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Abstract

Despite being a ubiquitous animal pain model, theural TRPAL-agonist allyl-isothiocyanate
(AITC, also known as “mustard oil”") has only begraisely investigated as a potential human
surrogate model of pain, sensitization, and neuriogaflammation. Its dose-response as an
algogenic, sensitizing irritant remains to be edatéd in human skin.

Three concentrations of AITC (10%, 50%, 90%) ankicle (paraffin) were applied for 5 min to
3x3 cm areas on the volar forearms in 14 healtHynteers, and evoked pain intensity (visual
analog scale 0-100 mm) and pain quality were aede$s addition, a comprehensive battery of
guantitative sensory tests was conducted includisgessment of mechanical and thermal
sensitivity. Neurogenic inflammation was quantifieding Laser Imaging perfusion (FLPI).
Erythema and hyperpigmentation were assessed béfomeediately after, and64 hours after
AITC exposure.

AITC induced significant dose-dependent, moderatselvere spontaneous burning pain,
mechanical and heat hyperalgesia as well as-dynamgichanical allodynia (p <0.05). No
significant differences in induced pain hypersevisit were observed between the 50% and 90%
AITC concentrations. Acute and prolonged inflammativas evoked by all concentrations and
assessments by FLPI demonstrated a_significant-alesendent increase with a ceiling effect
from 50% to 90%.

Topical AITC application produces pain and somaiesey sensitization in a dose-dependent
manner with optimal concentrations recommended ¢o>th0% and<50%. The model is
translatable to humans and could be useful in phepfogical proof-of-concept studies of
TRPA1l-antagonists, analgesics and anti-inflammataynpounds or for exploratory clinical
purposes, e.g. loss- or gain-of-function in periphaeuropathies.

1. Introduction

The natural transient receptor potential catiomnaeh A1l (TRPAL)-agonist allyl-isothiocyanate
(AITC), also known as “mustard oil”, has been usiifjuitously as arn vivo pain model in
hundreds of preclinical studies [8,16,17,45,54gdherates inflammation and spontaneous pain
behavior as well as robust thermal and mechanigag¢talgesia [31,35,66]. Following cutaneous
application, this symptomatology is evoked throagtivation of TRPA1-positive epidermal C-
nociceptors. Notably, several additional animal gledeyond AITC application, rely partly or
entirely on TRPA1 as their substrate, e.g. modsisiguformalin and trans-cinnamaldehyde
[21,54,82].

The physiological role of TRPA1l in the sensory el system is not only restricted to
chemonociception [39,47,53,60]; the channel has béen suggested to play important roles in
mediating cold pain sensation [6,23,80], pruricapti28,46,84], the cough reflex [24,64] and to
act as an immunological co-activator [15,69]. THRPR1-channel is substantially co-expressed
with transient receptor potential cation channel(VRPV1) on peptidergic nociceptors [34] and
these frequently act in conjunction to detect nwusrenvironmental chemical irritants although



it is currently unclear to which extend they aradiionally dependent on each other [22,70,79].
Recently, TRPA1 has been widely implicated in a bemof painful and inflammatory conditions
and is considered a promising potential targetHerdevelopment of, amongst others, analgesic,
antipruritic and anti-inflammatory pharmacotheram=u[4,21,36,64]. For instance, the channel
has been proposed to play a role in the pathogijotd numerous disorders based iarvivo
studies including neuropathic pain [9], migraind][lnd arthritis [29] and expression of the
channel has been found upregulated in human tissuesnditions such as oral lichen planus
[40], post-burn pruritus [85] and inflammatory bdveisorder [41] — conditions that are often
associated with neuro-inflammation and pain. Ire liwith these observations, a number of
TRPA1l-antagonists are currently being developetatget conditions such as neuropathic pain,
irritable bowel diseases, inflammatory skin disesdend itch [4,12,21,36,64].

Despite its very widespread usage as a model ofATRRduced pain in animals, the AITC-

model has not been extensively studied in humabs37238,83]. The few previous studies
applying topical AITC in humans predate the disegwef TRPAL1 and mainly assessed certain
aspects of the somatosensory aberrations or nduggeats induced by AITC [25,37,38,75,83].

Does-response features of this model have notquski been investigated. Given the difficulty
and high failure-rate associated with turning précal findings on promising anti-nociceptive

and anti-hyperalgesive compounds into feasible gasads for human use [54], translatable
mechanism-specific human surrogate models of mioh as the AITC model, are warranted
[5,63] and it is thus necessary to have dose-respifiormation for the sensitization features of
interest. Moreover, AITC might constitute a relevamceptor-specific pain probing modality,

which could be applied to gain insights into paiecmanisms e.g. loss- or gain-of-function in
patients with neuropathic pain [33,57].

The aim of the present study was to assess the-rdspense features of topical AITC
provocations on evoked pain and pain-associatesbsg@aberrations. Beyond evaluating evoked
pain intensity and quality, a comprehensive batt#rguantitative sensory tests was conducted
together with evaluation of neurogenic inflammatmgponses.

2. Methods

2.1 Study design and subjects

Fourteen healthy subjects including 10 males afainéles, aged 19-28 years (mean (xSD): 23.5
+ 3.1 years) were recruited. The subjects were-fra without previous known neurological,
dermatological, allergic or musculoskeletal disosd@ll subjects signed a statement of informed
consent in accordance with the Helsinki Declaratioefore participation. The regional ethics
committee approved the experiment (study no. N-Q066). Prior to the onset of the experiment
all subjects were instructed verbally and in wagtithat all experimental procedures could be
stopped immediately if the pain or discomfort beedntolerable, as well as that they are free to
withdraw from the study at any point without indog consequences. The study was carried out
in a double-blinded manner with balanced randonuratf both the order of AITC applications,
the application sites within each volar forearmogimal vs. distal locations) and dominant versus
non-dominant arm. Randomization of right vs. leftssdone under the condition that arms always



shifted between the applied solutions. Both thestigator and the subjects were blinded to the
AITC concentration/vehicle being applied. Everydim substance was administered, a bottle of
pure 99% allyl-isothiocyanate was opened in theratory. This was done to create a powerful
ambient smell of mustard oil, in order to inhibiitetinvestigator and participants’ ability to
identify the order of solutions investigated, bfaotion. A similar procedure has previously been
utilized in studies using highly odorous compourtds avoid unmasking of subjects and
investigator [26,58,61]. The study was conducted aBsgle session lasting approximately 2.25-
2.75 hours, wherein the participants were exposeealltfour solutions, interspersed with short
breaks following each panel of sensory testing.(EjgThe ambient temperature was kept2it-

22 °C in all sessions.

2.2. Application of allyl-isothiocyanate

AITC (>99%) was obtained from Sigma Aldrich (Broendby, Bark) and dissolved in pure
paraffin (European Pharmacopoeia, Lave-Apotekethdxg, Denmark) at concentrations of
10%, 50% and 90% (all v/v concentrations). Thes&centrations were determined by
precedence in the literature showing that 100% AEMOkes a considerable pain and allodynia
[38] and by initial pilot studies showing that mulckver concentrations were likely sufficient to
induce similar pain, hyperalgesia, and prominenirogenic flare. Paraffin was chosen as the
vehicle because of 1) its previous applicationtfa purpose of applying AITC, 2) its lack of
toxicity, 3) its lack of somatosensory effects. ieomL aliquot of each concentration was
dispensed into a 3 x 3 cm cotton pad and placadcisstom-made polypropylene chamber (3 x 3
x 0.18 cm) (Aalborg University, Aalborg, Denmarkhe chamber containing the cotton pad was
then fixed to the pre-marked skin areas on therol@arms using medical tape (BSN, Hamburg,
Germany). With two pre-marked 3x3 cm areas on eatdr forearm, the same skin areas were
never re-used. The two areas were 6 cm apart @ach away form the midpoint between the
elbow and wrist creases) to assure non-overlapfiage quantification. The application
configuration was applied for 5 min before beingefally removed after which residual
AITC/vehicle solution was gently washed of the slihe AITC was deliberately removed before
proceeding, because initial pilot experiments destrated that if the skin area is not cleaned
thoroughly, the induced pain would only subsidevbjoand increased hyperpigmentation would
occur.

2.3. Pain assessment

For each concentration applied, the participantewestructed to rate the pain intensity for 5 min
on a 100 mm visual analog scale (VAS) ranging ffompain’ = 0, to “worst imaginable pain”

= 100. To this end, a digital VAS using eVAS softevgAalborg University, Denmark) installed
on a 10.1” Samsung tablet computer (Samsung EléctoSeoul, Korea) was used and the pain
intensity was sampled at 0.2 Hz. Subjects expreskeit pain quality by choosing word
descriptors from a validated brief descriptive Banversion of the McGill Pain Questionnaire
(MPQ). A list of the applied sensory descriptorsidae found in [62]. Pain quality was
determined at 4 minutes post AITC application cgponding to a time point where moderate to
intense pain was perceived in the majority of stisjeAfter the pain assessment, Full-Field Laser
Perfusion Imaging (FLPI) was conducted and theextbjwere asked to report when the pain
subsided before proceeding with sensory testing.



2.4. Quantitative sensory testing (QST)

The QST battery of the present study was partlyvddrfrom the guidelines of the German
Research Network on Neuropathic Pain (DFNS) [68]e Terbal instructions (in Danish) for
participants from the DFNS protocol were deriveahirthe supplementary materials of Olsen

al. (2014) [61]. The terminology used to describe ittduced sensory derangement are defined
by Sandkuhler (2009) [71].

2.4.1 Thermal detection and pain thresholds. Tests for cold detection threshold (CDT), warmth
detection threshold (WDT), cold pain threshold (EPand heat pain threshold (HPT) were
performed using a Medoc Pathway (Medoc Ltd, Ranisihd, Israel) equipped with a 3 x 3 cm
advanced thermal stimulator probe with a basekmeperature of 32°C. -Ramping stimuli of 1
°C/s were delivered in each application area fahgwAITC and when the subjects identified the
associated threshold (first perception of cold armth and first perception of cold or heat pain)
they pressed a button that returned the temperafuhe probe to the baseline at a rate of 5 °C/s.
The results were calculated as the arithmetic noé#tme thresholds from three repeated ramps.
2.4.2 Mechanical pain thresholds and sensitivity: To evaluate the mechanical pain threshold
(MPT), a set of 7 weight-calibrated pinprick stiars (MRC Systems, Germany) with weights
of 8, 16, 32, 64, 128, 256, and 512 mN. was applirding five ascending/descending series of
stimuli, the subjects were instructed to report mvaeperception of ‘sharpness’ or ‘pricking pain’
was first sensed. The final MPT was calculatedhasgeometric mean of the values obtained in
the five series of stimuli. The mechanical pains#inity (MPS) was assessed to detect pinprick
hyperalgesia to suprathreshold stimulation. Theseinprick stimuli were applied in ascending
order three times and for each stimulus the subj@etre instructed to rate the pain intensity on a
numerical rating scale (NRS) from 0-10 (One pain, 10 =worst imaginable pain). Subjects
were explicitly instructed to use decimals as $litaThe final MPS was calculated as the
arithmetic mean of three consecutive series ostheen stimuli. The wind-up ratio (WUR) was
assessed using the pinprick stimulator one interdibve the average MPT. The subjects were
asked to rate their pain intensity following a $ingtimulus and thereafter of a subsequent series
of 10 consecutive stimuli (1 stimuli/s) applied it the area of substance application. This
procedure was repeated three times.

2.4.3 Allodynia: Dynamic mechanical allodynia (ALL) was assessédgua normally innocuous
stimuli moving, i.e. a standardized sensory bruSENSElab 05-brush, Somedic, Hoérby,
Sweden) exerting a force of 200400 mN. It was gdmeonfirmed that subject perceived the
stimulation as non-painful in an area at leastrQagvay from the relevant AITC-pretreated skin.
Subsequently, the tactile stimulus was appliecethiraes with a single stroke of approximately 3
cm in length within the AITC-pretreated skin. Thébjects were instructed to rate whether pain
occurred and if so to rate the pain intensity anghme numerical rating scale used for MPS.

2.5 Neur ogenic inflammatory response and pigmentation

FLPI was used to assess the superficial blood sierfuimmediately after removing the
AITC/paraffin chamber. The measurements were cdeduaising a MoorFLPI-1 (Moor

Instruments Ltd, Axminster, UK). The perfusion asseent was conducted with a 35-cm
distance between the camera and the applicati@anwith an exposure time of 8.3 ms and 160



units of gain. The FLPI data were analyzed usingibP| Review V4.0 proprietary software.
The induced increases in average and peak supérfilmod perfusion within the 3 x 3 cm
application areas were used as proxies for primagyrogenic inflammation intensity. Moreover,
the axon-reflex flare size was calculated as thea associated with the AITC provocation
exhibiting a>30% increase compared to the surrounding perfusamkground. The size was
quantified in crh by relative comparison to the known size of the 38 xm pre-marked
application area. The 9 érin which AITC was applied was then subtracted fitbva score thus
giving rise to an estimate of the size of the sdaoyn neurogenic inflammation or the “reflex
response”. This method has previously been appbeduantify the neurogenic inflammatory
response to various chemical irritants [1,2,61]e Hrythema (redness) and skin pigmentation
were measured with a spectrometer designed foneats use (ColorMeter, DSM I, Cortex
Technology, Hadsund, Denmark) as previously utllige6] . The device provides a read-out of
erythema and pigmentation based on the light abisargharacteristics of skin for wavelength
corresponding to hemoglobin (erythema) and melafpigmentation). < Erythema and
pigmentation data was recorded before, immediafr AITC removal and64 hours (48-96
hours range) after the experimental session.

2.6 Statistics

Sample size calculation was conducted based onopsty obtained data applying similar pain
models [61] and using the approached outlinedcifossover designs [56]. The obtained data are
presented as arithmetic or geometric means (n@afistimulus modes) + the standard error of
the mean (SEM), unless otherwise stated. Data fthrassessments were tested for normality
using visual inspection of Q-Q plots and the Shapifilk normality test when necessary.
Average and peak pain intensity induced by the AWeZe calculated and compared from VAS-
recordings while categorical variables are showeoasf distribution without further hypothesis
testing. The primary analyses were conducted uspgated measures analyses of variations
(RM-ANOVASs) with the factor: concentration (four levels) using Fisher’'s least significant
difference (LSD) tespost hoc test.in a step-wise manner. For erythema and pitatien data, an
additional level otime was added to the RM-ANOVA and values were alwaysnmalized to the
values obtained from the vehicle area to accounté&y-to-day variability. While all statistical
tests were conducted using raw data, the tempaordllgs of evoked pain (Fig. 2A) were
downscaled to one data point per 0.5 min by caliigethe average of six 0.2 Hz ratings. Z-
scores were calculated to provide a relativizednoee of induced sensory sensitization using
the formula [Z = ¢-u)/c] where %" is the average value following AITCu" is the average value

in the vehicle condition ands" is the combined standard deviation for the patamacross the
four solutions. Data handling and calculation o$a#ptive statistics were carried out in Excel,
while statistical comparisons were performed in SR8Both software packages: Windows,
Redmond, WA, USA) and graph plotting was conduate@raphPad Prism. A p-value f0.05
was considered significant.



3. Results

All enrolled participants finished the study angdital administration of AITC was well tolerated
and did not produce any unexpected side effects (@cal edema, blistering, desquamation or
systemic reactions). No subjects withdrew fromghely nor terminated any of the experimental
procedures. The spontaneous pain evoked by AlT@rgén resolved quickly after removing
residual solution. AITC-evoked pain subsided quickfter removing residual solution and all
subjects confirmed that no pain remained beforeséimsory testing was started. Due to technical
issues, the erythema and pigmentation data is mgidsir one subject (excluded from relevant
analyses, n = 13). The study was designed to atsesiose-response function of AITC, not to
detect any potential sex differences in AITC-indlioesponses and hence no sub-analysis on data
was conducted for this purpose. No significanteddhces were observed related to order of
AITC administration or arm dominancy.

3.1. Evoked pain intensity and quality

The most frequently reported descriptors of thekedgpain quality were: “warm/burning” (10%

n = 5/14, 50% = 10/14, 90% = 10/14), “searing” (1698/14, 50%= 9/14, 90% = 7/14) and
pricking/stinging (10% = 7/14, 50% = 3/14, 90% %4y, Four subjects described the vehicle as
inducing a mild “cold/freezing” sensation. The mepain intensity was a dose-response-
dependent for both mean ratings and peak paind®)Y3; 29.9, p < 0.001), see Fig. 2A and 2B.
Post hoc testing revealed that all AITC conditiomiiced more intense pain than the vehicle (p <
0.01) and that both 50% and 90% AITC induced higiaén intensity than 10% AITC (p < 0.01).
This was true for both mean and peak pain ratiNgssignificant difference was found between
50% and 90% AITC. Peak pain intensity reached td31x 6.17 for 10% AITC, 56.9 + 7.77 for
50% AITC, and 59.9 £ 7.46 for 90% AITC. Negligibpain was reported following the vehicle
application in two subjects who rated it on the V@8th < 5 out of 100).

3.2. Thermal sensory sensitivity

Thermal cold as well as warmth detection threshadaisained unchanged following application
of AITC regardless of the concentration applied(89) = 0.35, p > 0.7 and (F(3,39) = 2.83, p >
0.05) indicating that- neither thermal hypo- nor érgsthesia was induced by AITC (Fig. 2C).
The cold pain threshold was, however, altered BYGA(F(3,39) = 3.93, p < 0.05), with post hoc
tests revealing that cold hypoalgesia was onlyifiggmtly elicited in the 90% AITC condition (p
< 0.05) compared with vehicle. Conversely, HPT dased significantly and in a dose-dependent
manner (F(3,39) = 86.0, p < 0.001). While 10% wasufficient to produce heat hyperalgesia,
both 50% and 90% evoked substantial decrease in i 40.9 + 0.92 °C in the vehicle
condition to 37.1 £ 0.47 °C following 50% AITC aB6.8 + 0.50 °C following 90% AITC (Fig.
2D). Heat pain thresholds were also significantiyer in the 50% and 90% AITC conditions
compared to the 10% condition, but no differences vieund between 50 and 90% AITC
concentrations.



3.3. Mechanical hyperalgesia and allodynia

AITC induced dose-dependent mechanical hyperalgesievident by increased MPS, including
mechanical stimuli in the suprathreshold range, wagificantly increased for all AITC
concentrations but no clear dose-dependency wakemvin the response (Fig. 3A). However,
trends toward higher MPS following 50% and 90% Al€@mpared to the 10% AITC were
evident (p = 0.051 and 0.099, respectively). MPB(89) = 8.41, p < 0.01) decreased following
50% and 90% AITC administration with approximately (Fig. 3B). While all. AITC
concentrations evoked significant decreases in MR respect to vehicle, 50% and 90% AITC
yielded significantly further decreases compareith D% (p < 0.05). The wind-up-ratio (WUR)
to pinprick pain stimuli was unaffected by AITC &39) = 1.34, p > 0.05, data not shown).
AITC induced significant dose-dependent allodywidush (F(3,39) = 15.8, p < 0.001). For 10%
AITC 9/14 subject reported allodynia, for 50% 11fefported it and for 90% 13/14 reported it.
Again, all AITC concentrations induced significallodynia compared to vehicle, but 50% and
90% AITC induced more pronounced allodynia than 10¢ile no differences was present
between 50% and 90% AITC. The brush-evoked all@lyvas always perceived as non-painful
in normal intact skin on the volar forearm treataith vehicle. Notably, most subjects
spontaneously reported pain associated with gevideng of the skin immediately next to the
application areas treated with 50% and 90% AITCenvhesidual solution was removed from the
application site. This indicates that while not wfified in the present study, secondary allodynia
to innocuous touch was evoked. For a comparatieeview of the somatosensory aberrations
induced by the AITC (see Fig. 4).

3.4. Neurogenic inflammatory response

All concentrations of AITC induced robust neurogeinflammation for mean (F(3,39) = 38.6, p
< 0.001) and peak values (F(3,39) = 34.1, p < 0Q.0Clear dose-response relationships were
evident for these parameters although no signifidi#ferences were detected between 50% and
90% AITC for both mean and peak perfusion (Fig.a&#l B). Notably, all AITC concentrations
also induced a secondary inflammatory response rasv‘axon-reflex-flare” (F(3,39) = 56.8, p
< 0.001), The size of this response was also deperiient with the 90% AITC concentration
inducing a larger axon-reflex-flare than the 10%aamntration (p > 0.05), with 17.0 £ 1.29 cm vs.
13.0 £ 1.87 cm, respectively (Fig. 5C). For primarythema measured by spectroscopy there
was only an effect dime (F(2,24) = 131.3, p <0.001) but not fmncentration (F(2,24) = 2.56, p

= 0.099) nor was there an effectamhcentration x time interaction. Post hoc testing showed that
erythema increased following all AITC concentraticend then decreased considerably when
measured approximately 64 hours after the initilf@\exposures, although the erythema still
remained detectable (p < 0.01). At 64 hours, thees generally no visually perceptible
inflammation in the AITC-treated area (Fig. 5D).rHoigmentation no significant changes
occurred at group level for neitheéme (F(2,24) = 0.86, p = 0.44) naoncentration (F(2,24) =
0.19, p = 0.44). However, slight but visually dis@ble hyperpigmentation occurred in 6/14
subjects following 50% AITC and 8/14 following 90%#adicating poor resolution for colorimetry
of pigmentation (Fig. 5E). This hyperpigmentatiangrally resolved within 1-2 weeks after the
study start.



4, Discussion

The present study showed that 5 min topical apjiticaf AITC (mustard oil) produces pain and
somatosensory sensitization in a dose-dependenhenan healthy human skin. The model
evoked robust mechanical hyperalgesia, allodyni@at hhyperalgesia, and neurogenic
inflammation. Notably, no significant additionalnséization and pain was achieved when using
90% compared with 50% AITC, indicating a ceilindeet. Based on the present study, AITC
concentrations of >10% and50% are likely ideal for elicitation of robust seng pain
symptomatology, while minimizing unnecessary expesu

4.1 Evoked pain intensity and quality

AITC induced dose-dependent, predominantly burrpag, conceivably corresponding to its
activation of TRPALl-expressing C-nociceptors in #ymdermis. This is well aligned with a

previous paper by Koltzenburgt al. (1992) reporting very similar finding related to
chemogenically-induced pain and pain quality fof%0(pure) AITC applied to a smaller area
(2x2 cm) for 5 minutes. The predominant burningss#ion is also in line with additional

previous evidence [37,49]. Notably, the relativelpid onset (1-3 min) of pain following topical

administration has previously been observed [3&Jesponding to the temporal profile observed
in the present study. The AITC model warks noti¢gdiaaster than topical capsaicin (a TRPV1-
agonist), a feature likely related to the fact titats a smaller and more soluble molecule.
Notably, the topical capsaicin-model has been aitety used as a TRPV1-pain and
inflammation specific model in early pharmaceutigaoof-of-concept studies for drugs
developed for various clinical conditions involvii@RPA1 [64].

4.2. Thermal sensory sensitivity

AITC did not induce changes in the detection ofoituous cold and warmth, indicating that
afferent units conveying these sensations, withéndetection threshold range, are likely TRPA1-
negative. This corresponds to the prevailing notibrihese fibers being myelinated cold-A
fibers and warmth-selective C-fibers, respectivily]. While the effect of AITC-induced
TRPA1l-activation on thermal detection thresholdgehaot previously been assessed, the present
results do correspond to findings stemming from thens-cinnamaldehyde model, which
similarly have no, or very limited effects on thedndetection thresholds [2,58,61]. Oppositely,
CPT was decreased by the 90% AITC concentratiomfgigg cold hypoalgesia and a similar,
but insignificant trend was observed for 50%. Tbisservation has previously been made for
irritants inducing burning pain, for instance capisaand trans-cinnamaldehyde, and it has been
suggested that this could be a consequence oflélasgmtness or relieve associated with cold
counter-stimuli on the affected skin. It is paradek that both TRPAl-agonists; trans-
cinnamaldehyde and here AITC induce cold hypoadgesid burning pain [58,67], given that
TRPA1 has previously been implicated in cold pasnsation [19,32,51]. Cold pain is
hypothesized to rely on a common nociceptive payhfwaboth nociceptive heat and cold along
with simultaneous activation of innocuous cold-fibers. It has been suggested that TRRA1
afferents may mediate the burning component ofowsccold [18,58]. However, recent evidence
indicates that TRPAL is - by no means - selectiveold pain sensation [24,28,46,64,84] and that



the channel acts more as a general transducemapidiar to certain noxious and pruritic stimuli
[35]. Lastly, the evidence implicating TRPA1 in dgbain sensation is almost entirely derived
from rodent studies and since peptidergic nociagspito humans and rodents do exhibit notable
dissimilarities, preclinical findings are not nesasly fully transferable [74]. Dose-dependent
heat hyperalgesia, as evident from increased HRIE, provoked by AITC. Notably, both 50%
and 90% AITC reduced the HPT t037°C, i.e. approximately 2.5°C higher than HDTtle
vehicle-treated skin. Heat hyperalgesia is conddyvavoked by primary sensitization of fibers
responsible for conveying heat pain around the pgaieshold territory, i.e. PmC- and4ibers
[44,52]. Following TRPA1l-activation by AITC theseits respond at temperatures normally
insufficient in evoking action potential and perbagven at temperatures below that of the gkin
situ. Given the estimated 65% co-expression of TRPAPATRon peptidergic nociceptive fibers
in rats [34], TRPA1-induced heat hyperalgesia, padhaps cold hypoalgesia, is likely produced
through same subpopulation of fibers that medtaee features in the capsaicin-model [20].

4.3. Mechanical hyperalgesia and dynamic allodynia

AITC induced dose-dependent decreases in MPT amdsgmnding increases in pain in response
to mechanical supra-threshold pain stimuli (inceeld®dPS), although no differences were present
between the three AITC concentrations for the laitécome parameter, even when comparisons
were conducted with the LSD-test. Prolonged medadhriyperalgesia has previously been
described following a 5-min application of 100% AIThowever, in that study the secondary
hyperalgesic area was mapped with a single 23gFvew filament [38], contrasting the present
quantification of primary hyperalgesic severity.rihal perception of pinprick pain is thought to
primarily reflect type-1 A-, and to a lesser extent, PmC-fiber input [48,78}e primary
hyperalgesia to pinprick stimuli observed in thegent study likely reflects either primary
sensitization of the aforementioned mechanoreceptinits, and/or, perhaps more likely,
sensitization occurring at the level of the spihaisal horn (central sensitization) [43]. Strikingl

a previous study has found that primary mechartigaleralgesia induced by AITC persists
during an A-fiber block, while a‘microneurographydy has found that PmC-fibers were not
sensitized following AITC application [38,75]. Meatistically, the aforementioned sensitization
would likely be evoked by activation of TRPA1-pdsit nociceptive peripheral afferent C-fibers
[81] and subsequent effects on the second orddcemo/e neurons in the dorsal horn [77].
These central neurons, in turn, receive converigntt from As-nociceptors thus mediating an
increased sense of mechanically evoked prickingh gainprick hyperalgesia) [42,77].This
explanatory model of centrally mediated sensitirattould also explain the pronounced, dose-
dependent AITC-induced elicitation of allodynia,ielhhas also previously been observed lasting
for at least 30 min post 5-min application of 10894 C [38]. For allodynia, thickly myelinated
low-threshold primary B-afferents, rather thandAfibers, normally mediating the sense of light
touch, would converge onto the nociceptive dorsahmeurons following the preceding AITC-
induced nociceptor barrage and produce the sensatib brush-evoked pain [42,43,81]. This
explanation is well aligned with the fact that &yous paper on AITC-induced hyperalgesia in
humans reported significant secondary hyperalgesiaaspect of sensitization not quantified in
the present study), which is recognized to be araiy mediated phenomenon affecting-A
(pinprick hyperalgesia) andpAfibers (stroke-evoked allodynia). The wind-up-oator pinprick
stimuli was unaffected by the AITC-provocations,iethis in line with findings in capsaicin-
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induced hyperalgesic skin [50]. Pinprick hyperaigeand the itch-related phenomena of
hyperknesis and alloknesis, but not dynamic mecdhaailodynia, have previously been reported
following use of trans-cinnamaldehyde in human$§&1], but in the present study only one
subject reported a sensation of itch, conceivahig tb the high levels of pain. Lastly, both
dynamic mechanical allodynia and hyperalgesia amg wvell studied characteristics of the
capsaicin model, which at least in part, activaaesubpopulation of nociceptive fibers co-
expressing TRPAL, and thus also recruited by Alti@iaistration.

4.4. Neurogenic inflammatory response

It is suggested that the primary cause of the hareserved acute inflammation is predominantly
neurogenic in origin due to three observations;tlg secondary flare extended several
centimeters away from the application area, 2)ftdre developed within minutes, 3) there was
no sign of exudation (lack of wheal reactions) ¢ading that mast cell degranulation did not
occur. The neurogenic inflammatory response is ghouo primarily represent an efferent
function of CMi-fibers [13,73]. With their largerminal aborizations and capacity to release e.g.
the vasodilatory calcitonin-gene related peptid@RP), this subpopulation of afferent fibers can
elicit neurogenic flare significantly beyond theearwhere an irritant substance is applied
[72,73,76]. Animal studies have shown that capsdiniluced desensitization only inhibits acute,
but not prolonged TRPAl-mediated inflammation armhttanti-histamines has no anti-
inflammatory effect [7,30], while a human micro-negraphy study has shown that the vast
majority CMi-fibers are TRPV1-positive. Taken toget this may suggest that AITC produces
inflammation through parallel- neurogenic and immogital mechanisms; the initial
inflammatory response being predominantly neuragetiirough CMi-activation and the
prolonged primary inflammation measured by specttoynbeing primarily immune-driven. This
further raises the question of to which extent TRR#\an independent nociceptive transducer in
human skin (see section 4.4). No differences wbserwed on primary neurogenic flare or axon-
reflex-flare between 50% and 90% AITC, despite sswent with the LSD-test, likely indicative
of a ceiling effect of either CGRP-release or véatresponsiveness to said neuropeptide or other
vasoactive neuropeptides. A number of previous mustadies using the TRPAl-agonist trans-
cinnamaldehyde have found a similar neurogenie ffattern [58,61], suggesting that TRPAL is
expressed on a substantial proportion of CMi-fibers

4.5 TRPAL1 asindependent nociceptive transducer

TRPAL has been proposed to play a detrimentalinolbe pathoetiology of numerous disorders
including neuropathic pain [9], chronic inflammatakin diseases [59], irritable bowel disorders
[41], migraine [11] and arthritis [29]. Notably, edpant TRPV1-signalling, has also been
suggested to be involved in many of these conditiand there is evidence of structural and
functional TRPAL/TRPV1 co-localization. However, ilgh TRPAL1 is certainly a TRPV1
independent molecular nociceptive/chemoreceptimastiucer, it is unclear whether there is a
phenotypically significant subpopulation of afferefibers that are TRPAl-expressing, but
TRPV1-negative. A recent study showed that TRPAlLed hyperalgesia relies entirely on
TPRV1-expression [22], contradicting the converdlomotion of functional independence
[10,31]. As prior studies have almost exclusivedeib conducted in rodents, it would be relevant
to assess whether TRPALl-induced pain and inflanamat inducible in human skin where
TRPV1-positive nociceptors have been defunctioedlize.g. by pre-application of high-
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concentration of capsaicin [3,27]. Using such defiamalization of TRPV1-fibers in humans, it
has recently been shown that a PAR2-mediated itolvopation, principally relying on co-
activation of TRPAL, is abolished when TRPV1-pesitiibers have been ablated by prolong 8%
capsaicin application [3]. This seems to indicatattat least the entire subpopulation of
pruriceptive nociceptors characterized by PAR2/TRRApression is also TRPV1-positive. In
most aspects the observed pain response for Al'Bnigar to that known from topical capsaicin
application [33,38,61]. However, likely associatsith differences in skin penetration rates of
these two chemical substances, AITC evokes pairhgpdralgesia more rapidly than capsaicin.
Several limitations adhere to the results of thesent study: 1) While steps were taken to assure
blinding of subjects and the investigator, it waffiailt to avoid unmasking of the vehicle
condition given that no visible flare or no painsn@esent as opposed to the AITC conditions. 2)
Although dose-response features were assessedticigaants of both sexes, the study was not
designed to detect potential sex differences, whioh well” established to exist in several
experimental models and clinical pain conditions,§]. Future studies on TRPA1l-induced pain
and sensitization should address this key issuahisrparticular type of pain provocation. 3)
While sensory testing was nominally conducted aftex spontaneously evoked pain had
subsided, it cannot be excluded that low-interditgharges within the area continued and/or that
pain sensitization could have been rekindled omiaaied by the somatosensory testing on the
treated skin. However, in order to minimize thissgibility, the assessment of heat pain
thresholds was conducted at the very end of easgsasient panel for each applied solution.

5. Conclusion

The present study shows that topical AITC (musteilyl is an effective, safe and easily
applicable, human surrogate model of TRPAl-evokaih,phyperalgesia, and neurogenic
inflammation. For both evoked pain and most songatsgry sensitization parameters the model
produces dose-dependent responses, with no smmtifeciditional effects beyond a concentration
of 50%. To minimize risks and irritant exposuretufe studies should therefore use AITC
concentrations >10% te50%. The model is suitable for experimental paudigts in healthy
controls or patients with pain profiling and colle particularly useful in pharmacological proof-
of-concept studies of TRPAl-antagonists, analgesidsanti-inflammatory drugs.
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Figurelegends

Figure 1. Flowchart of study procedures. For each of the four substance applications the
assessments depicted above were conducted. AlTi@l4sathiocyanate, ALL = allodynia; CDT

= cold detection threshold; CPT = cold pain thréghBLPI = full-field laser perfusion imaging;
MPT = mechanical pain threshold; MPS = mechanieéh gensitivity; NRS = numerical rating
scale; HPT = heat pain threshold; VAS = visual agascale; WDT = warmth detection
threshold; WUR = wind-up ratio. Notice that the @rdof AITC/vehicle application was
randomized.

Figure 2. Evoked pain and thermal sensitivity following application of AITC and vehicle. A)
Evoked pain.B) Individual peak pain intensityC) Thermal cold and warmth detection
thresholdsD) Thermal cold and heat pain thresholds. Notice Bh& andD share the legend of
subfigureD. Significance indicators: * = p < 0.05, (*/*) = p < 0.01, (**/** = p < 0.001*
denotes that relevant AITC-applications were sigaiftly different from the vehicle at the lowest
observed p-value. AITC = allyl-isothiocyanate; CBTold detection threshold; CPT = cold pain
threshold; HPT = heat pain threshold; VAS = visaahlog scale; WDT = warmth detection
threshold.

Figure 3. Mechanical hyperalgesia and allodynia following AITC and vehicle. A) Mechanical

pain sensitivityB) Mechanical pain threshol@) Dynamic mechanical allodynia. Notice that
andC share legends. Significance indicators®)(¥ p < 0.05, (**/*) = p < 0.01/ denotes that

17



relevant AlITC-applications were significantly difémt from the vehicle at the lowest observed p-
value. AITC = allyl-isothiocyanate; mN = miliNewtpNRS = numeric rating scale.

Figure 4. Z-score plot of AITC-evoked sensitization. Z-transformed sensory changes evoked
by AITC relative to the vehicle condition for themhand mechanical assessments. AITC = allyl-
isothiocyanate, ALL = allodynia; CDT = cold detextithreshold; CPT = cold pain threshold;
FLPI = full-field laser perfusion imaging; MPT = gteanical pain threshold; MPS = mechanical
pain sensitivity; NRS = numerical rating scale; HPTeat pain threshold; VAS = visual analog
scale; WDT = warmth detection threshold.

Figure5. Neurogenic inflammation, axon-r eflex-flar e, erythema and pigmentation following
AITC and vehicle. A) Representative FLPI images of AITC-evoked neuragérfiammation.
B) Neurogenic inflammatory response as mean and palales within the application are@)
Area of axon-reflex-flareD) Erythema before, immediately after and 64 hotimr aAITC. E)
Pigmentation before, immediately after and 64 hadtesr AITC. Notice thaB andC as well as
D andE share legends. Significance indicators®)(%p < 0.05, (*/") = p < 0.01, (**/*) = p <
0.001,” denotes that relevant AITC-applications were digaitly different from the vehicle at
the lowest observed p-value. AITC = allyl-isothieogte; arb. = arbitrary; cm = centimeter.
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