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Abstract

Background Ficin, a cysteine protease derived from fig-tree latex, has been reported to elicit itch and nociceptive sen-
sations, though quantitative sensory studies are lacking. Cowhage containing the pruritic cysteine Mucunain, on the
contrary, has been widely studied as activating polymodal nociceptors and eliciting a histamine-independent itch.
Objectives We tested whether ficin in heat-inactivated cowhage spicules would elicit itch and nociceptive sensations
in humans, and analogous behaviours in mice, which are similar to those evoked by native cowhage, and whether these
behaviours in mice were dose-dependent when ficin was injected intradermally.

Methods Human volunteers rated the magnitude of itch and nociceptive sensations evoked by either native cowhage
spicules or heat-inactivated spicules soaked in 1, 10 or 100 mg/mL ficin (0.03, 0.3 and 3 ng of ficin in spicule tip), applied
to forearm. In mice, itch-like scratching and nociceptive-like wiping were recorded in response to either native cowhage,
to heat-inactivated spicules that were either inactive or contained 100 mg/mL ficin, or to intradermal injections of 1.25,
2.50r5 ng/ 5 pL, each treatment applied to the cheek.

Results The dose of 100 mg/mL ficin in spicules evoked comparable magnitudes of itch, nociceptive sensations and
areas of cutaneous dysesthesia as native cowhage in humans and comparable itch-like scratching and pain-like wiping
behaviours in mice. But to elicit similar behaviours when injected intradermally in mice a greater amount of ficin (1.25 ng)
was required.

Conclusion Spicule delivery or intradermal injection of ficin elicits behaviours in mice that model itch and nociceptive
sensations in humans, suggesting that ficin may be useful in translating mechanistic research on the neural mechanisms
of pruritic and nociceptive effects of cysteine proteases between the two species.
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Introduction scratching in mice.' > Here, we explored the use of ficin, a cys-
Cysteine proteases applied to the skin can activate pruriceptive teine protease from the latex of a fig tree, as a pruritogen in an
nociceptors and elicit a sensation of itch in humans and itch-like  experimental model of itch and nociceptive sensations in both

species. Ficin belongs to the class of ‘papain-like’ cysteine pro-
"The authors contributed equally. teases such as papain from papayas, bromelain from pineapples,

JEADYV 2022, 36, 1300-1307 © 2022 European Academy of Dermatology and Venereology.

85U0| SUOLLLIOD BRSO B|qed|dde au) Aq pauiaA0B 818 s3I VO ‘B8N JO 3N J0J ARIq 1T 8UIIUO AB]1M UO (SUORIPUOD-PUB-SLLLBIALIY A8 |IMAReIq 1 BUIIUO//SAIY) SUORIPUOD PUe SWiS L 8U} 885 *[€202/T0/2T] U0 Arigiaulluo AB|IM ‘[0odienl JO ABRAIN AQ ZyT8T APITTTT 0T/10p/w00 &3] 1 ARelg ou|uo//SAny oy papeojumod ‘8 ‘2202 ‘€80€89YT


https://orcid.org/0000-0002-9045-203X
https://orcid.org/0000-0002-9045-203X
https://orcid.org/0000-0002-9045-203X
https://orcid.org/0000-0002-3550-8408
https://orcid.org/0000-0002-3550-8408
https://orcid.org/0000-0002-3550-8408
mailto:
https://doi.org/10.1111/jdv.18298
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjdv.18142&domain=pdf&date_stamp=2022-04-25

Punctate Administration of Ficin as a human and animal model of non-histaminergic itch 1301

mucunain from the pruritic hairs (spicules) of cowhage and Der
pl from house dust mites.*® The same class includes some
endogenous cysteine proteases including Cathepsin S, expressed
in the dermis,® and associated with clinically significant itch.”

When the tips of cowhage spicules are superficially inserted
into the skin in humans, the mucunain produces a histamine-
independent itch without a weal and typically with no neuro-
genic flare.> ' Ttch is accompanied by nociceptive sensations of
pricking/stinging and burning. Analogous itch- and pain-like
sensory behaviours were observed in mice in response to a
cowhage spicule applied to the cheek.'” In humans, cowhage-
evoked itch was also bound to elicit cutaneous dysesthesias in
the surrounding skin. These dysesthesias are characterized by
itch to touch (alloknesis) and enhanced pricking-evoked itch
and pain (hyperknesis and hyperalgesia).’

Heat-inactivated cowhage spicules that were soaked in a solu-
tion of recombinant mucunain or Cathepsin S, dried and
applied to the skin elicited the same itch and nociceptive sensa-
tions as cowhage in humans."'> Early anecdotal reports that
showed other cysteine proteases, including ficin and papain, also
elicit itch in humans.'* But the effects of different concentrations
of soaking solution have not been compared in humans for their
effectiveness in eliciting itch, nociceptive sensations and cuta-
neous dysesthesias. Nor have different doses of ficin been com-
pared for their sensory effects with native cowhage in humans or
in mice.

Here, we compared sensory behavioural responses of
humans and mice to ficin in heat-inactivated spicules. We
compared itch and nociceptive sensations evoked by different
doses of ficin with sensations evoked by native cowhage. We
then measured analogous itch and nociceptive site-directed
behaviours of mice in response to cowhage spicules, ficin in
spicules and to ficin injected intradermally. A major out-
come of this study is that the delivery of ficin by heat-
inactivated spicules or by intradermal injection provides an
effective behavioural model for producing sensory behaviours
in mice that are analogous to those obtained by spicule
application in humans. Analogous behaviours in humans
and mice are useful for translating research findings between
the two species on the role of cysteine proteases in eliciting
non-histaminergic itch and pain.

Methods

Psychophysical studies in humans

Participants Nine females and 10 males were tested using pro-
tocols by the Institutional Review Board of Yale University
School of Medicine. The exclusion criteria were a history of

allergies, dermatological or neurological conditions, or recent
administration of antihistamines, corticosteroids or analgesic
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drugs. Prior to any experiments, each subject was provided with
description of the procedures and signed the informed consent.

Pruritogens Ficin was obtained as a lyophilized powder
(1.2 U/mg, product F6008) from Sigma-Aldrich (St. Louis,
MO). Spicules were obtained from cowhage (Mucuna Prur-
iens) from India."> Chemically inactive spicules were pro-
duced by autoclaving native cowhage spicules to inactivate
the pruritic protease, mucunain." The inactive spicules were
soaked in concentrations of 1, 10 or 100 mg/mL of ficin in
saline. A specially designed spicule inserter’ was used to insert
the tips of a row of 10-12 spicules about 0.2 mm into the

skin.'®

After testing, the number of spicules inserted into the
skin was counted under a dissecting microscope. Based on
the length and volume of a spicule tip,'® the amounts of ficin
for the concentrations of 1, 10 and 100 mg/mL were esti-
mated to be 0.03, 0.3 and 3 ng, respectively. Subjects were
also tested using inserters containing native cowhage and
tested with inactive cowhage spicules.” The order of delivery

of each type of spicule was randomized and blinded.

Quality and perceived intensity of pruritogen-evoked sensa-
tions At 30 s intervals, subjects used a computer mouse to rate
the perceived intensity of itch, pricking/stinging, and burning by
positioning a cursor along a labelled magnitude scale'”'® pre-
sented on a computer-screen via DAPSYS 8 software (http://
www.dapsys.net/). The scale consisted of a vertical line with
labels of ‘no sensation’, ‘barely detectable’, ‘weak’, ‘moderate’,
‘strong’, ‘very strong’ and ‘strongest imaginable sensation’ posi-
tioned in a quasi-logarithmic manner. Ratings were recorded for
20 min or until there were no sensations for three consecutive
30 s periods.’

From ratings of each sensory quality we obtained: 1) peak
magnitude, 2) duration of sensation defined as the time from
the onset of sensation to the first of the three consecutive ratings
of zero or until the end of the 20 min and 3) area under the
curve (AUC). For AUC and duration, only data for subjects with
peak ratings of greater than zero in response to each treatment
were used.

Cutaneous dysesthesias After each session, mechanical stimuli
were delivered along 8 radial lines that intersected at the site of
spicule application to determine the borders of dysesthesias.>”'®
Dysesthesias include: 1) alloknesis, defined as itch elicited by a
gentle stroke with a cotton swab; 2) hyperknesis, enhanced
pricking-evoked itch elicited by an indentation of a Von-Frey fil-
ament with a bending force of 20 mN and 50-um tip-diameter
and 3) hyperalgesia, greater than normal pricking pain elicited
by an indentation of a Von-Frey filament with a 200-um tip and
delivering 80 mN. The areas of dysesthesia were mapped on the
skin and measured using Image] software (V1.51j8, NIH,

© 2022 European Academy of Dermatology and Venereology.

85U0| SUOLLLIOD BRSO B|qed|dde au) Aq pauiaA0B 818 s3I VO ‘B8N JO 3N J0J ARIq 1T 8UIIUO AB]1M UO (SUORIPUOD-PUB-SLLLBIALIY A8 |IMAReIq 1 BUIIUO//SAIY) SUORIPUOD PUe SWiS L 8U} 885 *[€202/T0/2T] U0 Arigiaulluo AB|IM ‘[0odienl JO ABRAIN AQ ZyT8T APITTTT 0T/10p/w00 &3] 1 ARelg ou|uo//SAny oy papeojumod ‘8 ‘2202 ‘€80€89YT


http://www.dapsys.net/
http://www.dapsys.net/

1302

Malewicz et al.

Bethesda, Maryland). A minimal area of 2 cm? was required for
inclusion in analyses.

Behavioural studies in mice

Animals C57BL/6 mice 6-8 weeks old were obtained from
Charles River Laboratories (Wilmington, MA). Males weighed
20-25 g, and females 15-20 g. During brief anaesthesia for a
maximum of 10 min with isoflurane (2% in 100% oxygen), each
cheek was shaved two days before an experiment. Each mouse
was habituated once daily for five days to the experimental envi-
ronment. Each mouse was placed in a separate, clear, plastic
container, with four angled mirrors to enable a five-sided view.
Each mouse’s behaviour was recorded by a camcorder posi-
tioned above the container inside a soundproof room consistent
with previous settings.'”® Experimental procedures were
approved by Yale Institutional Animal Care.

Pruritogens Three groups of 11-12 male mice received spicules
applied to the skin of one cheek in the manner described for
humans. Each group received either 1) inactive, autoclaved spi-
cules, serving as a control, 2) spicules soaked in 100 mg/mL ficin
(maximal dose applied in our human testing or 3) native cowh-
age spicules. Placement and number of spicules inserted were
counted immediately.

Another 26 mice, 12 males and 14 females were each intrader-
mally injected with ficin in ascending doses of 0 (saline vehi-
cle/control), 1.25, 2.5 and 5 pug in 5 pL saline every 24 h,
alternating cheeks. After several days, the male mice received a
dose of ficin 10 pug/5 pL. These male mice were also tested with
a dose of 2.5 pg/5 pL of ficin combined with 50 uM of E-64, a

highly selective cysteine protease inhibitor.*"**

Behavioural measurements After spicule application or injec-
tion, we measured two site-directed behaviours: (i) the number
of itch-like scratching bouts with the hind paw, and (ii) the
number of pain-like wipes with the forepaw as described.?’ No
mice were excluded from the study after testing. The experi-
menter was blinded to the experimental conditions.

Statistical analyses

The data for males and females were combined due to consider-
able overlap and small sample size. For logarithmic transforma-
tions of data, a value of 1.0 was first added to each score
(magnitude ratings of humans and behavioural responses of
mice) to avoid the log of a score of zero. D’Agostino-Pearson
omnibus was used for distribution and normality. Because the
assumptions required for statistical comparisons using paramet-
ric tests were not met, nonparametric analyses were used in this
study. For repeated measures, Friedman tests were used with
post hoc Dunn’s multiple comparisons to test the differences in
effects of each dose. Wilcoxon signed-rank tests were used to
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compare the effects of two different treatments. For unpaired
analyses, data were tested with the Mann—Whitney U test for
two samples and, for more than two, with the Kruskal-Wallis
test followed by Dunn’s multiple comparisons.

GraphPad Prism 8 software (San Diego, CA) was used.
P < 0.05 was considered significant.

Results
Psychophysical tests in humans

The time course of magnitude ratings of sensations evoked by
spicules of ficin and cowhage The temporal profiles (Fig. 1) of
the perceived intensity of itch and the nociceptive sensations
of pricking/stinging and burning were similar for different doses
of ficin and for cowhage. As in prior studies using spicules of
cowhage or another pruritogen, average ratings of the magnitude
of itch and nociceptive sensations reached an early peak within a
few minutes followed by a slow decline.” "'

From the ratings of each subject in response to each of the four
spicule treatments we obtained logarithmic transformations of the
maximal (peak) rating plus one of perceived intensity, the area
under the rating curve (AUC) and the duration of ratings (Fig. 2).

There was a significant effect of ficin dose on a) the peak mag-
nitude ratings of itch, pricking/stinging and burning, b) the AUCs
for itch and for pricking/stinging and c) the duration only for itch
(Table S1). Each significant main effect occurred because the
median response for each parameter was always significantly
greater in response to 100 than to 1 mg/mL despite not differing
from the response to 10 mg/mL. However, when comparisons
between the two higher doses in the whole sample of subjects
including those that did not report sensations for 1 mg/mL, the
100 mg/mL dose evoked significantly greater AUCs than 10 mg/
mL for itch and pricking/stinging though not for burning
(Table S2).

There were no significant differences between native cowhage
and either of the higher doses of ficin in the peak rating, AUC or
duration of itch, pricking/stinging or burning (Fig. 2, Table S2).

Skin reactions and dysesthesias surrounding spicule applica-
tions There was no indication of a weal or flare produced by
spicules with any dose of ficin or by native cowhage, suggesting
an absence of histamine release. The only significant effect of
ficin dose was the larger area of hyperalgesia after 100 vs.10 mg/
mL. There were no significant differences between the highest
dose of ficin and native cowhage in the areas of alloknesis,
hyperknesis or hyperalgesia (Table S3).

Behavioural tests in mice
The numbers of site-directed behaviours evoked by spicules of

ficin and cowhage Different groups of mice received inactive

© 2022 European Academy of Dermatology and Venereology.
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Figure 1 Similarities in the time course of itch and nociceptive sensations evoked by spicules of cowhage and spicules delivering differ-
ent amounts of ficin applied to the forearm in humans. The ratings of each sensory quality reached a peak magnitude within the first three
minutes and then gradually decreased in similar manner over time. Ficin spicules were previously soaked in solutions of 1, 10 and

100 mg/mL and respectively labelled as 1 Ficin, 10 Ficin and 100 Ficin (solid lines) (41.9 uM, 419 uM and 4.19 mM). For each ficin dose
and for native cowhage (dashed line), the mean rating of the perceived intensities of itch (a) pricking/stinging (b) and burning (c) were
obtained at successive intervals of 30 s. SEMs are presented every 5 min starting at the highest mean rating for each type of spicule
application. The right vertical axis marks the position of three verbal descriptors (‘MD’ for moderate, ‘WK’ for weak and ‘BD’ for barely
detectable) shown in correspondence with the ratings of mean perceived intensity indicated on the left vertical axis. Inactive cowhage-
evoked barely detectable itch and pricking/stinging in 3 subjects but no sensations in 16.

spicules, native cowhage or spicules soaked in 100 mg/mL of
ficin. The ficin dose was chosen based on the human testing
where, similar to cowhage, it had evoked itch in every human
subject and a nociceptive sensation in all but one. The median
number of spicules successfully inserted was 4.

There were significant differences between groups in the num-
ber of bouts of scratching and the number of wipes (Fig. 3,
Table S4). Spicules of ficin and cowhage each elicited greater
numbers of scratching bouts and wipes than inactive spicules. In
contrast, there were no significant differences between cowhage
and ficin in scratching or wiping.

The number of site-directed behaviours evoked by intradermal
injection of ficin There was a significant effect of dose on the
number of scratching bouts and the number of wipes (Fig. 4,
Table S5). Each non-zero dose of ficin evoked significantly more
scratching bouts and wipes than the saline vehicle. There were
no differences between ficin doses of 1.25 and 2.5 ng in the
numbers of scratching bouts and wipes. Ficin 5 pg elicited more
scratching bouts but not more wipes than either ficin 2.5 or
1.25 pg.

The numbers of scratching bouts and wipes evoked by the
dose of 1.25 pg were comparable to, i.e., not significantly differ-
ent from, those elicited by the spicules with 100 mg/mL ficin
(Mann—Whitney U tests on log transformed data). Thus, the lar-
ger amounts of ficin injected elicited behaviours comparable to

JEADV 2022, 36, 1300-1307

those evoked by the smaller amounts, which were estimated as
available in the tips of spicules.

To explore whether proteolysis contributed to the behavioural
responses to intradermal injection of ficin, 12 of the mice
(males) were injected with 2.5 pg of ficin plus the cysteine pro-
tease inhibitor E-64. When combined with the inhibitor vs. given
alone, the combination evoked significantly fewer bouts of
scratching without affecting the number of wipes (Table S6). It
would be useful, in future, to test whether E-64 blocks all sensa-
tions evoked by ficin when delivered by spicules to humans, as it
did when combined with mucunain.’

In another test, these male mice received, in the other cheek,
an injection of 10 pg/5 pL of ficin. This dose evoked signifi-
cantly more wipes than the previously delivered dose of 5 ng of
ficin but with no significant difference in the number of
scratches (Table S6). This highest dose also produced a lesion
with slight bleeding in half of the mice.

Discussion

We found that spicules of ficin and cowhage-evoked similar
itch- and nociceptive-like sensory responses in humans and in
mice. Previous studies found that native cowhage and heat-
inactivated spicules containing recombinant mucunain, Cathep-
sin S, histamine or capsaicin each evoked both itch and noci-

1,13,16

ceptive sensations in humans and, for histamine and

capsaicin, itch- and pain-like site-directed behaviours in mice.'*

© 2022 European Academy of Dermatology and Venereology.
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Figure 2 Ficin in spicules evoked dose-dependent magnitude ratings of itch and nociceptive sensations that, at the highest dose, were
indistinguishable from ratings of native cowhage. Each symbol is a value obtained from the ratings of itch (a) pricking-stinging (b) and
burning (c) obtained from a single subject (open circles and closed triangles for females and males, respectively) in response to spicules
previously soaked in 1, 10 and 100 mg/mL of ficin (labelled ficin 1, 10 and 100 (blue box) and to spicules of native cowhage (green box).
For better graphical representation of values that differed over a large range, the peak magnitude rating of the perceived intensity of each
quality was logarithmically transformed after first adding a value of 1 and labelled as ‘log (peak mag +1)’. For subjects with peak ratings
greater than zero for a given sensory quality, the log area under the rating curve (AUC), and log duration (in minutes) were also obtained.
Each box spans the interquartile range (25% to 75%); the horizontal line inside the box is the median for data of both genders combined.
Ten subjects reported non-zero ratings of itch at each dose of ficin. For these subjects, there was a significant effect of dose on the med-
ian peak rating and AUC for itch and pricking/stinging but not burning and not for the duration of any sensory quality (Friedman’s tests,
Table S1). Asterisks indicate significant differences between the lowest dose of 1 and doses of 10 or 100 (post hoc Dunn’s multiple com-
parisons). All 19 subjects experienced itch and one or both nociceptive ratings to cowhage and to ficin doses of 10 and 100. Median val-
ues for each of these were neither significantly different from each other (Table S1) nor from those elicited by cowhage (Table S2) in peak
magnitude, AUC or duration (Wilcoxon signed-rank tests). Not shown here are the peak ratings for inactive cowhage spicules which eli-
cited significantly less peak itch and peak pricking/stinging than ficin 1 (Wilcoxon signed-rank tests, P < 0.05).

JEADV 2022, 36, 1300-1307
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Figure 3 Ficin and cowhage elicited comparable total numbers
of scratching bouts and wipes but significantly more of each than
inactive spicules. Each symbol represents the total number of
bouts of scratching (a) and wipes (b) of each male mouse occurring
during the 30 min observation period after application of either
chemically inactive spicules (n = 11 mice, no colour), inactivated
spicules with 100 mg/mL of ficin (n = 11, shaded blue) or native
cowhage spicules (n = 12, shaded green). Each box spans the
interquartile range (25% to 75%) and the horizontal line inside the
box is the median. The group medians were statistically compared
for scratching and for wipes using Kruskal-Wallis analyses of vari-
ance followed by Dunn’s multiple comparisons. The asterisk indi-
cates a significant difference between responses to inactive
spicules vs. spicules of ficin or cowhage. There were no significant
differences in either scratching bouts or wipes between cowhage
and ficin (Table S4).

@ Scratching Bouts (
*

2 * %
% 1
o Male %
4+ Female
T 0 T
0

T
25 5 1Ar25 215 5
Amount of ficin injected (ug/5ul)

G
=
el
@
w

Log (bouts +1)/30 min
Log (wipes +1)/30 min

Figure 4 Total numbers of scratching bouts and wipes evoked
by intradermal injection of ficin depended on the dose. Each of 26
mice was injected into alternating cheeks every 24 h with ficin of 0
(saline as the control vehicle, no colour), 1.25, 2.5, and 5 pg/5 plL,
delivered in ascending order of dose (shaded blue). For better
graphical representation of values that differed over a large range
the total number of bouts of scratching (a) and number of wipes (b)
for each mouse was logarithmically transformed after first adding a
value of 1 and labelled as ‘log (bouts +1)’ or ‘log (wipes + 1)’. Each
data point is a value for a single mouse (open circles and closed tri-
angles for males and females, respectively). Each box spans the
interquartile range and the horizontal line within is the median
response for both sexes combined. The asterisk indicates a signifi-
cant difference between the median number evoked by a dose of
zero in comparison with doses greater than zero as determined by
Friedman’s tests followed by post hoc Dunn’s multiple compar-
isons (Table S5).

We found that spicules of ficin and cowhage produced compa-
rable areas of alloknesis, hyperknesis and hyperalgesia in
humans without producing skin reactions such as weals. In

JEADV 2022, 36, 1300-1307

mice, although behavioural hyperalgesia has been observed after
an injection of Cathepsin S,* pruritic and nociceptive dysesthe-
sias have yet to be tested after application of pruritogen-
containing spicules.

We found that 100 mg/mL of ficin was required to elicit
itch and nociceptive sensations in humans and analogous
scratching and wiping site-directed behaviours in mice that,
for each species, were similar to the sensations and behaviours
elicited by native cowhage. Intradermal injection of ficin
dose-dependently evoked similar behaviours but required lar-
ger amounts in relation to the amount estimated as available
in the tips of spicules. For example, injection of 1.25 pg eli-
cited scratching and wiping behaviours comparable to those
elicited by spicules soaked in 100 mg/mL ficin but is 425
times the amount of 3 ng estimated as contained in the tip
of a single spicule or 104 times the combined amounts in the
median of 4 inserted spicules. A pruritogen may be more
effective and less of it required if delivered more superficially
by spicule or, alternatively, by the skin prick test'"** than by
intradermal injection.

Behaviours evoked by intradermal injection of ficin are simi-
lar to those previously reported for the cysteine protease,
Cathepsin S. When Cathepsin S was injected into the nape of the
neck in mice®® the lowest amount of 1 pg elicited scratching that
was comparable to that evoked by our lowest injected amount of
ficin of 1.25 pg. A higher dose of Cathepsin S, either 80 uM* or
20 ug’ each elicited scratching and wiping similar in magnitude
to those evoked by our injection of 5 pg of ficin. But whether
these higher amounts of Cathepsin S evoked injury like the
lesion generated by 10 pg of ficin in our study was not reported.
A higher concentration of protease might result in a lesion due
to increased enzymatic activity and/or the site-directed beha-
viours it elicits.

Prolonged contact with exogenous cysteine proteases can
cause epithelial cells to release alarmins and proinflammatory
cytokines that activate dendritic cells to promote a Th2-type
allergic immunity.*® Chronic exposure to ornamental fig plants,
for example, has caused sensitization to fig aeroallergens and
cross sensitization to certain fruits containing cysteine pro-
teases.”” With subsequent exposure in sensitized individuals, the
same or similar allergens could, among other effects, cross-link
immunoglobulin IgE/IgG, specific for the antigen on Fc recep-
tors in mast cells causing the release of histamine and other
inflammatory mediators. Histamine not only acts on H1 recep-
tors on postcapillary venules (producing a weal) but also on the
terminals of nociceptors including the mechanically insensitive
nociceptors thought to peripherally release calcitonin gene-
related peptide via a local axon reflex and to signal centrally to
elicit itch.?® There was no indication of a weal or flare produced
by spicules with any dose of ficin nor native cowhage spicules.
This is taken as evidence that the sensory effects occurred in the
absence of histamine release."'

© 2022 European Academy of Dermatology and Venereology.
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Application of cysteine protease by spicules provides an alter-
nate strategy of delivering cysteine proteases that likely avoids
triggering strong dermal reactions. In the absence of prior sensi-
tization, a cysteine protease, like ficin, can elicit itch by activat-
ing specific G protein-coupled receptors on pruriceptive
nociceptors and on certain non-neuronal cutaneous cells. One
such receptor that can activate mechanosensitive nociceptors®
and certain non-neuronal cells’® is the protease-activated recep-
tor 2 (PAR2). In cultured dorsal root ganglion (DRG) neurons
or transfected Hela cells, ficin, bromelain, papain and Cathepsin
S each activated PAR2 receptors to increase intracellular cal-
cium.**>* Nociceptors might also be activated indirectly by
activation of PAR2 receptors on keratinocytes which causes
release of thymic stromal lymphopoietin that, in turn activates a
subset of nociceptive-like DRG neurons.”"

In addition to PAR2, certain Mas-related G protein-coupled
receptors (Mrgprs) can be activated by one or more cysteine
proteases.>* For example, in heterologous cells, mucunain,
Cathepsin S and papain each activated the mouse receptor,
MrgprC11. Mucunain and papain but not Cathepsin S activated
a similar receptor from human. MrgprX1®, Mucunain and
Cathepsin S but not papain activated MrgprX2 expressed in
mast cells in human and possibly neurons.’> MrgprCll is
expressed in a subset of mechanosensitive nociceptors in the
mouse.>? Cowhage, containing mucunain, activates mechano-
heat sensitive cutaneous nociceptors in the monkey34, mouse’>’
and humans® but not mechano-insensitive nociceptors respon-
sive to histamine in humans and monkey.”

We conclude, that delivery of the cysteine protease ficin via
spicules or intradermal injection provide an effective model of
itch and nociceptive sensations in both mice and humans. Ficin
may be useful in translating mechanistic research of pruritic and
nociceptive effects of cysteine proteases between the two species.
A future direction would be to test whether ficin and mucunain
are equally effective in activating MrgprC11 in mice and X1 in
monkeys and humans and equally effective in eliciting action
potentials from mechanosensitive pruriceptive nociceptors in
each species.

Acknowledgements

The authors thank the subjects for their consent and coopera-
tion. The authors have no disclosures to report and no conflicts
of interest to disclose. All subjects in this manuscript have given
written informed consent to the publication of the obtained
data.

Author contributions

RHL, SS and NM made the ethical proposals and designs of
studies. SS and NM contributed to psychophysical experiment.
NM, NK, ZZ contributed to behavioural experiments. NK, SS,
SO, NM contributed to preparation of chemicals. HFI and NM
contributed to data management and statistics.: RHL, NM and

JEADV 2022, 36, 1300-1307

HFI contributed to data analysis and manuscript drafting. NM,
HFI, SO, NK, ZZ, SS and RHL contributed to manuscript revi-
sion.

Data availability statement
Data available upon reasonable request due to ethical restric-
tions.

References

1 Reddy VB, Iuga AO, Shimada SG, LaMotte RH, Lerner EA. Cowhage-
evoked itch is mediated by a novel cysteine protease: a ligand of protease-
activated receptors. J Neurosci 2008; 28: 4331-4335.

2 Namer B, Carr R, Johanek LM, Schmelz M, Handwerker HO, Ringkamp
M. Separate peripheral pathways for pruritus in man. J Neurophysiol
2008; 100: 2062-2069.

3 Reddy VB, Sun S, Azimi E, Elmariah SB, Dong X, Lerner EA. Redefining
the concept of protease-activated receptors: cathepsin S evokes itch via
activation of Mrgprs. Nat Commun 2015; 6: 1-10.

4 Reddy V, Lerner E. Plant cysteine proteases that evoke itch activate
protease-activated receptors. Br ] Dermatol 2010; 163: 532.

5 Reddy VB, Lerner EA. Activation of mas-related G-protein—coupled
receptors by the house dust mite cysteine protease Der pl provides a new
mechanism linking allergy and inflammation. J Biol Chem 2017; 292:
17399-17406.

6 Schoneful A, Wendt W, Schattling B et al. Upregulation of cathepsin S
in psoriatic keratinocytes. Exp Dermatol 2010; 19: €80-8.

7 Globe D, Bayliss MS, Harrison DJ. The impact of itch symptoms in psori-
asis: results from physician interviews and patient focus groups. Health
and quality of life outcomes. 2009;7:1-10. venereologica. 2017;97(2):198—
207.

8 Shelley WB, Arthur RP. Mucunain, the active pruritogenic proteinase of
cowhage. Science 1955; 122: 469—470.

9 LaMotte RH, Shimada SG, Green BG, Zelterman D. Pruritic and nocicep-
tive sensations and dysesthesias from a spicule of cowhage. ] Neurophysiol
2009; 101: 1430—-1443.

10 Andersen HH, A-KR S, Nielsen GA et al. A test—retest reliability study of
human experimental models of histaminergic and non-histaminergic
itch. Acta Derm Venereol 2017; 97: 198—207.

11 Hawro T, Lehmann S, Deuring E et al. Comparison of pruritus and sen-
sory qualities induced by capsaicin, histamine and cowhage. J Eur Acad
Dermatol Venereol 2019 Sep; 33: 1755-1761.

12 Carstens E, Akiyama T, Carstens MI. Differential itch and pain-related
behavioral responses and p-opioid modulation in mice. Acta Dermato
Venereol 2010; 90: 575-581. https://doi.org/10.2340/00015555-0962

13 Reddy VB, Shimada SG, Sikand P, RH LM, Lerner EA. Cathepsin § elicits
itch and signals via protease-activated receptors. J Invest Dermatol 2010
May; 130: 1468—-1470.

14 Arthur RPA, Shelley WBS. The role of proteolytic enzymes in the produc-
tion of pruritus in man. J Invest Dermatol 1955; 25: 341-346.

15 Johanek LM, Meyer RA, Hartke T et al. Psychophysical and physiological
evidence for parallel afferent pathways mediating the sensation of itch. J
Neurosci 2007; 27: 7490-7497.

16 Sikand P, Shimada SG, Green BG, LaMotte RH. Similar itch and nocicep-
tive sensations evoked by punctate cutaneous application of capsaicin,
histamine and cowhage. Pain 2009; 144: 66—75.

17 Bartoshuk LM, Duffy VB, Green BG et al. Valid across-group compar-
isons with labeled scales: the gLMS versus magnitude matching. Physiol
Behav 2004; 82: 109-114.

18 Green B, Dalton P, Cowart B, Shaffer G, Rankin K, Higgins J. Evaluating
the ‘labeled magnitude Scale’ for measuring sensations of taste and smell.
Chem Senses 1996; 21: 323—334. https://doi.org/10.1093/chemse/21.3.323

19 LaMotte RH, Shimada SG, Sikand P. Mouse models of acute, chemical
itch and pain in humans. Exp Dermatol 2011; 20: 778-782.

© 2022 European Academy of Dermatology and Venereology.

85UB0 11 SUOLLLIOD 9AIER10 3 et jdde a1 AQ pauiencb aJe SooiLe YO ‘98 J0 S9INJ 1oy AXeiq I SUIIUO A8]1A UO (SUO 1 IPUGO-PUB-SLLBILLOY" A8 |1 Azeq[Bujuo//Sdy) SUOBIpUOD P Swi | au) 05 “[£202/T0/2T] uo Areiqi aunuo A8 “00dienrT JO AISAIN Ad ZT8T APITTTT OT/10p/L00 B ] W ATIGIpUIUO//STNY WOIJ POPEOIUMOQ ‘8 ‘ZZ0Z ‘808897 T


https://doi.org/10.2340/00015555-0962
https://doi.org/10.1093/chemse/21.3.323

Punctate Administration of Ficin as a human and animal model of non-histaminergic itch 1307

20

21

22

23

24

25

26

27

28

29

30

31

32

Shimada SG, LaMotte RH. Behavioral differentiation between itch and
pain in mouse. Pain 2008; 139: 681-687.

Barrett AJ, Kembhavi AA, Brown MA et al. L-trans-Epoxysuccinyl-
leucylamido (4-guanidino) butane (E-64) and its analogues as inhibitors
of cysteine proteinases including cathepsins B, H and L. Biochem ] 1982;
201: 189-198.

Matsumoto K, Mizoue K, Kitamura K, Tse WC, Huber CP, Ishida T.
Structural basis of inhibition of cysteine proteases by E-64 and its deriva-
tives. Peptide Sci 1999; 51: 99-107.

Zhao P, Lieu T, Barlow N et al. Cathepsin S causes inflammatory pain via
biased agonism of PAR2 and TRPV4. ] Biol Chem 2014; 289: 27215—
27234.

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

Chung K, Pitcher T, Grant AD, Hewitt E, Lindstrom E. Malcangio
M.24Cathepsin S acts via protease-activated receptor 2 to activate sensory
neurons and induce itch-like behaviour. Neurobiology of. Pain 2019; 6:
100032.

Takai T, Ikeda S. Barrier dysfunction caused by environmental proteases
in the pathogenesis of allergic diseases. Allergol Int 2011; 60: 25—-35.
Hemmer W, Focke M, Gotz M, Jarisch R. Sensitization to Ficus benjam-
ina: relationship to natural rubber latex allergy and identification of foods
implicated in the Ficus-fruit syndrome. Clin Exp Allergy 2004; 34: 1251—
1258.

Schmelz M, Schmidt R, Bickel A, Handwerker HO, Torebjork HE. Speci-
fic C-receptors for itch in human skin. J Neurosci 1997; 17: 8003—8008.
Ding-Pfennigdorff D, Averbeck B, Michaelis M. Stimulation of PAR-2
excites and sensitizes rat cutaneous C-nociceptors to heat. Neuroreport
2004; 15: 2071-2075.

Rattenholl A, Steinhoff M. Proteinase-activated receptor-2 in the skin:
receptor expression, activation and function during health and disease.
Drug News Perspect 2008; 21: 369-381.

Wilson SR, Thé L, Batia LM et al. The epithelial cell-derived atopic der-
matitis cytokine TSLP activates neurons to induce itch. Cell 2013; 155:
285-295.

Reddy VB, Azimi E, Chu L, Lerner EA. Mas-related G-protein coupled
receptors and Cowhage-induced itch. J Invest Dermatol 2018 Feb; 138:
461-464.

JEADV 2022, 36, 1300-1307

33 Han L, Ma C, Liu Q et al. A subpopulation of nociceptors specifically
linked to itch. Nat Neurosci 2013; 16: 174-182.

34 Ringkamp M, Schepers R], Shimada SG et al. A role for nociceptive, myeli-
nated nerve fibers in itch sensation. J Neurosci 2011; 31: 14841-14849.

35 Ma C, Nie H, Gu Q, Sikand P, LaMotte RH. In vivo responses of cuta-
neous C-mechanosensitive neurons in mouse to punctate chemical stim-
uli that elicit itch and nociceptive sensations in humans. | Neurophysiol
2012; 107: 357-363.

Supporting information
Additional Supporting Information may be found in the online
version of this article:

Table S1. Effects of the dose of ficin in spicules on the peak
magnitude rating, the area under the rating curve (AUC), and
the duration of each sensory quality.

Table S2. Comparisons between spicules of ficin, native cowh-
age and inactive spicules in the peak magnitude, area under the
rating curve (AUC) and duration of each sensory quality.

Table S3. Comparison of the areas of alloknesis, hyperknesis
and hyperalgesia produced by spicules of each ficin dose and
native cowhage.

Table S4. Comparisons in mice of the numbers of scratching
bouts and wipes directed toward an application of spicules that
contained ficin (100 mg/mL), native cowhage spicules or were
inactive.

Table S5. Comparisons in mice of the numbers of scratching
bouts and wipes evoked by intradermal injections of different
doses of ficin.

Table S6. Comparisons in mice of the numbers of scratching
bouts and wipes between intradermal injections of 2.5 pg of ficin
with and without E-64.

© 2022 European Academy of Dermatology and Venereology.

85UB0 11 SUOLLLIOD 9AIER10 3 et jdde a1 AQ pauiencb aJe SooiLe YO ‘98 J0 S9INJ 1oy AXeiq I SUIIUO A8]1A UO (SUO 1 IPUGO-PUB-SLLBILLOY" A8 |1 Azeq[Bujuo//Sdy) SUOBIpUOD P Swi | au) 05 “[£202/T0/2T] uo Areiqi aunuo A8 “00dienrT JO AISAIN Ad ZT8T APITTTT OT/10p/L00 B ] W ATIGIpUIUO//STNY WOIJ POPEOIUMOQ ‘8 ‘ZZ0Z ‘808897 T



	 Abstract
	 Intro�duc�tion
	 Meth�ods
	 Psy�chophys�i�cal stud�ies in humans
	 Par�tic�i�pants
	 Pru�ri�to�gens
	 Qual�ity and per�ceived inten�sity of pru�ri�to�gen-evoked sen�sa�tions
	 Cuta�neous dyses�the�sias

	 Behavioural stud�ies in mice
	 Ani�mals
	 Pru�ri�to�gens
	 Behavioural mea�sure�ments

	 Sta�tis�ti�cal anal�y�ses

	 Results
	 Psy�chophys�i�cal tests in humans
	 The time course of mag�ni�tude rat�ings of sen�sa�tions evoked by spicules of ficin and cowhage
	 Skin reac�tions and dyses�the�sias sur�round�ing spicule appli�ca�tions

	 Behavioural tests in mice
	 The num�bers of site-di�rected behaviours evoked by spicules of ficin and cowhage
	 The num�ber of site-di�rected behaviours evoked by intra�der�mal injec�tion of ficin


	 Dis�cus�sion
	jdv18142-fig-0001
	jdv18142-fig-0002
	jdv18142-fig-0003
	jdv18142-fig-0004

	 Acknowl�edge�ments
	 Author con�tri�bu�tions
	 Data avail�abil�ity state�ment

	 Ref�er�ences
	jdv18142-bib-0001
	jdv18142-bib-0002
	jdv18142-bib-0003
	jdv18142-bib-0004
	jdv18142-bib-0005
	jdv18142-bib-0006
	jdv18142-bib-0007
	jdv18142-bib-0008
	jdv18142-bib-0009
	jdv18142-bib-0010
	jdv18142-bib-0011
	jdv18142-bib-0012
	jdv18142-bib-0013
	jdv18142-bib-0014
	jdv18142-bib-0015
	jdv18142-bib-0016
	jdv18142-bib-0017
	jdv18142-bib-0018
	jdv18142-bib-0019
	jdv18142-bib-0020
	jdv18142-bib-0021
	jdv18142-bib-0022
	jdv18142-bib-0023
	jdv18142-bib-0024
	jdv18142-bib-0025
	jdv18142-bib-0026
	jdv18142-bib-0027
	jdv18142-bib-0028
	jdv18142-bib-0029
	jdv18142-bib-0030
	jdv18142-bib-0031
	jdv18142-bib-0032
	jdv18142-bib-0033
	jdv18142-bib-0034
	jdv18142-bib-0035


