Aalborg Universitet AALBORG

UNIVERSITY

Non-histaminergic and mechanical itch sensitization in atopic dermatitis

Andersen, Hjalte Holm; Elberling, J.; Sglvsten, Henrik; Yosipovitch, G.; Arendt-Nielsen, Lars

Published in:
Pain

DOl (link to publication from Publisher):
10.1097/j.pain.0000000000000980

Publication date:
2017

Document Version
Accepted author manuscript, peer reviewed version

Link to publication from Aalborg University

Citation for published version (APA):

Andersen, H. H., Elberling, J., Sglvsten, H., Yosipovitch, G., & Arendt-Nielsen, L. (2017). Non-histaminergic and
mechanical itch sensitization in atopic dermatitis. Pain, 158(9), 1780-1791.
https://doi.org/10.1097/j.pain.0000000000000980

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: December 04, 2025


https://doi.org/10.1097/j.pain.0000000000000980
https://vbn.aau.dk/en/publications/a7e7bd60-2950-43ee-9aca-d25212ad0351
https://doi.org/10.1097/j.pain.0000000000000980

PAIN Publish Ahead of Print
DOI: 10.1097/j .pain.0000000000000980

Non-histaminer gic and mechanical itch sensitization in atopic der matitis

Running head: Intra- and extra-lesional sensitization for itohatopic dermatitis

Authors: H.H. Anderseh J. Elberling, H. Sglvsteft’, G. Yosipovitch & L. Arendt-Nielser’

Affiliations: * Laboratory of Experimental Cutaneous Pain Rese&¥t, Faculty of Medicine, Aalborg
University, Denmark? Department of Dermato-Allergology, Copenhagen Ursiig Hospital, Gentofte,
Copenhagen, DenmarkDermatology Center North, Aalborg, DenmatBepartment of Clinical
Medicine, Faculty of Medicine, Aalborg Universiyenmark;> Department of Dermatology and Itch
Center, University of Miami Miller School of Mediwé, Miami, Florida, USA

*Corresponding author:

Lars Arendt-Nielsen

Director, prof, dr. med. Sci., PhD.

Fredrik Bajers Vej 7, Bld. D3, DK-9220 Aalborg Eebmark
Phone: +45 9940 8830, Fax: +45 9815 4008

E-mail: LAN@hst.aau.dk

Article category: Original manuscript
Number of pages. 20 (all inclusive)
Number of figures/tables: 5 figures (5 in color) and 1 table.

Key words: Itch; atopic dermatitis; pain; sensitization; ¢d@ge; histamine; hyperknesis; hyperalgesia

Statement of exclusivity: This manuscript is submitted only BRAIN and has not previously been

published.

Conflictsof interest: The authors declare to have no conflicts of intsres

1/20



Contributions: HHA, JE, and LAN conceived and designed the @rpamt. HHA collected the data and
performed preliminary analyses. All authors comradrin analyses and interpretation. HHA drafted the

initial manuscript. All authors commented on angraped the manuscript.

Abstract

Chronic or episodic severe itch is recurrent irpetalermatitis (AD). Non-histaminergic neuronalhitc
pathways are suggested to dominate in AD itch,ritmrting to an “itch-scratch-itch cycle” that proigs
and worsens itch, pain, and skin lesions. We hym#ed that non-histaminergic neuronal sensitinatio
contributes to itch in AD. Hence, we compared gaiilsi to thermal, mechanical, and chemical prariti
stimuli in AD patients and controls. The study coisgd 25 AD patients with chronic itch and 25 healt
controls. Questionnaires on itch characteristiceeveglministered, and sensory tests were conduatied i
lesionally, extra-lesionally, and in homologousaasr®f controls. Thermal and mechanical quantitative
sensory testing (QST) as well as histamine and agelprovocations were performed. Subsequently,
hyperknesis and vasomotor reactivity were assegsadage itch and associated pain among AD patients
were 60.7+4.3 and 39.715.2 (VA&), respectively. Patients experienced significahilyher itch from
cowhage both intra- and extra-lesionally compareddntrols, whereas histamine-evoked itch intensity
was not significantly different between groups. Htoup differences were found for thermal QSTs or
pain evoked by itch provocations. Patients hadedeszrd mechanical detection thresholds intra-lebyona
and increased mechanical pain sensitivity intrat extra-lesionally. Lastly, patients exhibited &tand
extra-lesional hyperknesis prior to chemical itcbvpcations and augmented hyperknesis followinky itc
provocations. Increased itch to a non-histaminemgiwitogen (but not histamine) suggests pathway-
specific itch sensitization in AD while increasedsseptibility to mechanically-evoked itch and pain,
particularly intra-lesionally, suggests sensitiagatof normally non-pruritic mechano-sensitive citgu
Drugs targeting the non-histaminergic (PAR2/TRPAfch-pathway and itch sensitization are promising
for treating AD itch.

1. Introduction

Atopic dermatitis is a chronic pruritic inflammagoiskin condition characterized by lesions with
erythema, exudation, excoriations, lichenificatiamd xerosis as well as chronic or episodic itcH an
cutaneous paitf?>****°The disease is common, can be debilitating forcaéid patients, and is often
difficult to treat adequately>*° Pathoetiologically, AD is associated with genefimmunological,
environmental and skin barrier fact6f§® Recently, neuronal sensitization has also beepogexl as a
disease contributd-*"*"Knowledge on the neurophysiological basis of liels been greatly expanded in
the last decade as parallel peripheral pathwaysitabf transduction have been discovered and
explored®*°*#4|n humans, the two most well studied pathwaystaif rely on mechano-insensitive C-
fibers (CMi) transmitting histaminergic itch and lypmodal C-fibers (PmC) transmitting non-
histaminergic itcH®**® To a certain extent, these fibers express diffemolecular transducers
important for itch signaling; e.g., CMi fibers ergs histamine receptor 1 and PmC fibers express
proteinase-activated receptor-2 (PAR2), which &igptand mucunain activate to induce fcH.

It is well established that following acute pain aell as in inflammatory and neuropathic pain
conditions, peripheral nociceptors may exhibit @ased sensitivity to various stimuli. At the sammet
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the spinal processing of these nociceptive sigmals be facilitated or disinhibitéd>**®’” These
processes are proposed to contribute to the aggravend chronification of pain in patients and aéel
clinical epiphenomenona such as hyperalgesia dodyaia to mechanical and thermal stimUfi’ It is
currently unknown whether similar processes coatelio increasing itch severity in patients suffgri
from chronic inflammatory itch conditions, such4d3. The indirect evidence of neuronal sensitization
AD includes: 1) sustained itch after resolution aafive lesions! 2) itch in response to normally
innocuous mechanical stimuli (such as certain €abff** 3) poor correlation between objective disease
severity (e.g., SCORAD) and itch intensityand 4) case-based indications of an antiprurifiece of
centrally acting anti-hyperalgesic drugsand 5) altered expression of molecular transducers
peptidergic cutaneous fibets.

Neuronal sensitization to histamine-induced itchd askin reactivity in AD have been studied
extensively?®*#**1%2Generally, itch in response to histamine provarais unchanged or even decreased
in non-lesional AD skin versus healthy skin, andyiregy results have been derived from intra-lesional
histamine provocations in AP*®41-4348679 hig s consistent with the fact that antihistaentreatment
has little or no effect on clinical itch severityAD and thus histaminergic signaling is conside¢meHave
little implication on the pathophysiolog§**

Recently, a non-histaminergic model of itch, refyion the naturally occurring PAR2 agonist, mucunain
from the cowhage plant, has been re-introduceds Type of evoked itch is entirely resistant to
antihistamine$® and evokes mild nociceptive sensations akin teghassociated with itch in AD."
Accordingly, it has been suggested that this mo@®l much more accurately mimic itch in AD and other
conditions than the rigorously studied histaminergodels of itcH*>%¢’

The aim of this study was to compare sensory Seityito pruritic chemical, thermal, and mechanical
stimuli between AD patients with chronic itch arehtihy controls (HCs), investigating both lesicaatl
non-lesional skin areas.

2. Methods

2.1, Participants

Study subjects comprised 25 patients with AD (26.9+years, 10M/15F) and 25 healthy age- and
gender-matched volunteers (26.3+1.3 years 14M/IAIFAD patients fulfilled the diagnostic criteriaf

the UK Working Party and were initially diagnosey & dermatologist. Patients were only included if
they presented chronically (>6 we&jspruritic atopic dermatitis with mean daily itchted above 3
(NRSy.10); lesions manifesting on the upper extremitiesl an eczema-free skin area also on the upper
extremities. Use of antihistamines was discontind8dhours prior to the experiment and all topical
agents and emollients were discontinued 24 houis po the experiment. To enable the study of
neuronal sensitization in patients with chronicathhy, treatment-resistant Al situ, patients were
instructed to continue their usual treatment regimeinterrupted, with the exceptions stated abBvier

to enrollment, all participants were explicitly amfmed, verbally and in writing, that they were fitee
withdraw from the study at any time and that angcpdure they deemed intolerable would be ceased
immediately.
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2.2. Study procedure

All subjects provided written informed consent prio experimental procedures, and the regionategthi
committee approved the study (N-20150058). Figraipes an overview of the conducted experimental
procedures. Prior to the experimental session, Adliepts were evaluated usirfgcoring Atopic
Dermatitis (SCORAD)Y"*® and completed a Danish version of thependorfer Itch Questionnaffeas
well as the adapteDanish Itch Severity Scale questionndirgnitially developed by Yosipovitclet al.
(2001§®, deriving descriptors from tHdcGill Pain Questionnaire Thereafter, two 4 x 4 cm square areas
were marked on the upper extremities: one in sesgmtative atopic lesion and one in an area ohegze
free skin. Scabbed and significantly exudative lattenificated lesions were avoided; if not possilan
area in the margin of such lesions was used. Tharical locations of these areas were mirroretién
HC group. All experimental procedures were subseilyyeonducted within these two areas (with the
order of lesional vs. non-lesional being randomjzetlowing the sequence outlined in Fig. 1. Fdr al
outcomes, comparisons were made between lesiofgésmnal sites in AD and to anatomically
corresponding control areas in HCs. All sessionsewmnducted in the same-temperature-controlled
laboratory at 21-22 °C.AD patients and healthy controls were enrolled tegied in parallel to avoid
potential seasonal biases

2.3. Quantitative sensory testing (QST)

The applied QST protocol was partly derived frora thuidelines of the German Research Network on
Neuropathic Pain (DFNSY.The verbal instructions (in Danish) for participafrom the DFNS protocol
were derived from the supplementary materials eE@¢t al. (2014)%°

2.3.1. Thermal detection and pain thresholds: Tests for cold detection threshold (CDT), warmth
detection threshold (WDT), cold pain threshold (Pand heat pain threshold (HPT) were performed
using a Medoc Pathway (Medoc Ltd, Ramat YishaydBrequipped with a 3 x 3 cm advanced thermal
stimulator probe with a baseline temperature ofC3Ramping stimuli of 1°C/s were delivered unti¢ th
subjects identified the associated threshold (festception of cold or warmth and first perceptimh
cold- or heat-induced pain) by pressing a buttdrer&after the temperature of the probe returneteo
baseline temperature at a rate of 5°C/s. The eesultre calculated as the arithmetic mean of the
thresholds from three repeated ramps.

2.3.2. Mechanical detection, pain threshold, and sensitivity: To determine the mechanical detection
threshold (MDT), a set of 20 calibrated Von Frdarfients (North Coast Medical, Gilroy, CA, USA)
with exerted forces ranging from 0.078 mN to 2.9v&k applied over five ascending/descending sefies o
stimuli. The subjects were asked to report upon sengsation from the area. The final MDT was
calculated as the mean of the values obtaineddh efthe five series of stimuli. The mechanicahpa
threshold (MPT) was evaluated using a set of seweight-calibrated pinprick stimulators (MRC
Systems, Germany) with weights from 8 to 512 mNg@) During five ascending/descending series of
stimuli, the subjects reported when a perceptiofstudrpness’ or ‘pricking pain’ was first sensedheT
final MPT was calculated as the mean of the vatitained in the five series of stimuli. The mechahi
pain sensitivity (MPS) was assessed to detect iginfryperalgesia to suprathreshold stimulation. The
seven pinprick stimuli were applied in ascendingeoy and the subject was instructed to rate pain
intensity of each stimulus on a numerical ratingls¢NR$_15 0 =no pain 10 =worst imaginable pain
allowing the use of decimals. The final MPS wasugldted as the arithmetic mean of two consecutive
series. Wind-up ratio (WUR) was assessed using piherick stimulator one intensity above the
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individual average MPT. The subjects were askedht® the pain intensity following a single stimulus
and thereafter the last of a subsequent seriesOotdhsecutive stimuli (1 stimulus/second). This
procedure was repeated twice, and a mean raticalaslated.

2.4. Chemically provoked itch

2.4.1. Itch induction: Two types of itch provocations were conducted.taiisnergic itch was evoked
using intra-epidermal punctures of 1% histaminerbgiloride with standard 1mm skin prick test (SPT)
lancets (Allergopharma, Hamburg, Germany). A drdp histamine solution was placed in the
predetermined area and an SPT lancet was prickedgh the histamine into the epidermis using ad.20
weight-calibrated device (Aalborg University, Derrijafor 1-2 second%'® Non-histaminergic itch was
induced using cowhage spicules, which contain #thRZPagonist mucunain. The spicules were prepared
immediately before administration under a stereawsicope (Seben Incognita microscope, Seben GmbH,
Berlin, Germany) using a negative grip tweezer ¢t Microscopy Science, Dumont, Switzerland).
Approximately 45 spicules were applied to the skid gently rubbed with the experimenter’s fingertip
for 15-20 seconds to ensure insertion (the deldver@ume of mucunain using this method has been
calculated to 15-30 n§J.Histamine solution and cowhage spicules were dtatet °C between sessions
but always taken out well in advance of experimants applied when at room temperature. Both ofethes
human surrogate itch models have previously béénedt and found to be reliabfe?

2.4.2. Assessment of evoked itch and pain: Intensity of itch and pain was assessed usingwiaaal
analogue scales (VAS), one for each sensory quéditpwing each itch provocation. Two computerized
100-mm VAS ranging from 0 to 100 (eVAS Software |emg University) installed on a Samsung Note
10.1 Tablet (Samsung, Seoul, South Korea) were.ufhd subjects were instructed to report the
occurrence and intensity of the aforementionedatens continuously throughout the 6-minute, 0.2 Hz
sampling. On the VASs; 0 indicatémo itch”/‘no pain” and 100 indicatedworst imaginable
itch” /“worst imaginable paifi. The subjects were instructed that itch and paight, or might not, occur
following any of the administered provocations amgtructed only to rate itching/painful sensatiamsl

not innocuous associated sensations such as fingtinvarmth. They were also instructed to disregard
the mild initial pricking pain associated with insen of spicules and the SPT puncture. From the
VAS/time data, temporal itch and pain intensityfiies were generated, and mean as well as individua
peak itch/pain intensity were calculated.

2.4.3. Assessment of hyperknesis at basdline and after itch provocations. Cutaneous mechanical
stimuli delivered by a needle or a thin filamenpibally induces a pricking sensation occasionally
followed by mild itch both in healthy controls and a greater extend in chronic itch patiefits.
Following an experimental itch provocation, thersunding skin area becomes increasingly itchy in
response to this type of mechanical probir@®® In the present study, sensitivity to mechanically
evoked itch was tested before and ~12 minutes afteh itch provocations with 3 von Frey filaments;
(9.8, 13.7, and 19.6 mN, from North Coast MediGilroy, CA) by stimulating with each filament 2 x 3
times, for 2-3 seconds, each time instructing thbject to report the resulting itch intensity on a
numerical rating scale (NB&, with same outer labels as the previously desdridaS). The von Frey
stimuli were delivered immediately next to the sitd itch provocation (0.5-2 cm distance) withire th
predefined 4 x 4 cm areas, but never directly withiheal reactions or the area of spicule insertion.

This technique and the choice of von Frey filamértge previously been described in detalsibjects
were instructed before the onset of data colledtian: 1) itch is defined by inducing a desire t¢oatch
the probed area and hence this should be the hallafiaheir rating, 2) itch may or may not occur in
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response to the stimuli, and 3) itch could occurinduthe stimulus itself or immediately after. Non-
uniform terminology is currently being used to dése itch-associated mechanical dysesthesias;
alloknesis(itch in response to a normally non-itching stilnahdhyperknesigincreased itch in response
to a normally itch or pain-evoking stimulif?*°*"“°Since the presently applied methodology is designe
to induce mild itch in HC skin and elicits mild litdn majority of HCs prior to itch provocations, we
apply the termmechanically evoked itciwvhen referring to such data obtained in normah gii HCs.
Hyperknesiss used specifically when referring to any obserimttease in mechanically evoked itch
rating, probed as described above. This definitisn a line with the originally proposed
nomenclaturé?**%

2.5. Inflammation imaging and wheal measur ements

Superficial blood perfusion was assessed at ba&satid following the histamine provocation to measur
the neurogenic inflammatory response. Cowhage pemtlmo discernable flare. The measurements were
conducted using a MoorFLPI-1 (Moor Instruments lAgminster, UK) with a 35-cm distance between
the camera and the skin, exposure time of 8.3 nmtb,180 units of gain. The FLPI data were analyzed
using MoorFLPI Review V4.0 proprietary software. eTlimduced increases in average and peak
superficial blood perfusion within the 4 x 4 cm ypnarked areas were used as proxies for inflammation
intensity. Moreover, the histamine-evoked flareaaneas calculated as the area>80% perfusion rate
compared to the surrounding background. in accoelamith previously described methodologif®
Wheal was measured by the longest diagonal andrthegonal diagonal approximately 15 minutes after
the histamine pricks were conducted in accordarittestandardized recommendation for SPT.

2.6. Statistics

Statistical analyses were performed using SPSSsiGrer23, IBM Corporation, Armonk, NY) and
GraphPad Prism (version 6.0, La Jolla, CA). Samsjde estimations were based on previous studies and
test-retest reliability data. The obtained data @esented as arithmetic means + standard errtneof
mean (SEM), unless otherwise stated. Data wereddstr normality using visual inspection and, if
unclear, the Shapiro-Wilk normality test. Peak amehn of itch/pain were extracted from temporal VAS-
recordings and compared between groups. The prigtatigtical analyses for all outcome measuredy wit
the exception of hyperknesis, MPS, and FLPI (regzb@iarameters), were performed with independent
sample t-tests adjusted according to Levene’s negigest and corrected for multiplicity using thelid-
Sidak approach. For MPS, hyperknesis and FLPlatepemeasures ANOVAs were constructed with the
within-subject factorstimulus(MPS; 7 levels, one per stimulator) atihe (hyperknesis and FLPI; 2
levels, before and after itch provocation) and bleéween-subject factayroup (all three outcomes; 2
levels, AD vs. controls). Mauchly's test of sphéyiovas utilized, and in cases where sphericity was
violated, the Greenhouse-Geisser correction walkeapg\n unplanned within-subjects analysis (paired
test) was conducted specifically for HPT as a diffice were evident from the main between-subjects
comparison. AP-value of< 0.05 was considered significant for all analyses.

3. Results
All subjects in both groups completed all studygaaures without the occurrence of immediate or
delayed adverse reactions or withdrawals. For npastimeters, no or very modest, insignificant

differences were observed within the two HC skiraay showing limited combined differences
associated with sensory topography between thetigated sites within the groups.
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3.1. Severity and characteristics of itch and atopic der matitis

The AD patients reported moderate-to-severe dadgmmitch (60.7 £ 4.3 VASq) as well as mild-to-
moderate pain (39.7 + 5.2, VA& associated with their skin lesions. The itch aebgeristics, presented
as medians and quartiles on a Likert Scalerere most consistently described asatn? = 3 (3-4),
“burning’ = 3, (3-4), "searing = 3 (2-4), and stingind = 3 (1.25-4). The most prevalent perceived
aggravating factor wasvarmth' (3, 3-4), and “cold” was most consistently debed as alleviatory = 3
(3-4). The most frequent emotional descriptors wé&aanoying = 4 (3.25-4), ‘bothersomé= 4 (3-4),

and ‘my only desire: no itch= 4 (3-4). Significant sleep interference fromhtwas reported = 3 (3-4).
The mean ltch Severity Scale score was 12.5 @2l (scale), and the average SCORAD was 35.4 + 3.1
(0-103 scale). The most common lesional anatordocad was in and around the flexural area of the
elbow. Qualitatively, a majority of patients remmttthat they were under the impression that the
cutaneous pain occurring on their upper extremisions was, mainly or entirely, a self-inflicted
consequence of scratching.

3.2. Quantitative sensory testing

3.2.1. Thermal detection and pain thresholds: No significant differencesr trends were observed with
regards to any thermal detection or pain threshioéween the AD and control group in lesional an-no
lesional skin areas (see Table 1). In the AD grauwgithin-subjects analysis for HPT in lesional @%.
0.8°C vs. non-lesional skin (43.2 £ 0.9°C) demateti relative heat hyperalgesia intra-lesionafy=(
0.009, uncorrected).

3.2.2. Mechanical detection, pain thresholds and mechanical pain sensitivity: Intra-lesionally, the AD
group exhibited significantly increased MDT comphr® the control group, indicative of tactile
hypoesthesia (Table 1). This difference was nosemewhen comparing non-lesional skin of the AD
group to corresponding area in HCs. No significdifferences were observed for MPT, but a trend
towards decreased MPT in lesional skin of the ADBugr was observed (Table 1). No significant
differences were observed for the ‘wind-up ratiopwwn as a perceptual correlate of temporal pain
summation. Sensitivity to supra-threshold mechadmiaa pinprick stimuli was significantly increased
both lesional® < 0.01,group main effect) and non-lesional skii € 0.05,group main effect) of the AD
patients (see Fig. 2A and B). This result indicaeshanical hyperalgesia manifesting to supra-tiolds
stimuli intensities within.and beyond the eczematskin areas.

3.3. ltch provocations

3.3.1. Histamine-induced itch: Histamine-induced mean and peak itch intensitieb ribt differ
significantly between AD patients and HCs, regassllef whether the provocations were performed in
lesion or non-lesional skin (Fig. 3A and B). Howee notable trend towards increased itch respanses
lesional AD skin compared to homologues HC skin wlaserved for both mean and peak itch intensities
(both: P = 0.07), and these differences were only rend@rsgnificant when correcting for multiple
comparisons. The sensitivity to histamine-indudet in non-lesional skin of AD patients vs. HCs was
highly similar £ = 0.74 for mean itch, and = 0.98 for peak itch). Histamine provocations indiliogld
pain in a few individuals, but mean peak pain isignscores were never >10 (VAS), regardless of
whether provocations were conducted intra- or ees@nally.
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3.3.2. Cowhage-induced (non-histaminergic) itch: Cowhage-evoked mean and peak itch intensities
were significantly increased in lesional AD skin gsrresponding skin in HCs (both:< 0.01), see Fig.
3C and D. For instance, the mean itch in respamsewhage was 63% higher in the AD patients (48.3
3.9, VAS).109 compared to the HCs (30.4 £ 3.9, VA&). A similar finding was made when comparing
non-lesional AD skin to corresponding skin in H@s the mean cowhage-evoked itdd £ 0.03);
however, here the peak itch intensity difference wat statistically significant?( = 0.087). Temporal
itch intensity profiles following cowhage provoaats are shown in Fig. 3C and 4D. Cowhage induced
mild pain in a minority of subjects in lesional ghescores: AD group, 15.1 + 4.3; HC group, 10.24),2
and non-lesional skin (peak scores: AD group, 2235; HC group, 11.5 = 3.4), but no significant
differences were present between groups.

3.3.3. Mechanically evoked itch and hyperknesis. 59.7% of the 300 von Frey triplicate ‘stimulations
delivered the skin of HCs prior to any itch provibmas were rated as itchingd@.5 on NR$3;¢), while the
equivalent percentage in AD was 73.3% € 0.001). Patients with AD.exhibited significantiyore
intense itch in response to von Frey stimuli inhbdesional and non-lesional skin prior to itch
provocations (AD group: 2.4 + 0.3, HC group: 0.9.1). Following histamine and cowhage-induced itch
provocations, both the AD and HC group developedificantly hyperknesis; however, this facilitation
was more pronounced in the AD group (Fig. 4A and B patients also displayed significant
hyperknesis in lesional skin following cowhage (400.4 vs. 2.4 + 0.3 at baseline, NR§ and
histamine (4.2 £ 0.5, NRS, both: P < 0.01), and significant increases of less magritwere also
observed in corresponding control skin areas in Hllowing histamine (1.8 + 0.3 vs. 0.8 + 0.1 at
baseline, NR&,,, P < 0.01) and cowhage (1.5 + 0.3 NR$ P < 0.05). Similar but less pronounced
results were present for extra-lesional skin (Bi); however, here the histamine provocation ditl no
produce significantly more hyperknesis.in AD patsecompared to HCs. In summary, AD patients
displayed hyperknesis &iseline, and following itch provocations (bothtdmsine and cowhage intra-
lesionally, and only cowhage extra-lesionally) #ie group developed more pronounced hyperknesis
than the HCs.

3.4. Neurogenic inflammation and wheal reactions

No differences were observed for superficial blqmetfusion in non-lesional areas at baseline. AD
patients expectedly had increased blood perfuserld in lesional skin compared to corresponding
control areasK < 0.01), compatible with the observed erythemdioling histamine provocations, both
HCs and patients with AD exhibited visually perdelgt flare reactions immediately surrounding th& SP
site. Analysis of the FLPI images showed that tleef reactions in non-lesional skin were more
developed (higher peak intensities and larger areaHCs (both:P < 0.05), indicating that this
neurogenic response pattern might be blunted in psiflents. FLPI analysis of lesional recordings
following histamine provocations did not reveal gpodifferences of peak perfusion responses. Mean
perfusion assessment as well as area quantificeimiques could not be reliably applied becadse o
significant ceiling effects (presumably both physgical and technological) observed in the lesiahah

of the AD patients (Fig. 5, column a-b, row 4-6Y Nroup differences were found in relation to wheal
sizes when comparing lesional or non-lesional ardasvever, three abnormally large wheals, >40°mm
and >5 standard deviations higher than average H€als, as well as 4 satellite wheal reactions
(separately developed wheal reactions several cay d&om histamine prick site) were observed in
lesional skin of the AD patients only.
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4, Discussion

This study demonstrates for the first time that p&ients with chronic itch exhibit selective intend
extra-lesional hypersensitivity to cowhage provimret (non-histaminergic itch). Moreover, AD patient
have exaggerated responses (sensitization) togvaking as well as itch-evoking mechanical stimuli
both intra- and extra-lesionally, indicative of piitk hyperalgesia and hyperknesis, respectively.

4.1. Itch and pain in atopic der matitis

The AD group reported moderate to severe chrogit Vith a rated severity equivalent to previous
studie$®>**% Notably, 23 of 25 patients reported the presafgeain, and the combined average daily
pain was 39.7 £ 5.2 (VASo9). While the frequency of cutaneous pain in atag@omatitis has previously
been investigated (Brenaett al. (2013) report that ~87% of AD patients experieassociated patfiand
O'Neill et al. (2011) report a 57.3% prevalence of pain in®ARhe intensity of the pain has, to our
knowledge, not previously been assessed. It iseanahhether scratching chiefly drives the cutaneous
pain and/or if it is spontaneously occurring. Gitkat both histaminergic and non-histaminergic ntede
of itch generally produce mild spontaneous pain aggeralgesia, it is likely that both of these
mechanisms are involvéd*33¢2"*The quality of itch in AD was generally reportesi leaving a warm,
pricking, searing quality and as being intensitisdwarmth as well as alleviated by cooling, alldfich

is well aligned with findings from previous  stud@$>®* While aggravation of itch by warmth is
speculatively proposed to rely on TRPV1/4-mediasighaling either summating with pruriceptive
activity at the primary afferent level or convergionto pruriceptive pathway SDH neurdrislleviation

by cooling is likely predominantly mediated by sgirgating of pruriceptive signaling, arising from
activity of TRPMS8-positive cold-receptive dAfibers!*'®%® An alternative explanation, perhaps
particularly relevant for warm-induced aggravatioh itch, is that simple physical factors such as
temperature-induced modulation of neuronal-membiaotential, channel-kinetics or receptor-agonist
interactions causes thermally induced itch aggiamAnhibition??%2° Lastly, although sweat has been
proposed as a potential link between feeling wandh @ncurrent itch exacerbation, a recent studgdai
to show pruritogenic or itch sensitizing properiésweat?

4.2. Thermal quantitative sensory testingisnormal in AD

Standardized thermal QSTs yielded mean threshalagarable to those found in the normative dataset
both when conducted intra- and extra-lesion&{ "3 however a paired analysis of HPT in lesional vs.
non-lesional AD skin did indicate mild heat hypgesia. One previous study found minor but significa
impairments in warmth and cold detection thresholdsD patients, while a similar recent study fdil@
detect significant differences in thermal sendii¥i Taken together with the present results, this
indicates that alterations in thermal detection paith sensation are likely not a prominent featnr&D

as is the case, e.g., for certain neurop#tffiand musculoskeletal pain etiologf&&? Notably, a previous
study found that noxious suprathreshold heat stiendke itch in AD, conceptually corresponding to
heat-induced alloknesf8.This type of sensory assessment is conceivablpre maluable assessment in
AD patients than standardized thermal QST.

4.3. Intra-lesional hypoesthesiain AD

The MDT was found to be increased intra- but nateebesionally within the AD group. The MDT is a
perceptual correlate of pPAmechanoreceptor function and as such signifiesigasensitivity>" ">’ Two
explanations to the reduced tactile sensitivity mu@st plausible: 1) prolonged scratching could eaus
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cutaneous nerve fiber density decrease, perhapstiatj mechano-sensitive unif?) the finding reflects

an indirect effect of skin barrier alterations,.,i.ichenification, excoriation and scaling, redugi
responses to light von Frey stimuli (although afitsmwvere made not to directly stimulate scabbed or
extensively excoriated, exudative, and lichenificatireas). In either event, evidence suggeststhhbat
loss of tactile sensitivity might have functionaiplications in AD. For example, a study found ttre
itch-alleviating effect of scratching is blunted lesional skin of AD patients compared to HEsnd
innocuous mechanical stimulation likely contributescratch-mediated itch alleviation.

4.4. Intra- and extra-lesional pinprick hyperalgesiain AD

The MPT was overall on par with previous studiesi®s®> " While insignificant, a trend was observed
towards reduced MPT in intra-lesional sites comghat® homologous. sites in HCs, indicative of
mechanical hyperalgesia. More considerably, MPS inma®ased, particularly in intra-lesional skint bu
also to a lesser extent extra-lesionally, when @ying AD patients with the HCs. This sensory
parameter has not previously been assessed in Bdniechanism behind hyperalgesia to suprathrehsold
pinprick also affecting non-lesional skin can orie speculatively accounted for. Conceivable
mechanisms could involve: 1) peripheral sensitimaif mechano-sensitive primary afferents (C- and
Ad-fibers), as indicated by increased responses whage provocations. Evidence suggests that AD
patients have increased circulatory concentratifhseveral pro-inflammatory cytokines, chemokines,
and neurotrophic factors, including, e.g. CCL1gifgukin-2 and NGE"®*%%8|n humans, intradermal
NGF has been experimentally shown to cause botbmyed mechanical hyperalgesia and increased itch
sensitivity to cowhage in the absence of inflamoraft” Hence, increased systemic NGF-levels could
explain these two findings co-occurring extra-lesity in AD patients in the present study. Lastly,
permanent serum concentration changes of chemokimgytokine might lead to increased sensitivity
of peripheral nerve¥:*"*®For instance, CCL1 has been shown to sensitizeemtors in micé, CCL11
(also increased in serum of AD patients and caedlwith severity}' is up-regulated in rodent models of
cutaneous hyperalgestaand various chemokines and cytokines are knowbet@apable of inducing
long-lasting increases in sensory nerve excitgbditd conductivity, e.g. by modulation of Naand/or
TRP-channel expressidfi?® However, such mechanisms would have to be relgtaadective since, e.g.
heat pain thresholds and histaminergic itch did differ significantly between groups, 2) prolonged
afferent pruriceptive barrage causing a generalemukitization of mechanoreception, 3) skin barrier
alterations either associated with AD itself or asconsequence of prolonged usage of topical
corticosteroids. The additional sensitization obsér intra-lesionally is proposed to mechanistically
resemble the localized hyperalgesia repeatedly shaw HCs immediately following an itch
provocation®®*®*"®lkoma et al. (2004) also used noxious pin-prick stimuli in ADtipats and found
increased itch responses inside and immediatekidaubf lesions. However, in this study, the défere
only manifested in increased ratings of itch (akirwhat we observed in response to von Frey fildmen
during the dedicated hyperknesis assessments)e wiul differences were observed for pain. This
discrepancy is likely related to the much higheximal stimulus intensities used in the presentystud

4.5. Increased sensitivity to chemical itch provocations

In the present study, very similar itch responsesevobserved following histamine provocation betwee
non-lesional AD and HC skin. This is in line withost previous studies conducting such itch
provocations, although outlying studies do exisesm@n both increased and decreased sensitivity have
been describet®®* 348579 |esional AD skin, previous studies have fouiither no or moderate
increases in histamine itch respors&s*#’®in line with the strong trend observed in thespre study.
Hence, while histamine signaling appears to beénsligsensitized in the lesional skin, it is unadigror
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even decreased in non-lesional skin. The intra#edi sensitization to histamine (insignificant when
multiplicity corrected) coincided with mild heat fgralgesia. Mechanistically, this suggests thaln
kin, modestly sensitized TRPV1-signaling associatéti the histaminergic CMi-fiber pathway of itch
could contribute to augmented itch in responseatiste. This could perhaps also explain the intra-
lesional heat-pain evoked itch observed in a presgiudy in AD patient®.

In contrast to histamine provocations, cowhage @rations have not previously been conducted in
lesional AD skin. Presently, we show that patietisplay increased sensitivity to cowhage-inducet it
not only when applied intra-lesionally, but alsodrtra-lesional skin. The prominent itch resportses
non-histaminergic chemical pruritic stimulation gegt that pathway-specific itch sensitization may b
implicated in the sensory symptomatology of AD. @ioting evidence exists regarding sensitivity to
cowhage-induced itch in non-lesional AD skin. Papeti al. (2011) found no differences between HCs
and AD patients, but the sample size was modesttanévoked itch was unusually strong in both AD
and HCs, so a ceiling effect could have been pté&5@ppositely, a recent paper with a larger sample
size found increased itch in response to cowhag&Dirpatients akin to the results of the presentlstu
and suggested that cowhage (and histamine) pravosanight have diagnostic value for AbLastly, a
study injecting the chemical PAR2-agonist SLIGKMWifal increased itch responses in patients with AD
compared to HC® The presence of intra- and extra-lesional hypeitieity to cowhage-induced, non-
histaminergic itch suggests that new pharmacesti@abeting PAR2 and, importantly, its downstream
mediator TRPA1, could be effective antipruriticsAb. Several such drug candidates are currentheund
development®®® The findings also lend mechanistic support to tltion that antihistamines are
ineffective as antipruritics in ABD°®*° The blunted flare reactions in non-lesional skirpatients with
AD following histamine provocations has previousigen reported** and could account for the slow
decline in histaminergic itch observed in AD patiemn several studies by hampering local tissue
clearance of introduced histamih&:**

The present evidence cannot be applied to intethbeetelative peripheral vs. central contributiorthe
observed sensitization. However, it is most feasiblat the sensitization found to both chemical and
mechanical stimuli in otherwise asymptomatic sldrdriven by central mechanisms, while the ‘added’
sensitization observed within lesions is likelytimtied by peripheral mechanisms associated witlvioag
inflammation;, itch and pain. The increased resp®neeintra-lesional tests could also be related to
stronger localized segmental sensitization (pertpepscularly pertinent for hyperknesis) still mattid

on a spinal level.

Hyperknesistovon Frey stimuli in AD

Mechanical pinprick hyperalgesia is pronounceddrtain pain populatior’;>’ and thus it is pertinent to
study the parallel phenomendryperknesisin relation to itch. When stimulating with vondyrfilaments

in a pre-optimized force rangerior to itch provocations, significantly higheéch ratings were found in
the AD group intra- and extra-lesionally (Fig. #his is aligned with a previous study in AD pat&ent
using custom-made weighted needles to conduct #asimssessmefit as well as case reports in
neuropathic itch patient$. This mechanically evoked itch hypersensitivity waggravated following
subsequent itch provocations, most prominentlyeisional skin, but also in non-lesional skin, where
cowhage elicited significantly stronger hyperkneasisAD patients compared with the HC group. It is
unclear which neuronal structures convey mechdyieabked itch. Selective tactile C-fibers haverbee
proposed? but A3- and PmC-fibers seem to be more probable candidiie A-nociceptors because of
their involvement in pinprick hyperalge§iaand the PmC-fibers because of the delayed onsittof
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following mechanical stimuft’ It is likely that increased responsiveness to rasidal itch stimuli
involves a C-fiber mediated sensitization of cdnpruriceptive neurons, which then in turn receive
convergent input from relevant mechano-sensitivétsurthus mediating an augmented sense of
mechanically evoked itch akin to the mechanism lwvewin pinprick hyperalgesi&:*

Assessment of mechanical pain hypersensitivity besen widely utilized in clinical pain research and
therapy as a tool to assess potential sensitizadioth recent studies indicate that it could be laalde
guide and predictor of therapeutic responsivenesanilgesic drug$:?°°®*""?The clinical utility of
assessment of hyperknesis and alloknesis as wéltlasensitization in general (e.g., sensitization
chemical provocations) remains to be explored. iGlgantipruritic therapeutic measures should foons
reducing local inflammation and targeting the uhdeg cause. However, tentatively, AD patients
displaying no signs of sensitization might respémarably to peripherally acting anti-inflammataagd
immune-modulatory drugs, while patients exhibitgignificant itch sensitization may benefit morenfro
antipruritic therapy that also inhibits central geesing of itch.

Because pruriceptive afferents generally also medpdo application of algogens (causing pain) amd a
such are nociceptors, a theory has recently bempmoped that neuronal encoding of itch may rely on a
high spatial contrastfrom afferent input. That is, if a few cutaneousciaeptors are activated while
neighboring units remain silent, itch is perceivetijle more uniform nociceptive activation causasp
perception*®*®:"8(the spinal or supra-spinal filtering mechanism sach encoding is unknown). The
combined findings of intra-lesional decreased lastnsitivity increased MPS, increased itch ipoese

to cowhage and von Frey stimuli could perhaps lberfineted in the light of this theory. l.e. increds
MDT suggests fiber denervation (aligned with stadsBowing decreased intra-epidermal density in AD
skin™) this could facilitate increased spatial contfasm the cowhage provocations and von Frey itch
probing. Since increased mechanical pain sengitivets also observed these findings could collelgtive
be interpreted as a combination of activation afeie nociceptive endings concurrently with stronger
activation of the remaining endings due to sersitn.

Conclusion

In summary, AD patients display aberrant somatasgrsensitivity to distinct chemical and mechanical
stimuli. This enhanced sensitivity is not restricte the lesional skin areas and thus presumakbhias
both centrally and peripherally mediated sensitiratnechanisms. Investigated for the first timerked
intra- as well as extra-lesional hypersensitivitycowhage-induced non-histaminergic itch was shown.
Mareover, increased sensitivity to pain- and itelléng mechanical stimuli, but not to histamine-
induced itch, was found. This suggests the impodasf PAR2-positive PmC-nociceptors in initiating
and maintaining chronic itch in AD and highlighttést pathway as a potential future therapeutic targe

Acknowledgements

The personnel at Hudleegecenter Nord and in paaticldrmatologists Anne T. Funding, MD, PhD; Dorte
Lybeek, MD; Grete Laurberg, MD; andans B. Lomholt, MD, are thanked for their helpratation to
recruitment of AD patients. Kristen M. Sanders lmrtked for her excellent proof reading of the
manuscript

The authors have no conflicts of interest.

12/20



References

[1] [No authors listed]. Severity scoring of atopiermatitis: the SCORAD index. Consensus Repadttief
European Task Force on Atopic Dermatitis. Dermagpl©993;186:23-31.

[2] Akimoto N, Honda K, Uta D, Beppu K, Ushijima, Watsuzaki Y, Nakashima S, Kido MA, Imoto K,
Takano Y, Noda M. CCL-1 in the spinal cord conttdmito neuropathic pain induced by nerve injunjl Ce
Death Dis 2013;4:e679.

[3] Akiyama T, Ivanov M, Nagamine M, Davoodi A, Stens MI, Ikoma A, Cevikbas F, Kempkes C,
Buddenkotte J, Steinhoff M, Carstens E. Involven@tRPV4 in Serotonin-Evoked Scratching. J Invest
Dermatol 2016;136:154—60.

[4] Akiyama T, Nagamine M, Davoodi A, lvanov M, Btens MI, Carstens E. Innocuous warming enhances
peripheral serotonergic itch signaling and evok#saced responses in serotonin-responsive dorgal ho
neurons in the mouse. J Neurophysiol 2017;117:251-9

[5] Amatya B, Nordlind K, Wahlgren CF. Response#tradermal injections of substance P in psaiasi
patients with pruritus. Skin Pharmacol Physiol 2@B80133-8.

[6] Andersen HH, Elberling J, Arendt-Nielsen L. idan Surrogate Models of Histaminergic and Non-
histaminergic Itch. Acta Derm Venereol 2015;95:77.1—

[7] Andersen HH, Elberling J, Lo Vecchio S, AreiNitlsen L. Topography of itch: evidence of distinoding
for pruriception in the trigeminal nerve. Itch 201.4-10.

[8] Andersen HH, Gazerani P, Arendt-Nielsen L. iHi@oncentration L-Menthol Exhibits Counter-Irritgro
Neurogenic Inflammation, Thermal and Mechanical éhgbgesia Caused by Trans-cinnamaldehyde. J Pain
2016;17:919-29.

[9] Andersen HH, Lundgaard AC, Petersen AS, Hagllb&, Sharma N, Hansen SD, Elberling J, Arendt-
Nielsen L. The Lancet Weight Determines Wheal Ditanin Response to Skin Prick Testing with
Histamine. PLoS One 2016;11:e0156211.

[10] Andersen HH, Marker JB, Hoeck EA, ElberlingAfendt-Nielsen L. Antipruritic effect of pretremaént with
8% topical capsaicin on histamine- and cowhage-edatch in healthy volunteers - a randomized, Vehic
controlled, proof-of-concept trial. Br J Dermat@127;38:42-9.

[11] Andersen HH, Melholt C, Hilborg SD, Jerwiakz Randers A, Simoni A, Elberling J, Arendt-Nielslen
Antipruritic Effect of Cold-induced and Transieneéeptor Potential-agonist-induced Counter-irritatim
Histaminergic ltch in Humans. Acta Derm Venereol2®@7:63-70.

[12] Andersen HH, Sand C, Elberling J. Considerakariability in the Efficacy of 8% Capsaicin Toplc
Patches in the Treatment of Chronic Pruritus iraBefts with Notalgia Paresthetica. Ann Dermatol
2016;28:86-9.

[13] . Andersen HH, Sgrensen A-KR, Nielsen GAR, Malgl MS, Stilling P, Boudreau SA, Elberling J, Aden
Nielsen L. A Test-Retest Reliability Study of HumBrperimental Models of Histaminergic and Non-
histaminergic Itch. Acta Derm Venereol 2017;97: 128%

[14] = Andrade EL, Meotti FC, Calixto JB. TRPA1 agtaists as potential analgesic drugs. Pharmacal The
2012;133:189-204.

[15] Arendt-Nielsen L, Nie H, Laursen MB, LaursB8, Madeleine P, Simonsen OH, Graven-Nielsen T.
Sensitization in patients with painful knee ostéwdis. Pain 2010;149:573-81.

[16] Baron R, Binder A, Wasner G. Neuropathic pdiagnosis, pathophysiological mechanisms, aratrirent.
Lancet Neurol 2010;9:807-19.

[17] Beltrani VS. The clinical spectrum of atogiermatitis. J Allergy Clin Immunol 1999;104:S87-98.

[18] Brenaut E, Garlantezec R, Talour K, Miseryitch characteristics in five dermatoses: Non-at@uzema,
atopic dermatitis, urticaria, psoriasis and scalbAesa Derm Venereol 2013;93:573-4.

[19] Bromma B, Scharein E, Darsow U, Ring J. Bffeaf menthol and cold on histamine-induced itct skin
reactions in man. Neurosci Lett 1995;187:157-60.

13/20



[20]

[21]
[22]

[24]
[25]

[26]

[35]

[36]

[37]

[39]

[40]

[41]

[42]

Brull SJ, Atanassoff PG, Silverman DG, Zhahd.amotte RH. Attenuation of experimental prurituml
mechanically evoked dysesthesiae in an area oheatss allodynia. Somatosens Mot Res 1999;16:299—
303.

Buzatu S. The temperature-induced changeseimbrane potential. Riv Biol 2009;102:199-217.

Collins CA, Rojas E. Temperature Dependerfab® Sodium Channel Gating Kinetics in the Node of
Ranvier. Q J Exp Physiol 1982;67:41-55.

Darsow U, Scharein E, Simon D, Walter G, BB, Ring J. New aspects of itch pathophysiology:
Component analysis of atopic itch using the ‘Eppehtdch Questionnaire’. Int Arch Allergy Immunol
2001;124:326-31.

Dawes JM, McMahon SB. Chemokines as perighsizn mediators. Neurosci Lett 2013;557:1-8.

Dawn A, Papoiu ADP, Chan YH, Rapp SR, Rassi{tYosipovitch G. Itch characteristics in atopic
dermatitis: Results of a web-based questionnaird. Bermatol 2009;160:642—4.

Demant DT, Lund K, Vollert J, Maier C, Segaehll M, Finnerup NB, Jensen TS, Sindrup SH. Thecefié
oxcarbazepine in peripheral neuropathic pain dependoain phenotype: a randomised, double-blind,
placebo-controlled phenotype-stratified study. P24it4;155:2263—73.

Elberling J, Arendt-Nielsen L. Transmissiog modulation af klge. Ugeskr leeger 2014;176:2-8.

Fernandez-De-Las-Pefias C, Galan-Del-Rio EegarSantiago R, Jiménez-Garcia R, Arendt-Nielsen L
Svensson P. Bilateral thermal hyperalgesia intnigal and extra-trigeminal regions in patients with
myofascial temporomandibular disorders. Exp Bra@s R010;202:171-9.

French RJ, Horn R. Sodium channel gating: elmdnimics, and modifiers. Annu Rev Biophys Bioeng
1983;12:319-56.

Fukuoka M, Miyachi Y, lkoma A. Mechanicallyeked itch in humans. Pain 2013;154:897-904.

Garibyan L, Rheingold CG, Lerner EA. Understeng the pathophysiology of itch. Dermatol Ther
2013;26:84-91.

Hanifin JM. Basic and clinical aspects of@todermatitis. Ann Allergy 1984;52:386-95.

Hanifin JM, Chan S. Biochemical and immunatomechanisms in atopic dermatitis: new targets for
emerging therapies. J Am Acad Dermatol 1999;41:72—7

Hawro T, Lehmann S, Altrichter S, Fluhr JWjk&rbier T, Church MK, Maurer M, Metz M. Skin
provocation tests may help to diagnose atopic détimallergy Eur J Allergy Clin Immunol
2016;71:1745-52.

Heinzerling L, Mari A, Bergmann K-C, Bresciavl, Burbach G, Darsow U, Durham S, Fokkens W,
Gjomarkaj M, Haahtela T, Bom AT, Wo6hrl S, Maibachlldckey R. The skin prick test - European
standards. Clin Transl Allergy 2013;3:3.

Hoeck EA, Marker JB, Gazerani P, Holm Anderst Arendt-Nielsen L. Preclinical and Human Suetsg
Madels of Itch. Exp Dermatol 2016.

Homey B, Steinhoff M, Ruzicka T, Leung DYMytkines and chemokines orchestrate atopic skin
inflammation. J Allergy Clin Immunol 2006;118:178-8

Hosogi M, Schmelz M, Miyachi Y, Ikoma A. Brgkinin is a potent pruritogen in atopic dermatiisswitch
from pain to itch. Pain 2006;126:16-23.

Ikoma A, Cevikbas F, Kempkes C, Steinhoff Mhatomy and neurophysiology of pruritus. Semin Guta
Med Surg 2011;30:64-70.

Ikoma A, Fartasch M, Heyer G, Miyachi Y, Hamerker H, Schmelz M. Painful stimuli evoke itch in
patients with chronic pruritus: central sensitiaatfor itch. Neurology 2004;62:212-7.

Ikoma A, Rukwied R, Sténder S, Steinhoff Miyllchi Y, Schmelz M. Neuronal sensitization fortaiaine-
induced itch in lesional skin of patients with datogermatitis. Arch Dermatol 2003;139:1455-8.

Ishiuji Y, Coghill RC, Patel TS, Dawn A, Fotain J, Oshiro Y, Yosipovitch G. Repetitive scratghand
noxious heat do not inhibit histamine-induced iclatopic dermatitis. Br J Dermatol 2008;158:78-83.

14/20



[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[60]

[61]
[62]

Ishiuji Y, Coghill RC, Patel TS, Oshiro Y, Kft RA, Yosipovitch G. Distinct patterns of braictiaity
evoked by histamine-induced itch reveal an assoaiatith itch intensity and disease severity inpéto
dermatitis. Br J Dermatol 2009;161:1072-80.

Jahnz-Rozyk K, Targowski T, Paluchowska E,d2arek W, Kucharczyk A. Serum thymus and activation
regulated chemokine, macrophage-derived chemokideeataxin as markers of severity of atopic
dermatitis. Allergy Eur J Allergy Clin Immunol 20&®:685-8.

Johanek LM, Meyer R a, Hartke T, Hobelmann Waine DN, LaMotte RH, Ringkamp M. Psychophysical
and Physiological Evidence for Parallel Afferentti®eays Mediating the Sensation of Itch. J Neurosci
2007;27:7490-7.

Kunz B, Oranje AP, Labréze L, Stalder JF,dRin Taieb A. Clinical validation and guidelines floe
SCORAD index: consensus report of the European Faste on Atopic Dermatitis. Dermatology
1997;195:10-9.

van Laarhoven AIM, Kraaimaat FW, Wilder-SmifiH, van de Kerkhof PCM, Cats H, van Riel PLCM,
Evers AWM. Generalized and symptom-specific sezadiibn of chronic itch and pain. J Eur Acad
Dermatology Venereol 2007;21:1187-92.

van Laarhoven AlM, Ulrich DJO, Wilder-SmithHD van Loey NEE, Nieuwenhuis M, van der Wee NJA,
Evers AWM. Psychophysiological Processing of lteliPatients with Chronic Post-burn Itch: An
Exploratory Study. Acta Derm Venereol 2016;96:613-8

Lamotte RH. Subpopulations of ‘Nocifensor Kans' Contributing to Pain and Allodynia, Itch and
Alloknesis. Am Pain Soc J 1992;1:115-26.

LaMotte RH. Psychophysical and neurophysiaalgstudies of chemically induced cutaneous pabhitch.
Progress in Brain Research.1988, Vol. 74. pp. 331-5

LaMotte RH, Dong X, Ringkamp M. Sensory news@nd circuits mediating itch. Nat Rev Neurosci
2014;15:19-31.

LaMotte RH, Shimada SG, Green BG, ZeltermarPtiritic and Nociceptive Sensations and Dysegbhes
From a Spicule of Cowhage. J Neurophysiol 2009;1430—-43.

Latremoliere A, Woolf CJ. Central sensitizati a generator of pain hypersensitivity by centialral
plasticity. J Pain 2009;10:895-926.

Magerl W, Treede RD. Secondary tactile hyploesia: A novel type of pain-induced somatosensory
plasticity in human subjects. Neurosci Lett 2004;386-9.

Magerl W, Westerman RA, Méhner B, Handwerki. Properties of transdermal histamine iontoplisres
differential effects of season, gender, and bodjore J Invest Dermatol 1990;94:347-52.

Maier C, Baron R, Tolle TR, Binder a, Birlvaar N, Birklein F, Gierthmuhlen J, Flor H, GeberHlige V,
Krumova EK, Landwehrmeyer GB, Magerl W, MaihofnerRichter H, Rolke R, Scherens a, Schwarz a,
Sommer C, Tronnier V, Ugeyler N, Valet M, WasnerT&ede R-D. Quantitative sensory testing in the
German Research Network on Neuropathic Pain (DFb8hatosensory abnormalities in 1236 patients
with different neuropathic pain syndromes. Pain@®0%0:439-50.

Mainka T, Malewicz NM, Baron R, Enax-Krumof, Treede R-D, Maier C. Presence of hyperalgesia
predicts analgesic efficacy of topically applieghsaicin 8% in patients with peripheral neuropagam.
Eur J Pain 2016;20:116—29.

Miller RJ, Jung H, Bhangoo SK, White FA. Ckilwe and Chemokine Regulation of Sensory Neuron
Function. Handb Exp Pharmacol.2009, Vol. 194. 4g-419.

Nakagawa H, Hiura A. Four Possible Itchingieays Related to the TRPV1 Channel, Histamine, RAR
and Serotonin. Malays J Med Sci 2013;20:5-12.

Namer B, Carr R, Johanek LM, Schmelz M, Haadwer HO, Ringkamp M. Separate Peripheral Pathways
for Pruritus in Man. J Neurophysiol 2008;100:2062—-9

Namer B, Reeh P. Scratching an itch. Nat Ns¢ir2013;16:117-8.
Nattkemper LA, Lee HG, Valdes-Rodriguez R,IMbazar NK, Sanders KM, Yosipovitch G. Cholinergic

15/20



[66]

[67]

[68]
[69]

[74]

[76]

[77]
[78]

[79]

[80]

[81]

[82]

[83]

induction of perspiration attenuates nonhistamiiegoguritus in the skin of patients with atopic dhetitis
and healthy controls. Br J Dermatol 2015;173:282—4.

Niwa Y, Akamatsu H, Sumi H, Ozaki Y, Abe Evidence for degradation of cytokines in the seaim
patients with atopic dermatitis by calcium-dependentease. Arch Dermatol Res 2000;292:391-6.

O’Neill JL, Chan YH, Rapp SR, Yosipovitch Bifferences in itch characteristics between ps@iasd
atopic dermatitis patients: Results of a web-bagexstionnaire. Acta Derm Venereol 2011;91:537-40.

Olsen RV, Andersen HH, Mgller HG, Eskelund PAendt-Nielsen L. Somatosensory and vasomotor
manifestations of individual and combined stimdatof TRPM8 and TRPAL using topical L-menthol and
trans -cinnamaldehyde in healthy volunteers. Heais 2014;18:1333-42.

Pall PS, Hurwitz OE, King BA, LaMotte RH. R$yphysical measurements ofitch and nociceptive
sensations in an experimental model of allergidactrdermatitis. J Pain 2015;16:741-9.

Papoiu ADP, Tey HL, Coghill RC, Wang H, Yosigtch G. Cowhage-induced itch as an experimental
model for pruritus. A comparative study with histagrinduced itch. PLoS One 2011;6:e17786.

Patel T, Yosipovitch G. Therapy of Pruriti&pert Opin Pharmacother 2010;11:1673-82.

Pereira M, Lotts T, Dreyer T, Cremer A, Englbht J, Ringkamp M, Stander S, Pogatzki-Zahn E.
Somatosensory Dysfunctions in Patients with Chrémiaitus. Abstr Eur Pain Fed 2015;P060:3.

Pereira MP, Muhl S, Pogatzki-Zahn EM, Agelafms K; Stander S. Intraepidermal Nerve Fiber Dignsi
Diagnostic and Therapeutic Relevance in the Managewf Chronic Pruritus: a Review. Dermatol Ther
(Heidelb) 2016;6:509-17.

Pongcharoen P, Fleischer ABB. An evidencesdagview of systemic treatments for itch. Eur ihPa
2016;20:24-31.

Rolke R, Baron R, Maier C, Tolle TR, Treede.-R., Beyer A, Binder A, Birbaumer N, Birklein Boteflr

IC, Braune S, Flor H, Huge V, Klug R, Landwehrme@#, Magerl W, Maihdfner C, Rolko C, Schaub C,
Scherens A, Sprenger T, Valet M, Wasserka B. Qtaivie sensory testing in the German Research
Network on Neuropathic Pain (DFENS): Standardizextqmol and reference values. Pain 2006;123:231-43.

Rolke R, Magerl W, Campbell KA, Schalber G3gpari S, Birklein F, Treede R-D. Quantitative seps
testing: a comprehensive protocol for clinicallgid&ur J Pain 2006;10:77-88.

Rukwied R, Mayer A, Kluschina O, Obreja Ohf&y M, Schmelz M. NGF induces non-inflammatory
localized and lasting mechanical and thermal hygresisivity in human skin. Pain 2010;148:407-13.

Rukwied RR, Main M, Weinkauf B, Schmelz M. IRGensitizes nociceptors for cowhage- but not
histamine-induced itch in human skin. J Invest Datoh2013;133:268-70.

Bin Saif GA, Alajroush A, McMichael A, Kwatr8G, Chan Y-H, McGlone F, Yosipovitch G. Aberrant C
nerve fibre function of the healthy scalp. Br J matol 2012;167:485-9.

Sandkihler J. Models and mechanisms of hygesé and allodynia. Physiol Rev 2009;89:707-58.

Sikand P, Shimada SG, Green BG, LaMotte RéhsBry responses to injection and punctate apjaicaf
capsaicin and histamine to the skin. Pain 2011248594,

Sikand P, Shimada SG, Green BG, LaMotte Rkhil8r itch and nociceptive sensations evoked hyqgbate
cutaneous application of capsaicin, histamine anchage. Pain 2009;144:66—75.

Simone D a, Alreja M, LaMotte RH. Psychoplogistudies of the itch sensation and itchy skin
(‘alloknesis’) produced by intracutaneous injectajrhistamine. Somatosens Mot Res 1991;8:271-9.

Simone DA, Sorkin LS, Oh U, Chung JM, Owend.@Motte RH, Willis WD. Neurogenic hyperalgesia:
Central neural correlates in responses of spinathialtract neurons. J Neurophysiol 1991;66:228-46.

Stander S, Weisshaar E, Mettang T, SzepidtodysCarstens E, Ikoma A, Bergasa N, Gieler U,avijd_,
Wallengren J, Darsow U, Streit M, Metze D, LugeiGFeaves M, Schmelz M, Yosipovitch G, Bernhard J.
Clinical Classification of Itch: a Position Papéitioe International Forum for the Study of Itch.tA®erm
Venereol 2007;87:291-4.

Steinhoff M, Neisius U, Ikoma A, Fartasch Meyer G, Skov PS, Luger T a, Schmelz M. Proteinase-

16/20



[86]

[87]

[88]

[93]

[94]
[95]

[96]

[98]

[99]

[100]

activated receptor-2 mediates itch: a novel pathi@apruritus in human skin. J Neurosci 2003;23%47
80.

Sun Y-G, Zhao Z-Q, Meng X-L, Yin J, Liu X-YXChen Z-F. Cellular basis of itch sensation. Science
2009;325:1531-4.

Teresiak-Mikofajczak E, Czarnecka-OperaczJeherowicz D, Silny W. Neurogenic markers of the
inflammatory process in atopic dermatitis: Relatiorthe severity and pruritus. Postep Dermatoliogii
Alergol 2013;30:286-92.

Thyssen JP, Kezic S. Causes of epidermajdilia reduction and their role in the pathogenesitopic
dermatitis. J Allergy Clin Immunol 2014;134:792-9.

Tominaga M, Takamori K. Itch and nerve fibarish special reference to atopic dermatitis: thexgic
implications. J Dermatol 2014;41:205-12.

Toyoda M, Nakamura M, Makino T, Hino T, KagauM, Morohashi M. Nerve growth factor and subse&nc
P are useful plasma markers of disease activiggapic dermatitis. Br.J Dermatol 2002;147:71-9.

Vaegter HB, Palsson TS, Graven-Nielsen Tilkaied Pro-Nociceptive Pain‘Mechanisms in Radigti
Back Pain Compared with Localized Back Pain. J Raiti7:31.

Wabhlgren CF. Itch and atopic dermatitis: Areoview. J Dermatol 1999;26:770-9.

Wahlgren CF, Ekblom A. Two-point discriminaiti of itch in patients with atopic dermatitis arehlihy
subjects. Acta Derm Venereol 1996;76:48-51.

Wahlgren CF, Hagermark O, Bergstrom R. Pésiguerception of itch induced by histamine, compebu
48/80 and wool fibres in atopic dermatitis. Actaribe/enereol 1990;71:488-94.

Wahlgren CF, Hagermark O, Bergstrom R. Thigpanritic effect of a sedative and a non-sedative
antihistamine in atopic dermatitis. Br J Dermat@®@;122:545-51.

Woolf CJ. Central sensitization: implicatiofts the diagnosis and treatment of pain. Pain 2082 S2-15.

Yau M-K, Lim J, Liu L, Fairlie DP. Proteasetivated receptor 2 (PAR2) modulators: a pateniesgv
(2010-2015). Expert Opin Ther Pat 2016;26:471-83.

Yosipovitch G, Duque Ml, Fast K, Dawn AG, Goly RC. Scratching and noxious heat stimuli inhitgh
in humans: a psychophysical study. Br J Dermat0lr2066:629-34.

Yosipovitch G, Papoiu ADP. What causes itclaiopic dermatitis? Curr Allergy Asthma Rep 200806—
11.

Yosipovitch G, Zucker I, Boner G, Gafter Lhapira Y, David M. A questionnaire for the assessnoé
pruritus: validation in uremic patients. Acta DeWfenereol 2001;81:108-11.

Zachariae R, Lei U, Haedersdal M, Zachariaét¢h severity and quality of life in patients Wwipruritus:
preliminary validity of a Danish adaptation of tieh severity scale. Acta Derm Venereol 2012;92:5G8

Ziegler EA, Magerl W, Meyer RA, Treede ROec®ndary hyperalgesia to punctate mechanical stimul
Central sensitization to A-fibre nociceptor inpBtain 1999;122:2245-57.

Figure and table legends

Figure 1. Flowchart of experimental protocol. A total of fatch provocations were conducted (two in lesicarad
two in non-lesional skin) in a randomized orderthwirovocations always alternating between thedveas. The
order presented in the picture represents an exafgpyed out provocations not conducted). Thaenti
experimental session lasted approximately 3 hd\bybreviations: AD = Atopic Dermatitis; CDT = Coldefection
Threshold; CPT = Cold Pain Threshold; eVAS = Elaeir Visual Analog Scale; FLPI = Full-Field LasezrRision
Imaging; MPT = Mechanical Pain Threshold; MPS = Nedcal Pain Sensitivity; NRS = Numerical Ratingg¢

HPT =

Heat Pain Threshold; WDT = Warmth DetectidmeBhold; WUR = Wind-Up Ratio.
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Figure 2A and B. Mechanical pain sensitivity (MPS) in lesion&l)(and non-lesional skirB) of AD patients (red)
and corresponding sites in healthy controls (blAs)erisks to the left of the stimulus response/esiindicates a
significantgroup main effect (scores of entire stimuli series), leisterisks immediately above data points
indicates post hoc group differencegsaupx stimulusinteraction) for ratings produced by each of tmppck
stimulators. Abbreviations: AD = Atopic DermatitidC = Healthy Control. Significance indicators: P= 0.05,
** = P<0.01.

Figure 3A-D. Temporal profiles of itch intensity elicited byskhmine A andB) and cowhage provocationS and
D) in lesional A) and non-lesional skirB) as well as in respective control sit€gndD). Rating frequency was
down sampled from 1/5 sec (0.2 Hz) to 1/15 se®({0ltk) by averaging 3 consecutive ratings for impb
overview. Note that while histamine-induced itchswent significantly increased in lesional AD skix)(a
considerable tendency was observed (0.07). Statistical results were based on mearesdor the 0-6 min period.
Abbreviations: AD = Atopic Dermatitis; HC = Healti@ontrol. * =P < 0.05, * =P < 0.01.

Figure 4A and B. Mechanically evoked itch ilesional A) and non-lesional skirBj of AD patients (red) and
corresponding sites in healthy control (blue). $hasitivity to mechanically evoked itch was assgsdédaseline as
well as following histamine and cowhage provocaiohbbreviations: AD = Atopic Dermatitis, HC = Heal
Control. * =P <0.05, * =P < 0.01.

Figureb5. A representative series of Full-Field Laser PéofugFLPI) images recorded at baseline (coltavandb)
and following histamine provocations (columandd), signifying “endogenous” skin inflammation in pto
dermatitis and the neurogenic inflammation evokgtiistamine in both groups. Images in row héhrough3 are
from non-lesional skin areas and correspondingrobateas, while images in row nbthrough6 are recorded in
lesional skin areas and corresponding control a@alsimna, row no.4 (dorsal wrist/hand)s (lateral aspect of
elbow crease) angl(medial aspect of elbow crease), show typical FhRiges of atopic dermatitis lesions. Note: 1)
the light speckled inflammation pattern (e.g., cafa, row no.1 and2), recognizable with FLPI, often observed in
AD even in skin that appears normal by visual icsipe; 2)the blunted flare response to histamine obseniable
non-lesional skin of AD patients (compare colummow no.1-3 to columnd, row no.1-3), particularly clear when
measuring the intensity of blood flow immediategxito the skin prick test site; 3) that when corirgait is

difficult to gauge the inflammatory response evokgdistamine. Abbreviations: Arb = Arbitrary.

Table 1. Results from the quantitative sensory testing sioleal as well as non-lesional skin and statistical
outcomes. Abbreviations: AD = Atopic Dermatitis; TB Cold Detection Threshold; CPT = Cold Pain Thrgd,;
MDT = Mechanical Detection Threshold; mN = miliNemt MPT = Mechanical Pain Threshold; HC = Healthy
Control; HPT = Heat Pain Threshold; WDT = Warmthtéxion Threshold; WUR = Wind-Up Ratio. *< 0.05,°
= insignificant trend.
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Tablel

QST L esional skin Non-lesional skin
par ameter AD HC P-value AD HC P-value
CDT (°C) 30.0+0.2 304+02| P=0.16 29.9+0.3 30.2+0.2 P=0.40
WDT (°C) 34.0+04 341+01| P=0.73 34.9+0.3 34.8+0.2 P=0.76
CPT (°C) 185+1.8 173+x1.4 P=0.61 16.0+1.8 174 +1.3 P=0.56
HPT (°C) 41.2+0.8 419+06| P=051 43.2+0.9 414+0.6 P=0.10
MDT (mN) 34+0.1 3.1+01 P=0.049 3.2+0.8 32+0.7 P=0.66
MPT (mN) 133.0+19.6 182.3+21.3 P=0.09 188.5+24.3 185.2+18.5| P=0.92
WUR (ratio) 1.9+0.14 2.1+0.19 P=0.38 1.8+0.14 21+0.17 P=0.30
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Figure 2
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Figure 3_revised
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Figure 4
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Figure 5_revised
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