Ji, R.-R. New insights into the mechanisms of itch: are pain and itch
controlled by distinct mechanisms? Pfliigers Archiv-European Journal of
Physiology 465, 1671-1685 (2013).

Drake, L. A., Fallon, J. D., Sober, A. & Group, D. S. Relief of pruritus in patients
with atopic dermatitis after treatment with topical doxepin cream. J Am Acad
Dermatol 31, 613—616 (1994).

Drake, L. A. & Millikan, L. E. The antipruritic effect of 5% doxepin cream in
patients with eczematous dermatitis. Arch Dermatol 131, 1403—-1408 (1995).

Yosipovitch, G. & Maibach, H. I. Effect of topical gramoxine on experimentally
induced pruritus in humans. J Am Acad Dermatol 37,278-280 (1997).

Shuttleworth, D., Hill, S., Marks, R. & Connelly, D. M. Relief of experimentall%
induced pruritus with a novel eutectic mixture of local anaesthetic agents. Britis
Journal of Dermatology 119, 535-540 (1988).

Sandroni, P. Central neuropathic itch: a new treatment option? Neurology 59,
778 (2002).

Leslie, T. A., Greaves, M. W. & Yosipovitch, G. Current topical and systemic
therapies for itch. Pharmacology of Itch 337-356 (2015).

Rosen, J. D, Fostini, A. C. & Yosipovitch, G. Diagnosis and management of
neuropathic itch. Dermatol Clin 36, 213-224 (2018).

Young, T. A. ef al. A pramoxine-based anti-itch lotion is more effective than a
control lotion for the treatment of uremic pruritus in adult hemodialysis patients.
Journal of dermatological treatment 20, 76-81 (2009).

Villamil, A. G., Bandi, J. C., Galdame, O. A., Gerona, S. & Gadano, A. C.
Efficacy of lidocaine in the treatment of pruritus in (;)atients with chronic
cholestatic liver diseases. Am J Med 118, 1160-1163 (2005).

Weisshaar, E. ef al. European guideline on chronic pruritus. Acta Derm Venereol
92, 563-586 (2012).

Zhai, H., Frisch, S., Pelosi, A., Neibart, S. & Maibach, H. I. Antipruritic and
thermal sensation effects of hydrocortisone creams in human skin. Skin
Pharmacology and Physiology 13, 352-357 (2000).

Hon, K.-L. E. ef al. Assessing itch in children with atopic dermatitis treated with
tacrolimus: objective versus subjective assessment. Adv Ther 24, 23-28 (2007).

Kaufmann, R. et al. Onset of pruritus relief with pimecrolimus cream 1% in adult
patients with atopic dermatitis: a randomized trial. Allergy 61, 375-381 (2006).

Stinder, S., Schiirmeyer-Horst, F., Luger, T. A. & Weisshaar, E. Treatment of
?536%1)(: diseases with topical calcineurin inhibitors. Ther Clin Risk Manag 2,213

McKemy, D. D., Neuhausser, W. M. & Julius, D. Identification of a cold
g_ezce 8to(r2 rg:afze)als a general role for TRP channels in thermosensation. Nafure 416,

76



219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

LITERATURE LIST

Peier, A. M. et al. A TRP channel that senses cold stimuli and menthol. Cell 108,
705-715 (2002).

Papoiu, A. D. P. & Yosipovitch, G. Topical capsaicin. The fire of a
‘hot’medicine is reignited. Expert Opin Pharmacother 11, 1359—-1371 (2010).

Sténder, S., Luger, T. & Metze, D. Treatment of prurigo nodularis with topical
capsaicin. J Am Acad Dermatol 44,471-478 (2001).

Leibsohn, E. Treatment of notalgia paresthetica with capsaicin. Cutis 49, 335—
336 (1992).

Breneman, D. L. et al. Topical cagsaicin for treatment of hemodialysis-related
pruritus. J Am Acad Dermatol 26, 91-94 (1992).

Goodless, D. R. & Eaglstein, W. H. Brachioradial gruritus: treatment with
topical capsaicin. J Am Acad Dermatol 29, 783—784 (1993).

Lotti, T., Teofoli, P. & Tsargpau, D. Treatment of aquagenic pruritus with topical
capsaicin cream. J Am Acad Dermatol 30, 232-235 (1994).

Burian, M., Tegeder, 1., Seegel, M. & Geisslinger, G. Peripheral and central
antihyperalgesic effects of diclofenac in a model of human inflammatory pain.
Clinical Pharmacology & Therapeutics 74, 113—120 (2003).

Sténder, S., Schmelz, M., Metze, D., Luger, T. & Rukwied, R. Distribution of
cannabinoid receptor 1 (CB1) and 2 (CB2) on sensory nerve fibers and adnexal
structures in human skin. J Dermatol Sci 38, 177—188 (2005).

Dvorak, M., Watkinson, A., McGlone, F. & Rukwied, R. Histamine induced
responses are attenuated bg a cannabinoid receptor agonist in human skin.
In/ﬁlmmation Research 52, 238-245 (2003).

C Szepietowski, J., Szepietowski, T. & Reich, A. Efficacy and tolerance of the
cream containing structured physiological lipids with endocannabinoids in the
treatment of uremic pruritus: a preliminary study. Acta Dermatovenerologica
Croatica 13, 0 (2005{

Eberlein, B., Eicke, C., Reinhardt, H. & Ring, J. Adjuvant treatment of atopic

eczema: assessment of an emollient containing “N-palmitoylethanolamine

(Y}ATOPA studg). Journal 08{ the European Academy of Dermatology and
enereology 22, 73—82 (2008).

Kouwenhoven, T. A., van de Kerkhof, P. C. M. & Kamsteeg, M. Use of oral
antldegressants in patients with chronic pruritus: A systematic review. J Am
Acad Dermatol 77, 10681073 (2017).

McCleane, G. Topical application of doxepin hydrochloride, capsaicin and a
combination of both produces analgesia in chronic human neuropathic pain: a
randomized, double-blind, placebo-controlled study. Br J Clin Pharmacol 49,
574-579 (2000).

Dharmshaktu, P., Tayal, V. & Kalra, B. S. Efficacy of antidepressants as
analgesics: a review. The Journal of Clinical Pharmacology 52, 617 (2012).

77



234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

245.

246.

247.

248.

CHARACTERIZATION AND MODULATION OF HISTAMINERGIC AND NON-HISTAMINERGIC ITCH

Hundley, J. L. & Yosipovitch, G. Mirtazapine for reducing nocturnal itch in
1(32a(t)i6:£r‘1)ts with chronic pruritus: a pilot study. J Am Acad Dermatol 50, 889-891

Umeuchi, H. ef al. Involvement of central p-opioid system in the scratching
behavior in mice, and the sug)pressmn of it by the activation of k-opioid system.
Eur J Pharmacol 477, 29-35 (2003).

Togashi, Y. et al. Antipruritic activity of the k-opioid receptor agonist, TRK-
820. Eur J Pharmacol 435, 259-264 (2002).

Pan, Z. Z. —O% osing actions of the x-opioid receptor. Trends Pharmacol Sci
19, 94-98 &99 S)

Mansour-Ghanaei, F. et al. Effect of oral naltrexone on pruritus in cholestatic
patients. World journal of gastroenterology: WJG 12, 1125 (2006).

Malekzad, F. et al. Efficacy of oral naltrexone on pruritus in atopic eczema: a
double-blind, placebo-controlled study. Journal of the European Academy of
Dermatology and Venereology 23, 948-950 (2009).

Jung, S. il et al. Efficacy of naltrexone in the treatment of chronic refractory
itching in burn patients: preliminary report of an open trial. Journal of burn care
& research 30, 257-260 (2009).

Peer, G. ef al. Randomised crossover trial of naltrexone in uraemic pruritus. The
Lancet 348, 1552-1554 (1996).

Bergasa, N. v, Alling, D. W., Talbot, T. L., Wells, M. C. & Jones, E. A. Oral
nalmefene therzH)y reduces scratching activity due to the pruritus of cholestasis:
a controlled study. J Am Acad Dermatol 41, 431-434 (1999).

Monroe, E. W. Efficacy and safety of nalmefene in patients with severe pruritus
%%S?figlé}é )chromc urticaria and atopic dermatitis. J Am Acad Dermatol 21, 135—

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

Kumagai, H. et al. Effect of a novel kappa-receptor agonist, nalfurafine
hydrochloride, on severe itch in 337 haemodialysis patients: a Phase III,
randomized, double-blind, Elacebo—controlled study. Nephrology Dialysis
Transplantation 25, 1251-1257 (2010).

Kanitakis, J. Brachioradial })ruritus: report of a new case responding to
gabapentin. Furopean Journal of Dermatology 16, 311 (2006).

Loosemore, M. P., Bordeaux, J. S. & Bernhard, J. D. Gabapentin treatment for
notalgia paresthetica, a common isolated peripheral sensory neuropathy. Journal
of the European Academy of Dermatology and Venereology 21, 1440 (2007).

Gunal, A. 1. et al. Gabapentin theragy for pruritus in haemodialysis patients: a
randomized, placebo-controlled, double-blind trial. Nephrology Dialysis
Transplantation 19, 3137-3139 (2004).

78



249.

250.

251.

252.

253.

254.
255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

LITERATURE LIST

Bergasa, N. v, McGee, M., Ginsburg, I. H. & Engler, D. Gabapentin in patients
with the pruritus of cholestasis: a double-blind, randomized, placebo-controlled
trial. Hepatology 44, 1317-1323 (2006).

Ehrchen, J. & Stinder, S. Pregabalin in the treatment of chronic pruritus. J Am
Acad Dermatol 58, S36—-S37 (%008).

Meggitt, S. J., Gray, J. C. & Reynolds, N. J. Azathioprine dosed by thiopurine
methyltransferase activity for moderate-to-severe atopic eczema: a double-blind,
randomised controlled trial. The Lancet 367, 839—846 (2006).

Cole, E., Yeung, H. & Chen, S. C. The Quality of Life Impact of Chronic
Itch Compared to Pain. in Itch and Pain: Similarities, Interactions, and
Differences (2020).

Aitken, R. C. B. A growing edge of measurement of feelings [abridged]
measurement of feelings using visual analogue scales. Preprint at %l 969)

Wallengren, J. Measurement of Itch. in Pruritus (2010).

Williamson, A. & Hoggart, B. Pain: a review of three commonly used pain rating
scales. J Clin Nurs 14,7798-804 (2005).

Jensen, M. P., Karoly, P. & Braver, S. The measurement of clinical pain
intensity: a comparison of six methods. Pain 27, 117-126 (1986).

Bulloch, B. et al. Validation of the Ottawa Knee Rule in children: a multicenter
study. Ann Emerg Med 42, 48-55 (2003).

Hjermstad, M. J. et al. Studies comparing numerical rating scales, verbal rating
scales, and visual analogue scales for assessment of pain intensity in adults: a
systematic literature review. J Pain Symptom Manage 41, 1073—1093 (2011).

Forster, C., Greiner, T., Nischik, M., Schmelz, M. & Handwerker, H. O.
Neurogenic flare responses are heterogeneous in superficial and deep layers of
human skin. Neurosci Lett 185, 33-36 (1995).

Schmelz, M. & Petersen, L. J. Neurogenic inflammation in human and rodent
skin. Physiology 16, 33-37 (2001).

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

Heinzerling, L. et al. The skin prick test-European standards. Clin Transl
Allergy 3, 1-10 (2013).

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).

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).

Rukwied, R., Lischetzki, G., McGlone, F., Heyer, G. & Schmelz, M. Mast cell
mediators other than histamine induce pruritus in atopic dermatitis patients: a

79



266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

CHARACTERIZATION AND MODULATION OF HISTAMINERGIC AND NON-HISTAMINERGIC ITCH

?2661(1)1(?)1 microdialysis study. British Journal of Dermatology 142, 1114-1120

Hawro, T. et al. Skin Erovocation tests may help to diagnose atopic dermatitis.
Allergy 71, 17451752 (2016).

Dreborg, S. Allergen skin prick test should be adjusted by the histamine
reactivity. Int Arch Allergy Immunol 166, 77-80 (2015l).

Dreborg, S. & Frew, A. A Position Paper: Allergen standardization and skin
tests. Allergy. (1993).

Steinhoff, M. et al. Modern aspects of cutaneous neurogenic inflammation. Arch
Dermatol 139, 1479-1488 (2003).

Groetzner, P. & Weidner, C. The human vasodilator axon reflex—An exclusively
peripheral phenomenon? PAIN® 149, 71-75 (2010).

Birklein, F. & Schmelz, M. NeuroIPe tides, neurogenic inflammation and
complex regional pain syndrome (CR Sf Neurosci Lett 437, 199-202 (2008).

Gazerani, P., Pedersen, N. S., Drewes, A. M. & Arendt-Nielsen, L. Botulinum
toxin type A reduces histamine-induced itch and vasomotor responses in human
skin. British Journal of Dermatology 161, 737-745 (2009).

Morch, C. D., Gazerani, P., Nielsen, T. A. & Arendt-Nielsen, L. The UVB
cutaneous inflammatory pain model: a reproducibility study in healthy
volunteers. [International Journal of Physiology, Pathophysiology and
Pharmacology S, 203 (2013).

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

Eriksson, S., Nilsson, J. & Sturesson, C. Non-invasive ima;in of
?Znézlrz)mrculatlon: a technology review. Medical devices (Auckland, NZ) 7, 445

Lindahl, F., Tesselaar, E. & Sjoberg, F. Assessing 6paediatric scald injuries using
laser speckle contrast imaging. Burns 39, 662—666 (2013).

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

Nomura, S. ef al. Reliability of laser speckle flow imaging for intraoperative
monitoring of cerebral blood flow during cerebrovascular surgery: comparison
with cerebral blood flow measurement 3! smg7le photon emission computed
tomography. World Neurosurgery 82, €753—e757 (2014).

habl\gg)tte, R. H. Secondary cutaneous dysesthesias. Neurobiology of Nociceptors

Weisshaar, E., Heyer, G., Forster, C. & Handwerker, H. O. Effect of topical
capsaicin on the cutaneous reactions and 1tch1n§ to histamine in atopic eczema
compared to healthy skin. Arch Dermatol Res 290, 306-311 (1998).

80



281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

LITERATURE LIST

van Laarhoven, A. I. M. ef al. Generalized and symptom-specific sensitization
of chronic itch and pain. Journal of the European Academy of Dermatology and
Venereology 21, 1187-1192 (2007).

van Laarhoven, A. I. M. et al. Psychophysiological Brocessing of itch in patients
with chronic post-burn itch: an exploratory study. (2016).

Fukuoka, M., Miyachi, Y. & Ikoma, A. Mechanically evoked itch in humans.
PAIN® 154, 897-904 (2013).

Toéth, B. 1., Szol16si, A. G. & Bird, T. TRP Channels in Itch and Pain. in Itch and
Pain: Similarities, Interactions, and Differences (2020).

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

To6th, B. 1., Szallasi, A. & Biro, T. Transient rece})tor otential channels and itch:
how deep should we scratch? Pharmacology of Itch 89-133 (2015).

Riccio, D., Andersen, H. H. & Arendt-Nielsen, L. Mild Skin Heating Evokes
Warmth I}yperknems Selectively for Histaminergic and Serotoninergic Itch in
Humans. Acta Dermato-Venereologica 102, adv00649 (2022).

é%%l%tachalam, K. & Montell, C. TRP channels. Annu Rev Biochem 76, 387

Caterina, M. J. et al. The capsaicin recegtor: a heat-activated ion channel in the
pain pathway. Nature 389, 816—824 (1997).

Smith, G. D. ef al. TRPV3 is a temperature-sensitive vanilloid receptor-like
protein. Nature 418, 186—190 (2002).

Xu, H. et al. TRPV3 is a calcium-permeable temperature-sensitive cation
channel. Nature 418, 181-186 (2002).

Giiler, A. D. et al. Heat-evoked activation of the ion channel, TRPV4. Journal
of Neuroscience 22, 6408—6414 (2002).

Watanabe, H. et al. Heat-evoked activation of TRPV4 channels in a HEK293
cell expression system and in native mouse aorta endothelial cells. Journal of
Biological Chemistry 277, 47044—47051 (2002).

McKemy, D. D., Neuhausser, W. M. & Julius, D. Identification of a cold
rsezce §go(r2 roeafze)als a general role for TRP channels in thermosensation. Nature 416,

Jordt, S.-E. et al. Mustard oils and cannabinoids excite sensory nerve fibres
through the TRP channel ANKTM1. Nature 427, 260-265 (2004).

Bautista, D. M. ef al. TRPAl mediates the inﬂammatorgy actions of
environmental irritants and proalgesic agents. Cell 124, 1269—1282 (2006).

Story, G. M. et al. ANKTMI, a TRP-like channel expressed in nociceptive
neurons, is activated by cold temperatures. Cell 112, 819—829 (2003).

81



298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.
310.

311.

312.

CHARACTERIZATION AND MODULATION OF HISTAMINERGIC AND NON-HISTAMINERGIC ITCH

Kwan, K. Y. et al. TRPA1 contributes to cold, mechanical, and chemical
nociception but is not essential for hair-cell transduction. Neuron 50, 277-289

(2006

Slominski, A. T. et al. Regulated proenkephalin expression in human skin and
cultured skin cells. Journal of Investigative Dermatology 131, 613—-622 (2011).

Akiyama, T. & Carstens, E. Neural processing of itch. Neuroscience 250, 697—
714°(2013).

Baron, R., Schwarz, K., Kleinert, A., Schattschneider, J. & Wasner, G.
Histamine-induced itch converts into pain in neuropathic hyperalgesia.
Neuroreport 12, 3475-3478 (2001).

J. Brull, S., 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).

Andersen, H. H., Yosipovitch, G. & Arendt-Nielsen, L. Pain inhibits itch, but
1512‘[9 1& 8{%1;10 dermatitis? Annals of Allergy, Asthma & Immunology 120, 548—

Owens, D. M. & Lumgkin, E. A. Diversification and specialization of touch
receptors in skin. Cold Spring Harb Perspect Med 4, 2013656 (2014).

van Laarhoven, A. I. M. et al. Itch sensitization? A systematic review of studies
usmg %uantltatlve sensory testing in patients with chronic itch. Pain 160, 2661—
2678 (2019).

Pereira, M. P., Muehl, S., Pzgatzki—Za_hn, E. M., A(?elopoulos_, K. & Staender, S.
Intraepidermal nerve fiber density: diagnostic and therapeutic relevance in the
g%ri%%ement of chronic pruritus: a review. Dermatol Ther (Heidelb) 6, 509-517

Schneider, G. et al. Relations between a standardized experimental stressor and
cutaneous sensory function in patients with chronic pruritus and healthy
controls: an experimental case—control study. Journal %f the European Academy
of Dermatology and Venereology 32, 2230-2236 (2018).

bin Saif, G. A., McMichael, A., Kwatra, S. G., Chan, Y. & Yosipovitch, G.
Central centrifugal cicatricial alopecia severity is associated with cowhage-
induced itch. British Journal of Dermatology 168, 253-256 (2013).

Almasi, A. & Meza, C. E. Doxepin. (2019).

Feighner, J. P. Mechanism of action of antidepressant medications. Journal of
Clinical Psychiatry 60, 4—13 (1999).

Pancrazio, J. J., Kamatchi, G. L., Roscoe, A. K. & Lynch, C. Inhibition of
neuronal Na+ channels by antideg)ressant drugs. Journal of Pharmacology and
Experimental Therapeutics 284, 208-214 (1998).

Nau, C. & Wang, G. K. Interactions of Local Anesthetics with Voltage-gated Na
87%gannels. The Journal of Membrane Biology (2004) doi:10.1007/s00232-004-
_y'

82



313.

314.

315.

316.

317.

318.

319.

320.

LITERATURE LIST

Chevrier, P., Vijayaragavan, K. & Chahine, M. Differential modulation of Nav1.
7 and Navl. 8 peripheral nerve sodium channels by the local anesthetic
lidocaine. Br J Pharmacol 142, 576-584 (2004).

Khaliq, W., Alam, S. & Puri, N. Topical lidocaine for the treatment of
postherpetic neuralgia. Cochrane Database Syst Rev 2, (2007).

Wehrfritz, A. et al. Differential effects on sensory functions and measures of
epidermal nerve fiber density after alppllcatlon of a lidocaine $atch (5%) on
healthy human skin. European journal of pain 15, 907-912 (2011).

Leftler, A. et al. The vanilloid receptor TRPV1 is activated and sensitized by
local anesthetics in rodent sensory neurons. J Clin Invest 118, 763—76 (2008).

Scherens, A. et al. Painful or painless lower limb dysesthesias are highly
predictive of peripheral neuropathy: comparison of different diagnostic
modalities. European Journal of Pain 13, 711-718 (2009).

Ringkamp, M. ef al. A role for nociceptive, myelinated nerve fibers in itch
sensation. Journal of Neuroscience 31, 14841-14849 (2011).

Bjerring, P., Andersen, P. H. & Arendt-Nielsen, L. Vascular response of human
%121(1)1 (alfé%rga)lnalgesm with EMLA cream. British Journal of Anaesthesia 63, 655—

Juhlin, L. & Rollman, O. Vascular effects of a local anesthetic mixture in atopic
dermatitis. Acta Derm Venereol 64, 439-440 (1984).

83



ISSN (online): 2246-1302
ISBN (online): 978-87-7573-841-0 AALBORG UNIVERSITY PRESS



	Omslag_GEA.pdf
	PHD_SHORT_GEA_TRYK.pdf
	Kolofon_GEA.pdf
	PHD_SHORT_GEA_TRYK.pdf
	GEA_thesis.pdf
	Chapter 1. Introduction
	1.1. General aspects of itch
	1.1.1. Epidemiology of chronic itch
	1.1.2. Impact of chronic itch on quality of life

	1.2. Itch and pain similarities
	1.2.1. Dysesthesias
	1.2.2. Sensory sensitization
	1.2.2.1 Peripheral sensitization
	1.2.2.2 Central sensitization


	1.3. Itch coding hypothesis
	1.3.1. Intensity hypothesis
	1.3.2. Specificity hypothesis
	1.3.3. Selectivity hypothesis
	1.3.4. Spatial-contrast hypothesis

	1.4. Histaminergic and non-histaminergic itch
	1.4.1. Histaminergic itch
	1.4.2. Non-histaminergic itch

	1.5. Human experimental surrogate itch models
	1.5.1. Histamine
	1.5.2. Cowhage
	1.5.3. BAM8-22
	1.5.4. Others
	1.5.4.1 Capsaicin
	1.5.4.2 TRPA1 agonists
	1.5.4.3 Mas-related G protein-coupled receptor agonists
	1.5.4.4 Serotonin
	1.5.4.5 Bradykinin
	1.5.4.6 Acetylcholine
	1.5.4.7 Substance P


	1.6. Therapies of pruritus
	1.6.1. Topical treatments
	1.6.1.1 Moisturizers, emollients, and barrier creams
	1.6.1.2 Topical antihistamines
	1.6.1.3 Local anesthetics
	1.6.1.4 Topical corticosteroids
	1.6.1.5 Topical immunomodulators
	1.6.1.6 Menthol
	1.6.1.7 Capsaicin
	1.6.1.8 Topical Nonsteroidal Anti-Inflammatory Drugs (NSAIDs)
	1.6.1.9 Topical cannabinoids

	1.6.2. Systemic treatments
	1.6.2.1 Antihistamines
	1.6.2.2 Antidepressants
	1.6.2.3 Opioid agonist and antagonist
	1.6.2.4 Neuroleptics
	1.6.2.5 Immunosuppressants


	1.7. Papers and dissertation overview

	Chapter 2. Methods
	2.1. Itch and pain Assessment
	2.1. Assessment of superficial blood perfusion
	2.2. Mechanical sensitivity
	2.3. Thermal sensitivity

	Chapter 3. Evaluation of itch and pain induced by BAM8-22
	3.1. Aim and study design
	3.1. Itch and pain induced by bam8-22
	3.2. Neurogenic inflammation
	3.3. Mechanical and thermal sensitivity

	Chapter 4. Effect of Doxepin on histaminergic and non-histaminergic itch
	4.1. Aim and study design
	4.1. Comparison of itch and pain induced by histamine, BAM8-22, and cowhage
	4.1. Comparison of itch and pain induced by histamine, BAM8-22, and cowhage
	4.2. Effect of doxepin on itch and pain
	4.3. Neurogenic inflammation induced by pruritogens and the effect of doxepin
	4.4.  Mechanical and thermal sensitivities

	Chapter 5. Effect of Repetitive applications of EMLA cream on pain and itch
	5.1. Study design
	5.1. Changes in mechanical and thermal sensitivities after EMLA applications
	5.2. Effect of EMLA applications on itch and pain induced by histamine and cowhage
	5.3. Neurogenic inflammation induced by histamine and cowhage after EMLA pretreatment

	Chapter 6. Conclusion
	6.1. Future perspective

	Literature list



	Omslag_GEA
	Blank Page
	Blank Page

