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Editorial on the Research Topic
 Pruritus Medicine



Pruritus is a burdensome symptom and defined as chronic when lasting for at least 6 weeks according to the International Forum for the Study of Itch (IFSI) (1). Chronic pruritus (CP) is an intrinsic symptom of multiple diseases such as inflammatory, infectious and autoimmune dermatoses, hepatobiliary and chronic kidney diseases, systemic and cutaneous lymphoma, solid neoplasms, neurological and mental conditions. As a disease symptom, CP is thus highly prevalent in the general population Weisshaar. However, the neurobiology of CP is complex and its causal link to the underlying diseases remains unclear as described in two papers on encoding Schmelz and central processing of pruritus Najafi et al. Experimentally, pruritus can be induced by electrical stimulation Solinski and Rukwied, Meijer et al. and reduced by affective touch. Clinically, cholestatic pruritus might be related to bile salts, steroid metabolites, serotonin, protease-activated receptor agonists or most likely lysophosphatidic acids Langedijk et al., but probably not by endogenous opioids as shown by Düll et al. The long list of potential mediators reflects the current dilemma in pruritus research: many potential mediators have been identified but unfortunately, the clinical validation in representative patient cohorts is pending.

Still, animal studies are indispensable to identify novel mechanisms. Donglang et al. guide us through translational aspects of these animal models. Liu et al. describe an acute itch model by intradermal injection of low-dose formalin which may be employed as a screening tool for potential anti-itch drugs. Also, novel topics such as the role of the gut microbiota in pruritus was investigated in an animal model and described here (Li Y. et al.). Jia et al. even describe a novel functional factor which is relevant for itch signal processing, and show that the transcription factor ZBTB20 (Zinc Finger And BTB Domain Containing 20), which is expressed in small primary sensory neurons, could modulate itch regulating TRP channels.

Itch induction in the skin is frequently based on inflammation and neuroimmune mechanisms. The latter refers to the bidirectional communication between cells releasing inflammatory mediators such as interleukin (IL) 4 or IL 31, neurotrophins such as nerve growth factor and neuropeptides released by sensory nerve fibers. The implications of such neuroimmune interactions is presented in three papers by Ruppenstein et al., Kabashima and Irie, and Nemmer et al. Atopic dermatitis is the most frequent inflammatory dermatosis; Legat gives an overview on its pathophysiology including the relevant neuroimmune mechanisms and also provides information on the corresponding current treatment options. While atopic dermatitis is already well-understood regarding its pathophysiology, other pruritic dermatoses, systemic diseases and neuropathic entities are not. However, in past years, several entities reached a broader understanding and novel mechanisms or therapies have been identified. Accordingly, our authors report on the latest knowledge in chronic prurigo Zeidler et al., scabies Ständer and Ständer, pruritus related to therapy with immune checkpoint inhibitors Salinas et al., chronic kidney disease Krajewski et al. and neuropathic diseases Pereira et al. as well as sensitive skin condition (Brenaut et al.), and vulvar pruritus Raef and Elmariah. For poorly understood cases of pruritus cannot be linked to inflammatory or neuropathic mechanisms Misery extends the concept of nociplastic changes in the pain field and suggests using the term pruriplastic pruritus for them.

Mental factors are important for itch perception and its progression. Lüßmann et al. describe that itch intensity and certain facets of mindfulness were associated with itch catastrophizing in AD patients. On the other hand, distraction might help to reduce itch as investigated by van Laarhoven et al. by training volunteers to reduce attention toward itch. Pruritus is a subjective symptom without objective measurement. Accordingly, patient reported outcomes are still the gold standard in the assessment of the course. However, the complex process of international harmonization and validation is still ongoing. Stepień and Reich contribute to this topic by framing severity levels in a novel questionnaire.

In sum, this collection of articles combines several up to date aspects of the neurobiology and clinics of pruritus, including also new methods and innovative concepts in itch research.
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Introduction: Assessment of pruritus still remains a challenge due to its subjective character. Various itch questionnaires are widely used to evaluate the severity of pruritus. The aim of the current study was to define the cut off values for the 12-Item Pruritus Severity Scale (12-PSS).

Methods: A total of 240 patients (86 males and 154 females) in the age between 19 and 87 years (mean 52.9 ± 20.7 years) suffering from pruritic dermatological conditions were asked to assess their maximal pruritus with the 12-PSS, the Verbal Rating Scale (VRS) and the Numerical Rating Scale (NRS). All subjects also completed the Dermatology Life Quality Index (DLQI). VRS, NRS, and DLQI scorings were used as anchor measures to define cut-offs of 12-PSS.

Results: According to VRS, 43 (17.9%) patients suffered from mild, 96 (40%) from moderate, 65 (27.1%) from severe and 36 (15%) from very severe pruritus. Mean 12-PSS scoring for each VRS category was 7.6 ± 3.9, 10.4 ± 3.9, 13.0 ± 3.8, and 13.9 ± 3.8 points, respectively (p < 0.001). Each VRS category significantly differed from the others regarding the mean 12-PSS scoring, except the mean scoring of severe and very severe pruritus (p = 0.72). Thus, three pruritus severity categories of 12-PSS were defined with following score ranges: mild pruritus−3–6 points of 12-PSS, moderate pruritus−7–11 points of 12-PSS and severe pruritus−12–22 points of 12-PSS based on calculation of weighted κ coefficient against VRS, NRS, and DLQI as anchor measures.

Conclusions: The 12-PSS is able to differentiate between patients suffering from mild, moderate, and severe pruritus.

Keywords: itch, measurement, questionnaire, validation, pruritus


INTRODUCTION

Pruritus is a subjective sensation which causes a desire to scratch. It is a common symptom of many dermatological as well as non-dermatological conditions. However, due to its subjective nature, its objective assessment, both in clinical trials as well as in routine daily practice, still remains a challenge (1). Among various methods of pruritus assessments, unidimensional scales, and itch questionnaires are most commonly used (1). The Special Interest Group (SIG) on itch questionnaires of the International Forum on the Study of Itch (IFSI) provided recommendations on the dimensions which should be addressed in an itch questionnaire in order to properly assess pruritus (2).

Recently, our group has developed the 12-Item Pruritus Severity Scale (12-PSS), which has been shown to be a valid and reliable assessment tool for patients suffering from dermatological itch (3). This questionnaire was validated in a group of 148 Polish patients with chronic pruritic dermatoses. It has also been successfully used by other researchers in patients with post-burn pruritus and uremic pruritus, indicating that the 12-PSS may also be applied in other pruritus types (4). As mentioned by Almeida et al. (5), the 12-PSS is probably not as specific as the 5-D itch scale for itch distribution, but it has the advantage of incorporating extent and consequences of scratching along with numerous aspects of quality of life. In a recent systematic review on itch questionnaires by Dominick et al., the 12-PSS was indicated as covering several dimensions of itch characteristics: localization, frequency, intensity, scratch response, affective qualities, sleep disturbances, and quality of life (6). In order to provide more data on the 12-PSS validity and give more information on interpretability of this scale we performed a study to define the cut off values for the 12-PSS.



MATERIALS AND METHODS


Patients

Overall, 336 patients were asked to participate in this prospective study. Fifteen (4.5%) patients did not agree to participate, and further 81 (24.1%) individuals, after initial approval, were found not to have pruritus and subsequently were excluded from the study. Finally, a total of 240 subjects were included into this research projects. All active participants signed a written informed consent before any procedures related to the study.

The final analysis group consisted of 154 (64.2%) females and 86 (35.8%) males aged between 19 and 87 years (mean 50.6 ± 16.3 years). They suffered from psoriasis (n = 45, 18.7%), atopic dermatitis (AD) (n = 27, 11.2%), lichen planus (n = 61, 25.4%), cutaneous lupus erythematosus (CLE) (n = 79, 32.9%), eczema (n = 10, 4.2%), or other pruritic dermatoses (n = 18, 7.5%). All subjects suffered from pruritus for at least 6 week, i.e., they were all considered as having chronic pruritus of dermatological subtype.



Study Design

All included patients were asked to assess their pruritus according to several methods in following order: the 5-point Verbal Rating Scale (VRS), the Numeric Rating Scale (NRS) (7, 8), and 12-PSS (3). The 12-PSS is a one-page instrument assessing different aspects of pruritus. The items are grouped into five domains: pruritus intensity, pruritus extent, frequency and duration of pruritus, impact of pruritus on daily activities and mood, and assessment of scratching (3). Patients evaluated their worst peak pruritus within 24 h before entering the study using VRS and NRS. Patients used the following descriptions within VRS: none, mild, moderate, severe, and very severe pruritus which were next translated into scores from 0 to 4. With NRS patients scored their pruritus from 0 (no pruritus) to 10 (worst imaginable pruritus), while with 12-PSS participants answered 12 questions referring to their pruritus and the total scoring ranged from 3 (the lowest pruritus intensity) to 22 points (the highest pruritus intensity). In addition, 202 patients completed the validated Polish version of the Dermatology Life Quality Index (DLQI) to assess their health-related quality of life (9). The scoring ranged from 0 (no impact of the disease on QoL) to 30 points (the worst impact of the disease on QoL). The study was accepted by Bioethics' Committee of Local Physician Chamber in Rzeszów, Poland.



Statistical Analysis

All data were analyzed statistically using Statistica 12.0 (Statsoft, Kraków, Poland). Mean values, standard deviations, minimal, and maximal values, as well as frequencies, were calculated. Paired and unpaired Student's t-test, χ2 test with Yates correction, analysis of variance (ANOVA) with Scheffé's post hoc test and Spearman's rank correlation test were used where appropriate. The weighted κ coefficient of agreement was calculated for VRS, NRS, DLQI, and various sets of bands of 12-PSS total scores. The following assumptions regarding κ coefficient were made: <0 no agreement, 0–0.2—slight, 0.21–0.4—fair, 0.41–0.6—moderate, 0.61–0.8—substantial, and 0.81–1—almost perfect agreement. P < 0.05 were considered significant.




RESULTS


Pruritus Intensity

According to VRS, 43 (17.9%) patients assessed their pruritus as mild, 96 (40%) as moderate, 65 (27.1%) as severe, and remaining 36 (15%) as very severe one. The mean pruritus intensity according to NRS was 5.9 ± 2.4 points (range 1–10 points) and according to 12-PSS: 11.1 ± 4.4 points (range 3–22 points; Table 1). All scales assessing pruritus intensity significantly correlated between themselves (VRS and NRS: ρ = 0.92, p < 0.001; VRS and 12-PSS: ρ = 0.49, p < 0.001; NRS and 12-PSS: ρ = 0.51, p < 0.001). There were no significant differences regarding pruritus intensity between males and females (Table 1), while considering age we observed weak, albeit significant correlation with 12-PSS indicating that older patients had slightly higher pruritus than younger individuals (ρ = 0.15, p = 0.02), however, such relationship was neither observed for VRS (ρ = 0.07, p = 0.28) nor for NRS (ρ = 0.07, p = 0.28). No significant differences were also observed between various skin diseases when itch intensity was assessed with NRS or VRS. However, using 12-PSS we found, that patients suffering from lichen planus or from CLE suffered from significantly less intense pruritus than patients with psoriasis (p = 0.01 and p < 0.0001, respectively) or AD (p = 0.002 and p < 0.0001, respectively; Figure 1). Patients with CLE experienced also significantly less severe pruritus than subjects with eczema (p = 0.04; Figure 1). Significant differences between various dermatoses regarding single questions of 12-PSS are demonstrated in Supplementary Table 1.


Table 1. Pruritus severity in studied patients.
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FIGURE 1. Comparison of 12-item Pruritus Severity Scale scoring (12-PSS) between various skin diseases (CLE, cutaneous lupus erythematosus; SD, standard deviation; SE, standard error).


Considering QoL, the mean DLQI scoring was 9.9 ± 7.3 points (range 0–30 points). Based on DLQI total scoring, 15 (7.4%) individuals reported no negative influence of skin disease on their QoL, 56 (27.7%) demonstrated small effect, 51 (25.2%) moderate effect, 58 (28.7%) very large, and remaining 22 (10.9%) extremely large effect on QoL. No significant differences regarding DLQI scoring was found between women and men (Table 1). However, similarly to 12-PSS, we were able to show significant differences between various skin conditions with DLQI (p < 0.001; Figure 2). DLQI total scoring also demonstrated much better correlation with 12-PSS scoring (ρ = 0.54) than with VRS (ρ = 0.24, p < 0.001) or NRS (ρ = 0.25, p < 0.001).


[image: Figure 2]
FIGURE 2. Comparison of Dermatology Life Quality Index scoring (DLQI) between various skin diseases (CLE, cutaneous lupus erythematosus; SD, standard deviation; SE, standard error).




Determination of Severity Bands

To determine the cut off values for 12-PSS we have used VRS categories as anchor measures. We observed that each VRS category significantly differed from the others regarding the mean 12-PSS scoring (p < 0.01 for each between group comparisons), except the mean total scoring in subjects who described their pruritus as severe or very severe (13.0 ± 3.8 vs. 13.9 ± 3.8, p = 0.72 according to Scheffe post hoc test; Figure 3). For that reason, only three pruritus severity categories of 12-PSS were further defined, namely mild, moderate, and severe pruritus. Based on mean and median 12-PSS scores for different VRS categories, several cut off values were proposed, which were next tested with weighted kappa coefficient. Calculation of weighted kappa coefficient for VRS revealed, that two sets of 12-PSS bands best define the categories of mild, moderate and severe pruritus, namely 3–6, 7–12, and 13–22 points (κ = 0.4889 ± 0.62, 95% CI 0.3674–0.6104), and 3–6, 7–11, and 12–22 points (κ = 0.4856 ± 0.622, 95%CI 0.3638–0.6074; Supplementary Table 2). To further elaborate, which set of bands should be chosen for future interpretation of 12-PSS scoring, we have also compared the predefined 12-PSS cut-offs with NRS (Supplementary Table 3) and DLQI (Supplementary Table 4) (10, 11). With both anchor measures following scoring: 3–6, 7–11, and 12–22 points defined better mild, moderate and severe pruritus (κ = 0.5339 ± 0.0673, 95%CI: 0.402–0.6658 for NRS, and κ = 0.4115 ± 0.0633, 95%CI: 0.2875–0.5355 for DLQI) than 3–6, 7–12, and 13–22 points (κ = 0.5188 ± 0.0675, 95%CI: 0.3865–0.6511 for NRS, and κ = 0.4098 ± 0.0641, 95%CI: 0.2842–0.5354 for DLQI) (Supplementary Tables 3, 4). The proposed set of bands (3–6, 7–11, and 12–22 points) also showed the highest correlation coefficients with VRS, NRS categories, and DLQI categories than any other tested grouping of 12-PSS scoring (Supplementary Table 5).


[image: Figure 3]
FIGURE 3. Comparison of 12-item Pruritus Severity Scale scoring (12-PSS) between various categories of the Verbal Rating Scale (SD, standard deviation; SE, standard error).





DISCUSSION

The 12-PSS consists of 12 questions, that assess different aspects of pruritus. The items are grouped into several domains related to pruritus: intensity, extent, frequency and duration of pruritus, impact of pruritus on daily activities, and mood and scratching assessment as a response to pruritus (3). As already suggested, 12-PSS is able to catch a more complex influence of pruritus on patient well-being than the Visual Analog Scale, VRS or NRS (6). Our previous study also demonstrated, that 12-PSS shows strong internal consistency, satisfactory convergent validity, as well as does not have a significant ceiling or bottom effect (3). Our current study also documented that 12-PSS is characterized by significant discriminative validity, as it enabled us to find marked differences regarding pruritus severity between various dermatoses. Remarkably, such differences could not be detected with VRS or NRS. Similarly, 12-PSS scoring demonstrated significant correlation with patients' age suggesting that older people may experience slightly more intense pruritus than younger individuals, a finding which could not be observed with VRS or NRS. Again, these findings may support the suggestion, that 12-PSS is able to assess broader aspects of the perception of pruritus intensity by particular patients (6, 12). In addition, results demonstrated by Samhan and Abdelhalim (4) indicated that 12-PSS shows also good responsiveness. These authors have used 12-PSS in patients with burn to assess the impact of low-energy extracorporeal shockwave therapy on pruritus and observed, that the post-treatment improvement of 12-PSS scoring was significantly greater in the study group than in the placebo group (scoring change of 5.9 points in treated patients vs. 1.8 points in control group, p < 0.001) (4).

In our current study we have focused on defining the grouping of 12-PSS scoring to provide more data on the interpretability of 12-PSS. Based on calculation of the weighted κ coefficient for different predefined sets of 12-PSS bands against various anchor parameters, we have proposed following 12-PSS scoring in relation to pruritus severity: mild pruritus−3–6 points, moderate pruritus−7–11 points, and severe pruritus—≥12 points. Such score grouping also showed the best correlations with VRS, NRS and DLQI categories. We do hope, that providing the cut offs value of 12-PSS, it will encourage other clinicians and researchers to use this scale more commonly, both in clinical practice as well as for scientific purposes.

However, we also have to mention some limitations of our results. First of all, we have defined the cut off values of 12-PSS only in patients with dermatological pruritus. It is unknown, if the same grouping can be employed for other pruritus subtypes or maybe the scoring should be interpreted in different way. Thus, physicians should use proposed scoring with caution when assessing patients with pruritus subtype other than a dermatological one, and further studies are needed to confirm that proposed set of bands is valid for patients with other pruritus types. As in our study we have analyzed only dermatological patients with pruritus concomitant to skin disorders, we have decided to evaluate QoL impairment with DLQI because this scale is widely used giving the possibility to compare our results with other authors, consists of only 10 questions, and the QoL impairment categories are well-defined. However, when assessing other pruritus subtypes, ItchyQol, an itch-specific QoL measure, would probably be more suitable (13). Nevertheless, it was shown, that DLQI scoring is strongly correlated with ItchyQol scoring (14), suggesting that at least in dermatological condition both scales may be used interchangeably and the use of DLQI in group of patients should not be considered as detrimental. Another aspects is the application of our results to other patient populations and to other languages. To date the questionnaire is available in following languages: English, Turkish, Persian, and Kannada. However, answers to questionnaire items may vary according to languages and current cut-offs, which were defined only using Polish version of 12-PSS, should be applied to another language versions with a great caution. Finally, we have to underline, that we assessed pruritus only once. It would be quite interesting to check, if the evaluation and interpretation of pruritus with 12-PSS changes over time with repeated assessments.

Despite the above mentioned limitations, we do believe that our results are convincing and provide a valid grouping of 12-PSS scoring. We hope, that giving a clear indication, how to interpret the results achieved with 12-PSS we will encourage other physicians and researchers to use this scale more commonly in their routine clinical and scientific work. Nevertheless, further studies are needed to confirm our results in various patient groups.
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Administration of chemicals (pruritogens) into the skin evokes itch based on signal transduction mechanisms that generate action potentials mainly in mechanically sensitive and insensitive primary afferent C-fibers (pruriceptors). These signals from peripheral neurons are processed in spinal and supra-spinal centers of the central nervous system and finally generate the sensation of itch. Compared to chemical stimulation, electrical activation of pruriceptors would allow for better temporal control and thereby a more direct functional assessment of their activation. Here, we review the electrical stimulation paradigms which were used to evoke itch in humans in the past. We further evaluate recent attempts to explore electrically induced itch in atopic dermatitis patients. Possible mechanisms underlying successful pruritus generation in chronic itch patients by transdermal slowly depolarizing electrical stimulation are discussed.

Keywords: atopic dermatitis, rectangular pulses, sinusoidal stimulation, polymodal nociceptors, silent C-fibers, voltage-gated sodium channels, slow depolarization, peripheral (axonal) and central sensitization


TEXT

Traditionally, basic researchers administered histamine into the skin of human subjects to experimentally evoke an itch response (pruritus). An alternative approach to induce itch is a depletion of histamine from skin mast cells by e.g., administration of codeine (1) or compound 48/80 (2). In chronic itch conditions, however, histamine is apparently not the major contributor driving chronic itch (3) and over the past decades a plethora of compounds (“pruritogens”) have been identified to cause histamine-independent itch. For example, the bovine adrenal medulla peptide 8–22 (BAM8-22), the anti-malarial drug chloroquine (CQ), the hexapeptide SLIGRL, but also endogenous substances such as cytokines (e.g., interleukine-31), proteases (e.g., trypsin), amino-acids (e.g., beta-alanine), peptide hormones (e.g., endothelin-1), and many others [for review see (4)]. These compounds act on their cognate receptors expressed on primary afferent neurons, for example Mas-related G protein-coupled receptors (Mrgprs) or protease-activated receptors (PARs) [e.g., see (5–7)]. Itch induced by these mediators involves signal transduction mechanisms that, in turn, induce the generation of action potentials (APs) in primary afferent neurons. Of these, unmyelinated nerve fibers—mechanically sensitive as well as mechanically insensitive C-fibers—are instrumental for chemically evoked APs and their transmission to the central nervous system (CNS). This peripheral pruriceptive signal is processed in spinal and supra-spinal centers in the CNS to finally generate the sensation of pruritus (8, 9).


Electrically Evoked Itch in Healthy Human Subjects

In order to improve temporal control and assess the function of peripheral itch-inducing nerve fibers more directly and thereby circumvent above mentioned chemical signal transduction mechanisms, their electrical activation was pursued for decades. In 1943, Bishop developed a constant voltage stimulator for repetitive electrical skin stimulation through a fine wire being in skin contact, and when combining weak electrical shocks with high stimulation frequency of about 10 Hz a pure sensation of itch could be evoked (10). He noted that the higher the frequency the lower the strength must be for the purest sensation of itch. Instead of a transcutaneous electrical stimulation, Shelley and Arthur inserted an electrode just beneath the epidermis and delivered biphasic square-waves of variable frequency, duration and intensity (11). The most robust pruritogenic effects were observed at a stimulation frequency of 20 Hz, a 5 ms pulse duration and a voltage ranging from 0.5 to 1.5 V. However, the current level could not be controlled sufficiently to avoid that cells and nerve fibers surrounding the electrode were immediately cauterized. Therefore, Edwards and co-workers used a solid state constant current generator placed between the square-wave generator and the subject, thus enabling the control of the current amplitude, and attached a transcutaneous electrode of 5 cm2 to the wrist of the subjects (12). The volar aspect of the wrist was chosen because at this site the greatest concentration of “itch points” was identified, i.e., areas at which an itch developed when stimulated electrically (11). Delivering mono-phasic repetitive current pulses of 50 Hz and 10 ms pulse duration induced reliable itch at threshold current levels of 15 μA and up to a maximum of 150 μA (12). On some occasions, subjects reported in addition to an itch a sensation of warmth or prickling, and the authors suggested a variation of the experimental procedure, for instance using bi-phasic rather than mono-phasic currents or other pulse forms than the delivered square-waves. Tuckett followed this suggestion, exploring the responses of feline “polymodal” nociceptors (mechanically- and heat-sensitive C-fibers) to different frequencies of electrical square-wave stimulation and correlating the results to the psychophysical assessment of electrical stimulation and application of cowhage spicules (Mucuna pruriens) in human subjects (13). One of his findings was that 10 Hz square-wave pulses of 7 ms duration and gradually increasing currents, delivered through 6 cm2 gauze pads placed to the wrist, induced pure itch in 50% of the subjects (in addition, about 40% of the subjects reported a mixture of itch and pain), which was very similar to the sensation from cowhage stimulation. While polymodal nociceptors tended to fatigue and their average response rate remained constant between 10 and 40 Hz, human subjects reported increased sensations with increasing frequency of stimulation, and the author suggested that increased pruritus at higher stimulation frequencies is signaled by few neurons that can follow higher frequencies of stimulation (13). About 15 years ago, Ikoma and colleagues modified aforementioned electrical stimulation protocols by delivering trains of 50 rectangular pulses (2 ms pulse duration) every 3 s for a period of 90 s across a 0.1 × 7 mm stainless steel wire attached to the wrist skin. Varying pulse frequency and current intensity revealed a maximum itch response at frequencies exceeding 50 Hz and current intensities lower than 0.12 mA (14). Higher current intensities frequently induced a tapping and pain sensation accompanied by a reduction of itch. The phenomenon of itch reduction by painful stimuli is most likely attributed to central inhibitory mechanisms (15, 16). A comparable method of itch induction comprised the use of a pair of disk electrodes with a diameter of 1 cm attached to the wrist (17) or the volar forearm skin (18) of human subjects. At both skin sites, itch was induced by delivering rectangular electrical pulses of 0.1 ms duration with 50 Hz and a current intensity that continuously increased over 2 min at 0.05 mA/s up to a maximum of 5 mA (wrist) or 6.4 mA (forearm).

All aforementioned studies suggest that itch can be induced by electrical stimulation in human skin. Of note, the parameters for electrical stimulation (current intensity, pulse frequency, stimulus duration and electrode configuration) need to be considered carefully as these determine which primary sensory afferent nerve fibers will be preferentially activated. As already mentioned, primarily unmyelinated C-nociceptors (named “pruriceptors”) are involved in itch signaling from the periphery to the CNS. Early recordings from the saphenous nerve of the cat provided evidence that the itching after-sensation to light touch results most probably from C-fiber activation (19). Isolation of small nerve fascicles and their separation into fine strands allowing for single-unit recordings of slowly conducting myelinated (20) and unmyelinated (21) neurons revealed that polymodal C-fibers most likely contribute to cowhage-induced itch. Single nerve fiber recordings in awake human subjects (microneurography), initially developed by Hagbarth and Vallbo (22) and adapted by Torebjörk and Hallin for C-fiber recordings (23), eventually demonstrated that a subgroup of mechanically insensitive (“silent”) C-nociceptors were particularly responsive to histamine and thus most likely convey histamine-mediated itch (24), whereas mechanically sensitive (“polymodal”) C-nociceptors were reliably activated by cowhage spicules (25) and thus, apparently mediate this form of histamine-independent itch (26). Notably, in addition to C-fibers also thinly myelinated A-delta nociceptors can be activated by cowhage spicules in monkeys (27). However, considering electrically induced itch (see Table 1) and the hitherto established profiles of transcutaneous high frequency (>50 Hz) stimulation with pulses of short duration (<2 ms), and bearing in mind the remarkably high electrical activation threshold of C-nociceptors compared to myelinated fibers (30), it remains open which primary sensory afferent nerve fibers explicitly had been activated in the investigations mentioned above (10–14, 17, 18). Both myelinated and unmyelinated fiber types are activated by high frequency electrical stimulation with rectangular pulses. The uncertainty of matching stimulus configuration to the activated nerve fiber class, however, is rather unsatisfying. This issue can be addressed by employing slowly depolarizing electrical stimuli of half-sine and sine wave shape delivered transcutaneously via small punctate electrodes that selectively activate C-fibers (33–36). Thereby, “polymodal” C-nociceptors are activated by a single 500 ms half-sine wave pulse responding with a current intensity dependent burst of action potential discharges (34). Notably, low-threshold unmyelinated tactile afferents also respond to that type of stimulus (34) but this fiber class is associated primarily with social touch rather than pain or itch processing (37, 38). In contrast, “silent” and “polymodal” C-nociceptors are activated by 4 Hz sine wave pulses (33, 36) of which “silent” nociceptors respond with one action potential per sinusoidal cycle compared to the discharge burst recorded from “polymodal” units (34, 36). Hence, the selection of a slowly depolarizing stimulation profile applied through pinpointed electrodes can be used to differentially activate nociceptor sub-types, which of course provoke in healthy human skin rather pain than itch but may change under pathologic conditions (see below).


Table 1. Parameters of electrical stimulation for experimental itch induction in humans.
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Limitations

The stimulation paradigms of electrical rectangular pulses delivered to human skin (10–14, 17, 18) do not differentiate nerve fibers that contribute to histaminergic vs. non-histaminergic itch. This can be seen as a limitation of electrically evoked itch in experimental human studies when compared with chemical stimulation (e.g., histamine vs. cowhage spicules). The use of antihistamines during the electrical stimulation protocol might be suggested to overcome a possible lack of specificity and to rule out an unintentional activation of skin mast cells, but electrical activation of C-fibers should not require G protein-coupled receptors (e.g., histamine receptors). In contrast, itch caused by chemical stimulation involves signal transduction processes at the sensory endings and knowledge of these itch mediating pathways, indeed, may lead to the development of biologics [e.g., interleukin-receptor antibodies (39, 40)] and eventually successful anti-pruritic therapies. However, the number of chemical substances causing an itch indicate a plethora of key mediators and pathways being involved [see (41) for review]. Direct depolarization of primary afferent axons by electrical stimulation and subsequent induction of APs would skip these transduction processes, thereby bypassing any (perhaps disease-induced) changes in cutaneous pruriceptive nerve endings but of course also losing the opportunity to investigate them further. On the other hand, bypassing these potential changes at terminal nerve fiber endings through direct electrical axonal induction of APs might enable the unconfounded investigation of spinal itch circuits that might have been sensitized e.g., under pathologic conditions. Furthermore, the advantage of a precise timing of electrically evoked “itch onset” and “itch offset” can be used in combination with CNS imaging techniques (e.g., fMRI) providing a promising tool to amend human itch research.



Electrically Evoked Itch in Atopic Dermatitis (AD) Patients

Based on the hypothesis that chronic inflammation might differentially modify neuronal excitability of skin afferents in pruritic skin, it is intriguing to investigate electrically induced itch in patients suffering from chronic itch. Until recently, only few studies explored this issue in atopic dermatitis (AD) patients (12, 14, 29). Edwards and colleagues demonstrated a faster response time of itch to different intensity levels of electrical stimulation. This was interpreted as a reduction of itch thresholds in AD, but unfortunately the authors did not record a dose-response for itch magnitude (12). The study by Ikoma and colleagues compared both histamine and electrically induced itch between healthy controls and AD patients (14). Read out parameters were electrically evoked itch, pain, tapping sensations, skin erythema and secondary areas of alloknesis, hyperknesis or punctuate hyperalgesia, but none of these measures were significantly different between healthy control subjects and AD patients (14). An explanation for these rather disappointing results might be that the peripheral primary afferent nerve fiber classes contributing to chronic itch in AD were not sufficiently activated by the electrical stimulation. Additionally, differences of sensation between healthy control subjects and patients might have been missed since AD patients were not stimulated in their itchy and/or eczematous skin. In another study, Pereira and colleagues stimulated peripheral nerve fibers of patients with chronic pruritus (AD and prurigo nodularis) by 5 Hz and 2 kHz transcutaneous electrical stimuli generated by a Neurometer® and delivered via a pair of gold electrodes (each 1 cm in diameter) attached the volar forearm skin (29). The Neurometer® is a device that produces a pure sine wave of up to 10 mA (42). It is commonly used to assess peripheral nerve fiber function and sensory symptoms in polyneuropathy patients (43). In six of the 78 investigated patients a sensation of itch was recorded upon 5 Hz stimulation and in two of 73 patients during 2 kHz stimuli (29). The relative small number of patients reporting electrically evoked itch might be due to the electrode configuration (diameter 1 cm) used for transcutaneous stimulation. High current densities facilitate the excitation of unmyelinated pruriceptors and therefore small pinpointed electrodes would be recommended for their recruitment (31). Also, the authors assessed the sensation of the patients at current perception thresholds, which may have hampered itch induction when compared with supra-threshold electrical stimulation.

Recent investigations demonstrated the differential activation of C-nociceptor subclasses by transcutaneous administration of a single electrical 1 Hz half-sine wave pulse (500 ms duration, current <1 mA) as well as a series of 4 Hz sine wave pulses (<0.4 mA), delivered through pinpointed electrodes (34, 36). Human psychophysics, skin erythema and sweat response measurements as well as compound action potential recordings in vitro, single nerve fiber discharge patterns monitored in vivo from pig saphenous nerve, and microneurography in humans thereby provided evidence that half-sine wave pulses activate primarily polymodal C-nociceptors. In particular, the C-fibers respond with a burst of APs in which the number of APs and their discharge frequency varies intensity-dependently to the single half-sine wave stimulus (34). In contrast, delivering 4 Hz sine wave pulses activates both, polymodal and “silent” C-nociceptors (36). Thereby, particularly “silent” C-fibers respond with a single AP per sine wave cycle revealing an activation pattern that is characterized by synchronized discharge at 4 Hz (34).

If slowly depolarizing sinusoidal stimuli of 4 Hz are applied continuously for a longer period (1 min), healthy human subjects report a gradual decline of the perceived burning pain sensation indicating a profound C-nociceptor accommodation to the electrical pulses. In contrast, neuropathic pain patients reported—particularly at their painful skin sites—an increased nociception without adaptation upon (supra-threshold) ongoing sine wave stimulation (36).

In a recent study, we used this electrical stimulation protocol of differential (“polymodal” and “silent”) C-nociceptor activation to investigate electrically evoked sensations in AD patients (28). Half-sine wave and sine wave stimuli were delivered to eczematous skin areas that had been particularly itchy before the investigation, and the corresponding sensation was compared to the electrically induced responses obtained from the patients' non-affected (if possible site matched) skin sites. Single half-sine wave pulses (500 ms, 0.2–1 mA) induced itch in about 30% of the patients. Delivering sinusoidal pulses for a duration of 2.5 s (4 Hz, 0.025–0.4 mA) caused itch in only three of 25 patients, all others mentioned discomfort or pain upon stimulation. Importantly, when the sine wave pulses were delivered continuously for 1 min (4 Hz, max. 0.2 mA) to eczematous skin sites, the number of patients reporting itch increased progressively the longer the stimulation lasted, resulting in about 50% of AD patients perceiving an itch at 1 min (all of them also perceived half-sine wave itch) (28). When stimulating non-affected skin sites only three patients reported itch. These results indicate that activation of both, “polymodal” and “silent” nociceptors, can evoke pruritus in AD and the duration of stimulation might be essential to induce it. Notably, an inter-individual variability in the sensation of itch upon electrical stimulation has to be considered as pruritus could be evoked in only a part of the AD patients. Possible reasons for variable responses might be individual differences in skin pathophysiology [for instance hypo- vs. hyper-innervation (44, 45)] or psychological stress status (46), which both might be a target for future experimental studies.



Neuronal Pathways Mediating Itch

Currently, three models explain in general, why we feel an itch [reviewed in (47–49)]. In the mouse, dedicated pruriceptive sensory neurons exist and their activity is sufficient to produce pruritus (50, 51) along a so-called “labeled-line,” leading to the specificity theory of itch. This specificity theory was based on the use of itch-specific neuropeptides by pruriceptive sensory neurons or the involvement of spinal itch-specific transmission pathways (52, 53). In humans, sensory neurons that constitute a labeled-line for itch have not yet been described, as neurons activated by pruritogens also respond to algogenic stimuli. However, it was postulated that pruritogens induce lower AP frequencies or different AP patterns as compared to algogenic stimuli in these neurons, leading to the intensity/pattern theory of itch (54). Finally, focal application of pruciceptive or algogenic stimuli can lead to itch (55), potentially because the CNS interprets a heightened spatial contrast of peripheral input as itch, leading to the spatial contrast theory of itch (56, 57).

Independent of the exact coding mechanism of pruritus, it is a striking observation that AD patients often feel itch during stimulation of their eczematous skin upon a stimulus that is normally perceived as painful (28, 58). One likely mechanism of such a shift from pain to itch can be a changed central processing of the pruriceptive and/or nociceptive input in AD. Altered central processing on spinal and supra-spinal levels could facilitate transmission of pruriceptive information in ascending sensory circuits. A switch from an intense nociceptive stimulus (e.g., the injection of protons) in healthy human skin to an itch in AD patients has already suggested such a central sensitization process (58). In addition, a reduced descending inhibition of itch may be suggested in chronic pruritus, given that the effect of conditioned pain modulation was decreased (59) and transcutaneous electrical nerve stimulation (TENS, 100 Hz up to 26 mA) did not reduce acute itch sensation in AD (60). Intriguingly, cutaneous field stimulation applied to itchy skin areas of AD patients via 16 needle electrodes fixed at 2 cm intervals on a 4 × 4 cm flexible rubber plate by delivering 1 ms rectangular pulses at 4 Hz and up to 0.8 mA per electrode for 25 min (61) initially enhanced the intensity of itch in AD but significantly reduced it by about 25% after cessation for 1–5 h post-treatment (60). Changes in spinal circuits that determine the link between peripheral sensory input and the output of the different classes of spinal projection neurons ascending into the brain could also explain the switch from pain to itch observed in AD patients when delivering sine wave pulses to the eczema sites for longer duration. However, slowly depolarizing electrical stimuli activate specific peripheral afferent nerve fiber classes and can evoke itch only inside the eczematous skin in some (but not all) AD patients. This indicates that the stimulation of “polymodal” and “silent” nerve fibers—alone or in combination—contributes to a peripheral mechanism for the induction of itch that takes place in AD patients in addition to potential central mechanisms.



Parameters Influencing Electrical Nerve Fiber Activation in the Skin

Excitability of sensory nerves to transdermal electrical stimulation depends—in principle—on three major cellular characteristics of a given nerve fiber: (a) the exact geometry of the nerve ending in the skin; (b) the membrane characteristics determining the extent of local depolarization upon electrical stimulation; (c) the encoding of the depolarization into discharges of single APs or bursts. All of these characteristics may be modified particularly by local inflammatory processes in eczematous skin and therefore could contribute to the observed itch upon normally painful electrical stimulation (28).

a) In various skin diseases, including AD, epidermal innervation patterns change. However, the direction of this change is under debate, potentially due to different quantification methods of epidermal nerve fiber density. Initially, hyper-innervation of eczematous skin was proposed as a structural rearrangement causing chronic pruritus in AD (45, 62, 63). However, more recently, investigations in bigger patient cohorts as well as the use of various microscopic methods that allow imaging of large dermal volumes point to an epidermal hypo-innervation of eczematous AD skin (59, 64, 65). In line with this finding, we did not find decreased sensory thresholds to sine wave stimulation between eczematous/itchy and un-affected skin of AD patients as well as between AD and control subjects (28), as would be predicted from hyper-innervated skin. However, due to the lack of established markers for human pruriceptive nerve fibers—the mentioned studies used the pan-fiber marker protein gene product 9.5 (PGP9.5)—the significance of such epidermal innervation changes for electrical induction of pruritus in AD patients remains unclear and needs further investigation. Epidermal thickening, especially prevalent in eczematous AD skin, adds an additional layer of complexity as it might increase the distance between the most superficial nerve fibers and the transdermal stimulation electrodes as well as the length and axonal branching pattern of the nerve terminals, both of which might influence their excitability (65, 66).

b) Most ion channels with established roles in the transduction of natural nociceptive stimuli, including the polymodal transient receptor potential (TRP) superfamily members TRP vanilloid 1 (TRPV1) and ankyrin 1 (TRPA1), are only weakly voltage dependent, limiting their contribution to electrically induced depolarization (67, 68). However, TRPV1 has been found to interact with voltage sensitive potassium channels (69) and might therefore also modulate neuronal excitability. Moreover, the voltage dependence of TRP channels is highly plastic in disease, thereby contributing to inflammatory pain states (70, 71). Interestingly, TRPV1- and TRPA1-expression was elevated in eczematous AD skin, an effect attributable to an increased expression per cell, as the number of TRPV1/TRPA1-immunopositive nerve fibers was unchanged (72). Thus, under inflamed conditions, in addition to a potential sensitization of their voltage dependence, the overexpression of TRPA1 and TRPV1 might increase the depolarizing effects of sinusoidal stimulation and thereby facilitate neuronal discharge. A potentially increased recruitment of TRPV1/TRPA1+ fibers upon sinusoidal stimulation in AD and the accompanied perception of itch would be in line with a previous observation, in which the administration of protons (known to activate TRPV1) evoked itch in lesional and healthy appearing skin of AD patients, but burning pain in control subjects (58).

c) Receptor potentials are encoded into trains of APs at the so-called spike initiation zone. The position of this zone can be dynamically moved closer to the receptive endings under inflammatory conditions, thereby facilitating encoding of the receptor potential in APs as shown in corneal nociceptors in mouse (73). Such modulation of axonal excitability might also occur in inflamed human skin but has not yet been studied. With the advent of next-generation sequencing techniques, expression changes of ion channels in eczematous skin of AD patients have been investigated, using a dermal punch biopsy as input material (72, 74, 75). This bulk analysis, though powerful, also has some caveats. For instance, differences in the cellular constituents of the biopsy involuntarily lead to differences in gene expression. In line with this notion, genes selectively expressed by invading leukocytes show high overexpression in eczematous skin (72, 74, 75). Expression changes in nerve fibers are particularly hard to detect in punch biopsies, as they make up only a minute amount of the tissue's total RNA, are not specifically targetable by current single cell transcriptomic approaches (76) and only refer to axonally transported RNA. These problems also preclude to link global transcriptomic changes to specific nerve fiber classes, which is particularly warranted, given that sinusoidal transcutaneous electrical stimuli preferentially activate C-fibers (35, 36). However, despite these technical difficulties, one study found the voltage-gated sodium channels Nav1.3, Nav1.7, and Nav1.9 to be overexpressed in eczematous skin of AD patients and, importantly, this overexpression correlated with pruritus severity (72). Assuming that neurons were the only cell type expressing voltage-gated sodium channels in the skin, the authors concluded that their overexpression in the eczematous lesions might indicate a sensitized state, which could potentially explain increased responsiveness to slowly depolarizing sine wave stimulation. Particularly Nav1.7 might be a target of axonal hyper-excitability, as this channel can amplify slow depolarizations (77) by producing so called ramp currents that are based on the channels slow closed-state inactivation kinetics. As the time course of depolarization during the 4 Hz sinusoidal stimulation fits to such ramp currents, Nav1.7 might facilitate the electrically induced activation of axons (78, 79) and possibly contributes to the itch in AD patients.

In addition to voltage-gated sodium channels, potassium channels are major determinants of nociceptive discharge patterns. Indeed, Esaki and colleagues found a member of the Kv1 family of voltage-gated potassium channels (Kv1.3, encoded by KCNA3) to be upregulated in eczematous skin of AD patients (74). Specifically, this upregulation was only detectable in the dermis (72, 74). As Kv1 channels are involved in limiting the maximal AP frequency in nociceptors (80), it is possible that the observed upregulation of Kv1.3 limits electrically induced nociceptive input to the spinal cord that would have inhibited the spinal transmission of pruriceptive information to the brain under normal conditions (81).



Temporal Electrical Stimulation Patterns and Their Role in Itch Induction in AD Patients

The duration of electrically evoked ongoing primary afferent nerve fiber stimulation seems to play a pivotal role for itch induction in AD patients. Our recent studies demonstrated that eliciting pain or itch in patients does not only depend on the stimulation of the specific nerve fiber classes, but is also dependent on the actual duration of the stimulation (28, 36). In healthy human subjects, sinusoidal electrical stimulation evokes pain that adapts substantially upon ongoing electrical stimulation with 4 Hz sine waves (36). By contrast, the same stimulation protocol induced increasing pain in chronic pain patients, particularly at neuropathic painful skin sites (36). Similarly, we observed progressively increasing pruritus in AD patients when stimulating with ongoing sinusoidal stimulation, indicating that in both groups of patients the nerve fiber classes activated by the electrical stimulation appear resistant to adaptation. This kind of activity-dependent change of pruriceptor or C-nociceptor excitability upon ongoing stimulation is important to differentiate from acute activation thresholds of these nerve fibers to a single stimulus, in particular when trying to link it to a potential mechanism contributing to chronic itch (or chronic pain) that is based on spontaneous discharge of C-fibers lasting for prolonged periods. However, prolonged neuronal input has also implications for the spinal itch processing as sustained peripheral neuronal input may be required to facilitate spinal itch transmission. Such spinal circuit changes involve, for instance, the activation of gastrin-releasing peptide (GRP) receptor neurons (82). Zeilhofer and colleagues showed that the release of GRP from spinal interneurons is a prerequisite for the transmission of pruriceptive information to higher itch centers in the brain, which, importantly, requires ongoing peripheral input to induce several periods of burst-like activity in spinal GRP+ neurons (82). A sufficient interaction of GRP+ and GRP-sensing neurons, possibly triggered during our ongoing sinusoidal stimulation of primary afferent neurons, may have initiated itch in AD patients. On the other hand, our electrically induced neuronal input could also inhibit spinal itch processing via GABAergic (83) or glycinergic (84) signaling. Thus, long-lasting slowly depolarizing electrical stimulation protocols that cause itch in a sub-group of AD patients probably indicate facilitated spinal processing and/or weaker inhibition of itch and might therefore help to identify those patients that benefit from spinally acting antipruritic therapy.



Perspectives

Slowly depolarizing transcutaneous electrical stimulation provides functional assessment of both, pruriceptors (e.g., in AD patients) and nociceptors (e.g., in neuropathic pain patients). The precise electrical protocols, including the temporal profile of stimulation, are of particular importance to generate peripheral input from different classes of C-nociceptors and pruriceptors. Furthermore, the advantage of a controlled pruriceptive/nociceptive stimulus onset and offset can be exploited in various explorative directions, for instance when combining the stimulation profile with other techniques (like EEG or fMRI) to investigate the human brain. Future research may help to link specific functional attributes of electrically evoked responses and structural changes to the patient's symptoms. This would facilitate a better understanding of the peripheral and also central processing of pruriceptive and nociceptive inputs in general.
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The International Association for the Study of Pain (IASP) defined three descriptors for pain: nociceptive pain is “pain that arises from actual or threatened damage to non neural tissue and is due to the activation of nociceptors”; neuropathic pain is “pain caused by a lesion or disease of the somatosensory nervous system”; and nociplastic pain is “pain that arises from altered nociception despite no clear evidence of actual or threatened tissue damage causing the activation of peripheral nociceptors or evidence for disease or lesion of the somatosensory system causing the pain.” Based on clinical and pathophysiological arguments, a similar definition of “pruriplastic pruritus” should be made. Pruriplastic pruritus would include psychogenic pruritus, as well as some cases of pruritus ani, vulvar pruritus, sensitive skin or other poorly understood cases of pruritus. This new descriptor of itch could serve as systematic screening for altered pruriceptive function in patients who suffer from chronic itch and it may also help in defining better tailored treatment by identifying patients who are likely to respond better to centrally rather than to peripherally targeted therapies.

Keywords: pruritus, psychogenic, sensitization, itch, neuropathic


INTRODUCTION

In 2007, the International Forum for the Study of Itch (IFSI) proposed a classification of chronic itch based on clinical signs and distinguished between diseases with and without primary or secondary skin lesions (1). Three groups of conditions were proposed: pruritus on diseased (inflamed) skin (group I), pruritus on non-diseased (non-inflamed) skin (group II), and pruritus presenting with severe chronic secondary scratch lesions, such as prurigo nodularis (group III). The next part classified the underlying diseases according to different categories: dermatological diseases, systemic diseases including diseases of pregnancy and drug-induced pruritus; and neurological and psychiatric diseases. In some patients, more than one cause may account for pruritus (category “mixed”), while in others, no underlying disease can be identified (category “others”). Thus, it was concluded that our knowledge regarding neurophysiological and pathophysiological aspects of chronic pruritus has developed and that this initial classification will undoubtedly require future revisions.

Patients with pruritic diseases of systemic, neurological or psychosomatic/psychiatric origin should be included in group II or group III. It was recommended that the term pruritus sine materia should no longer be used because this term has multiple interpretations, such as idiopathic pruritus, pruritus without any skin changes, pruritus in systemic diseases without any initially visible skin changes, pruritus characterized by the absence of specific cutaneous lesions of an itching dermatosis, pruritus in the elderly or psychosomatic pruritus (1).

Indeed, there is a psychosomatic definition of pruritus sine materia in the ICD-10 classification of F45.8 as somatoform pruritus, which was considered the more acceptable term by the IFSI (1). Neuropathic itch should refer to pruritus caused by neuronal or glial damage (2), whereas psychogenic itch is related to psychological disorders (3). Nonetheless, the concept of somatoform or psychogenic itch remains controversial.



CONTROVERSIES RELATED TO PSYCHOGENIC ITCH

Psychogenic itch is known as psychogenic pruritus, somatoform pruritus (4), functional itch disorder (5), non-organic pruritus, psychosomatic pruritus, or functional pruritus, but “psychogenic itch” is the most commonly used denomination (6).

The 11th revision of the International Classification of Diseases (ICD-11) clearly separates psychogenic pruritus (EC90.4, using this term), from pruritus of unknown origin (EC90.6) among other causes of pruritus (EC90).

European guideline on chronic pruritus proposes that somatoform pruritus is defined as pruritus where psychic, psychiatric and psychosomatic factors play a critical role in the onset, intensity, aggravation or persistence of the pruritus (7).

The French Psycho-Dermatology Group (FPDG) is an expert group from the French Society of Dermatology that includes dermatologists, psychologists and psychiatrists. This group has proposed a definition of psychogenic pruritus as “an itch disorder where itch is at the center of the symptomatology and where psychological factors play an evident role in the triggering, intensity, aggravation or persistence of the pruritus” and has suggested calling it “functional itch disorder” (FID) (5). The FPDG also proposed 10 diagnostic criteria (3 compulsory and 7 optional) to assess the diagnosis, with both negative (no somatic cause) and positive criteria (clinical characteristics, association with psychological disorders or stressful life events).

Previous psycho-dermatological classifications (associated skin and psychological disorders) had included psychogenic pruritus among the “psychological disorders responsible for skin sensations” (8), “functional cutaneous and mucous disorders” (9) or “conditions in which strong psychogenic factors are imputed” (10). It is of particular interest to separate psychogenic excoriations (11), dermatitis artefacta and all other self-inflicted skin lesions (SISLs) (12) from psychogenic pruritus. SISLs are related to impulsive, compulsive or other psychopathological mechanisms. In contrast, psychogenic pruritus is related to an illusion of pruritus, but this pruritus is felt by the patient and is the main complaint.

Psychogenic pruritus was not precisely cited in the 4th edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) (13), but it could be recognized among the following 4 diagnoses (6) listed in the DSM-IV:

- Conversion disorder (300.11): Unexplained symptoms or deficits affecting voluntary motor or sensory function that suggest a neurological or other general medical condition. Psychological factors are judged to be associated with the symptoms or deficits.

- Undifferentiated somatoform disorders (300.81): One or several somatic complaints lasting 6 months or more with no medical or mental disease available to explain the presence or intensity of these symptoms. This symptom is not intentionally self-induced or simulated.

- Unspecified somatoform disorder (300.82): All disorders with somatoform symptoms that do not fit the criteria of any specific somatoform disorder.

- Pain disorder associated with psychological factors (307.80): Psychological factors play a critical role in the triggering, intensity, aggravation or persistence of the pain.

The 5th edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5) (14) defined a new diagnosis of “somatic symptom disorder” (SSD), which is characterized by “somatic symptoms that are either very distressing or result in significant disruption of functioning, as well as excessive and disproportionate thoughts, feelings and behaviors regarding those symptoms. To be diagnosed with SSD, the individual must be persistently symptomatic (typically for at least 6 months).”

The DSM-IV disorders of somatization disorder, hypochondriasis, pain disorder, and undifferentiated somatoform disorder were removed. The DSM-IV diagnosis of somatization disorder required a specific number of complaints from among four symptom groups while the SSD criteria must only be significantly distressing or disruptive to daily life and must be accompanied by excessive thoughts, feelings, or behaviors. While medically unexplained symptoms were a key feature for many of the disorders in the DSM-IV, a diagnosis of SSD does not require that the somatic symptoms are medically unexplained. Consequantly, symptoms may or may not be associated with another medical diagnosis. Furthermore, it is not appropriate to diagnose individuals with a mental disorder solely because a medical cause cannot be demonstrated. Regardless of whether the somatic symptoms can be medically explained, the individual would still have to meet the remaining criteria to receive a diagnosis of SSD.

As in the case of psychogenic pain (15), the concept of SSD overpsychologizes people with chronic pain and may contribute to misdiagnosis and unnecessary stigma (16). In contrast, the DSM-5 SSD criteria may be more restrictive than the DSM-IV criteria for somatoform disorders for a population of patients with medically unexplained physical symptoms (MUPS) (17).

Because SSD include both psychogenic pruritus and pruritus of a somatic origin, this disproportionate resounding is very confusing (6). Nonetheless, we have to admit that it is very difficult to separate in clinical practice patients with a pure psychogenic pruritus from those with a large but not exclusive contribution of psychological factors in the pathogenesis of their pruritus. Numerous psychological factors could influence the perception and modulation of pruritus (18–24).



UNIFIED PATHOPHYSIOLOGY

In case of pruritus or even if we think about pruritus or scratching sensory, motor and affective areas of the brain are activated (25–28). Consequently, a new definition of pruritus could be “a sensation accompanied by the contralateral activation of the anterior cortex and the predominantly ipsilateral activation of the supplementary motor areas and the inferior parietal lobule; scratching may follow” (29), reflecting the fact that “it is the brain that itches, not the skin” (30). Hence, a psychological component may occur in all cases of pruritus (31) and that a specific psychogenic pruritus can exist (30).

Convergent visceral-somatic processing and neuroimaging studies in somatoform disorders have demonstrated that somatosensory amplification may, in part, develop through stress-mediated neuroplastic changes and the neuromodulatory effects of inflammation (32). Neural correlates of cognitive-affective amplifiers are integrated into a network for somatosensory amplification, including anterior cingulate cortex, insula, amygdala, hippocampal formation, and striatum.

Transient scratching inhibits the itch sensation, but repeted and increasing scratching is involved in peripheral and central sensitizations to itch (30, 33–35). Similarly to pain sensitizations, inflammatory mediators are released by pruriceptors (peripheral sensitization), whereas chronic skin inflammation facilitates spinal and cerebral itch processing, resulting in touch-evoked pruritus (central sensitization). Clinical consequences are alloknesis and hyperknesis (36), which could be confused with psychological involvement in itch, extending up to itch catastrophizing.

All humans can suffer from itch in the course of their life (37, 38). Witnessing your neighbor scratching, discussing or reading about itch, watching movies showing people scratching and viewing pictures of affected skin or insects can induce itch in healthy persons and to a greater degree in chronic itch patients and subjects with neurotic personalities (39). The underlying course of contagious itch seems to be related to human mirror neurons that are active when we imitate actions and/or negative affects (38). Brain imaging evidenced an important functional coupling of the insula and basal ganglia in initiating the urge to scratch when provided with itch-evoking visual stimuli (40).

Several studies suggest that mechanisms of central modulation play an important role in the development and maintenance of chronic itch (41). The management of the neurosensory aspects of itch is an important part of the management of chronic itch. The reason for our underlying desire to itch may be an overactive limbic system, particularly the anterior cingulate cortex, which is essential in modulating emotional and cognitive activities (39). The co-activation of the prefrontal cortex in conjunction with the limbic system upon application of itch stimuli suggests interplay of this network on motivation and emotion (42). The role of the prefrontal cortex has been highlighted in reward processing for addictive behaviors (39). The reward circuit, particularly in the midbrain, may be part of the neural basis of the vicious itch-scratch-itch circle and appears to be linked to the development of an urge to scratch to achieve the “pleasure” derived from scratching (40). The involvement of the midbrain strongly suggests a role for the dopaminergic system in the addictive nature such a circle (43). Central mechanisms of itch have been previously reviewed (41, 44–46). More recently, the growing number of brain imaging studies has allowed meta-analyses (47, 48).

In addition to clinical considerations, pathophysiological data on the brain processing of itch support that it not possible to separate psychogenic from non psychogenic itch.



LESSONS FROM PAIN RESEARCH

Because mechanisms of chronic itch are close to those of chronic pain (36, 44, 49–52) or chronic cough (50, 53), it is very interesting to observe the evolution of thoughts in these fields.

The first definition for neuropathic pain was given in 1994 by the International Association for the Study of Pain (IASP) as “pain initiated or caused by a primary lesion or dysfunction in the nervous system.” This definition was changed to a new one in 2005 when the nociceptive terminology appeared. Nociceptive pain was defined as “pain due to stimulation of primary nociceptive nerve endings,” and neuropathic pain was defined as “pain due to lesion or dysfunction of the nervous system” (54). Consequently, we could modify the definition of neuropathic pruritus (2). Both definitions are periodically reviewed, and currently, nociceptive pain is “pain that arises from actual or threatened damage to nonneural tissue and is due to the activation of nociceptors,” and neuropathic pain is “pain caused by a lesion or disease of the somatosensory nervous system” (54).

Because this dichotomy between pain mechanistic definitions created a gap for numerous patients without activation of neither nociceptors nor lesion or disease of the nervous system, a third descriptor was proposed in 2016 (55) then adopted by the IASP council in 2017, although it is not yet universally agreed: nociplastic pain. This choice was supported by abundant literature confirming changes in cerebral activation in once-called “dysfunctional diseases” (56, 57) and changes in cerebral connectivity across multiple chronic pain conditions (58). More recent studies have shown that central pain processing is augmented after psychological trauma (alterations in painful and non-painful areas), whereas there are only alterations in the painful area without such a trauma (59). The relationship between anxiety or depression symptoms, and pain intensity is completely mediated by central sensitization while the relationship between catastrophic thinking and pain intensity is partially mediated by central sensitization (60).

The chosen definition of nociplastic pain is “pain that arises from altered nociception despite no clear evidence of actual or threatened tissue damage causing the activation of peripheral nociceptors or evidence for disease or lesion of the somatosensory system causing the pain” (55).

Patients can have a combination of nociceptive and nociplastic pain (55). The concept of mixed pain, which is defined as “a complex overlap of the different known pain types (nociceptive, neuropathic, and nociplastic) in any combination, acting simultaneously and/or concurrently to cause pain in the same body area. Either mechanism may be more clinically predominant at any point in time. That mixed pain can be acute or chronic” has also been proposed (61).



CONCLUSIONS

Hence, it should be proposed to use three descriptors for itch (Table 1):

- Pruriceptive itch: itch that arises from actual or threatened damage to non-neural tissue and is due to the activation of pruriceptors

- Neuropathic itch: itch caused by a lesion or disease of the somatosensory nervous system

- Pruriplastic itch: itch that arises from altered pruriception despite no clear evidence of actual or threatened tissue damage causing the activation of peripheral pruriceptors or evidence of disease or lesions of the somatosensory system causing the itch

- Mixed itch: overlap of the different known itch types (nociceptive, neuropathic, and nociplastic) in any combination, acting simultaneously and/or concurrently to cause itch in the same body area.


Table 1. Comparisons between pruriceptive, neuropathic and pruriplastic itch.

[image: Table 1]

Pruriceptive and neuropathic pruritus are not new concepts but pruriplastic pruritus is a new one. Pruriplastic pruritus would include psychogenic pruritus, as well as some cases of pruritus ani, vulvar pruritus, sensitive skin or other poorly understood cases of pruritus. It would be the pruritic equivalent of nociplastic pain, including vulvodynia, burning mouth syndrome, fibromyalgia and all SSDs.

In clinical practice, the diagnosis of pruriplastic pruritus could be a neutral, more acceptable and understandable diagnosis for patients with these disorders, avoiding oppositions between neurogenic and psychogenic hypotheses. Indeed, many patients are afraid by psychogenic hypotheses or refuse diagnoses of psychogenic diseases because that challenges them personally. In the absence of direct evidence of skin or somatosensory disorders, it would be useful to have a category of “pruriplastic itch” to reassure the patient that their itch is real.

Finally, it could be used for further clinical research and diagnostic criteria might be defined. Like nociplastic pain (54), this new descriptor of itch could serve as systematic screening for altered pruriceptive function in patients who have chronic itch and it may also help in defining better tailored treatment by identifying those who are likely to respond better to centrally rather than to peripherally targeted therapies.

Like nociplastic pain, there is likely an organic basis for pruriplastic itch such as central sensitization of itch pathways, although central sensitization may also occur in all causes of chronic itch, in the absence of overt evidence of disease or lesions of the somatosensory system. The loss of descending pathways has been recently evidenced as a hallmark of chronic itch patients, who have reduced conditioned pain modulation (CPM) which might contribute to enhanced itch (62). Otherwise there is little clinical evidence based on quantitative sensory testing (QST) to suggest that chronic itch patients exhibit altered pruriception (e.g., alloknesis or hyperknesis). This proposal would be strengthened by including any studies that have investigated pruriception in patients suffering from chronic itch of different origins including psychogenic/pruriplastic itch.

Hence, I propose this new concept of pruriplastic itch, which needs discussion by colleagues and a final validation by the IFSI.
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Background: Chronic itch is the most common symptom in dermatology. End-stage renal disease-associated chronic itch (ESRDCI) is a common burden affecting up to 35% of patients treated with hemodialysis. Kidney transplant (KTx) is believed to be the best renal replacement therapy leading to the elimination of ESRDCI. The study was undertaken to characterize and assess the prevalence of itch among patients after renal transplantation.

Methods: Between October 2019 and January 2020, we analyzed the data of 197 patients comprising 121 males (61.4%) and 76 females (38.6%) and aged 54.5 ± 13.6 years. The data collection was performed with a specially designed questionnaire. Level of itch after renal transplantation was assessed with the use of a Numeral Rating Scale, a Visual Rating Scale, and 4-Item Itch Questionnaire. Moreover, the previous 3 days of itching were evaluated.

Results: The patients suffered from chronic renal disease for 20.2 ± 12.3 years, with a mean time of pre-transplant dialysis of 2.6 ± 2.4 years and a mean time after the KTx of 8.0 ± 6.5 years. The itch was present in 38.6% of the patients during the hemodialysis, and in 73.7% of cases, the itch ceased completely after the successful transplantation. Moreover, only 2.63% of the cases had no improvement. Nevertheless, the itch was reported in 42 (21.3%) renal transplant recipients (RTR), and in 22 (52.4%) cases, the itch appeared after transplantation. The majority of patients suffering from itch were women (54.8%). Itch in the last 3 days was reported in 21 patients. The itch's severity was assessed with a numerical rating scale (NRS), with the worst severity measured at 6 ± 2.2 points indicating moderate itch. In most cases (57.1%), itch affected multiple body areas. Extremities (50%) and the back (50%) were among the most frequently affected areas. The sensation had a mostly short duration and was most frequently reported in the evening. Only eight patients suffered for the whole day. Hot water was the most frequently reported (16.7%) alleviating factor, whilst sweat was responsible for itch aggravation in 35.9% of cases.

Conclusion: Our analysis on representative patients' population indicates that itch after KTx is an important problem. Moreover, it is worth noting that more than half of the RTR did not suffer from itch during dialysis.
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INTRODUCTION

Chronic kidney disease (CKD) is recognized as a one of the leading public health problems, affecting up to 13.4% of the global population (1). Moreover, up to 10.6% of people suffer from advanced stages of the disease (stage 3–5) (2). CKD is defined as abnormal renal structure or function with health implications of at least a 3-month duration (1). The diagnostic criteria also include glomerular filtration rate (GFR) < 60 ml/min/1.73m2, markers of kidney damage (albuminuria, abnormal urine sedimentation rate, tubular disorders), histologic and radiologic abnormalities, or a history of renal transplantation (3). CKD may be classified in one of the five stages using patients' GFR and one of the three stages based on the patients' albuminuria (2). The loss of kidney function leads to the development of many complications such as anemia, hyperparathyroidism and mineral bone disease, cardiovascular diseases, dyslipidemias, and cancer (4). The disease is associated with frequent and longer hospitalizations, rehospitalization, and premature morbidity (1, 5). One of the associated symptoms of CKD is end-stage renal disease-associated chronic itch (ESRDCI), also known as uremic itch. It is a burdensome symptom that may affect up to 13% of CKD patients (stages 1–5) and up to 35% (lifetime prevalence) of patients treated with hemodialysis (HD) (6). The pathophysiology is not fully understood. Due to the unknown pathomechanism, the treatment of ESRDCI is still a big challenge, and the results are often not satisfactory (7). Kidney transplant (KTx) is considered the best renal replacement therapy; however, its influence on itch was not sufficiently studied (8). The available data suggest that renal transplant recipients (RTR) may suffer from itch less frequently than patients treated with hemodialysis (9–11). Due to the insufficient reports and observations on small groups, we have decided to conduct a study and assess an actual prevalence of itch in RTR. Moreover, we have correlated itch severity with possible pathogenetic factors.



MATERIALS AND METHODS


Study Participants

The studied population consisted of 197 RTR, who are under monthly supervision of the Department of Nephrology and Transplantation Medicine of Wroclaw Medical University. The exclusion criteria included being under the age of 18 years, inability to cooperate and fill out the questionnaire, having a history of chronic dermatological disorders, and having undergone a non-functioning renal transplant. After the inclusion criteria was met by 197 individuals, a medical interview with each patient was performed. Baseline data, including age, sex, BMI, comorbidities, chronic medication, duration of CKD, time of dialysis before KTx, and time after transplantation, were collected.



Itch Assessment

Itch presence during the whole period after transplantation as well as during the last 3 days was documented. Additionally, localization, the most common aggravating and alleviating factors, specific anti-itch treatments, and usage of emollients were recorded. Moreover, the patients were asked about the presence of itch before and possible improvement after KTx. Itch intensity (worst itch during the last 3 days) was assessed with the following instruments: Numeral Rating Scale (NRS), Verbal Rating Scale (VRS), and 4-Item Itch Questionnaire (4IIQ). Moreover, the patients were asked to evaluate the worst itch intensity during the whole period after KTx. Later, the reported itch was compared to the itch caused by mosquito bites, assessed by RTR with NRS. The VRS is a four-point scale and consists of a list of adjectives describing various levels of symptom intensity: 0 = no itch, 1 = mild itch, 2 = moderate itch, and 3 = severe itch (12). The NRS is comprised of one item and represents the numbers 0 (“no itch”) to 10 (“worst imaginable itch”). The cut-off points for itch NRS are as follows: mild itch (>0 to <3 points), moderate (≥3 to <7 points), severe (≥7 to <9 points), and very severe (≥9 points) (13). 4IIQ was developed and validated by our group some years ago. It assesses not only itch intensity (0–5 points), but also the frequency of itch episodes (0–5 points), areas of affected skin (0–3 points), and sleep disturbance (0–6 points) as a course of chronic itch. The maximum score for this scale is 19 points (14–16).



Lab Tests Assessments

Results of blood tests conducted periodically on all of the patients, including transplant function (eGFR, creatinine and uremia levels), liver function (ASPAT, ALAT, bilirubin level), calcium and phosphate metabolism (including parathormone levels), hemoglobin, glucose level, and medication level (cyclosporin or tacrolimus), were collected and analyzed in relationship with the presence and severity of itch.



Statistical Analysis

Statistical analysis was performed using Statistica v. 12 (StatSoft Kraków). The minimum, maximum, mean, and standard deviation numbers were calculated. Analyzed quantitative variables were compared using Mann–Whitney U test and Spearman and Pearson correlations; for qualitative data, the chi-squared test was used. A 2-sided P value ≤ 0.05 was considered to be statistically significant.




RESULTS


Patients' Characteristics

The group consisted of 197 patients−121 men (61.4%) and 76 women (38.6%). The mean age of the population was 54.5 ± 13.6 years. The group was characterized as slightly overweight with a mean BMI of 26.2 ± 4.4. The majority of patients (88.3%) was treated with three drug immunosuppressive therapies (calcineurin inhibitors, antiproliferative drugs, and glucocorticosteroids [GKS]), while almost every patient (96.4%) was taking GKS. The patients who suffered from CKD for 20.2 ± 12.3 years were treated with hemodialysis for 2.6 ± 2.4 years before RTx and were 7.9 ± 6.5 years after KTx. The majority of RNR suffered from hypertension (161 patients, 81.7%), and 36 subjects suffered from diabetes (18.3%) (Table 1).


Table 1. Patients' characteristics.
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Itch Assessment

Among the studied group of RTR, itch was a common symptom during the period of hemodialysis treatment (76 patients, 38.57%); however, only 42 patients (21.3%) reported itch after KTx. In 56 patients (73.7%), itch disappeared completely after the transplantation. In the majority of them (43 subjects), the relief was instant. In the rest of the subjects, relief was gradual (Figure 1). In the majority of RTR suffering from itch (22 patients, 52.4%), relief appeared after successful transplantation, while the rest (20 patients, 47.6%) reported residual itch from hemodialysis period with lower (18 people) or similar (two people) severity (Figures 2, 3). The WI-NRS itch was at 5.98 ± 2.17 points, which was similar to the itch reported after a mosquito bite (5.36 ± 2.2 points). Among 42 itchy RTR, half (21 people) reported itch in the previous 3 days, and its intensity was assessed as 4.23 ± 1.51 points on WI-NRS. Following the cut-offs for NRS, the majority of patients reported moderate itch (85.7%), two of them mild (9.5%), and only one person was suffering from severe itch (4.8%). According to VRS, 52.38% (11 patients) of RTR who suffered from itch described it as moderate, eight of them (38.1%) described it as mild, and only two (9.52%) described it as severe (Figure 3). Women suffered from itch significantly more than men (p = 0.005). Most frequently, the itch affected multiple locations (47.6%), with extremities and back being the most involved (50% of the patients for both locations). In only four patients (9.5%) the sensation was generalized; it affected only one location in the rest of patients (Table 2). Among alleviating factors, patients most often reported very hot and cold water; however, this strategy of relief only helped 16.67 and 14.3% of patients, respectively. The most common aggravating factor was sweat (35.7%) and warm airflow (33.3%). Most frequently, itch occurred in the evening (85.3%) and mostly for a short period of time (85.3%). In eight patients (19%), itch continuously present during the whole day. Only 17 patients (40.5%) were using emollients daily, and four had taken mediation in order to alleviate itching (Table 3). Among possible risk factors, we have found a significant difference (p = 0.024) in alkaline phosphatase (ALP) levels between itchy and non-itchy patients (76.1 ± 48.0 and 85.9 ± 33.5 U/l, respectively). There was no correlation found between prevalence (Table 4) or intensity of itch and graft function, the rest of laboratory tests, duration of CKD, time after KTx, time on hemodialysis, and medications administered (detailed data not shown).
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FIGURE 1. Improvement in itch after kidney transplantation.
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FIGURE 2. Itch in renal transplant recipients.
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FIGURE 3. Differences in prevalence of pre- and post-transplantation itch.



Table 2. Characteristics of itch in renal transplant recipients.
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Table 3. Factors responsible for aggravation or alleviation of itch intensity in renal transplant recipients.
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Table 4. Differences in laboratory results between itchy and non-itchy patients.
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DISCUSSION

Chronic itch (CI) is one of the most common symptoms in medicine. The International Forum for the Study of Itch (IFSI) defines it as a sensation that provokes the desire to scratch lasting for at least 6 weeks (17). The actual prevalence of CI is not clear. Studies show that about 8–9% of the adult population experience acute itch, while up to 16.8% experience CI (18). The incidences for both acute and chronic itch seem to increase with age. Acute itch affects up to 60% people in the elderly population every week. The incidence of CI varies among different age groups, being at 12.3% for young adults and even 20.3% for elderly persons. CI may be caused by both dermatological and systemic diseases (17). Among possible systemic causes of chronic itch, authors often mention hepatobiliary diseases, malignancies, infectious diseases, neurological disorders, metabolic diseases, endocrine diseases, and kidney diseases (16, 17, 19, 20). CI poses a high burden and is associated with decrease in quality of life of affected individuals (21).

ESRDCI or uremic itch is defined as CI associated with significant reduction in renal function in patients suffering from CKD. It usually worsens along with decreasing kidney function and may be experienced in up to 35% of individuals with stage 5 CKD treated with hemodialysis (6, 22). Lack of full understanding of pathomechanisms makes treatment difficult and often not fully effective. The frequently reported therapies include drugs such as opioid agonists and antagonists, gabapentin and pregabalin, phototherapy, and antidepressants (7).

The knowledge of the possible effect of KTx on uremic itch is very limited (8) and was reviewed by our group earlier this year. Our study is the first one to evaluate the prevalence of itch on a bigger sample size of RTR. The results of our work confirmed that itch is important burden in RTRs and affects 21.3% of them. The prevalence of itch in our group was different to the studies performed previously. According to the latest study by Schricker et al. (10), only 17% of the patients reported itch, while 12% were diagnosed with CI. Moreover, similarly to our study, authors have found a decrease in the itch prevalence after successful KTx. The mean intensity of recent itch was also lower than in our population (3.2 points and 4.2 points, respectively); however, those results may be different due to the time period taken into consideration (previous 24 h and 3 days, respectively). Correspondingly, Avermete et al. (23) reported only a 2% itch incidence in RTR, and Tăranu et al. (24) reported 5.3%, which was later explained as a drug-induced itch. Moreover, according to Altmeyer et al. (25), both itch and histopathological changes disappeared completely after KTx. In comparison to Panuccio et al. (9), we have reported a much lower itch prevalence (32% of RNRs). Nevertheless, it was still higher than in the healthy controls (11%). Similarly, the incidence of CI was lower than for HD patients; unfortunately, the authors did not mention itch intensity in any group. Our results were similar to those presented by Moloney et al. (26), who reported a 24.9% CI prevalence among 173 RTRs. The burden of CKD-associated itch is well documented (21). The decreased quality of life in RTRs was observed in many studies. Moloney et al. (26) reported that itch had large impact on lives of 57% of kidney recipients suffering from CI. Interestingly, according to Amro et al. (11) RTRs reported a statistically significant clinical decrease in the negative influence on life quality by itching in comparison to the period before transplantation.

The pathogenesis of CKD-associated itch is yet to be fully discovered. However, among possible mechanisms, authors often mention high urea and creatinine blood levels, disturbances in peripheral endogenous opioid system, hyperparathyroidism, neuropathy, xerosis, microinflammation, and neuropathy (27–31). From the most popular risk factors, which have been associated with the pathomechanisms of ESRDCI (7), none have been proven to play a role in the development of itch after successful renal transplant until today. We have correlated possible risk factors with the intensity of itch in RTRs; however, no statistically significant correlation was found. Additionally, no difference in the above-mentioned aspects was found between patients with persistent and newly developed itch. Similar results to our study were obtained by Pannucio et al. (9), who correlated itch intensity and ESRDCI risk factors including inflammation, bone mineral disorders, immunosuppressive therapy, and transplant function. On the other hand, a moderate positive correlation was found between CI intensity and transplant function (r = 0.3, p = 0.018) in the study by Schricker et al. (10), which was not established in our group. However, we did find a statistically significant difference in itch incidence between sexes (p = 0.005). We believe it is due to the different itch perception in modulation in women, as shown in the paper by Stumpf et al. (32). Interestingly, we have found significantly decreased levels of ALP in patients with itch. It is well documented that increased ALP may be a sign of hepatobiliary disorders, including cholestasis and hepatic cirrhosis (33). Those disorders are strongly correlated with high itch prevalence in those patients (34). On the other hand, low ALP levels have never been associated with incidence of itch. Although the patomechanism of itch in RNR is not clear, it is most probably multifactorial and the polypharmacy in those patients could contribute to the development and intensity of itch. Regarding the most frequent exacerbating factors, our patients reported sweat and warm airflow. These factors are similar to those present in atopic dermatitis or psoriasis (14, 35). Regarding sweat, there are multiple mechanisms that may induce or aggravate itch (e.g., abnormality in sweat components or “sweat allergy”). On the other hand, itch exacerbations due to warm air may be produced by abnormal hyperesthesia of the RNRs' skin. The sensitization of peripheral nerve may cause patients to feel thermal stimulation as itch (35).

We understand that our study has some limitations. Due to the lack of reports on severity of itch during hemodialysis in our patients, we could not assess an actual decrease in itch. However, we believe that because of the long period of time (7.9 ± 6.5 years) following KTx, the reported severity might be biased. There is no agreement on the role of the dry skin in the pathogenesis of ESRDCI (36). Therefore, in this project, we have not analyzed the relationship of itch prevalence or intensity to dryness of the skin. Moreover, there was no possibility to assess atopic predisposition. As there are almost no studies on itch in RNR, in this project we concentrated on incidence and intensity of itch in this group of subjects, and therefore we did not assess the burden of itch. We are aware that the assessment of itch's consequences, including quality of life impairment, will add value to the field. Additionally, it is important to remember that every patient in our group was taking calcineurin inhibitors, either cyclosporine A or tacrolimus. The treatment, besides its anti-rejection mechanisms, may have influenced the incidence and severity of itch. Both of the drugs were proven to be effective as anti-itch agents in animals (37), and cyclosporine A was effective in patients with prurigo nodularis and lichen planus (38, 39). Nevertheless, we have not observed a difference in prevalence and intensity of itch between different calcineurin inhibitors, and it is not possible to perform a study within RTRs without one of these two drugs involved.

In conclusion, to the best of our knowledge, this is the biggest study assessing the prevalence and intensity of itch in RTRs. It is also one of the few studies that correlated itch with common uremic itch risk factors. We have shown and confirmed that successful KTx may be of benefit in the treatment of ESRDCI. Nevertheless, it is worth noting that the majority of itch in RNR was developed after transplantation. The pathomechanism is still unknown, and future studies on representative samples are necessary to make this topic clearer.
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Scabies is a common parasitic skin infestation characterized by severe itch and a heterogenous clinical presentation. Itch, as the cardinal symptom of scabies, is imposing a high burden on affected patients and is often difficult to manage. Decreased life quality and secondary complications, caused by an itch-related disruption of the epidermal barrier and subsequent superinfections, illustrate the need to treat scabies and to understand the underlying mechanisms of itch in respective patients. This review summarizes available data on itch in scabies with a special focus on the clinical aspects and its underlying pathomechanisms.
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SCABIES—AN OVERVIEW

Scabies is a highly contagious ectoparasitic skin infestation caused by Sarcoptes scabiei var. hominis. With a global prevalence of 204 million, scabies poses a remarkable burden on both infected individuals and on the healthcare system regardless of the socioeconomic standard of the respective country (1, 2). More specifically, in high income countries, delayed diagnosis of this neglected disease can lead to waves of institutional outbreaks. In middle-to-low income countries a lack of therapeutic resources often results in secondary scabies-related complications, such as chronic kidney disease since excoriations and the disruption of the epidermal barrier caused by itch may lead to impetigo and to a subsequent dissemination of streptococci to the glomeruli (1, 3). The increased disease-related morbidity and mortality further adds to the patients' burden. Depending on different populations, the prevalence of scabies is ranging from 0.2 to 71.4% (4), with a predominant affection of people living in tropical regions (5). While scabies can occur in every individual, current data reveal a greater susceptibility for the young, old, and, generally, immunocompromised patients (6). Accordingly, Mason et al. reported the highest prevalence of scabies in infants <1 year of age [34.1%, adjusted odds ratio (AOR) compared with adults: 3.6, 95%CI 2.2–6.0] and children aged 1–4 years (25.7%, AOR 2.6, 95%CI 1.7–3.9) in the Solomon Islands (7). Furthermore, the disability-adjusted life-years (DALY) burden was found to be the highest in children 1–4 years-old, eventually decreasing from age 5–24 years and recurrently rising after the age of 70 years in the Global Burden of Disease Study 2015 (5). Furthermore, in low-income countries, disadvantaged populations and children under the age of two bare a greater risk to get infected with scabies (4).

The mite Sarcoptes scabiei is an obligate human parasite that burrows into the epidermis mostly after intense skin to skin contact but also after contact to mites from textiles (i.e., sleeping in a bed with mites). The female mite lays eggs and after approximately 14 days the hatched larvae, and later the nymph, reach adulthood (8), provoking symptoms mostly after 2-5 weeks of latency after the first infestation. After a second infestation, the aforementioned symptoms can occur earlier (~ after 1–2 weeks) due to the immune memory. As scabies mites prefer areas with a higher body temperature and a rather thin stratum corneum, predilection sites are the interdigital spaces of hands and feet, the axillary and periumbilical region, the penis and the perianal skin, while the head and neck are usually spared (exception in infants and old people) (9).

The clinical picture of the disease is caused by the infestation of the mites per se and by an immunologic reaction elicited by the contact toward the by-products of the mites (i.e., saliva, excrements). This delayed type reaction of cellular immunity is clinically apparent as an eczematous morphology with multiple disseminated erythematous papules and vesicles on red skin (Figure 1). Due to an intense pruritus, especially at night, secondary skin lesions, that is, excoriations and scratch marks occur frequently. Secondary superinfections in terms of impetigo can frequently be observed in children.
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FIGURE 1. Clinical presentation of a male patient infected with scabies: Multiple erythematous papules in the periumbilical region with several scratch lesions and excoriations.


Scabies crustosa (norvegica), a comparably rare and severe form of scabies with a prevalence of <0.1%, is especially apparent in individuals with an underlying immunosuppression, that is, HIV (10). The localized or generalized hyperkeratotic clinical picture results from a massive mite proliferation and is associated with an increased mortality and a lower grade of itch (10, 11) (Figure 2).
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FIGURE 2. Crusted scabies: Interdigitally located squamous plaques and disseminated erythematous papules.


Diagnosis of scabies is based on a characteristic history (intense pruritus with a nightly deterioration, frequent relapses and refractory to treatment with topical corticosteroids) and the clinical presentation with skin lesions along the predilection sites and typical findings in dermatoscopy and positive microscopy, that is, mites, feces, eggs or mite passages.

Currently, topical treatment with permethrin cream (5%) is considered as the gold standard, leading to a cure in most of the cases (12). Yet, increasing numbers of failures in treatment by permethrin have been recently reported also hinting toward the possibility of increased tolerance of permethrin (when applied under controlled conditions) or possible application errors (13, 14). Successful treatment, however, highly depends on the appropriate application of the cream (whole body from the neck) and concomitant treatment of persons with close contact and basic hygiene measures. Relapses, however, occur frequently; particularly in larger families and groups. Treatment with oral ivermectin has proven to remarkably decrease the prevalence of scabies in larger communities with a good tolerability and efficacy. Recent data is additionally hinting toward the safe and effective use of ivermectin in infants weighing <15 kg (6, 15). Besides these two most commonly used treatments in Europe and the US, various other options are available (16). Sulfur compounds are widely used in Afrika and South America due to good efficacy, however, skin irritations are frequent. Benzyl benzoate is highly antiscabietic but also bares high rates of skin irritation. Both treatment options are commonly used in poorer regions due to their efficacy and low cost. Crotamiton is a topical treatment that shows a good tolerability and is therefore used in children with unsatisfactory success (16).



CLINICAL CHARACTERISTICS OF ITCH IN PATIENTS INFECTED WITH SCABIES

The infestation with scabies poses a high burden on respective patients, often due to an intense unbearable itch. The symptom lasts as long as scabies lasts, however, it might become chronic due to persistence after therapy of the infestation. Thus, scabies should be excluded in cases of persisting pruritus especially with a history of itch in persons with close skin contact (17). In severe cases, the patients even develop papules due to scratching (prurigo), or eczema. Management of chronic itch is often challenging (18) and especially scabies-specific itch is poorly characterized and understood. Itch can deteriorate over the night (nocturnal crescendo). This, however, is not specifically applicable to scabies, as other common skin diseases also display a nighty worsening of itch, that is, atopic dermatitis and psoriasis (19–22). Concerning other clinical symptoms, Brenaut et al. found that heat sensations accompanying the itch were significantly less frequent as compared to the other pruritic skin diseases (19). Sweating and hot water increased the intensity of itch in 73 and 67% of scabies patients, respectively. Scratching was considered pleasurable in 47% of scabies patients as compared to 69 and 65% of patients with atopic dermatitis and psoriasis, respectively. Interestingly, while scratching lesions in patients infected with scabies (63% of patients, p < 0.01) were significantly more frequent as compared to non-atopic eczema, psoriasis and urticaria, patients with scabies revealed the lowest rate of lichenification (8%) compared to 80, 61, and 33% of patients with atopic dermatitis, eczema and psoriasis, respectively. Of note, one major limitation of the study is the depiction of qualitative but not quantitative itch features between the aforementioned dermatosis (19).

The presence of pruritus is reported in most of the patients infected with scabies and the prevalence ranges from 90–99% in current literature (23). Nair et al. found a reported prevalence of pruritus in 99% of 102 adults and a nocturnal aggravation in nearly 80% of the patients leading to sleep disturbances in a prospective, observational cross-sectional study conducted at a tertiary center (24). Similar data regarding the manifestation of itch was reported from a cohort of 323 pediatric patients (25). Here, the overall itch prevalence accounted for 94.5% with a range from 90.3–96.9%. Interestingly, the authors showed that the sensation of itch increases with the age of the pediatric patients characterized in the cohort (25). Itch, however, is more difficult to assess in infant patients and is often displayed as discomfort, crying and an increased irritability what might explain the aforementioned observation.

Comparing classical scabies with scabies crustosa/norvegica, differences in pruritus have been reported, indicating that the itch intensity is lower in patients with crusted scabies. However, still most of the patients with crusted scabies had pruritus to some extend (10, 11). Interestingly, in the crusted scabies cohort characterized by Roberts et al. more than half of the patients bared an identifiable immunosuppressive risk. The authors stated that in patients without respective risks, the development of the crusted clinical appearance might result from an increased tendency to mount a Th2 immune response (10). Furthermore, crusted scabies is reported to affect predominantly individuals with malnutrition, Down's syndrome, the elderly and patients with deficient cognitive abilities or physical debilities who are unable to appropriately depict and to react to itch by scratching (10, 26, 27).



PATHOPHYSIOLOGY OF ITCH IN SCABIES

Yet, insights into the exact underlying pathomechanisms of itch in scabies remain scant while remarkable progress in understanding itch in principal had been made in the past 20 years (23). The pathophysiology of itch in general includes the direct stimulation of itch-sensory neurons in the skin by epithelial-cell-derived cytokines, that is, IL-33 and thymic stromal lymphopoietin (TSLP) and an indirect stimulation of itch by keratinocyte-derived kalikreins (KLK) like KLK7. Furthermore, the effector cytokines IL-4, IL-9, IL-13, and IL-31 and CXCL10 directly promote itch (28). Regarding the pruritogens IL-4, IL-13, and downstream JAK activation, no studies investigated this in scabies in detail.

However, hypothesis can be derived from the immunologic reaction ongoing in a patient infected with scabies and by using a novel porcine animal model for scabies, thus, deeper insights into the scabies-specific itch can be generated.

The major immune response to the mite infestation includes the innate immune system and the activation of the complement system that, so some extent, can be inhibited by components produced by the mites. Effectors of the immune response include activated mast cells, immunoglobulin E (IgE), eosinophils, and non-histaminergic effectors like PAR2 and IL-31. While in the classical non-crusted scabies, a Th1 mediated immune response plays a predominant role, a Th2 immune response seems to be more important in the pathogenesis of crusted scabies (29).

Albeit immunohistochemical analysis, using a basophil-specific BB1 antibody, revealed numerous basophils infiltrating lesional scabies-infested skin, the pathogenetic significance of this observation remains unclear and requires further investigations (30, 31).

Current hypothesis regarding the pathophysiology of itch in scabies can be subdivided into the direct action of the scabies mite and the immune response toward the mite itself (23).

Mite components can directly lead to an activation of the Toll-like receptor (TLR) pathway with a subsequent activation of TLR 3, 4, and 7 that are expressed on primary sensory neurons (32, 33). Mite feces contain proteases that can lead to an activation of protease-activated receptor 2 (34). The close interaction between the mites and the keratinocytes can lead to the release of protease activating protease-activated prurireceptors (23, 35). Furthermore, mite components that can be recognized as antigens and show a similar structure to antigens of the house dust mite, can induce an IgE-mediated mast cell activation with an aggravation of itch mediated by the degranulation of histamine, tumor necrosis factor (TNF) alpha and tryptase with a subsequent activation of histaminergic H1 and H4 prurireceptors and protease-activated prurireceptors by tryptase (36, 37). The itch sensation can further be enhanced by a release of leukotriens and prostaglandins implicated my macrophages (23).

In the Th1-mediated immune response that is primarily present in classical non-crusted scabies, a release of INF-gamma and interleukin(IL)-2 lead to an activation of cytokine prurireceptors, whereas an up-regulation of the Th2-mediated immune response in crusted scabies elevates eosinophils, IgE-activated mast cells and enhances the activation of cytokine prurireceptors by IL-31 (23, 37). Recently, it was shown that increased IL-31 levels from murine peritoneal macrophages were induced by an overexpression of thymic stromal lymphopoietin and periostin in an experimental mouse model (38). However, the relevance of this non-histaminergic pathway in the scabies itch is yet to be further investigated as compared to the histaminergic pathway.

In the recent years, a porcine model for scabies was established facilitating the investigation of specific scabies-related questions (39–41). Recently, Sanders et al. investigated the potential mechanisms of scabies itch and found that non-histaminergic mediators of pruritus were significantly elevated in the skin of pigs experimentally infested with scabies as well as in human skin as compared to non-infected healthy controls (42). Accordingly, a significant upregulation of TRPV1, TRPA1, and PAR-2 expression in the epidermis and an increase of tryptase+ cells around the dermal-epidermal junction was found in both porcine and human scabies-infected skin. These data suggest that the non-histaminergic mediators might play an important role in scabies itch and might potentially serve as therapeutic targets. Furthermore, the similar results from human and pig skin biopsies indicate that the porcine model might serve as suitable animal model to investigate the scabies-specific itch in future experiments. Slight variances in the data might result from different biopsy sites, different durations of the disease, scratching and general differences between the species (42).



COMPLICATIONS LINKED TO ITCH IN SCABIES

Usually, secondary complications and morbidity of individuals infected with scabies are discussed as a direct consequence of the infestation with scabies. However, it is more accurate to refer to subsequent complications due to massive itch caused by an immune response toward the mites and the direct interaction of complement inhibitors produced by the mites and complement pathways in the skin enabling bacteria to grow more easily. Furthermore, severe itch and subsequent scratching leads to a disruption of the epidermal skin barrier (43) and thus to a skin more susceptible for bacterial skin infections. Due to the ability of the scabies mite to interfere with the human complement system by blocking all three complement initiation pathways and leading to decreased neutrophil functions, staphylococcal and streptococcal growth is promoted (44–50). A study performed using the porcine animal model provided evidence that the skin microbiome is changed due to the scabies infestation enabling the growth of opportunistic pathogens (51). In literature, impetigo is described as the most frequent complication of scabies-related itch. It commonly affects children and individuals living under crowded conditions in tropical regions (4, 52, 53). Excoriated deep skin lesions harboring bacteria, most frequently Staphylococcus aureus and group A Streprococcus (AGU), can further lead to a hematogenic dissemination with subsequent complications involving other organs. Interestingly, scratching lesions appear more frequently in patients infested with scabies as compared to other itching dermatosis i.e. eczema, psoriasis and uritcaria (19). The bacterial superinfection can lead to local infections (i.e., erysipelas, cellulitis, abscesses, staphyloderma) with/or without systemic affection and in the worst case to a sepsis. Post-streptococcal complications can affect the kidneys (glomerulonephritis), the heart (rheumatic heart disease) and the joints (acute rheumatic fever) and pose a high burden on respective patients and the healthcare system (54–57). Patients infected with scabies, thus, suffer from an impaired life quality that is directly linked to the severity of itch.



CONCLUSION

Scabies is a common and neglected skin infestation characterized by severe itch and a heterogenous clinical picture. Itch in scabies can be caused by direct mite actions and by a resulting immune response toward the mites. Recent data from the porcine animal model hint toward an important role of non-histaminergic itch mediators, that is, TRPV1, TRPA1, PAR-2, and tryptase+ cells. The exact pathomechanism of scabies-specific itch remains yet to be further investigated.
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The high incidence of patients with chronic itch highlights the importance of fundamental research. Recent advances in the interface of gut microbiota have shed new light into exploring this phenomenon. However, it is unknown whether gut microbiota plays a role in chronic itch in rodents with or without cognitive dysfunction. In this study, the role of gut microbiota in diphenylcyclopropenone (DCP)-evoked chronic itch was investigated in mice and hierarchical cluster analysis of novel object recognition test (ORT) results were used to classify DCP-evoked itch model in mice with or without cognitive dysfunction (CD)-like phenotype and 16S ribosomal RNA (rRNA) gene sequencing was used to compare gut bacterial composition between CD (Susceptible) and Non-CD phenotypes (Unsusceptible) in chronic itch mice. Results showed that the microbiota composition was significantly altered by DCP-evoked chronic itch and chronic itch induced novel object recognition-related CD. However, abnormal gut microbiota composition induced by chronic itch may not be correlated with novel object recognition-related CD.
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INTRODUCTION

Everyone has experienced symptoms of pain and itching stress. According to present studies, pain and itching share close associations in sensory perceptions and neural pathways (1–3). Similar to pain, itching is classified into two forms. Acute itching is easily reduced by scratching or anti-allergic drugs whereas chronic repetitive itching remains a challenge to clinic cure (4–7). It has been reported that the itch-scratch cycle plays an important role in the maintenance of the chronic itch (8–11). Furthermore, the itch-scratch cycle is centered around three key points of itch neurobiology and skin immunology (12): the epithelial barrier, the peripheral nervous system and the immune system dysfunction (13, 14). While well-known clinically, its mechanisms have historically lacked in-depth understanding, possibly due to the complexity of the chronic itch.

Several studies have reported that gut microbiota and their dependent metabolites are associated with the development of chronic diseases (15, 16). Cani et al. (17) demonstrated that changes in gut microbiota control metabolic endotoxemia-induced inflammation in high-fat diet-induced obesity and diabetes in mice. Ke et al. (18) observed a change in gut flora-dependent metabolite Trimethylamine-N-oxide (TMAO) during the aging process and the effects of TMAO on chronic cardiovascular diseases, and reported that TMAO accelerated endothelial cell senescence and vascular aging and increased oxidative stress through the activation of the p53/p21/Rb pathway. Thus, we speculate that gut microbiota may affect the development of chronic itch.

Increasing evidence has further demonstrated an important association between gut flora-derived metabolites and the maintenance of cognitive function impairment (19–23). Findings of Yu et al. (20) showed that abnormal gut microbiota composition contributed to the onset of diabetes-induced cognitive dysfunction, suggesting that improving gut microbiota composition may be a potential therapeutic strategy for diabetes and related comorbidities. Yang et al. (21) used hierarchical cluster analysis of sucrose preference test to classify the spared nerve injury (SNI) model rats with or without anhedonia-like phenotype and found that gut microbiota plays a key role in pain as well as depression-like phenotypes including anhedonia in rodents with neuropathic pain. Nevertheless, whether chronic itch-related cognitive function dysfunction is implicated in gut microbiota remains unclear.

In this study, we first investigated the role of gut microbiota in diphenylcyclopropenone (DCP)-evoked chronic itch in mice. Next, we used hierarchical cluster analysis of novel object recognition test (ORT) results to classify the chronic itch in mice with or without cognitive dysfunction (CD)-like phenotype and 16S ribosomal RNA (rRNA) gene sequencing was used to compare gut bacterial composition between CD (Susceptible) and Non-CD phenotypes (Unsusceptible) in chronic itch mice. Furthermore, we examined the effects of fecal bacteria transplantation from chronic itch-induced CD and Non-CD phenotypes on novel object recognition and scratching behaviors of host pseudo-germ-free mice.



MATERIALS AND METHODS


Animals

Male C57/BL6 mice aged 8–10 weeks were supplied by the Experimental Animal Research Center of Hubei Province (Hubei, China). All animals were adapted to their environment 7 days before the experiment. Animals were humanely treated according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals (revised 2011) and the Guide for the Care and Use of Laboratory Animals (National Academic Press, USA; revised 2011). Animals were housed in a temperature-controlled holding room (22 ± 1°C) on a 12-h light/dark cycle and given food and water ad libitum. Experimental protocols were approved by the Institutional Animal Care and Use Committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China (IRB ID:TJ-A0803).



Experimental Design

Experiment A: Mice were randomly assigned to two groups: (1) control group (n = 6); (2) DCP group (n = 14). Pruritic behaviors were video-recorded and 16S rRNA sequencing was used to analyze the change of gut microbiota.

Experiment B: After hierarchical cluster analysis of novel object recognition test was used, mice were divided into the control group (control, n = 6), DCP-CD phenotypes (Susceptible, n = 6) and DCP-Non-CD phenotypes (Unsusceptible, n = 8). Pruritic behaviors were measured and fecal samples were collected for 16S rRNA gene sequencing.

Experiment C: Mice were assigned to one of four groups: (1) control group (n = 6), mice were given food and water ad libitum; (2) PBS group (n = 5); (3) Susceptible group (n = 7); (4) Unsusceptible group (n = 7). PBS (PBS group), fecal suspension of DCP-CD (susceptible group) and DCP-Non-CD (unsusceptible group) were transplanted into pseudo-germ-free mice intragastrically for 14 consecutive days. A novel object recognition test was performed.



DCP-Evoked Chronic Itch

Mice were shaved on the back of the neck and divided into the DCP group (n = 14) and control group (n = 6). 0.1 ml 1% DCP (Shanghai Aladdin Biochem Technology Co., Ltd.) dissolved in acetone was painted on the neck skin of mice in the DCP group on day 1 and day 7 under conventional conditions. The neck skin of mice in the control group was painted with 0.1 ml acetone (24). Scratching behaviors were video-recorded on the day before the DCP treatment and day 9 following DCP application.



Scratching Behaviors in Mice

Mice were habituated in a plastic chamber (9 × 9 × 13 cm) for 15 min before the experiment. The scratching behaviors were video-recorded through a transparent glass under the plastic chamber in the absence of any observer for 30 min. According to our previous research (5, 6, 9, 25, 26), a scratching bout is defined as lifting a hind paw toward the shaved region and returning the hind paw back to the floor or mouth for licking (27). Analyses of the videotapes were carried out in a blinded manner.



Novel Object Recognition Test

In an open field, two identical objects were placed at two corners 6 cm from each border as previously described (28–30). During the first stage, the animal was allowed free exploration for 5 min and the exploration time around each object was recorded. The next day, the experiment was the same as before except that one of the two objects was replaced by a novel object same in size but different in appearance. The exploration time around the novel object was recorded. The apparatus was wiped with 75% ethanol to eliminate odor after each experiment.



Feces Sample Collection

Mice were placed in a clean cage with sterile paper on the bottom. The feces were immediately collected in a sterilized centrifuge tube after mice defecated. Fecal samples were stored in −80°C freezer till 16S rRNA gene sequencing analysis. 1 g fecal samples obtained from DCP-CD or DCP-Non-CD mice were diluted in 10 mL aseptic PBS to prepare for fecal transplantation.



16S rRNA Gene Sequencing for Fecal Sampling

Based on a previous report (20, 21, 31–33), 16S rRNA gene sequencing was used to perform bioinformatics analysis. Detailed methods are provided in Supplementary Information.



Pseudo-Germ-Free Mice Modeling and Fecal Transplantation

The pseudo-germ-free mice modeling was prepared as previously reported (20, 21, 34). Briefly, C57BL/6 mice drunk special water containing broad-spectrum antibiotics (ampicillin 1 g/L, neomycin sulfate 1 g/L, metronidazole 1 g/L, Sigma-Aldrich Co. Ltd, USA) ad libitum for 14 consecutive days. The drinking solutions were renewed every 2 days.

The fecal material was suspended and each recipient pseudo-germ-free mouse was intragastrically infused with 0.2 mL suspension for 14 consecutive days.



Statistical Analysis

All quantification data are expressed as means ± SEM, and error bars represent SEM. Statistical analyzes were performed using SPSS software version 17.0 (SPSS Inc., Armonk, New York, USA) and GraphPad Prism software (GraphPad Software, Inc.). Z scores were standardized in Hierarchical cluster analysis. Then, by using the Ward method and Euclidean distance square as distance measurement, ORT results were Hierarchically clustered, and mice were divided into two groups: DCP-CD (susceptible) and DCP-Non-CD (unsusceptible) mice. Behavioral tests were analyzed by one-way or two-way analysis of variance (ANOVA), followed by post hoc Bonferroni's test. P < 0.05 was considered to indicate a statistically significant difference.




RESULTS


DCP-Evoked Scratching Behaviors in Mice

Mice assigned to the DCP group showed a greater number of spontaneous scratching bouts (SSBs) compared to the control group within 30 min of observation. As depicted in Figure 1A, the number of SSBs in the DCP-treated mice (SSB = 85.77 ± 15.56, n = 14) showed a significant distinction between the acetone-treated mice at day 10 (SSB = 3.33 ± 0.42, n = 6, P < 0.0001). Figures 1C,E shows the H&E staining of the skin in the control group and the DCP group. The skin of the control group was smooth and soft while the skin of mice in the DCP group (Figure 1D) was rough and sclerotic, accompanied by scratches and scabs. Compared with the control group (Figure 1B), there was significant epidermal hyperplasia in the DCP group.


[image: Figure 1]
FIGURE 1. Scratching behaviors and Hematoxylin and eosin (H&E) staining of the neck skin in the control and DCP group. 0.1 ml 1% DCP dissolved in acetone or acetone was painted on the neck skin of the mice on day 1 and day 7 under conventional conditions. Scratching behaviors (A) were observed on day 9. Each value represents the mean ± SEM (n = 6–14 mice per group). H&E-stained sections from the neck skins treated with (B,C) acetone, (D,E) DCP. (B) A representative image of the neck skin from an acetone treated mouse. The skin was smooth and soft. (D) A representative image of the DCP application site from the DCP group. The skin manifested as rough and sclerotic, accompanied by scratches and scabs. ****P < 0.0001 vs. the mice treated with acetone. DCP, diphenylcyclopropenone.




Comparisons of Differential Profiles in Gut Microbiota Among Control, Susceptible and Unsusceptible Mice

We used 16S rRNA gene sequencing to compare differential profiles of gut microbiota in the two groups. A large number of gut bacteria were altered in three groups (Figure 2A). DCP mice showed a significant decrease in α-diversity value compared with control mice (Figures 2B–D). As depicted in the three-dimensional PCoA picture (Figure 2E), the dots of the DCP group were far apart from the control group. Figure 2F displays the circular tree data, which suggests that the composition of gut microbiota was pretty distinct between the two groups.


[image: Figure 2]
FIGURE 2. Differential profiles of the gut microbiota among control (acetone), DCP-CD (Susceptible) and DCP-Non-CD (Unsusceptible) mice. (A) Heat map of differential levels of bacteria among three groups. (B) Chao 1 index between control and susceptible mice (t-test, P < 0.0001). (C) Simpson index between control and susceptible mice (t-test, P < 0.01). (D) Shannon index (t-test, P < 0.05). (E) Chao 1 index. (F) Simpson index. PCoA, principal coordinates analysis. *P < 0.05, ***P < 0.0001.




Alterations in the Gut Microbiota Composition Between the DCP and Control Mice

The results of 16S rRNA gene sequencing demonstrate that the alterations of the gut microbiota composition between the DCP and control mice were distinct (Figures 3E–H and Supplementary Figures 1–3). The analysis depicts that 52 bacteria differed between the fecal samples of the DCP and control mice. The relative abundance of 48 bacteria at six phylogenetic levels (phylum, class, order, etc.) was significantly decreased in the DCP mice compared with control mice. On the contrary, the relative abundance of 4 bacteria at genus, phylum and species level increased in the DCP mice compared with control mice. The heat maps of the gut microbiota composition at 6 phylogenetic levels (phylum, class, order, family, genus, and species) outlined specific differences between the control and DCP groups (Supplementary Figures 4, 5).


[image: Figure 3]
FIGURE 3. Differences of relative abundance in the gut microbiota among control (acetone), DCP-CD (Susceptible) and DCP-Non-CD (Unsusceptible) mice. (A) Timeline of the chronic itch model and behavior tests. Administration of DCP started on day 1 and day 7 after acclimation. Scratching behavior was recorded on day 9. Object recognition test was performed on day 10. Feces was collected on day 11. (B) Dendrogram of hierarchical clustering analysis. 14 DCP mice were divided into cognitive dysfunction susceptible and unsusceptible groups by ORT results of hierarchical clustering analysis. (C) The schematic presentation for the protocol of novel-object recognition test. (D) ORT recognition index [F(2, 16) = 29.30, P < 0.0001]. (E) Family-Clostridiaceae_1 between control and susceptible mice. (F) Order-Bacillales. (G) Phylum-Acidobacteria. (H) Species-gut_metagenome. N.S., not significant; DCP, diphenylcyclopropenone; ORT, Object recognition test. *P < 0.05, **P < 0.001, ****P < 0.0001.




Comparisons of Gut Microbiota Among the Control, DCP-CD and DCP-Non-CD Mice

Timeline of the chronic itch model and behavior tests were showed in Figure 3A. Hierarchical cluster analysis was used to classify the result of the novel object recognition test (Figure 3B). The schematic presentation for the protocol of novel-object recognition test was showed in Figure 3C. There was a significant difference in recognition index between susceptible (DCP-CD) or unsusceptible (DCP-Non-CD) mice (Figure 3D). Based on this result, the DCP mice were divided into either the cognition impairment susceptible (DCP-CD) or unsusceptible (DCP-Non-CD) mice. The Chao1 and Simpson indices indicated no significant difference between DCP-CD (Susceptible) and DCP-NCD (Unsusceptible) mice (Figures 2E,F). Moreover, the unweighted unifrac PCoA analysis showed that the DCP-CD and DCP-Non-CD mice might have similar gut microbiota composition (Figure 2G). A Binary Jaccard circular tree suggested there were similarities between the DCP-CD and DCP-Non-CD mice (Figure 2H).



Effects of Fecal Microbiota Transplantation From DCP-CD or DCP-Non-CD Mice on Short-Term Memory in Pseudo-Germ-Free Mice

Pseudo-germ-free mice were established by adding a large dose of antibiotics into the drinking water for 14 consecutive days. For another consecutive 14 days, fecal microbiotas were transplanted on pseudo-germ-free mice by intragastric administration (Figure 4A). Recognition index between mice receiving transplantation of fecal samples from susceptible or unsusceptible mice showed no significant difference (Figure 4B).


[image: Figure 4]
FIGURE 4. Effects of fecal microbiota transplantation from DCP-CD or DCP-Non-CD mice on cognitive dysfunction in pseudo-germ-free mice. (A) Timeline of the establishment of pseud-germ-free mice and fecal transplantation. Antibiotics were dissolved in drinking water for 14 consecutive days. Fecal transplantation was performed for the other 14 consecutive days. ORT was performed on day 28. (B) ORT recognition index. N.S., not significant; ORT, Object recognition test.





DISCUSSION

This study provides novel insights into the vital role of gut microbiota in the process of chronic itch. Our findings are as follows: (1) There are abnormal compositions of gut microbiota in DCP-evoked chronic itch mice; (2) chronic itch may induce novel object recognition-related CD; (3) There are no differential alterations for abnormal gut microbiota compositions between chronic itch mice with and without CD; (4) Fecal microbiota transplantation from chronic itch mice with or without CD do not induce ORT-related CD in the pseudo-germ-free mice. Chronic itch is a common manifestation of a number of inflammatory skin diseases including contact dermatitis. Clinical studies have reported that DCP, an immunotherapy agent for patients with alopecia areata, induces eczematous skin diseases including contact dermatitis and severe pruritus. Contact dermatitis evoked by DCP has become a model system for studying chronic itch (27, 35). We successfully established DCP-evoked chronic itch model in C57BL/6J mice and found persistent scratching behavior and skin histopathological data. These results are in line with previous reports (9, 36). A vast array of clinical data show that chronic itch can cause the alteration of cognitive schemas (37, 38), for example, more negative memories and expectations with regard to itch. Our behavior evidences in mice strongly support that DCP-induced chronic itch can lead to novel object recognition-related cognitive dysfunction.

It is well-known that the impact of the wide variety of intestinal microbiota on numerous functions of the central nervous system has been increasingly recognized (39, 40). After the spared nerve injury (SNI) model rats were divided into SNI-CD phenotypes (Susceptible) and SNI-Non-CD phenotypes (Unsusceptible), Yang et al. (21) showed that abnormal gut microbiota composition induced by SNI correlated with anhedonia-related CD, suggesting that gut microbiota plays a key role in the neuropathic pain with depression-like phenotypes including anhedonia. Therefore, we speculate that chronic itch-related cognitive dysfunction may be implicated in gut microbiota. The 16S rRNA gene sequencing technology is a unique and powerful tool for revealing the gut microbiota composition and relationships between physiological functions and pathological features to date (41–44). α-diversity is defined as the degree of the species diversity in a biological environment and is mainly concerned with the number of bacteria or species therein (45). The Chao 1, Shannon, and Simpson indices are commonly used to evaluate the α-diversity of microbiota. In the present study, all three indices showed a significant decrease in fecal samples from the DCP mice than from control mice. PcoA demonstrated the differences between individuals or groups. The closer the distance is, the greater the biological repetition is within the same group. The distance of different groups represents their similarity or difference. As depicted in the three-dimensional PCoA picture, the dots of the DCP group were far apart from the control group. Circular tree data also illustrates that the composition of gut microbiota was pretty distinct between the two groups.

In our previous research, using diphenylcyclopropenone (DCP)- and acetone/ether/water (AEW)-induced chronic itch models, we showed that chronic itch did (not DCP or AEW) result in the changes of multiple mediators, such as chemokines in the spinal cord (9). In our other study, we demonstrated that alpha-Me-5-HT- and histamine-evoked acute pruritus induced specific patterns of spinal metabolites assessed by proton nuclear magnetic resonance spectroscopy, not alpha-Me-5-HT or histamine induced specific patterns of spinal metabolites (5). Thereby, we think that the alteration of gut microbiota is due to DCP-induced chronic itch, but not DCP treatment per se (Reviewer's suggestion). We used this method to reveal that 52 bacteria were altered at 6 levels in the DCP group compared to the control mice. At the genus level, uncultured_bacterium, Mycoplasma, Alloprevotella, Rikenellaceae_RC9_gut_group, Anaeroplasma, Muribaculum, Ruminiclostridium_6, Blautia, uncultured_organism, Prevotel-laceae_UCG-001, Ruminococcus_1, Ruminiclostridium_5, Prevotella, Azospirillum_sp._47_25, Dialister were significantly decreased in DCP mice compared with control group. On the contrary, Helicobacter, Roseburia, Anaerotruncus, ASF356, Candidatus_Arthromitus, Erysipelato-clostridium, Clostridium_sensu_stricto_1, GCA-900066225, Negativibacillus, Lactococcs, Ru-minococcaceae_UCG-004, Romboutsia, [Clostridium]_innocuum_group, Prevotella_9, Fusobact-erium were significantly increased in DCP mice. These results suggest that gut microbiota may play an important role in DCP-evoked chronic itch in mice. At the species level, uncultured_bacterium, Lachnospiraceae_bacterium_28-4, gut_metagenome, Lachnospiraceae_bacterium_COE1, Bacteroides_fragilis, Azospirillum_sp._47_25, uncultured_Ali-stipes_sp. were significantly decreased in the DCP mice compared with the control group. In contrast, uncultured_Clostridiales_bacterium, Lactobacillus_murinus, Clostridium_butyricum, Clostri-dium_sp._ND2, Lactococcus_lactis were significantly increased in DCP mice. It seems that abnormal composition of these microbiota may play a role in DCP-evoked chronic itch.

It has been reported that the alterations in the composition of gut microbes may effect cognitive function (46–49). We adopted hierarchical cluster analysis of novel object recognition performance indices to classify the chronic itch model in mice into the DCP-CD (Susceptible) and DCP-Non-CD (Unsusceptible) phenotypes. In the present study, we observed no significant difference in α-diversity (consisting of Shannon and Simpson indices) among the Susceptible and Unsusceptible groups, suggesting little change in bacterial numbers in the two groups. In addition, the separation of groups according to β-diversity (PCoA) indicates that the microbiota composition was not significantly altered by the novel object recognition-related CD. These results are consistent with our findings that gut bacteria were not significantly different in the fecal samples between Control, Susceptible and Unsusceptible groups using 16S rRNA gene sequencing (Supplementary Figure 6). We, therefore, propose that gut bacteria might be not correlated with novel object recognition-related CD in the chronic itch mice.

Using large doses of antibiotics to establish pseudo-germ-free mice has become a common approach of fecal microbiota transplant studies (50, 51). In the present study, we observed that fecal microbiota transplant from DCP-CD (Susceptible) and DCP-Non-CD (Unsusceptible) mice did not induce novel object recognition-related CD, supporting the notion that regulating gut microbiota composition cannot improve chronic itch-induced CD.

In conclusion, these findings suggest that the microbiota composition was significantly altered by DCP-evoked chronic itch and that chronic itch may induce novel object recognition-related CD. However, abnormal gut microbiota composition induced by chronic itch may not be correlated with novel object recognition-related CD.
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Supplementary Information. 16S rRNA analysis of fecal samples: The 16S rRNA analysis of fecal samples was performed at OEbiotech Co. Ltd. (Shanghai, China). DNA extraction was performed using DNA Extraction Kit following the manufacturer's instructions. V3-V4 (or V4-V5) variable regions of 16S rRNA genes were amplified with universal primers 343 F and 798 R. PCR products were then purified for further sequencing. Clean reads were subjected to primer sequences removal and clustering to generate operational taxonomic units (OTUs) using Vsearch software with 97% similarity cutoff (27). All representative reads were annotated and blasted against Silva database Version 123 (or Greengens) using RDP classifier (confidence threshold was 70%) (32). All representative reads were annotated and blasted against Unite database (ITSs rDNA) using blast (33).

Supplementary Figure 1. Differences in the relative abundance of various gut microbes between control and DCP mice. (A) Cla2ss-Mollicutes (t-test. P = 0.0117). (B) Class-Alphaproteobacteria (t-test, P = 0.0109). (C) Class-Other (t-test. P = 0.0297). (D) Class-Fus-obacteriia (t-test. P = 0.0029). (E) Class-Negativicutes (t-test, P = 0.0401). (F) Class-Melainabacteria (t-test, P = 0.0051). (G) Class-Thermoanaerobaculia (t-test, P = 0.0089). (H) Class-Gemmatimona-detes (t-test, P = 0.0139). (I) Family-Prevotellaceae (t-test, P = 0.0244). (J) Family-Prevotellaceae (t-test, P = 0.0064). (K) Family-Other (t-test, P < 0.0001). (L) Family-Flavobacteriaceae (t-test, P = 0.0031). (M) Family-Fusobacteriaceae (t-test, P = 0.0017). (N) Family-Staphylococcaceae (t-test, P = 0.0011). (O) Genus-Mycoplasma (t-test, P = 0.0061). (P) Genus-Alloprevotella (t-test, P = 0.0326). (Q) Genus-Roseburia (t-test, P = 0.0021). (R) Genus-Anaerotruncus (t-test, P = 0.0086). (S) Genus-Riken-ellaceae_RC9_gut_group (t-test, P < 0.0001). (T) Genus-ASF356 (t-test, P = 0.0341).

Supplementary Figure 2. Differences in the relative abundance of various gut microbes between control and DCP mice. (A) Genus-Anaeroplasma (t-test, P = 0.0304). (B) Genus-Ruminiclostridium_6 (t-test, P = 0.0002). (C) Genus-Blautia (t-test, P = 0.0256). (D) Genus-uncultured_organism (t-test, P = 0.0198). (E) Genus-Prevotellaceae_UCG-001 (t-test, P = 0.0209). (F) Genus-Ruminococcus_1 (t-test, P < 0.0001). (G) Genus-GCA-900066225 (t-test, P = 0.0213). (H) Genus-Negativibacillus (t-test, P = 0.0342). (I) Genus-Ruminiclostridium_5 (t-test, P = 0.0425). (J) Genus-Ruminococcaceae_UCG-004 (t-test, P = 0.0478). (K) Genus-Lactococcus (t-test, P < 0.0001). (L) Genus-Prevotella (t-test, P = 0.0006). (M) Genus-Romboutsia (t-test, P = 0.0301). (N) Genus-[Clostridium]_innocuum_group (t-test, P = 0.0158). (O) Genus-Prevotella_9 (t-test, P = 0.0219). (P) Genus-Azospirillum_sp._47_25 (t-test, P = 0.0034). (Q) Genus-Dialister (t-test, P = 0.0401). (R) Genus-Fusobacterium (t-test, P = 0.0017). (S) Order-Anaeroplasmatales (t-test, P = 0.0304). (T) Order-Rhodospirillales (t-test, P = 0.0124).

Supplementary Figure 3. Differences in the relative abundance of various gut microbes between control and DCP mice. (A) Order-Other (t-test, P = 0.0076). (B) Order-Fusobacteriales (t-test, P = 0.0029). (C) Order-Gastranaerophilales (t-test, P = 0.0051). (D) Order-Thermoanaerobaculales (t-test, P = 0.0089). (E) Order-Bacillales (t-test, P = 0.0027). (F) Phylum-Tenericutes (t-test, P = 0.0117). (G) Phylum-Other (P = 0.0142). (H) Phylum-Fusobacteria (t-test, P = 0.0029). (I) Phylum-Cyanobacteria (t-test, P = 0.0051). (J) Phylum-Acidobacteria (t-test, P = 0.0109). (K) Phylum-Gemmatimonadetes (t-test, P = 0.0139). (L) Species-uncultured_Clostridiales_bacterium (t-test, P = 0.0227). (M) Species-Lachnospiraceae_bacterium_28-4 (t-test, P = 0.0092). (N) Species-Lachnospiraceae_bacterium_COE1 (t-test, P = 0.0022). (O) Species-Bacteroides_fragilis (t-test, P = 0.0272). (P) Species-Clostridium_butyricum (t-test, P = 0.0018). (Q) Species-Clostridium_sp._ND2 (t-test, P = 0.0141). (R) Species-Azospirillum_sp._47_25 (t-test, P = 0.0034). (S) Species-uncultured_Alistipes_sp (t-test, P = 0.0009). (T) Species-Lac-tococcus_lactis (t-test, P = 0.0393).

Supplementary Figure 4. Heatmaps of gut microbiota composition at class, family, and genus levels for control and DCP mice. (A) Heatmap (class level). (B) Heatmap (family level). (C) Heatmap (genus level).

Supplementary Figure 5. Heatmaps of gut microbiota composition at order, phylum, and species levels for control and DCP mice. (A) Heatmap (order level). (B) Heatmap (phylum level). (C) Heatmap (species level).

Supplementary Figure 6. Differences in relative abundance of gut microbiota at various phylogenetic levels among control (acetone), DCP-CD (Susceptible) and DCP-Non-CD (Unsusceptible) mice. (A) Class-Bacteroidia (one-way ANOVA, F(2, 17) = 7.894, P = 0.0038). (B) Class-Fusobacteriia (one-way ANOVA, F(2, 17) = 8.708, P = 0.0025). (C) Family-Muribaculaceae (one-way ANOVA, F(2, 17) = 9.514, P = 0.0017). (D) Family-Prevotellaceae (one-way ANOVA, F(2, 17) = 4.296, P = 0.0309). (E) Family-Rikenellaceae (one-way ANOVA, F(2, 17) = 5.805, P = 0.0120). (F) Family-Clostridiaceae_1 (one-way ANOVA, F(2, 17) = 4.723, P = 0.0234). (G) Genus-Blautia (one-way ANOVA, F(2, 17) = 5.117, P = 0.0182). (H) Genus-uncultured_organism (one-way ANOVA, F(2, 17) = 5.396, P = 0.0153). (I) Genus-uncultured_organism (one-way ANOVA, F(2, 17) = 4.168, P = 0.0336). (J) Genus-Clostridium_sensu_stricto_1 (one-way ANOVA, F(2, 17) = 4.168, P = 0.0336). (K) Genus-Prevotella (one-way ANOVA, F(2, 17) = 14.52, P = 0.0002). (L) Genus-Az-ospirillum_sp._47_25 (one-way ANOVA, F(2, 17) = 4.208, P = 0.0328). (M) Order-Bacteroidales (one-way ANOVA, F(2, 17) = 7.623, P = 0.0043). (N) Order-Flavobacteriales (one-way ANOVA, F(2, 17) = 8.464, P = 0.0028). (O) Order-Fusobacteriales (one-way ANOVA, F(2, 17) = 8.708, P = 0.0025). (P) Phylum-B-acteroidetes (one-way ANOVA, F(2, 17) = 7.894, P = 0.0038). (Q) Phylum-Bacteroidetes (one-way A-NOVA, F(2, 17) = 4.180, P = 0.0334). (R) Phylum-Fusobacteria (one-way ANOVA, F(2, 17) = 8.708, P = 0.0025). (S) Species-Lactobacillus_murinus (one-way ANOVA, F(2, 17) = 4.184, P = 0.0333). (T) Species-gut_metagenome (one-way ANOVA, F(2, 17) = 8.906, P = 0.0023).
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Background: Pruritus is a frequent adverse event during the use of immune checkpoint inhibitors (ICIs), with a frequency estimated to be between 11 and 47%. The underlying causes remain poorly understood.

Objectives: The main goal was to search for putative causes of pruritus occurring in patients treated with ICIs for melanomas and cutaneous carcinomas. Other objectives were to assess the association between the occurrence of pruritus and survival and between the occurrence of pruritus and other adverse events.

Methods: A monocentric retrospective descriptive study was performed using data for patients treated with ICIs (nivolumab, pembrolizumab, ipilimumab, and cemiplimab) between August 2010 and November 2019.

Results: A total of 181 patients were included (mean age: 69 years). Pruritus was reported by 25 patients (13.8%). We were able to determine three subgroups of pruritus causes under ICI use: pruritus directly related to immunotherapy, pruritus indirectly related through other pruritus-inducing side effects and pruritus unrelated to ICIs. In 6/25 patients, no more specific cause of pruritus was found at the onset of pruritus or in their backgrounds, other than ICI use.

Limitations: The study has some limitations due to unicentric and retrospective design.

Conclusion: Pruritus was found in 25/181 patients in this series; only in 6/25 patients no potential cause other than ICI could be found, and pruritus was not associated with differences in survival.

Keywords: prurit, itch, survival, melanoma, squamous cell carcinoma, immune checkpoint inhibitors


INTRODUCTION

Immune checkpoint inhibitors (ICIs) are commonly used in the therapeutic arsenal of metastatic melanoma, Merkel cell carcinoma and cutaneous squamous cell carcinoma due to their inhibitory effects on cytotoxic T-lymphocyte-associated protein 4 (anti-CTLA4) or anti-programmed death-1 (anti-PD1). Ipilimumab (anti-CTLA4), pembrolizumab and nivolumab (PD1 inhibitors) are the available ICIs used in melanoma for ipilimumab since 2014, for pembrolizumab and nivolumab since 2015. Advanced cutaneous squamous cell carcinoma has also been treated with ICIs since 2018, including cemiplimab (anti-PD1) (1–4). These treatments can induce numerous cutaneous and non-cutaneous adverse effects that are mainly due to their immunological effects (5–9). The most frequent adverse events are dysthyroidism, autoimmune hepatitis, colitis, and skin disorders (10–13). Among those, pruritus is frequently reported as a side effect of these treatments (14, 15), with an estimated incidence between 11 and 47% (16, 17). Pruritus can deeply affect the patient's quality of life and may lead to treatment discontinuation. However, ICI-related pruritus has been poorly studied to date and is not well-understood. In the literature, data on the presence and characteristics of pruritus in patients treated with ICIs have been provided, but without analyzing the causes of the pruritus (18). Indeed, it is not known whether the occurrence of pruritus is related to direct or indirect effects of ICIs. Moreover, some authors report a correlation between the occurrence of some cutaneous adverse events (but not pruritus) while taking ICIs and survival (19–23). The principal aim of our study was to analyse the putative causes of pruritus occurring without any skin lesions in patients treated with ICIs for melanomas and cutaneous carcinomas. Other objectives were to assess the association between the occurrence of pruritus and survival and between other adverse events and pruritus.



METHODS

A monocentric, retrospective and descriptive study was performed on patients treated with ICIs (nivolumab, pembrolizumab, ipilimumab, or cemiplimab) in the Department of Dermatology of the University Hospital of Brest and in the associated Department in the Hospital of Landerneau. The study was approved by the ethics committee of Brest (B2019CE.19) and was registered at clinicaltrials.gov (NCT04365244).

The inclusion criteria were as follows: age 18 years and older, treated with ICIs (nivolumab, pembrolizumab, ipilimumab, and cemiplimab) for melanoma, squamous cell carcinoma or Merkel cell carcinoma and not having formulated any opposition. The exclusion criteria were as follows: age under 18 years, adults not legally competent, presence of pruritus at inclusion, and participation refusal.

After assessing the inclusion and non-inclusion criteria, an information letter with a non-opposition form was sent to the patients. The information collected from clinical records included demographic data, history of the cancer and treatment, date of onset of pruritus and localization, pruritus characteristics, treatments, putative etiologies of pruritus, date and type of other adverse events, date of treatment discontinuation, date of illness progression, date of death, and date of loss to follow up.

The main objective was to determine the putative causes of pruritus.

The secondary objectives were to determine the presence of other side effects, to analyse survival according to the presence of pruritus and to determine whether the occurrence of pruritus is linked to other adverse events.

We conducted a descriptive analysis of the data. Quantitative data are described by their size, mean, standard deviation, median, extreme values (minimum and maximum), and number of missing data. Qualitative data are described by their distributions in terms of numbers and percentages and the number of missing data. We used Excel for descriptive analyses.

Overall survival (OS) was analyzed using a multivariable Cox model with a time-dependent covariate to examine the association between pruritus onset and survival. Pruritus onset was considered a dichotomous (present/absent) time-dependent covariate without transition back from a state of present to a state of absent. Pruritus exposure also declined according to its origin: immunotherapy-induced or systemic, leading to two dichotomous time-dependent covariates without transition back from a state of present to a state of absent. Hazard ratios (HRs) were calculated with their 95% confidence intervals (95% CIs) using the PHREG procedure (SAS software, version 9.4).



RESULTS


Characteristics of the Population

One hundred and eighty-one patients were included (175 melanoma and six squamous cell carcinoma cases). Demographic data are presented in Table 1. In spite of our small numbers of patients when we compared patients without any pruritus to those who experienced pruritus and found significant differences in patient characteristics with regard to vitiligo and dysthyroidism (Table 1).


Table 1. Characteristics of patients and tumors.
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Pembrolizumab (44.7%), nivolumab (35.9%), ipilimumab (17.1%), and cemiplimab (2.3%) were prescribed as first-line treatments. The average number of infusions was 13.6; the median was 7, and the extreme values were 1–86 infusions. Thirty-six patients (19.8%) received a second line of ICIs: ipilimumab for 19, nivolumab for 10, pembrolizumab for 7, and cemiplimab for 1. The average number of second-line infusions was 5.1, with a median of 4 and extreme values of 1–36. Only six patients were treated with third-line ICIs.

Eighty-one patients (44.7%) received treatment prior to treatment with immunotherapy, including radiotherapy (38.3% of patients), chemotherapy (33.3%), targeted therapy (27.2%), and interferon alpha (18.5%). Other therapies were previously used in eight patients: cetuximab in 3, ipilimumab in 1, imiquimod in 1, masitinib in 1, and nilotinib in 1. One patient was under a research protocol and received either nivolumab or ipilimumab.



ICIs Associated With Pruritus

After the introduction of ICIs, pruritus not related to any skin disease was reported by 25 patients (13.8%); there were cases of 23 melanoma and two of squamous cell carcinoma. According to data presented in Table 2, pruritus occurred in 15 patients (60.0%) treated with pembrolizumab (in one of them, as a 2nd-line treatment after ipilimumab), in six patients (24.0%) treated with nivolumab, in two patients (8.0%) treated with ipilimumab (in one of them, as a 2nd-line treatment after pembrolizumab) and in two patients (8.0%) treated with cemiplimab. The average number of infusions was 25.4, the median was 21, and the extreme values were 3–81 infusions. Pruritus appeared after a mean of 8.1 months after ICIs were prescribed (median 6 months, range 0–25, 7.5 of standard deviation). On average, pruritus appeared after 12.2 infusions (median 6 and range 1–48).


Table 2. Treatment at the onset of pruritus.
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Characteristics and Evolution of Pruritus

Among the 25 patients, pruritus was localized in 13 (52.0%) and was diffuse in the others. When localized, the involved areas were the trunk (nine cases, 36.0%), the upper limbs (seven cases, 28.0%), the lower limbs (six cases, 24.0%) and the neck (one case, 4.0%) (some patients had pruritus in several areas). No data on localization in seven patients were provided.

The treatment prescribed for pruritus was available in 14 cases: emollients for seven patients, antihistamines for seven patients and topical steroids for four patients. Twenty-two patients (88.0%) experienced regression of pruritus, among whom four experienced regression after treatment interruption and one experienced regression in a mean time of 79.4 days (from 10 to 280 days).



Pruritus and Other Adverse Events

Patients presented with a large variety of adverse events.

Skin disease was described in 39 (21.5%) cases: vitiligo (20 patients, 11.0%), eczema (16 patients, 8.8%), maculopapular exanthema (eight patients, 4.4%), psoriasis (six patients, 3.3%), lichen (five patients, 2.7%), folliculitis (two patients, 1.1%), and urticaria (one patient, 0.5%). For patients with pruritus we found the following associated skin adverse events (Table 3): vitiligo (six patients, 24%), eczema (four patients, 16%), 0 maculopapular exanthema, psoriasis (one patient, 4.0%), lichen (one patient, 4.0%), folliculitis (one patient, 0.4%), and urticaria (one patient, 4.0%). We find a significant difference in the occurrence of vitiligo when comparing the two groups. The extra-cutaneous side effects observed are reported in Table 4.


Table 3. Cutaneous adverse events.
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Table 4. Extra-cutaneous adverse events.
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Among these adverse events are those known to be pruritus inducers. Among the 25 patients who developed pruritus under immunotherapy, many were diagnosed with putative causes of pruritus (Table 4). In spite of our small numbers of patients we found, for immuno-induced effects, statistically significant differences for renal failure and hypereosinophilia.

In 6/25 patients, no more specific cause of pruritus was found at the onset of pruritus or in their backgrounds, other than ICI use. In 19/25 patients, other putative causes of pruritus were found. ICI-related adverse events that are known to be putative causes of pruritus were diagnosed before the onset of pruritus or concomitantly with the onset of pruritus: four cases of xerosis, two cases of chronic renal failure [one grade I and one grade II of the CTCAEv4 (Common Terminology Criteria for Adverse Events) classification], three cases of dysthyroidism, and two cases of cholestasis (two grade III of the CTCAEv4 classification) but no diabetes. For 10 cases, drugs (other than ICIs) that could also induce pruritus were noted. For drug causes we have selected two classes known to be responsible for pruritus. The two classes selected were antihypertensive, the class of enzyme conversion inhibitors and opiates. Last, five patients had a history of conditions that may induce pruritus: two cases of dysthyroidism, two of depression, one of diabetes, and one of vitiligo. However, these patients did not have pruritus before the introduction of ICIs and developed pruritus only after using these drugs.



Survival Analysis

Tables 5, 6 show the results of survival analyses. Adjustment with the following covariates was performed: sex, presence or absence of cerebral metastases, and presence or absence of hepatic metastases. There was a statistically significant association between the presence of cerebral or hepatic metastases and the occurrence of pruritus. There was a non-significant risk ratio for survival based on the occurrence of pruritus (HR = 0.47, 95%CI: 0.19–1.18, p-value = 0.11). We did not find significant risk ratios in the specific cases of pruritus directly related to ICIs (HR = 0.70, 95% CI: 0.17–2.89 and HR = 0.38, 95% CI: 0.12–1.23, respectively).


Table 5. Survival analysis based on the appearance of pruritus after adjustment with covariates (sex, cerebral, and hepatic metastases).
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Table 6. Survival analysis according to the appearance of different pruritus subtypes after adjustment with covariates (sex, cerebral, and hepatic metastases).
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DISCUSSION

In our population, we found that 13.8% of patients developed pruritus, which corresponds to data in the literature. For example, Sibaud et al. (24) reported an incidence of 13–20%, sometimes more frequent with ipilimumab or in combination, up to 47% (25). A higher frequency of pruritus was previously reported with ipilimumab than anti-PD1. In addition, Sibaud reported a global frequency of 24.5–35.5% with ipilimumab vs. 14–21 and 17–19% with pembrolizumab and nivolumab (24), and Phillips et al. found that the trunk and limbs were more often affected than the neck. Finally, a meta-analysis evaluating the frequency of pruritus reported 26.8% in patients receiving ipilimumab, 22.4% in those receiving nivolumab, and 21.4% in those receiving pembrolizumab. When these treatments were associated, the frequency was more than 40% (26).

The main finding of our study is that causes of pruritus other than ICIs may be detected in the majority of patients. Consequently, there is a need to be cautious before considering that pruritus is a side effect of ICIs and, furthermore, to stop use of ICIs because of its development. Nonetheless, no other putative cause of pruritus was found in a quarter of patients, which is a strong argument for considering that ICIs may be the direct cause of pruritus in these patients. Finally, ICIs might also induce pruritus through side effects, such as dermatological diseases, xerosis, renal failure, cholestasis, and dysthyroidism.

There is no known role of CTLA-4 nor PD-1 in pruritus and the mechanisms of these side effects need to be elucidated.

Pruritus associated with ipilimumab is believed to be a direct result of inhibiting CTLA4 and the resulting enhanced immune system activation in the skin through amplified T cell recognition of self-antigens (14, 18). In a previous study, 14% of patients with stage IV melanoma who received ipilimumab developed pruritic skin eruptions, with CTLA4 blockade believed to be the primary cause in eight of these patients (27). Notably, these patients presented superficial, perivascular CD4+-predominant T cell infiltrates with eosinophils in the dermis upon histological examination. Thus, the same pathways responsible for pruritus may also represent those involved in slowing tumor growth and increasing patient survival (18). Presumably, similar mechanisms should occur for anti-PD1 (28).

In our study, pruritus was not a rapidly occurring adverse event, appearing on average after 8.1 months and 12.2 infusions. According to Phillips, an average of 11 therapy cycles occurred before presentation in patients with pruritus only (17). Wang explained that a delayed onset of cutaneous side effects (more than 3 months) is common and that they can also occur after treatment discontinuation (29). This delay may be consistent with the presumed physiopathology of pruritus in immunotherapy.

The majority of patients experienced a regression of pruritus in our study (88%) but after cessation of treatment in only four. Most studies unfortunately do not detail the exact evolution of pruritus; nonetheless, management and therapeutic care are often described. However, this is not the case in our study because data on the management, in particular the duration of the treatments, were not necessarily available.

In our study, we found adverse events secondary to ICIs other than pruritus. Our findings involve higher numbers than in the study of Baxi, who found, for example, an incidence of 5.6% for hypothyroidism, 2.2% for pneumonitis, 0.7% for colitis, 0.2% for hepatitis, and 0.3% for hypophysitis in a total of 3,803 patients treated with anti-PD1 drugs, with any grade of severity combined (9). Indeed, our data showed 15.5% hypothyroidism, 5.5% colitis, 28.7 and 23.7% for cholestasis and cytolysis, 0.5% pneumonitis, and 2.2% hypophysitis. For cholestasis and cytolysis we took into account any increase from the high standard of ALAT, ASAT, GGT, PAL, and we did not use the CTCAE4 grade because it was not always indicated. Dermatologic IRAEs are the most frequent IRAEs. The safety profile of 10 mg/kg ipilimumab across phase II trials was associated with 47% skin IRAEs vs. 39% gastrointestinal IRAEs, 3% hepatitis, and 4% hypophysitis (10).

Skin toxicities of ICIs are variable: rash, pruritus, lichenoid dermatitis, psoriasis, vitiligo, auto-immune dermatoses, alopecia, and nail involvement, to list only the main ones (24). We also found a variety of cutaneous immune-related adverse events. The most frequent were vitiligo (11%), followed by eczema (8.3%), maculopapular exanthema (4.4%), and lichenoid dermatitis (only 2.7%). Some data in the literature show a higher rate of lichenoid dermatosis compared to our study, e.g., 17% for Boada (8). This difference can be explained by a difficulty sometimes in clinically classifying patients in the absence of histological confirmation. Different authors seem to agree that these toxicities are rarer and less severe with anti-PD1 than with ipilimumab (7).

Several authors report an association between survival and the occurrence of side effects. Eggermont evaluated the association between these factors and survival for patients with stage III melanoma treated with pembrolizumab in a double-blind randomized clinical trial comparing pembrolizumab and placebo. In the pembrolizumab arm, he found a reduction in the risk of recurrence of death after the onset of side effects (19). Chan et al. explained that dermatitis may be a sign of increased immune activation and therefore a better anti-tumor response in relation to lymphocyte infiltration. Patients who had one or more cutaneous reactions (eczema, lichenoid reactions or vitiligo-like depigmentation) were approximately half as likely to experience disease progression than patients who did not develop those IRAEs (23). In a prospective observational study, Hua reported a better tumor response in patients with vitiligo than in patients who did not develop vitiligo while on pembrolizumab (22). This suggests that the onset of vitiligo is an IRAE associated with a clinical benefit. Freeman-Keller rash and vitiligo were associated with a statistically significant overall survival difference for patients with resected and unresectable metastatic melanoma treated with nivolumab (20).

Our survival analysis did not find an association between pruritus and better survival. This might be related to the heterogeneity of tumor characteristics. Moreover, we were not able to demonstrate better survival in the population who developed pruritus without any other detected putative cause of pruritus than ICIs. Our results, although not significant, are consistent with those previously reported for other undesirable skin effects (23).

Our study had some limitations. The main limitation is that it is a monocentric and retrospective study; when files are analyzed retrospectively, data are inevitably missing, or the information is incomplete. Our results warrant further investigation in a prospective study, procuring more information on the characteristics of pruritus (notably on its severity and consequences on quality of life) and the treatment of patients. Skin biopsies could also permit analysis of histological changes in the skin as well as small-fiber neuropathies. Another limitation is the relatively small size of our sample.

In conclusion, our results indicate that pruritus can be a direct side effect of ICIs but may also be an indirect side effect or due to a concomitant disorder or treatment without any relationship to ICIs. Further studies would allow a better understanding of these three pathophysiological pathways. The occurrence of pruritus might be associated with better survival, and studies with larger sample sizes should be able to confirm this trend.
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Pruritus represents one of the most common symptoms in dermatology and general medicine. Chronic pruritus severely impairs the quality of life of affected patients. During the last two decades a number of modulators and mediator of pruritus have been identified. Recently, Interleukin (IL)-31 and its receptor complex attracted significant interest, as clinical phase two studies demonstrated therapeutic efficacy of the neutralizing IL-31 receptor A (IL-31RA) antibody nemolizumab in patients suffering from atopic dermatitis or prurigo nodularis. IL-31 has also been shown to play relevant roles in allergic contact dermatitis, urticaria, mastocytosis, allergic rhinitis and asthma. Here, we summarize the current knowledge of the novel cytokine IL-31 and its receptor regarding cellular origin, regulation, signaling pathways and their involvement in biological processes such as pruritus, neuronal growth, inflammation, barrier dysfunction and tissue remodeling.
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INTRODUCTION

Pruritus represents an important archaic sensation, and its evolutionary role is to sensitize the host to a distinct body site in order to remove invading parasites or plant matter. Chronic pruritus severely impairs the quality of life of affected patients and represents a significant unmet medical need. In 2004, Dillon et al. first demonstrated the involvement of IL-31 signaling in the development of pruritus and atopic dermatitis-like skin lesions (1). Subsequently an emerging body of evidence supported a central role of IL-31 and its receptor in bridging the immune system with neurons, epithelial surfaces and connective tissue. Recently, phase two clinical trials demonstrated therapeutic efficacy of the neutralizing IL-31RA antibody nemolizumab in patients suffering from atopic dermatitis or prurigo nodularis (2, 3). In addition, IL-31 also plays a role in TH2-driven and autoimmune diseases such as contact dermatitis, urticaria, mastocytosis, allergic rhinitis; but also systemic sclerosis, dermatomyositis, and lupus erythematosus (4–12). Here, we summarize the current knowledge on the novel cytokine IL-31 and its receptor regarding cellular origin, regulation, signaling pathways and their involvement in biological processes such as pruritus, neuronal growth, inflammation, barrier dysfunction and tissue remodeling.



INTERLEUKIN-31

IL-31 represents a member of the IL-6 family of cytokines, which share a four-helical structure and the majority signals through receptor complexes containing glycoprotein 130 (gp130). This family consists of nine members including IL-6, IL-11, ciliary neurotrophic factor (CNTF), leukemia inhibitory factor (LIF), oncostatin M (OSM), cardiotrophin 1 (CT-1), cardiotrophin-like cytokine (CLC), IL-27 and IL-31. Members of the IL-6 family are predominantly expressed under proinflammatory conditions and realize pleiotropic functions in immune-related processes (13). The IL31 gene is located on chromosome 12q24.31 (1). Recent studies support the production of IL-31 in a variety of leukocyte subsets including T cells, eosinophils, basophils, mast cells, monocytes and dendritic cells. However, it is widely accepted that effector memory T cells with a TH2 phenotype represent the major source of IL-31 (4, 14–18). Interestingly, findings linking IL-31 expression with patients suffering from Dedicator of cytokinesis protein 8 (DOCK8) deficiency-related hyper IgE syndrome pointed to an important upstream regulation pathway. DOCK8 loss-of-function mutations lead to a combined immunodeficiency with elevated serum levels of IgE, eosinophilia, decreased number of B and T cells as well as severe atopic dermatitis with increased IL-31 expression (19). Subsequent in vitro- as well as in vivo-studies demonstrated that DOCK8 is a negative regulator of the nuclear translocation of Endothelial PAS domain-containing protein 1 (EPAS1). This function is dependent of STK4 (MST1), a serine threonine kinase involved in apoptosis (20, 21). Knockdown of the MST1 gene led to an increased translocation of EPAS1 to the nucleus in alignment with DOCK8 knockout models showing elevated IL-31 expression (21). Consequently, clinical symptoms of patients with STK4 (MST1) mutations leading to deficiency at the protein level are resembling those with DOCK8 deficiency (22). EPAS1 is regulated by IL-4-mediated signal transducer and activator of transcription 6 (STAT6) signaling in CD4+ T cells (23). Jabara et al. reported that DOCK8 is constitutively associated with myeloid differentiation primary response protein (MyD88), an adaptor protein of Toll-like receptors (TLR) (24). Hence it is interesting to speculate whether microbes such as S. aureus may influence IL-31 production through TLR engagement.


Interleukin-31 Receptor

Within the IL-6 family IL-31 is special, since it shares the four helical structure but does not signal through a receptor complex containing gp130. Instead, it binds to a heterodimeric receptor composed of the IL-31RA chain and the oncostatin M receptor (OSMR) β chain. The IL31RA gene is located on chromosome 5q11.2, 24 kb downstream of IL6ST (25, 26). From a phylogenetical view, IL-31RA is paralogous to gp130, although they share only 28% amino acid identity. It has five fibronectin type III (FNIII)-like domains and shares the WSxWS motif and the conserved cysteines with other type I cytokine receptors within the cytokine binding domain [as reviewed in (27)]. Horejs-Hoeck et al. showed that STAT1 is a relevant transcription factor to activate the promoter region of the IL31RA gene following IFN-γ stimulation and this regulation pathway was confirmed in several studies and cell types (28). Cytokine effects are based on their capacity to assemble receptor complexes to bring the associated kinases in spatial proximity for phosphorylation. Therefore, the expression pattern of relevant receptor chains in target cells determines their ability to respond to specific cytokine signals. The OSMRβ chain is considered to be widely expressed (29). Hence the limiting factor for IL-31 signal transduction appears to be the expression of the IL-31RA chain. Recent studies demonstrate that multiple leukocyte subsets, as well as epithelial and stromal cells express IL-31RA in steady state or more importantly under activated conditions (14, 17, 28, 30, 31). At first, the expression of IL-31RA on itch-conducting dorsal root ganglia (DRG) neurons attracted significant attention (4). Non-immune cells such as keratinocytes, fibroblasts and a distinct subset of DRG neurons also express and signal via IL-31RA (18, 31, 32). Binding of IL-31 to the receptor complex leads to phosphorylation of STAT1, STAT3 and STAT5 via the associated Janus kinase (JAK) 1 and JAK2 (33, 34). Besides JAK/STAT signaling the IL-31 receptor complex activates MEK/ERK and PI3K/Akt pathways as well as the JNK pathway (33, 35–37). Negative feedback mechanisms of IL-31RA signaling include suppressor of cytokine signaling (SOCS)1- and SOCS3-dependent inhibition of STAT3 activation (34). Interestingly, OSMR is a shared subunit of the receptor complexes of IL-31 and OSM, although their biological functions differ. While IL-31 is involved in many TH2-driven diseases as mentioned above, OSM plays an important role in hematopoiesis and cancer development (38). It will be of interest to elucidate the distinct roles of IL-31 and OSM. Taken together, the diverse distribution of its receptor enables IL-31 to target the nervous system, immune functions, epithelial surfaces and stromal cells.



Nervous System

Within the cytokine superfamily IL-31 has a unique position, because it bridges the gap between the immune and the peripheral nervous systems (see Figure 1). During recent years, several independent studies confirmed the expression and signaling of IL-31RA and OSMRβ in a subset of murine as well as human DRG neurons (4, 18, 39–41). These findings stimulated further research on IL-31 targeting sensory neurons. Cevikbas et al. demonstrated in murine behavioral studies that IL-31 induces itch but not pain and mediates its effects independent of mast cells by activating the ion channels TRPV1 and TRPA1. In DRG neurons IL-31 induces intracellular Ca2+ mobilization as well as STAT3 and ERK phosphorylation (18). Following the activation of afferent DRG neurons, neurotransmitters such as natriuretic polypeptide b (Nppb) forward the signal further to the dorsal horn of the spinal cord, where the gastrin-releasing peptide receptor (Grpr) system is subsequently activated transmitting the signal further to projection neurons that transport the information to the brain (42–45). Recently, Meng et al. showed that IL-31 stimulation increased Nppb in DRG neurons in vitro and in vivo and induced soluble N-ethylmaleimide-sensitive-factor attachment receptor (SNARE)–dependent brain natriuretic peptide (BNP) release (46). In pharmacological studies, Ma et al. demonstrated that activation of the spinal neuropeptide Y system dampens IL-31-induced scratching behavior through activation of neuropeptide Y2 receptor on DRG neurons (47). Notably, noxious signals activate neuropeptide Y interneurons, and this may explain, how the infliction of pain, e.g., through scratching, heat, cold, etc., may reduce itch perception in atopic dermatitis patients. Next to the initiation of pruritus signals, Feld et al. recently demonstrated that IL-31 also induces a distinct transcriptional program in sensory neurons, leading to nerve elongation and branching both in vitro and in vivo. Hence the increased density of neuronal networks in the skin may help us understand why atopic dermatitis patients experience increased sensitivity to minimal stimuli inducing sustained itch (48).


[image: Figure 1]
FIGURE 1. IL-31 signaling bridges the gap between the immune system, neurons and epithelial surfaces. During T cell activation DOCK8 dissociates from EPAS1 enabling EPAS1 to translocate to the nucleus. Within the nucleus EPAS1 forms a complex with SP1 initiating IL31 transcription. TH2 cells are a major source of IL-31 production. In IL-31RA/OSMRß-expressing sensory neurons IL-31 induces the activation of ion channels (TRPV1, TRPA1) and transmits pruritus signals via BNP to the CNS. Moreover, IL-31 stimulates neuronal growth and the branching of sensory nerves. Furthermore, IL-31 targets immune cells such as mast cells, eosinophils, basophils and monocytes/dendritic cells to induce inflammation. Within the skin, IL-31 impairs keratinocyte differentiation as well as barrier function and in turn activates keratinocytes to produce cytokines, chemokines and pruritus mediators amplifying skin inflammation and itch. Interestingly, IL-31 also interacts with dermal fibroblasts initiating tissue remodeling by inducing collagen production and cytokine as well as chemokine expression. Hence, IL-31 signaling exerts pleiotropic effects beyond pruritus.




Immune Functions

Since the IL-31 receptor heterodimer is expressed on a variety of different leukocyte subsets including monocytes, macrophages, dendritic cells, eosinophils, mast cells and basophils, it is interesting to have a closer look at immune functions that are targeted by IL-31. Recently, Raap et al. demonstrated that basophils upon IL-31 stimulation do not release histamine but secrete large amounts of IL-4 and IL-13 (14). This is of particular importance since IL-4 is a critical factor for the differentiation of T cells into a TH2 phenotype and the source of IL-4 in this dendritic cell-driven process is still debated (49, 50). Thus, IL-31 secretion may serve as an early upstream signal during the development of type 2 skin inflammation. In eosinophils and dendritic cells IL-31 induced a set of proinflammatory cytokines and chemokines including TNF-α, IL-1β, IL-6, CXCL1, CXCL8, CCL2 and CCL5 and CCL22 (16, 51). Through these molecules, IL-31 may recruit neutrophils (CXCL1, CXCL8), dendritic cells (CCL2), TH1 (CCL5) and TH2 (CCL22) cells to sites of inflammation or promote angiogenesis (CXCL1, CXCL8) and tissue remodeling (CCL2, IL-6) (52, 53). On the other hand, cytokines such as TNF-α, IL-1β, and IL-6 may directly affect T cell, B cell and dendritic cell functions as well as activate surrounding stromal or epithelial cells (54). Hence, IL-31 signaling is able to amplify inflammation via different self-reinforcing loops.



Epithelial Surfaces

In 2004, Dillon et al. demonstrated for the first time the expression of IL-31RA and OSMRß in epidermal keratinocytes and IL-31 stimulation resulted in chemokine (CXCL1, CCL1, CCL4, CCL17, CCL19, CCL22, and CCL23) expression (1). Subsequently, a number of studies confirmed IL-31 receptor expression on keratinocytes and showed downstream signaling leading to STAT3 and ERK phosphorylation. Recent findings in 2D and 3D keratinocyte culture systems unravel, that IL-31 stimulation also modulates keratinocyte differentiation and disrupts epithelial barrier function (55–57). Cornelissen et al. demonstrated that IL-31 induced cell cycle arrest in keratinocytes and inhibited proliferation (55). Moreover, IL-31 elicited a differentiation defect with decreased filaggrin expression and impaired barrier functions facilitating transepidermal allergen penetration in organotypic keratinocyte cultures (55–57). Next to the production of chemokines, IL-31-stimulated keratinocytes contribute to skin inflammation through the expression of key proinflammatory mediators including IL-1α, IL-1β, IL-6, S100A7, S100A8, S100A9, β-defensin-2, β-defensin-3 (57). Moreover, IL-31-induced BNP release from sensory neurons may activate keratinocytes to produce proinflammatory cytokines and chemokines (46). Hence, inflammation circuits between epithelial surfaces, nerves and immune cells are connected and amplified via IL-31 signaling.

More recently, another keratinocyte-driven circuit potentially amplifying pruritus has been proposed. Andoh et al. demonstrated that intradermal injection of IL-31 induced thromboxane synthase in epidermal keratinocytes and significantly increased the concentration of thromboxane B2, a metabolite of the pruritus mediator thromboxane A2 (58). Moreover, keratinocytes produced the pruritus mediator leukotriene B4 (LTB4) following IL-31 treatment and the LTB4 receptor antagonist CMHVA as well as the 5-lipoxygenase inhibitor, zileuton, suppressed the scratching behavior of mice intradermally injected with IL-31 (59).

Thus, next to the direct engagement of peripheral sensory neurons, IL-31 may sustain pruritus via keratinocyte activation and the release of other pruritus mediators (58–60). Notably, besides epidermal keratinocytes, bronchial and gut epithelial cells have been shown to be a target of IL-31 (61, 62).



Tissue Remodeling

Given the pleiotropic functions of IL-6 family members it has been reasonable to also investigate the role of IL-31 in tissue remodeling. Several studies report a direct effect of IL-31 on fibroblasts (17, 63). IL-31 signaling resulted in STAT3 phosphorylation and the activation of ERK, JNK and AKT (17). It is important to note that pro-fibrotic processes often follow STAT3 signaling pathways representing a considerable checkpoint for tissue fibrosis (64). Indeed, high levels of IL-31 were reported in plasma, fibrotic skin and lung lesions of systemic sclerosis (SSc) patients (10). Moreover, IL-31RA was upregulated in fibrotic skin and lung fibroblasts. Gene expression analysis of IL-31-treated dermal fibroblasts revealed a total of 561 differentially expressed genes with 200 genes involved in processes such as cell proliferation and growth. Furthermore, the authors showed that IL-31 stimulated dermal fibroblast activated STAT3 and PI3K/Akt pathways and induced collagen I production (10). Several expression studies in fibroblasts also support that IL-31 stimulation promotes inflammation and tissue remodeling through the induction of IL-6, IL-16, IL-32, CCL2, CCL13, CCL15, CXCL1, CXCL3, CXCL8, and CXCL10 and matrix metalloproteinases (MMP-1, MMP-3, MMP-7 and MMP-25) (63).

Taken together, IL-31 represents a master regulator of neuroimmune inflammation and bridges the gap between immune cells, the nervous system and epithelial tissues.




DISCUSSION

During recent years a variety of diseases have been associated with IL-31 signaling (see Figure 2). An initial focus was directed on processes accompanied with pruritus and following, at least partly, concepts of type 2 inflammation. These included atopic dermatitis, allergic contact dermatitis, urticaria, mastocytosis, allergic rhinitis and asthma (4–9). Given the role of IL-31 signaling in the development of itch it is interesting to speculate whether IL-31 may also be involved in the stimulation of sneezing, coughing or bronchial hyperreactivity. In this context, other epithelial surfaces such as the gut and conditions such as irritable bowel syndrome also come to mind. STAT1 related regulation of IL-31RA may link this pathway also with autoimmune diseases such as systemic sclerosis, dermatomyositis and lupus erythematosus (10–12). A subset of affected patients experience severe pruritus but IL-31 signaling in autoimmune inflammation may also facilitate fibrosis and amplify inflammatory circuits. These are interesting aspects that need to be further explored in the future. Among autoimmune skin diseases, bullous pemphigoid has a unique position since patients develop autoantibodies against hemidesmosomes (BP180, BP230), eosinophilia, urticarial skin lesions, blisters and suffer from severe pruritus. A number of studies demonstrated the expression of IL-31 and its receptor in this condition and bullous pemphigoid appears to be a very interesting candidate for clinical studies targeting IL-31 signaling (65–68). Early on IL-31 expression and serum levels have been investigated in patients suffering from cutaneous T cell lymphoma (69–71). Notably, an increasing body of literature links IL-31 with malignant diseases such as endometrial carcinoma, lung cancer, myeloproliferative disorders, mastocytosis, cutaneous T cell lymphoma and follicular B cell lymphoma (7, 69, 71–76). The role of IL-31 in malignant diseases remains largely obscure but this aspect is worth to closely follow in the future. Taken together, IL-31 is a neuroimmune cytokine and IL-31RA signaling represents a master regulator of inflammation that bridges the gap between immune cells, the nervous system and epithelial tissues.


[image: Figure 2]
FIGURE 2. Disease associations of IL-31 signaling. The circle diameter of each item correlates to the number of disease-associated publications listed in PubMed (pubmed.ncbi.nlm.nih.gov). The green color of an item corresponds to the therapeutic efficacy in clinical trials of targeting IL-31 signaling. The distance of an item from the center indicates whether IL-31 signaling hypothetically could serve as a therapeutic target.
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In recent years, the published literature has suggested the key involvement of the cytokine interleukin-31 (IL-31) in the symptomatology of pruritus, and both IL-31 and its receptor have become potential therapeutic targets for a range of pruritic diseases. Elevated levels of IL-31 or its receptor have been reported in the tissue or serum of patients with pruritic skin diseases, such as atopic dermatitis, prurigo nodularis, and psoriasis. Pruritus places a heavy burden on patients, and can have a negative impact on daily life, sleep, and mental health. Since current anti-pruritic treatments are often ineffective, affected patients are in urgent need of new therapies. As a result, drug development targeting the IL-31 pathway is evolving rapidly. To date, only nemolizumab, a humanized monoclonal antibody targeting the IL-31 receptor, has successfully completed late-stage clinical studies. This article will highlight our current clinical understanding of the role of IL-31 in pruritic disease, and explore recent progress in drug development as well as the anticipated future advances in this field.
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INTRODUCTION

The T-cell-derived cytokine interleukin-31 (IL-31) was first identified in 2004 (1). Investigation in animal models suggested a role for IL-31 in the cutaneous and epithelial signs and symptoms observed in pruritus, skin inflammation, and airway hypersensitivity (1). Overexpression of IL-31 has been shown to be associated with promotion of sensory neuronal outgrowth (2) and stimulation (3), providing increased sensitivity to minimal itch-inducing stimuli which can result in sustained pruritus. Expression of IL-31 in skin is also associated with a profound repression of the filaggrin protein, which is critical in the differentiation of keratinocytes and skin barrier maintenance (4).

The receptor for IL-31 is a heterodimeric complex composed of IL-31 receptor A (IL-31RA) and the oncostatin M receptor (OSMR) (1, 5); the binding of IL-31 to its receptor activates cell signaling pathways including Jak/STAT, PI3K/AKT, and MAPK (5). In keratinocytes, IL-31 has been shown to induce cell cycle arrest, resulting in reduced proliferation, which in turn leads to atypical skin development, defects, and barrier dysfunction (4) (Figure 1). In other organs and physiologic systems, IL-31 has been linked to hematopoiesis and regulation of the immune response (5).
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FIGURE 1. Illustration of the hypothesized roles of interleukin (IL)-31 in pruritic skin diseases. IL-31 is primarily produced by T helper 2 (Th2) cells, although other innate immune cells can also produce IL-31. The IL-31 receptor is widely expressed by various cell types, including peripheral sensory nerves, epidermal keratinocytes, and immune cells. IL-31 binding to its receptor on sensory neurons stimulates the nerve, causing pruritus. IL-31 is also involved skin barrier dysfunction and inflammation.


The recent published literature from both preclinical and clinical studies has suggested the key involvement of IL-31 in the symptomatology of acute and chronic pruritus (6–9). The objectives of this article are to highlight our current clinical understanding of the role of IL-31 in pruritic diseases, and explore recent progress in drug development and the anticipated future advances in this field. Itching is a symptom that greatly impairs quality of life, and is often not well-controlled with current treatments (10, 11). In addition to the induction of itch, the IL-31 pathway also stimulates the release of inflammatory mediators and reduces the expression of molecules involved in the skin barrier, resulting in additional skin signs and symptoms (4, 12–14). As a result, both IL-31 and its receptor have become potential therapeutic targets for a range of pruritic diseases (14–18).



THE BURDEN OF PRURITUS

Itch is the most common complaint among patients who attend dermatology clinics, and for many patients, pruritic symptoms are intractable despite medication (19). In one study, 90% of patients with chronic skin diseases reported that they had experienced pruritus, and that the intensity of itch was related to impairment in several areas of daily life, including sleep quality, work productivity, and mental health (20).


Patient Burden

Chronic pruritus has been shown to be as debilitating as chronic pain in terms of its impact on quality of life, with more severe itch having a more profound negative effect on daily life (21). In a recent study of 132 North American adults with chronic pruritus, health performance was found to be significantly reduced compared with normative controls (p < 0.001) (22). In a cross-sectional study of 602 US adults with atopic dermatitis, the most burdensome symptom was reported to be itch (54.4%), and severe itch scores (measured using the patient-oriented scoring atopic dermatitis-itch scale) were associated with poor mental health scores (23). Suicidal ideation has been reported to be highly prevalent in patients with chronic pruritus (20), and several studies have shown that patients with pruritus are more likely to have anxiety and depression compared with non-pruritic controls (20, 24, 25).

Pruritus also impairs sleep quality (20, 26–28), likely due to both the effects of scratching and underlying systemic inflammation (29). In one analysis, chronic pruritic dermatoses were found to be associated with increased nighttime awakenings (odds ratio 1.329–1.646) (30), while another study of patients with psoriasis found that pruritus significantly increased the difficulty of falling asleep (p = 0.031) (27). Thus, treatments for pruritus that can also improve sleep and quality of life are urgently needed.



Economic Burden

A study in North American adults calculated that chronic pruritus was associated with a mean of −5.5 quality-adjusted life-years per patient, which translated into an individual lifetime economic burden of US$275, and a societal burden of almost US$90 billion (22). Another study calculated median annualized costs of chronic pruritus of US$1067 per patient (31). In addition to the costs of clinic consultations, referrals, laboratory tests, and prescription medication (32), the scratching behavior associated with pruritus may be associated with skin breakdown and increased infection, resulting in increased direct medical costs from attendance at emergency departments and hospitalization (33, 34). Indirect costs associated with pruritus include reduced work or school productivity (absenteeism and presenteeism), over-the-counter treatments, and the time required to apply topical agents or perform other self-treatment (31).




IL-31 IN DISEASE

In the past few years, an increasing number of researchers have postulated a link between IL-31 and the manifestations of various diseases, both dermatologic and non-dermatologic (5, 14, 17, 35). In addition to the development of itch (12), dysregulation of IL-31 and its receptor is thought to underlie alterations in the skin barrier (thickening or breakdown) (13), as well as auto-immune and inflammatory signs and symptoms (14). Individual diseases, and the putative role(s) of IL-31 in these disorders, are summarized below.


Atopic Dermatitis

In preclinical studies, mice treated with IL-31 exhibited skin lesions and scratching behavior similar to those seen in atopic dermatitis (1, 18, 36), and treatments targeting IL-31 were found to reduce scratching (37, 38). In clinical studies, levels of serum IL-31 have been found to be elevated in patients with atopic dermatitis, compared with healthy individuals (39–41), and decreased after cyclosporin treatment (42); furthermore, IL-31 levels were shown to correlate with disease severity and pruritic symptoms (39–41).

IL-31 receptors are expressed constitutively on the surface of keratinocytes, eosinophils and small diameter neurons (43). Keratinocyte levels of IL-31RA expressed in atopic dermatitis lesions have been shown to be higher than those of normal skin in healthy subjects (44, 45), while no difference in levels of OSMR has been observed (44), emphasizing the greater importance of IL-31RA in the pathogenesis of the disease.



Prurigo Nodularis

Prurigo nodularis, a chronic disease presenting as one or more hyperkeratotic papules which are intensely pruritic, results in a difficult to treat itch-scratch cycle, and causes sleep disturbances and psychiatric comorbidities in affected patients (46). An analysis of skin samples from patients with various chronic inflammatory skin diseases revealed that the highest levels of IL-31 were located in lesional skin from individuals with prurigo nodularis, with an elevation of IL-31 mRNA almost 50-fold higher than that of skin from healthy individuals (47).



Psoriasis

Like atopic dermatitis, psoriasis is an inflammatory skin disease affecting millions of people worldwide, and can have a negative impact on the mental health and quality of life of patients (48). A role for IL-31 in the pathogenesis of psoriasis has been suggested (49), with elevated levels of serum IL-31 observed in psoriatic patients compared with controls (8). Patients with early-onset psoriasis have greater levels of Il-31 gene induction compared with healthy controls, and even compared with patients with atopic dermatitis (50). However, the data are inconsistent; other studies have failed to show elevated levels of IL-31 in psoriasis (51), or any association between IL-31 and pruritus intensity in psoriatic patients (52).



Cutaneous T-Cell Lymphoma (CTCL)

CTCL comprises a heterogeneous group of diseases arising from the T cells involved in tumor responses (53). Most patients (around 88%) with CTCL are affected by pruritus (54), and studies have demonstrated elevated levels of IL-31, IL-31RA, and OSMRβ within the epidermis of affected patients (54), as well as increased serum IL-31 levels (55, 56). In one analysis, levels of IL-31 mRNA appeared to be correlated with the severity of pruritus in CTCL patients (57), although data from another study did not support this contention (58). It has been hypothesized that IL-31 may induce epidermal neoplastic T cells and keratinocytes to transmit itch, indirectly affecting sensory nerves (54). Although IL-31 appears to have a role in pruritus in CTCL, there is conflicting evidence as to whether it plays a larger role in the pathogenesis of CTCL itself (56, 58, 59). However, of note, chronic prurigo has also been reported in cases of Hodgkin lymphoma (HL) (60), and a study in HL patients demonstrated elevated IL-31 in HL cells and in the immune cells infiltrating affected lymph nodes (61). Another recent study showed that plasma concentrations of IL-31 decreased in HL patients entering remission (62); taken together, these findings suggest that IL-31 may contribute to immune suppression in HL, and may indicate a similar role in CTCL.



Other Pruritic Disorders


Uremic Pruritus

Uremic pruritus occurs in patients with chronic kidney disease, and is characterized by intractable systemic itching, often without any other obvious cutaneous symptoms (63, 64). IL-31 may play a role in the development and maintenance of uremic pruritus in patients receiving hemodialysis (65). In a study of 178 hemodialysis patients, significantly higher levels of IL-31 were recorded in patients with pruritic symptoms compared with those without (p = 0.04) (66).



Cholestatic Pruritus

The development of cholestatic pruritus, which is found in patients with primary biliary cirrhosis, primary sclerosing cholangitis, and intrahepatic cholestasis of pregnancy (ICP) (67, 68), may also be linked to an elevation in levels of IL-31. In a small-scale study, median levels of serum IL-31 were found to be significantly higher in 13 pregnant women with ICP than in the control group of 26 pregnant women without ICP (p = 0.004); in addition, levels of IL-31 showed a direct correlation with liver transaminase levels (68). Of note, the IL-31 pathway has also been reported to be involved in the pathogenesis of hepatitis B virus-related liver cirrhosis (69), potentially suggesting a wider role for IL-31 in hepatic health.



Bullous Pemphigoid and Chronic Urticaria

In autoimmune skin diseases, such as bullous pemphigoid and chronic urticaria, IL-31 may be involved in both pruritus and immunomodulation, potentially underpinning the IgE-associated pathophysiology involved in these diseases (35). Skin (70) and serum (71) samples from patients with chronic urticaria have been shown to have high levels of IL-31, and following stimulation, basophils from normal skin also demonstrated increased IL-31 expression, resulting in the release of pro-inflammatory cytokines and the induction of chemotaxis (70). In bullous pemphigoid, it is eosinophils that appear to be the major source of IL-31 (72, 73). Another, related, condition in which IL-31 has been implicated is pemphigus herpetiformis (dermatitis herpetiformis) (74, 75).



Allergic Contact Dermatitis (ACD)

Around 20% of adults worldwide are affected by ACD, either as a result of sensitivity to everyday products (particularly fragrances) or via exposure to allergens within their work environment (76). A role for IL-31 in ACD has been postulated, with elevated serum levels of IL-31 found in ACD patients compared with controls (77). However, the precise details remain to be clarified, as a preclinical study has suggested that IL-31 may be associated only with pruritus, but not inflammation in contact hypersensitivity (78).



Dermatomyositis

Dermatomyositis is a chronic, inflammatory, autoimmune disease characterized by cutaneous involvement (79). Although symptoms can be heterogeneous, pruritus is a common manifestation (80). A recent analysis indicated that gene and protein expression of IL-31 and IL-31RA was increased in dermatomyositis lesions compared with non-lesional skin and normal control skin (81).



Chronic Pruritus of Unknown Origin (CPUO)

CPUO is the nomenclature used to describe the presentation of chronic itch which has no distinct etiology (82). The pathophysiology of CPUO remains unclear (10), but patients with CPUO have been shown to have elevated serum levels of IL-31 compared with healthy subjects (7). In regression analysis the presence of CPUO was found to be independently and significantly associated with serum Il-31 levels (p < 0.001) (7).



Other Dermatologic Conditions

Other dermatologic conditions in which IL-31/IL-31R have been implicated include lichen planus (83), cutaneous (lichen) amyloidosis (84–86), statis dermatitis (87), scleroderma (88), and the itch associated with wound healing (89). However, detailed data are lacking, and further studies are necessary to fully determine the role of IL-31 in the pathophysiology and symptomatology of each of these conditions.




Non-pruritic Diseases


Allergic Asthma

Expression of IL-31RA is tightly regulated within the various cells found in the lung (90), and in vitro studies have suggested IL-31-stimulation of bronchial cells results in the production of proinflammatory cytokines, growth factors, and chemokines, which could contribute to the inflammation, tissue damage and pulmonary remodeling observed in asthma (91). Studies have shown that levels of IL-31 mRNA and protein are elevated in patients with allergic asthma (92), and expression of both IL-31 and IL-31R are increased in the bronchial tissue of patients with severe asthma (93). Serum IL-31 levels were also found to positively correlate with asthma severity and IgE levels (93).



Inflammatory Bowel Disease (IBD)

Analysis of colonic biopsies from patients with Crohn's disease and ulcerative colitis found that IL-31, IL-31RA, and OSMR mRNA expression was increased in inflamed lesions compared with non-inflamed lesions (94). There has been a great deal of recent interest in the possibility of targeting OSM in IBD (95), but IL-31 does not currently appear to be a drug target for this condition.



Osteoporosis

Numerous inflammatory cytokines have been demonstrated to be involved in bone remodeling, and there are both in vitro and clinical observations which suggest a role for IL-31 in the development of osteoporosis (96). In a study in postmenopausal females, patients with osteoporosis exhibited elevated levels of serum IL-31 compared with healthy controls (p < 0.049) (97). Notably, higher levels of IL-31 were associated with increased age, suggesting an association between Th2 cytokine overexpression and bone resorption in senile osteoporosis (98).





CURRENT CLINICAL STATUS OF ANTI-IL-31 THERAPIES

Since current anti-pruritic treatments are often ineffective (99, 100), affected patients are in urgent need of new therapies (101, 102). As a result, drug development targeting the IL-31 pathway is evolving rapidly. An overview is provided in Table 1.


Table 1. Summary of anti-IL-31 therapies in development.
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Anti-IL-31

Two agents targeting IL-31 have been developed thus far, one intended for clinical use and one for veterinary use.


BMS-981164

BMS-981164 was an anti-IL-31 monoclonal antibody targeting circulating IL-31 being developed by Bristol-Myers Squibb. A two-part, phase I, single-dose, dose-escalation study was conducted between 2012 and 2015 to explore the safety and pharmacokinetic profile of BMS-981164 (NCT01614756). The study design was randomized, double-blind, placebo-controlled, and the drug was administered as both SC and IV formulations (0.01 to 3 mg/kg) to healthy volunteers (part 1) and adults with atopic dermatitis (part 2). Adult subjects in part 2 were required to have at least moderate atopic dermatitis (assessed by Physician Global Assessment rating of ≥3 on a scale of 0 to 5) and pruritus severity of at least 7 of 10 on a visual analog scale.

To date, no results from this study have been released. As of 2016, BMS-981164 was no longer listed in the development pipeline of Bristol-Myers Squibb, and no new trials have been announced.



Lokivetmab

The amino acid sequence of IL-31 has been shown to vary across species, with the human sequence showing >80% homology with isoforms isolated from several species of monkey, but decreased similarities with canine (54%) and murine (30–31%) forms (106, 107). Despite this variation, IL-31 has been linked with the development of pruritus in multiple mammalian species (1, 106, 108).

Lokivetmab (ZTS-00103289) is a caninized IL-31 monoclonal antibody that has demonstrated efficacy in reducing pruritus in dogs, in various conditions including atopic dermatitis (109–111), and mastocytosis (112). Although not suitable for use in humans, data accruing from this agent could inform the future development of other novel anti-IL-31 therapeutic agents.




Anti-IL-31RA

To date, the only agent targeting IL-31RA is nemolizumab, a subcutaneously-administered humanized monoclonal antibody manufactured by Chugai Pharmaceutical Co., Ltd., and being developed by Maruho Co., Ltd., in Japan and Galderma SA in Europe and the US (106, 113). This has been the most successful strategy to date, with nemolizumab being the only agent targeting the IL-31 pathway to reach phase 3 development. In addition to its effects on pruritus, nemolizumab has also been evaluated for its effectiveness in improving sleep, daily functioning, and quality of life in patients with atopic dermatitis (103).


Nemolizumab

In early-phase clinical studies involving adults with moderate-to-severe atopic dermatitis, nemolizumab showed efficacy in reducing both pruritus and also the skin signs of atopic dermatitis (113–116). In the first in-human study, a single administration decreased pruritus, sleep disturbance, and use of topical hydrocortisone, and was well tolerated (113).

In a phase 2, double-blind, placebo-controlled, 12-week trial, adults with moderate-to-severe atopic dermatitis that was inadequately controlled by topical treatments were randomly assigned to receive subcutaneous nemolizumab (at a dose of 0.1, 0.5, or 2.0 mg/kg) or placebo every 4 weeks (Q4W), or nemolizumab 2.0 mg/kg Q8W (115). The primary end point was the percentage improvement from baseline in the score on the pruritus visual analog scale (VAS) at Week 12, and nemolizumab Q4W was shown to significantly improve pruritus at Week 12 (p < 0.01 for all doses vs. placebo). Adverse events occurred at similar frequencies with nemolizumab and placebo; however, more nemolizumab-treated patients reported exacerbations in atopic dermatitis and peripheral edema.

In the long-term (52-week) double-blind extension of the phase 2 study (114), the improvements in the pruritus VAS and Eczema Area and Severity Index (EASI) scores from baseline to Week 12 were maintained or increased from Week 12 to Week 64 with nemolizumab treatment. No new or late-onset safety concerns were identified. The mean decrease in Work Productivity and Activity Impairment-Atopic Dermatitis questionnaire score from baseline at Week 12 was greater in nemolizumab-treated patients compared with those receiving placebo for work productivity and ability to perform daily activities (117). Improvements were sustained through Week 64 of the study.

In a phase 2b, randomized, double-blind, placebo-controlled, dose-ranging study of 24 weeks' duration, nemolizumab produced rapid improvements in cutaneous inflammation and pruritus, which were maintained throughout the treatment period, and had an acceptable safety profile (116).

A 16-week, double-blind, phase 3 trial in patients with atopic dermatitis and moderate-to-severe pruritus and an inadequate response to topical agents was recently conducted in Japan (103). Patients were randomly assigned 2:1 to receive subcutaneous nemolizumab 60 mg or placebo Q4W plus concomitant topical corticosteroids/topical calcineurin inhibitors (TCS/TCI). The primary end point (mean percent change in pruritus VAS from baseline to week 16) was reduced by −42.8% in the nemolizumab group and −21.4% in the placebo group (difference, −21.5%; p < 0.001). Secondary efficacy data indicated that nemolizumab provided additional benefits to patients, with a reduction in the EASI score of −45.9% (vs. −33.2% with placebo), more patients with a score of 4 or less on the Dermatology Life Quality Index (40 vs. 22% with placebo), and more patients with a score of 7 or less on the Insomnia Severity Index (55 vs. 21% with placebo). Rates of adverse events were similar between treatment groups. Cytokine abnormalities (increased thymus and activation-regulated chemokine level) occurred in the nemolizumab group after treatment; however, there was no association with the EASI score.

Nemolizumab has also demonstrated efficacy in the reduction of pruritus in patients with moderate-to-severe prurigo nodularis and severe pruritus (104). A 12-week, randomized, double-blind, placebo-controlled, phase 2 trial of nemolizumab 0.5 mg/kg administered at baseline, week 4, and week 8 was conducted. The primary outcome (percent change from baseline in the mean peak score for pruritus on the numeric rating scale at week 4) was reduced by −53.0% with nemolizumab vs.−20.2% in the placebo group (difference −32.8%; p < 0.001). Secondary outcomes followed the same trend as the primary outcome. Nemolizumab was associated with gastrointestinal symptoms (abdominal pain and diarrhea; 21% vs. placebo 14%) and musculoskeletal symptoms (18% vs. placebo 14%); however, the overall tolerability profile was comparable with that of placebo and only 2 patients in each group discontinued treatment due to adverse events.




Anti-OSMR

Although modulation of the oncostatin M receptor is potentially of clinical interest, to date, only one drug which directly targets OSMR has been evaluated in clinical trials, and few published details are available.


Vixarelimab (KPL-716)

Vixarelimab is a monoclonal antibody being developed for the treatment pf prurigo nodularis by Kiniksa Pharmaceuticals Corp; it simultaneously targets both the OSMRβ, which mediates signaling of IL-31, and the oncostatin M pathways (105). It is subcutaneously administered as a loading dose of 720 mg followed by weekly injections of 360 mg.

In a randomized, double-blind, placebo-controlled phase 2a clinical trial of vixarelimab in 49 patients with prurigo nodularis, vixarelimab met its primary efficacy endpoint of the reduction in weekly average Worst-Itch Numeric Rating Scale (WI-NRS) from baseline at Week 8. At Week 8, the least squares mean change from baseline in weekly average WI-NRS was−50.6% in the vixarelimab treatment group compared with −29.4% in the placebo group (mean difference 21.1%; p = 0.035).

In an exploratory phase 2 study, the efficacy of vixarelimab was evaluated in patients with other chronic pruritic diseases, including plaque psoriasis, chronic idiopathic pruritus, lichen simplex chronicus, chronic idiopathic urticaria, or lichen planus. In the plaque psoriasis cohort, the least squares mean change in WI-NRS from baseline to Week 8 was −66.5% in the vixarelimab group and −29.0% in the placebo group (p = 0.012). In the chronic idiopathic pruritus cohort, the changes were−52.4% with vixarelimab and−48.8% with placebo (p = 0.813). Due to small numbers of patients (<5 per group) with lichen simplex chronicus, chronic idiopathic urticaria, and lichen planus, no formal statistical analysis was performed, but the data were reported to show an encouraging effect of treatment.

In both studies, vixarelimab was said to be well-tolerated, with no dose-limiting adverse events; moreover, no serious adverse events or atopic dermatitis flares were noted in the phase 2a study. However, to date, the only available information has been provided on the manufacturer website (105); no publications are available and the data have not been peer-reviewed. In addition, no phase 3 studies have yet been planned.





DISCUSSION

Pruritus affects patients of all ages, races, and sex, and can have an extremely negative impact on their quality of life (118). Given that many patients are refractory to available treatments (99, 100), it is important to develop new drugs to improve clinical and social outcomes.

Based on its roles in the development of itch, skin deficits, and inflammation (4, 12–14, 119), targeting the IL-31 pathway is a logical step in the development of new pharmacologic agents against pruritus. To date, however, only the anti-IL-31RA antibody nemolizumab has progressed to late-stage clinical trials. Based on the positive results of the recent phase 3 clinical trial of nemolizumab plus concomitant topical agents to treat patients with atopic dermatitis and moderate-to-severe pruritus (103), and the efficacy benefits shown in reducing pruritus in patients with moderate-to-severe prurigo nodularis (104), this drug appears to hold new hope for patients whose treatment options are currently limited. Moreover, the administration of nemolizumab alongside topical agents closely mirrors the likely real-world clinical situation, in which many patients with atopic dermatitis are already treating their conditions, making the addition of nemolizumab into an ongoing treatment regimen relatively straightforward.

For several of the other diseases discussed herein, the underlying role of IL-31 in their pathophysiology remains unclear or unproven. The notable heterogeneity in IL-31 levels, ranging from >1,000 pg/mL among patients with atopic dermatitis (40) to <200 pg/mL in other diseases (7, 65, 93, 97), requires additional explanation, and further research is clearly warranted.

In addition to IL-31, there has been an explosion of recent interest in novel antipruritic drugs targeting other pathways thought to play role in the development or maintenance of itch, including opioid receptor agonists and antagonists, antibodies against various IL family members, and Janus kinase inhibitors (15, 120, 121). It remains to be seen how many of these drugs will successfully demonstrate long-term effectiveness in controlling the signs and symptoms of pruritus, but it seems likely that the current management algorithms for pruritus will undergo extensive modification over the next few years.

In conclusion, IL-31 plays an important role in several inflammatory skin diseases, and treatment targeting IL-31 is expected to contribute meaningfully to the clinical management of a wide range of diseases.
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Introduction: Itch is a common symptom in dermatologic and other diseases and can have a severe impact on quality of life and mental health. As a proportion of patients with itch-symptoms is resistant to commonly used anti-histamine treatments, development of new treatments is desirable. Past research on pain, itch and affective touch (i.e. slow, gentle stroking of the skin activating C-tactile fibers) revealed an inhibitory relationship between affective touch and pain and between pain and itch. Given the overlap in neural processing between these three sensory submodalities, a possible interaction between affective touch and itch might be expected. This study investigated whether there is a relationship between itch and affective touch, and if so, whether affective touch inhibits itch.

Methodology: Itch was electrically induced with the use of electrodes that were placed at the ventral side of the wrist of 61 participants. A within-subject design was conducted with two conditions. An experimental -affective touch- condition (stroking the forearm with a soft brush at 3 cm/s) and a control -non-affective touch- condition (stroking the forearm with a soft brush at 18 cm/s). Touch was applied on the dorsal side of the forearm, the same arm as were the electrodes were placed. For each condition itch was induced for 20 min, with every 2 min a VAS-scale measurement of the level of experienced itch.

Results: Both types of touch reduced the experienced itch compared to baseline (p < 0.01, partial η2 = 0.67). However, affective touch had an additional significant relieving effect compared to non-affective touch (p = 0.03, partial η2= 0.08). The alleviation of itch started after 2 min of stroking and continued to increase up till 6 min, where after the relieving effect stabilized but still persisted.

Conclusion: This finding suggest that affective touch, as with acute pain, has a relieving effect on electrically induced itch.

Keywords: itch, affective touch, C-fibers, somatosensory, relief


INTRODUCTION

Itch is a common symptom in dermatological diseases and is defined as “an unpleasant sensation causing the urge to scratch” (1). Itch is a commonly experienced problem, with a prevalence of 8.4% in the general population. In addition, the lifetime prevalence of chronic itch is even higher with 22%, meaning that one out of five people will experience chronic itch (2). Furthermore, the burden of itch is comparable to the burden that is experienced during chronic pain and itch symptoms can significantly impact quality of life and mental health as well (3–7). Studies indicated that higher scores on an itch intensity scale in patients with dermatological diseases causing itch were related to a higher score on depression scales (7, 8). In addition, a study by Schneider et al. (9) showed that 70% of the patients in a sample of 109 participants with dermatological diseases causing itch had one to six psychiatric disorders. Given the high prevalence and impact of itch, it seems a worldwide problem (3).

One aspect of itch that has been researched considerably is the neurophysiological basis of itch. In 1997, itch-selective neurons were discovered in humans (10). Research indicated that these neurons were part of a broader category of neurons called C-afferents. These C-afferents are characterized by their lack of myelination and therefore have a slow conducting speed (1, 10, 11). After activation of the C-fibers, the signal is transported to the dorsal horn of the spinal cord from which signals are projected to the thalamus, somatosensory cortex, sensorimotor cortex, posterior cingulate cortex (PCC), anterior cingulate cortex (ACC), insular cortex, and the basal ganglia with the putamen (12, 13). The involvement of the ACC contributes to the affective component of itch (13).

Furthermore, subsequent research implied that the itch-selective neurons were sensitive to histamine, mostly associated with acute itch experience (14, 15). However, recent research revealed that some of these neurons do not respond to histamine, but are activated by other substances and stimuli (16). Consequently, a proportion of patients with itch symptoms is resistant to commonly used anti-histamine treatments (16, 17). It seems that especially chronic itch conditions are associated with non-histamine sensitive neurons and therefore respond better to treatments targeting the nerves than the immune system (14). Given the impact of (chronic) itch, development of new suitable treatments is needed.

The development of new treatments could be inspired by research on another sensory modality that affects itch, namely pain. During the processing of pain, brain areas such as the insular cortex, cingulate cortex and premotor areas are activated (18). As mentioned, these brain areas are also highly involved in the processing of itch (13). This shows the close relationship between these senses at supraspinal level (11, 15, 18). In addition, itch and pain also seem to affect each other at a behavioral level: research confirmed that painful sensations can reduce itch sensations, which explains why we scratch our skin during itch (11, 15, 19). Scratching activates interneurons in the dorsal horn of the spinal cord. These interneurons subsequently inhibit the transduction of C-afferent signals involved in itch (20–22). Because the itch-signal is inhibited by pain, the transduction of the signal from the dorsal horn of the spinal cord toward the thalamus is reduced which results in a reduction of itch sensations.

Reducing itch by evoking pain (e.g., scratching) can only be a temporary solution as it is unpleasant and can cause serious skin inflammation when used on a permanent basis. However, the interaction between pain and other systems might provide useful information on which new interventions to reduce itch can be based. An example is the interaction between pain and affective touch. Affective touch activates another subgroup of C-afferents, known as C-tactile or CT-afferents (23–25). CT-afferents are located mainly in the hairy skin and respond to slow and gentle stroking of the skin, consisting of velocities between 1 and 10 centimeters per second, with an optimal response at 3 centimeter per second, which provides a pleasant sensation (23, 26, 27). The CT-afferents transmit signals through the dorsal horn of the spinal cord to the thalamus, insula, anterior cingulate cortex (ACC), prefrontal cortex and amygdala (28). Recent research shows that affective touch and pain influence each other as well: affective touch has an inhibitory effect on acute pain (29, 30). It seems that affective touch can inhibit pain at the level of the dorsal horn of the spinal cord by a specific inhibitory pathway related to CT-fiber input (31). In addition, Gursul et al. (32) and von Mohr et al. (33) showed that at a supraspinal level, affective touch reduces activation of areas related to pain processing, namely the insula and anterior cingulate cortex. In sum, affective touch and pain share neural characteristics that are comparable to the similarities between pain and itch. Furthermore, affective touch seems to inhibit pain, as is the case for the effect of pain on itch.

The evident similarities between brain areas involved in itch, pain and affective touch, and the inhibitory behavioral effects of pain on itch and affective touch on pain, suggest that affective touch might have a relieving effect on itch (20) and the current study will research this. Itch will be induced by an electrical current stimulator, as recent research shows that this is a reliable way of inducing itch (17, 34). The relieving effect of affective touch on itch will be evaluated by testing the decrease in perceived itch in two conditions. Affective touch will be used in the experimental condition, and non-affective touch (stroking with a velocity of 18 cm/s) will be used in the control condition. Itch induction and touch stimulation will be provided simultaneously for 20 min. This time-frame is based on recent research of Sailer et al. (35) showing that the activation of brain areas related to affective touch and the perceived pleasantness of affective touch stabilizes after 20 min. Therefore, we expect that, if there is a relieving effect of affective touch, it will persist for ~20 min. In addition, perceived pleasantness of affective touch will be monitored, and the relationship between pleasantness of affective touch and its relieving effect on itch will be researched. It is expected that experiencing affective touch as more pleasant is associated with experiencing more itch relief from affective touch (36, 37). A factor that modulates how intensely itch is experienced is the amount of attentional focus. Research suggests that a high attentional focus to bodily sensations such as itch, increases the amount of experienced itch (38). Therefore, we will additionally investigate whether there is a relation between high awareness to bodily sensations and the alleviation of itch by affective touch. We expect that people who have a high attentional focus to bodily sensations, experience less relief from affective touch (39).



METHODS AND MATERIALS


Participants

An a priori calculation for the repeated measures ANOVA (f = 0.2, α err prob. = 0.05, power = 0.95, number of groups = 2, number of measurements = 11) recommend a sample size of 30. Eventually, 69 participants signed up for participation out of which 61 participants were eligible for participation. The study group consisted of 12 men (Mage = 27.50, range age = 18–28) and 49 women (Mage = 21.61, range age= 18–53). Of the participants, 54.1% were following or had finished tertiary education, 45.9% had finished secondary education. The participants were recruited through the Social and Behavioral Sciences research participation system (SONA) of Utrecht University. Participants from the age of 18 and older, and fluent in the Dutch language were eligible to participate in this experiment. People suffering from a skin condition where itch is a present symptom, like chronic itch or psoriasis, or people using a pacemaker, were excluded from this experiment. People using a pacemaker were not allowed to participate because of the electrical stimulation that could interfere with the functioning of the pacemaker. The faculty ethical review board of the University of Utrecht approved the study's protocol and all participants gave permission for participating in this experiment by means of a written informed consent.



Materials
 
Demographical Information

To verify the inclusion and exclusion criteria the participants were asked to state their age, gender, highest completed education, whether they were suffering from skin conditions, and whether they were using a pacemaker.



Pain and Vigilance Attention Questionnaire (PVAQ)

To examine the awareness to bodily sensations, an adjusted version of the Pain Vigilance and Awareness Questionnaire (PVAQ) was used (40). Originally, this questionnaire was focused on pain. As claimed by van Laarhoven et al. (34), the questionnaire is suitable to investigate itch, when changing the word “pain” to “physical sensations.” This alteration had no consequences for the reliability or validity of the PVAQ. The questions of the PVAQ focus on sensing, ignoring and monitoring bodily sensations. The PVAQ consists of 16 items, which are scored on a 6-point Likert scale. Zero represents “never,” 5 represents “always.” Items 8 and 16 should be reverse-scored before the total score of the PVAQ can be calculated. A relatively low score on the PVAQ indicated low attention to bodily sensations. A relatively high score represented high attentional focus on bodily sensations.




Itch Induction

An electrical stimulus was used to induce itch. According to Ikoma et al. (17) and van Laarhoven et al. (34), using a constant current stimulator (Isolated Bipolar Constant Current Stimulator DS7, Digitimer, United Kingdom) is a reliable way to induce itch. Nerve stimulation electrodes were attached to the ventral side of the wrist, alternately to the right or left wrist equally divided among the participants. The DS7 had a default setting where the pulse duration was set at 100 milliseconds and the compliance voltage was set at 200 volts. E-prime 2.0 (Psychology Software Tools, 2015) was used to alter the pulse duration of the DS7. A transmission of a constant stimulation of 50 Hz by having a pulse duration of 20 milliseconds was programmed. These pulses were active for 0.2 milliseconds and inactive for 19.8 milliseconds. The level of amperage (in milliampere) was individually adjusted prior to the experiment and was determined based on the participants' experienced level of itch. A stimulation period of 4 s was used to test the itch stimulation, the experienced itch was rated on the VAS. After each VAS rating, the amperage was increased, by steps of 0.1–0.2 mA, until the participants considered the experienced itch a 7 or higher on the VAS. If participants did experience itch but did not report higher than a 7 on the VAS, the highest rating of the experienced itch was registered. The corresponding amperage was used in the experiment. The level of amperage ranged from 1.80 to 4.90 (Mamperage= 3.02, SDamperage= 0.76). When participants did not experience any itch or the experienced itch intensity was not rated with a three or higher, the experiment was discontinued.



Affective and Non-Affective Touch

The (non-)affective touch stimulation was executed by stroking with a soft foundation brush. The velocity of stroking in the experimental affective touch condition was 3 centimeters per second. The velocity of stroking in the control non-affective touch condition was 18 centimeters per second. The researcher marked the length of 6 centimeters on the dorsal side of the arm to which the electrode was attached. This enabled the researcher to stroke with the correct velocity during the affective touch and non-affective touch condition (thus in the affective touch condition, the 6 cm length was stroked over 2 s, while in the non-affective touch condition the 6 cm length was stroked 3 times per second).



Monitoring Sensations
 
Visual Analog Scale (VAS) for Itch

To measure itch, participants were asked to indicate the degree of itch they experienced on a scale of 0 to 10. Zero represented “no itch” and 10 represented “unbearable itch.”



VAS for Pleasantness

To measure the experienced pleasantness of stroking, participants were asked to rate the experienced pleasantness on a scale that ranged from 0 to 10, where 0 represented “very unpleasant” and 10 represented “very pleasant.” The VAS is evaluated as a reliable and valid assessment to measure itch and pleasantness (35, 41).




Procedure

Prior to the experiment participants filled in the demographical details and the PVAQ. The baseline itch intensity was registered before each condition. Hereafter, the baseline pleasantness of touch was determined and registered by stroking the arm for 10 s over the 6 cm outline at either affective or non-affective touch velocities. The participant underwent an experimental and control condition which both had a duration of 20 min, the order was randomized between subjects. Between the conditions there was a 10 min break. Each condition had 10 blocks of 2 min simultaneous stimulation from the DS7 and stroking. Immediately following every 2 min of itch stimulation and stroking, the participants were asked to rate the experienced itch on the VAS. This took ~10 s. Hereafter the next 2 min of itch stimulation and stroking started (Figure 1).


[image: Figure 1]
FIGURE 1. Outline in time of a single condition.




Statistical Analysis

Data was analyzed using SPSS Statistics (version 26). Eight participants were excluded and the experiment was discontinued because they did not experience itch. Data was checked for normal distribution. For the VAS itch intensity scores, which were analyzed with a repeated measures ANOVA, the residuals were used. According to the Shapiro–Wilk test most variables were not normally distributed, but the Shapiro–Wilk test is shown to be too sensitive in a large sample size (>50). Therefore, data was also visually inspected using the Q-Q plots and histograms, these showed that the data was approximately normally distributed. Based on these factors, together with the large sample size (>60), we decided that parametric testing was permitted (42, 43). The sphericity was mildly violated, therefore the Greenhouse-Geisser Epsilon output was used.

The VAS pleasantness scores were also checked for normality. The VAS scores for pleasantness in the affective touch condition violated the assumption of normality. The VAS scores for pleasantness in the non-affective condition did not violate the assumption of normality. The differences between the pleasantness of touch in the affective and non-affective condition were checked with a paired t-test.

In order to analyze the difference between the effect of affective touch and non-affective touch on itch, a repeated measures ANOVA was conducted, with touch (affective and non-affective touch) and time (baseline and the 10 timepoints within a 20-min period on which itch was measured) as independent variables and the experienced itch measured with VAS scores as dependent variable.

To analyze the changes in the relieving effect of affective touch on itch over time, a repeated measures ANOVA with contrasts (follow-up analysis) was conducted with the itch ratings from the experimental and control conditions excluding the baseline itch measurements. Every 2-min itch measurement was compared to the first 2-min itch measurement. This resulted in nine contrast analyses.

To assess the effect that attention to bodily sensations has on the effect of affective touch on itch, a Spearman correlation with the difference scores between itch ratings in the non-affective and affective touch conditions and the PVAQ scores was conducted. The mean of the 10 measurements in the non-affective condition was subtracted from that of the affective condition. Two assumptions for the Pearson correlation were violated, therefore a non-parametric Spearman correlation was conducted.

To analyze the influence of individual differences in experienced pleasantness on the relieving effect of affective touch, the difference scores of pleasantness were correlated with the difference scores of itch. The difference scores of pleasantness were calculated by subtracting the VAS pleasantness score in the non-affective condition from those in the affective condition. The difference score of itch was calculated by subtracting the mean itch VAS scores in the non-affective touch conditions from those in the affective touch condition. The assumptions of normality and linearity were violated, a Spearman correlation was conducted. All results displayed are means ± SE, unless otherwise stated. A p < 0.05 is considered statistically significant.




RESULTS

The baseline data and experimental data of itch and pleasantness and the PVAQ scores are displayed in Table 1. The baseline itch measured in the affective and non-affective condition were comparable (6.80 ± 0.16 and 6.75 ± 0.21, respectively, t(60) = 0.23, p = 0.82).


Table 1. The mean scores, SE and range of VAS scores of the affective and non-affective touch condition, the PVAQ score and the difference scores of itch and pleasantness (N = 61).

[image: Table 1]

A two tailed, paired samples t-test was used to compare the VAS scores of pleasantness for the affective touch and non-affective touch condition (Table 1). The VAS scores for pleasantness in the affective touch condition were statistically significantly higher than the VAS scores for pleasantness in the non-affective touch condition, t(60) = 5.07, p < 0.01. Cohen's d for this test was 0.89, which can be described as large.


Relieving Effect of Touch Relative to Baseline Itch Measurements

A 2 (touch: affective touch vs. non-affective touch) × 11 (time point: the VAS scores of the baseline itch measurement and the 10 itch measurements of after each 2-min itch stimulation) repeated measures ANOVA was used to investigate the relieving effect of touch on itch. A significant main effect for touch was obtained, F(1, 60) = 4.87, p = 0.03, partial η2= 0.08 (Figure 2). The VAS scores for itch were significantly lower during the affective touch condition than during the non-affective touch condition (Table 1, Figure 2). A significant main effect was also reported for time point, F(2.58,154.61) = 28.72, p < 0.01, partial η2= 0.32 (Figure 2). A contrast analysis was conducted to compare the baseline VAS scores with the other timepoints. There were significant differences between the baseline itch VAS score and the experimental itch VAS scores in both the affective and non-affective touch conditions F(1, 60) = 121.24, p < 0.01, partial η2 = 0.67). The interaction between touch and time point was not significant, F(4.92,295.14) = 1.75, p = 0.12, partial η2= 0.03 (Figure 2).


[image: Figure 2]
FIGURE 2. Mean of VAS scores for itch per 2-min itch measurement including the baseline measurement. The data points represent the means of the VAS scores for itch (with error bars depicting standard error). The black line represents affective touch and the gray line represents non-affective touch (N = 61). *p < 0.05; Displaying significant difference between type of touch.



Relieving Effect of Touch for Experimental Itch Ratings

A 2 (touch: affective touch vs. non-affective touch) × 10 (time point: the VAS scores the 10 itch measurements after each 2-min itch stimulation) repeated measures ANOVA was conducted to measure the effect of touch over time. The VAS scores for itch in the affective touch condition were significantly lower than the VAS scores for itch in the non-affective touch condition, which illustrates a main effect for touch, F(1, 60) = 5.01, p = 0.03, partial η2= 0.07. The VAS scores for itch within each condition differed significantly over time, which illustrates a main effect for time point, F(2.08,124.79) = 3.33, p = 0.04.

There was no significant interaction effect found for touch × time point, F(4.10,245.71) = 1.30, p = 0.27, in the ANOVA analysis. Although the interaction was not significant, as we did expect changes over time with respect to the difference in itch between conditions and after visual inspection of the data (Figure 3), it seemed of interest to conduct a follow up contrast analyses for the interaction. The 2- vs. 4-min itch measurements differed significantly, thus the difference in itch ratings between affective and non-affective touch were significantly larger at 4-min compared to 2 min, F(1, 60) = 4.66, p = 0.03, partial η2= 0.07 (Table 2, Figure 3). A similar difference was found for the VAS scores for itch at 6-min compared to the 2-min measurement, F(1, 60) = 9.19, p = < 0.01, partial η2= 0.13 (Table 2, Figure 3). Further details about the contrast analyses are stated in Table 2.


[image: Figure 3]
FIGURE 3. Mean of VAS scores for itch per 2-min itch measurement including the baseline measurement. The data points represent the mean of the VAS scores for itch (with error bars depicting standard error). The black line represents affective touch and the gray line represents non-affective touch (N = 61).



Table 2. Results of the interaction effect between touch and itch, derived from a 2 × 10 repeated measures ANOVA contrast analysis.

[image: Table 2]




Relieving Effect of Touch and Pleasantness

Spearman's correlation indicated no correlation between the difference in experienced pleasantness for affective and non-affective touch and the difference in itch ratings for the affective and non-affective touch conditions, ρs = −0.18, p = 0.17, two-tailed, N = 61.



Relieving Effect of Touch and PVAQ

Spearman's rho indicated the presence of a negative correlation between the PVAQ score (Table 1) and the relieving effect of affective touch, ρs=-0.30, p = 0.02, two-tailed, N = 61 (Figure 4).


[image: Figure 4]
FIGURE 4. Relationship between PVAQ scores and itch. Spearman's ρ = −0.30. Black line represents point zero reference line. Dotted line represents the line of best fit.





DISCUSSION

Past studies revealed an inhibitory relationship between affective touch and pain and between pain and itch (11, 15, 19, 30). However, as far as we know, no research has been reported on the relationship between itch and affective touch. Therefore, this study investigated whether there is a relationship between itch and affective touch and in particular, whether affective touch inhibits itch. The results showed that applying touch, either affective touch or non-affective touch, reduces itch experience. Several factors might account for this effect. First, it could be that the stroking of the arm is such a different sensation in comparison to electrically stimulated itch, that it is hard to feel both itch and stroking at the same time. Being touched might be a distraction on its own, independent of type of touch, which could explain why both types of touch reduced itch compared to baseline. On the other hand, there are studies showing that rubbing reliefs itch by activating low-threshold mechanosensitive A-fibers which inhibit itch signals in the spinal dorsal horn (44, 45). The velocity of rubbing could be compared to that of non-affective touch and might explain our findings. However, compared to rubbing, non-affective touch is applied with less force. This could influence the underlying mechanism regarding the inhibitory role on itch. Indeed, recent research in mice shows that a higher strength of stroking has a stronger inhibitory effect on itch. This implies that the strength of stroking plays an important role in itch inhibition (44). Therefore, it may be unlikely that the decline in itch experience by non-affective touch in our study is based on the underlying mechanisms of rubbing.

Interestingly, affective touch had an additional relieving effect on itch experience compared to non-affective touch. These findings suggest that affective touch alleviates itch experience more than non-affective touch. This implies that affective touch interferes with the processing of itch, resulting in a reduction of itch experience. How affective touch exactly interferes with itch is not known yet, but answers may be found in recent research into the pleasurability of scratching (46–49). As described, when we feel itchy we tend to scratch the itchy site. In addition, scratching provides a pleasant and rewarding feeling which explains its addictive property (49). Scratching activates brain regions involved in the processing of pleasantness, affection and reward e.g., insula, ACC and prefrontal regions (48–51). The involvement of this pleasant reward network in the brain could represent a top-down mechanism initiating a decrease in itch experience (49, 52). Furthermore, the pleasurability of scratching is associated with inhibition of the insula and ACC, regions which are associated with the emotional and affective evaluation of itch (49). Interestingly, these regions are also involved in the processing of affective touch (53). In addition, the pleasurability of scratching is mostly dependent on tactile sensations and it seems that on hairy parts of the body i.e., the arm or the back, CT-afferents are involved, which are also important for affective touch (47, 52). Taken together, the overlap in brain regions involved in scratching and affective touch, the involvement of CT-afferents in the pleasurability of scratching and our results show that affective touch possibly modulates itch through activation of regions involved in pleasantness and reward resulting in a decrease in itch experience. To confirm, further research should focus on the underlying process of this inhibitory relationship, for example by measuring brain activity through EEG or fMRI.

In addition, the optimal duration of applying affective touch to experience a relieving effect was investigated. Based on Sailer et al. (35), it was expected that the reduction in itch would persist for ~20 min. They stated that after 20 min, the brain areas activated by affective touch habituated to the stroking, which caused a decrease in brain activity and stabilized the experienced pleasantness of affective touch. Results of the current study showed that affective touch seems to reduce itch from 2 min after the start of appliance of affective touch and that this reduction in itch increased until 6 min after the start of stroking. After 6 min, this effect stabilized, but itch is still reduced compared to baseline. Importantly, even after 6 min, affective touch alleviated itch more than non-affective touch. The current study reported different temporal effects in comparison to the study of Sailer et al. (35), however they only researched the temporal effects of experienced pleasantness of affective touch and the accompanying brain activity. It could be that the temporal dynamics of the inhibitory effect of affective touch on itch do not depend on the perceived pleasantness of affective touch. Our results indeed show that the experienced pleasantness of affective touch does not correlate with the degree to which affective touch has a relieving effect on itch. This suggests that, even if affective touch is not experienced as pleasant, it still alleviates itch. This could be explained by CT-fiber activation and its possible independence of perceived pleasant, which is also hypothesized by Nagi et al. (54).

In addition, this research contributes to the evidence for an influence of attentional focus on the experience of bodily sensations. van Laarhoven et al. (38) stated that a high attentional focus on bodily sensations is associated with a more intense experience of itch, suggesting that attention to bodily sensation does play a role in how much affective touch will relief itch. The results of the current study showed that higher attention to bodily sensations indeed mediated the experienced itch. Being more susceptible to experiencing bodily sensations can intensify the feeling of itch or will diminish the relief from affective touch, which is in agreement with the hypothesis.

The current study was not without limitations. First, different durations of the baseline itch measurement (4 s) and the experimental itch measurements (2 min) were used, limiting the comparability of the results. We also did not assess the time course of electrical stimulated itch experience over the 20-min period without stroking. Any habituation to the electrical stimulus could therefore not be taken into account. In further research, it is recommended to add an extra control condition in which itch experience over time is measured without tactile input.

Secondly, electrical stimulation as a way to induce itch has its limitation. It has been reported that not everybody experienced the electrical stimulation as itch (55). An alternative way for future research to induce itch is using cowhage, a plant-based itch inducing substance evoking a mild itch (56).

Thirdly, 80% of the participants was female. This imbalance could have influenced the results. A recent meta-analysis into affective touch shows that females perceive affective touch as more pleasant than men (57). Furthermore, research into sex difference and itch experience shows that women report higher itch intensities compared to men. However, there was no difference in reduction of itch intensity between men and women when distracted (58). As our results show that pleasantness does not correlate with the degree of itch reduction and itch reduction itself is not influenced by gender, it may be unlikely that the skewed male/female ratio in our study influences the results. Nevertheless, the imbalance between male and female in our study should be taken into account when generalizing outcomes to the general population.

To expand fundamental knowledge on affective touch and its potential to contribute to clinical applications, future research should take individual differences into account. While some participants did not experience relief from affective touch, others reacted extremely well and experienced no itch at all after only 2 min of affective touch. These different responses could be caused by individual differences concerning tactile communication and touch perception (59). For example, Luong et al. (60) suggest that people have a stable preferred velocity of affective touch. These findings propose that individuals might respond differently to affective touch and that stroking should be adjusted to their preferred velocity.

To summarize, the current study showed that affective touch has a relieving effect on electrical stimulated itch. The relieving effect of affective touch is noticeable 2 min after the affective stroking has started, it stabilizes after 6 min, but persists up to 20 min. In addition, this effect is independent of the experienced pleasantness of affective touch. Lastly, a higher awareness of bodily sensations interferes with the relieving effect of affective touch on itch. The current study can serve as groundwork for future research in the application of affective touch as therapy for patient groups who experience itch as a significant burden. For this, it is necessary to determine how individuals with different kinds of non-histaminergic itch respond to affective touch and which characteristics result in maximal itch relief.
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Chronic itch is a common distressing symptom of many diseases, which reduced patient's quality of life. The mechanistic study on itch and screening for new anti-itch drugs require the development of new pre-clinical itch animal models. Herein, we established an acute itch model by intradermal (i.d.) injection of low-dose formalin into the neck or cheek in mice. In mice, i.d. injection of formalin (0.1–5%) in the nape of the neck evoked robust scratching behavior in a dose-dependent manner and the dose–response curves showed an inverted “U” shape. I.d. injection of formalin (0.3–0.6%) into the cheek evoked scratching in mice but wiping in rats, while formalin (1.25–5%) induced mixed wiping and scratching behavior in both mice and rats. Further, we found that 0.3% formalin-induced scratching was histamine-independent and significantly attenuated by transient receptor potential ion channel A1 (TRPA1) inhibitor (HC030031) or in TRPA1 knockout (KO) mice, but not affected by transient receptor potential ion channel V1 (TRPV1) inhibitor (capsazepine) or in TRPV1 KO mice. Additionally, 0.3% formalin-induced up-regulation of phosphorylation of extracellular regulated protein kinases (p-ERK) in the dorsal root ganglion (DRG) and scratching were suppressed by intrathecal injection of MEK inhibitor U0126 in mice. Incubation of 0.03% formalin induced the accumulation of intracellular reactive oxygen species (ROS) in the cultured DRG-derived cell line ND7-23, and formalin-induced itch was suppressed by antioxidants in mice. Finally, perfusion of 0.03% formalin induced elevation of intracellular calcium in a subset of primary cultured DRG neurons of mice. Thus, these results indicate that low-dose formalin induced non-histaminergic itch by activation of TRPA1 in mice, which may be employed as a useful acute itch model for screening potential anti-itch drugs.

Keywords: itch, pain, formalin, TRPA1, dorsal root ganglion


INTRODUCTION

Itch (pruritus) is defined as a common unpleasant sensation that causes desire or reflex to scratch (1, 2). Itch can be divided into acute itch and chronic itch (3). Acute itch may have a protective function for the body in order to remove potential harmful substances by scratching behavior (4). However, chronic itch is a common symptom in the complications of skin diseases (e.g., atopic dermatitis and psoriasis) (5, 6), metabolic diseases (e.g., diabetes) (7), liver diseases (e.g., cholestasis) (8), kidney diseases (e.g., uremic pruritus) (9), and seriously affecting patient's quality of life. Based on mechanisms, itch can be further divided into histamine-dependent itch and histamine-independent itch (10). Generally, histamine-dependent itch (such as allergy itch) is mediated by the histamine receptor H1 and H4, which is clinically treated with antihistamine drugs (11). However, chronic itch is often resistant for the treatment of antihistamines (3), which suggests histamine-independent mechanisms involved. Thus, to elucidate the mechanisms of histamine-independent itch and to screen new anti-itch compounds, it is urgently needed to develop new pre-clinical itch animal models (12).

Traditionally, formalin test has been long-term used for studying the underlying mechanism of acute inflammatory pain and screening potential analgesics in rodents (13, 14). In the past decades, it was found that formalin is able to directly activate several ion channels that are involved in the generation of pain, including transient receptor potential ion channel A1 (TRPA1) (15), transient receptor potential ion channel V1 (TRPV1) (16), or transient receptor potential ion channel V4 (TRPV4) (17). Recently, it was demonstrated that several TRP channels, including TRPV1, TRPA1, and TRPV4, are important mediators for both acute and chronic itch (18, 19). For example, TRPV1 was demonstrated to mediate histamine-dependent itch (20). TRPA1 plays a critical role in the genesis of histamine-independent itch, such as Mas-related G protein-coupled receptors (Mrgprs)-mediated itch (21, 22), oxidative stress-induced itch (23, 24), endothelin-induced itch (25), and 5-HT7 receptor-mediated itch (26). In addition, it was demonstrated that TRPA1 also contributed to the pathogenesis of chronic itch, including dry skin-induced itch (27), bile acids TGR5-mediated cholestatic itch (28), tacrolimus-induced contact dermatitis pruritus (29), and imiquimod-induced psoriatic itch (30, 31). In addition, TRPV4 has also been shown to contribute to serotonin-induced itch and chronic allergic itch in mice (32, 33). Interestingly, several studies have provided several important clues that show that formalin-induced behavioral responses may have some itch component (34, 35). However, whether and how formalin induces itch is still unclear.

In the present study, we found that intradermal (i.d.) injection of low-dose formalin (0.3%) was able to evoke obvious scratching behavior in both neck and cheek models of mice, in a histamine-independent manner. Furthermore, the activation of TRPA1, oxidative stress, and extracellular regulated protein kinase (ERK) signaling were involved in low-dose formalin-induced itch in mice. Together, our results indicated low-dose formalin-induced histamine-independent itch in mice, and this new “formalin itch test” may be used for screening potential novel anti-itch compounds, especially for histamine-independent itch.



MATERIALS AND METHODS


Animals

Male ICR mice, C57BL/6J mice, and Sprague–Dawley (SD) rats (6–8 weeks old) were obtained from the Shanghai SLAC Laboratory Animal CO., LTD. (Shanghai, China). Male Trpa1−/−and Trpv1−/− mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA). Trpv4−/− mice were produced by Cam-Su Genomic Resource Center, Soochow University. All animals were kept on a 12-h light/dark cycle with free access to food and water, and the rooms were maintained at 22 ± 2°C and 40–60% humidity. All animal experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and the guidelines of the International Association for the Study of Pain.



Neck Model of Acute Itch

As previously reported (36, 37), mice or rats were shaved at the nape of the neck more than 2 days before experiments. On the day of behavioral testing, mice or rats were placed in separate small plastic chambers (for mice: 10 × 10 × 12.5 cm3; for rats: 20 × 20 × 25 cm3) on an elevated metal mesh floor at least 30 min for habituation. Under brief anesthesia with isoflurane, 50 μl of compound 48/80 (100 μg), chloroquine (CQ, 200 μg), formalin (0.03–5%), and allyl isothiocyanate (AITC, 10–400 μg) were injected i.d. into the neck of mice through a 26G needle. Rats were injected with 100 μl of formalin (0.03–5%) into the nape of the neck. Immediately after the injection, mice were returned to the chambers and video-recorded for 30 min (Sony HDRCX610, Shanghai, China). The video was then played back offline and scratching behavior was quantified in a blinded manner. Scratching behavior occurred when mice lifted their hindpaws to scratch shaved skin and returned the paws to the floor or to their mouths. The drugs are different doses of formalin (0.03, 0.3, 0.6, 1.25, 2.5, and 5%) and different doses of AITC (10, 50, 100, 200, and 400).



Cheek Model

As previously reported (38), mice or rats were shaved at the cheek more than 2 days prior to experiments. One day after shaving, the animals were moved to small plastic chambers (for mice: 10 × 10 × 12.5 cm3; for rats: 20 × 20 × 25 cm3) on an elevated metal mesh floor and allowed to acclimate for at least 30 min. Under brief anesthesia with isoflurane, mice or rats were given an i.d. injection of drugs into the cheek (for mice: 20 μl; for rats: 25 μl). After injection, the mice were immediately returned to the chambers and recorded for 30 min (Sony HDRCX610, Shanghai, China). The video was subsequently played back offline; scratching behavior and wiping behaviors were quantified in a blinded manner. Count scratch bouts and wiping behaviors, respectively. The wiping behavior means that mice or rats raise a forelimb toward the cheek times over 1 s or a few seconds, then put their forelimb down. This series of actions were counted as one wiping. Formalin (0.03, 0.3, 0.6, 1.25, 2.5, and 5%) and AITC (10, 50, 100, 200, and 400 μg) were used.



Formalin Test

As previously reported (13), mice were acclimated to the environment (small plastic chambers 10 × 10 × 12.5 cm3) 1 h before the behavioral testing. Mice were given an intraperitoneal (i.p.) injection of morphine (3 mg/kg in saline) or saline. After 30 min, mice were given an intraplantar injection of 20 μl of 5 or 0.3% formalin in the right hindpaw. The behaviors of the animals were observed for 45 min to evaluate the total time each animal spent in lifting, licking, shaking, or biting their injected hindlimb. Nociceptive behavior was video-recorded (Sony HDRCX610, Shanghai, China) at 45° below the observation chamber. Analysis of the acute phase (0–10 min; phase 1) and the inflammatory phase (10–45 min; phase 2) was performed by experimenters that were blinded to the treatments.



Western Blotting

Mice were deeply anesthetized with isoflurane and underwent cardiac perfusion with normal saline, after i.d. injection of 0.3 and 5% formalin in the neck of mice for 10 and 30 min. The dorsal root ganglion (DRG) of the C1–C8 segments were obtained and homogenized in a RIPA buffer containing a mixture of phosphatase inhibitors and protease inhibitors. The protein concentration in the RIPA buffer was measured by Pierce bicinchoninic acid (BCA) protein assay (Thermo), and sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) sample loading buffer was added into the RIPA buffer, and the proteins were separated by SDS-PAGE. After transfer, the blots were blocked with 5% non-fat milk in Tris–HCl Buffer Saline (TBS) for 1 h at room temperature and the PVDF membranes were incubated overnight at 4°C with primary monoclonal anti-p-ERK (mouse, 1:1000; Santa Cruz Biotechnology, CA) or primary monoclonal anti-ERK (mouse, 1:1000, Vazyme, Nanjing, China). The blots were washed and incubated with horseradish peroxidase-conjugated goat anti-mouse IgG secondary antibody (1:2000, Vazyme). Protein bands were visualized using an enhanced chemiluminescence detection kit (Pierce), and the band densities were assessed and analyzed with NIH ImageJ software (NIH, Bethesda, MD).



Measurement of Intracellular Reactive Oxygen Species in ND7-23 Cells

ROS level was detected by the DCFDA/H2DCFDA–cellular ROS assay kit (ab113852). The ND7-23 cells were cultured in the six-well plate up to 60–70%, and 0.03% formalin was added in the plate after pre-treatment with NAC (100 μmol/L) for 15 min and then incubating at 37°C for 30 min. The medium was removed and cells were stained with DCFH-DA (25 μmol/L) and incubated at 37°C for 30 min. The cells were washed times later and transferred to 1.5-ml tubes for flow cytometry (FC500; Beckman Coulter, Brea, CA). Similarly, DRG neurons were stained with DCFH-DA, and the AXIO SCOPE A1 was used to take images. Finally, fluorescence intensity was analyzed by ImageJ.



Dorsal Root Ganglion Neuron Culture, Calcium Imaging, and Analysis

Extirpated cervical DRGs of neonatal mouse were dissociated by incubation for 30 min at 37°C in a culture medium (Neurobasal with 10% fetal bovine serum and 1% penicillin–streptomycin) containing 0.2% Collagenase D (Roche) followed by a 9-min incubation in 4 ml of culture media with 0.125% Trypsin–EDTA (NCM). Cells were fully dissociated with a pipette and filtered with a 70-μm cell strainer (NEST). Dissociated neurons were seeded on poly-L-lysine/laminin (Sigma) microscope cover glass (NEST). The neurons were incubated in an incubator (Thermo Fisher Scientific) humidified at 37°C, with 5% CO2. Culture media were supplemented with 2% B-27. For Ca2+ imaging experiments, primary cultured DRG neurons were loaded with 1 μg/ml Fura-2 AM (1:1000, Thermo Fisher) and 0.01% F-127 (w/v; Invitrogen) for 30 min in the dark at 37°C and perfusion DRG neurons with calcium imaging buffer (CIB) (130 mM NaCl, 5.6 mM KCl, 2.6 mM CaCl2, 1.2 mM MgCl2, 10 mM Hepes, and 5.6 mM D-glucose at pH 7.4). In chambers equipped with a custom four-channel perfusion valve control system, neurons were incubated with 0.03% formalin for 1 min and then infused with CIB to baseline, then with 0.06% formalin again for 1 min and infused with CIB to baseline, and finally with 56 mM KCl for 1 min and infused with CIB to baseline. To monitor changes in intracellular [Ca2+] with fluorescence images that were acquired using a Nikon Eclipse Ti microscope, emission at 510 nm was monitored from excitation at both 340 nm and 380 nm.



Drugs and Administration

Formalin, compound 48/80 (Cat#C2313), CQ (Cat#C6628), Loratadine, N-acetyl-L-cysteine (NAC, Cat#A7250), N-tert-butyl-a-phenylnitrone (PBN, Cat#B7263), and AITC (Cat#377430) were obtained from Sigma-Aldrich (St. Louis, MO). Nalfurafine was purchased from MCE. HC-030031 (Cat#2896), Capsazepine (CPZ, Cat#0464), HC067047 (Cat#4100), and U0126 (Cat#U120) were obtained from Tocris (Bristol, UK). Morphine hydrochloride was obtained from China Northeast Pharmaceutical Group Shenyang No.1 Pharmaceutical CO., Ltd (Shenyang City, Liaoning Province, China). Naloxone hydrochloride was obtained from China Sinopharm Group Guorui Pharmaceutical CO., Ltd. (Huainan City, Anhui Province, China). PBN, capsazepine, and HC030031 were dissolved in 10% DMSO. Other reagents were dissolved in sterile saline unless specified otherwise. Formalin was dissolved in CIB for Ca2+ imaging analysis.



Statistical Analysis

Data were analyzed using GraphPad Prism 6.1 (GraphPad, La Jolla, CA). All data were expressed as the mean ± standard error of the mean (SEM). Two-tailed Student's t-test was used for two-group comparisons. One-way ANOVA followed by post-hoc Bonferroni test was used for multiple comparisons. Two-way ANOVA followed by post-hoc Bonferroni test was used to analyze the data with repeated measures over a time course. Difference with P < 0.05 was considered to be statistically significant.




RESULTS


Low-Dose Formalin Induces Itch Behavior in Mice, but Not in Rats

First, we investigated whether administration of formalin is able to induce itch in rodent or not. We found that i.d. injection of the different doses of formalin (0.03–5% in 50 μl) in the nape of the neck of mice were able to evoke scratching behavior in a dose-dependent manner [F(6, 48) = 25.76, P < 0.0001; Figures 1A,B]. Formalin began to evoke scratching at 0.3% and research a peak at the dosage of 1.25%. However, the highest dose of formalin (5%) induced significantly less scratches than that of 1.25% formalin (t13 = 4.601, P = 0.0005; Figure 1A), which suggested an inverted “U” shape for the dose–response curve. The cheek model showed that the low-dose formalin (0.3%) only induces itch-indicative scratching but not pain-indicative wiping. However, the higher doses of formalin (1.25–5%) induced both wiping [F(6, 51) = 19.81, P < 0.0001; Figure 1C] and scratching behaviors in mice [F(6, 51) = 9.737, P < 0.0001; Figure 1D]. In addition, i.d. injection of a TRPA1 selective agonist AITC (10–400 μg) into the nape of the neck also evoked scratching behavior in a dose-dependent manner in mice [F(5, 29) = 4.529, P = 0.0036; Figures 1E,F]. For the cheek model, it was demonstrated that low-dose AITC (50 μg) only induces itch-indicative scratching but not pain-indicative wiping, while the higher doses of AITC (100–400 μg) induce both wiping [F(5, 30) = 8.286, P < 0.0001; Figure 1G] and scratching [F(5, 31) = 4.335, P = 0.0042; Figure 1H]. Thus, the results indicated that the low-dose formalin is able to induce acute itch behavior in mice.
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FIGURE 1. Low-dose formalin evoked scratching behavior in the neck and cheek models of mice. (A,B) The total number (A) and time course (B) of scratching behavior induced by intradermal (i.d.) injection of the different doses of formalin (0.03–5%) in the nape of the neck in mice. (C,D) The total number of wiping (C) and scratching behavior (D) induced by i.d. injection of the different doses of formalin (0.03–5%) in the cheek in mice. (E,F) The total number (E) and time course (F) of scratching behavior induced by i.d. injection of the different doses of AITC (10–400 μg) in the nape of the neck in mice. (G,H) The total number of wiping (G) and scratching behavior (H) induced by i.d. injection of the different doses of AITC (10–400 μg) in the cheek in mice (*P < 0.05, **P < 0.01, ***P < 0.001 vs. Saline, ###P < 0.001 vs. 1.25% Formalin, one-way AVOVA following post-hoc Bonferroni's test and unpaired Student's t-test; n = 5–10). All data are expressed by means ± SEM.


We further compared the differences of formalin-induced scratching behavior between mice and rats, in order to see whether there are species differences or not. In rats, we found that i.d. injection of formalin (0.03–5%) in the nape of the neck also similarly induced scratching behavior in a dose-dependent manner [F(6, 48) = 46.91, P < 0.0001; Figures 2A,B]. However, in sharp contrast, the dose–response curve of formalin-induced scratching in rats did not show an inverted “U” shape. In contrast, in the cheek model, we found that low-dose formalin (0.03–0.6%) only induced pain-indicative wiping behavior, but not itch-indicative scratching behavior in rats (Figures 2C,D). Furthermore, higher doses of formalin (1.25–5%) induce mixed wiping [F(6, 49) = 12.64, P < 0.0001; Figure 2C] and scratching [F(6, 46) = 29.34, P < 0.0001; Figure 2D] in rats. Together, these data indicated that low-dose formalin induced itch in mice. In contrast, low-dose formalin induced pain in rats, but not in mice. Thus, it indicated that there are significant species differences for low-dose formalin-induced itch behavior.
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FIGURE 2. Low-dose formalin evoked wiping behavior in cheek model of rats. (A,B) The total number (A) and time course (B) of scratching behavior induced by i.d. injection of the different doses of formalin (0.03–5%) in the nape of the neck in rats. (C,D) The total number of wiping (C) and scratching behavior (D) induced by i.d. injection of the different doses of formalin (0.03–5%) in the cheek in rats (**P < 0.01, ***P < 0.001 vs. Saline, one-way AVOVA following Bonferroni's test; n = 6–8). All data are expressed by means ± SEM.




Involvement of Opioid Receptors in Low-Dose Formalin-Induced Itch in Mice

We subsequently explored that possible role of opioid receptors in low-dose formalin-induced itch in mice. Opioid receptors can be divided into three classes: μ-, κ-, and δ-opioid receptors, which are distributed in the central nervous system (CNS) and peripheral nervous system (PNS) (39). It has been reported that μ-opioid receptor agonists evoke itch, while κ-opioid receptor agonists inhibit itch in both animal models and human (40). Consistently, μ-opioid receptor antagonists inhibit itch, while κ-opioid receptor antagonists evoke itch (41). In the present study, μ-opioid receptors agonist morphine (1 mg/kg) and the μ-opioid receptors antagonist naloxone (1 mg/kg) were administered intraperitoneally (i.p.) 30 min before i.d. injection of 0.3% formalin in mice. The results showed that pre-treatment of morphine was not able to affect 0.3% formalin-induced itch (t10 = 1.610, P = 0.1385), while pre-treatment of naloxone was able to significantly reduce 0.3% formalin-induced itch in the neck model of mice (t10 = 3.417, P = 0.0066; Figure 3A). In addition, pre-treatment of morphine also failed to reduce 5% formalin-induced scratching in mice (t14 = 0.8992, P = 0.3837; Figure 3B). Moreover, nalfurafine, a κ-opioid receptor agonist, significantly reduced 0.3% formalin-induced itch in a dose-dependent manner in mice [F(3, 28) = 7.962, P = 0.0005; Figure 3C].
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FIGURE 3. Opioid receptors were involved in the low-dose formalin-induced itch in mice. (A) The effects of systemic administration of morphine (1 mg/kg) and naloxone (1 mg/kg), on scratching behavior induced by 0.3% formalin in mice. (B) The effects of morphine (1 mg/kg) on 5% formalin-induced itch in mice (*P < 0.05, **P < 0.01, ***P < 0.001 vs. Saline, unpaired Student's t-test; n = 6–10). (C) The effects of systemic administration of nalfurafine on scratching behavior induced by 0.3% formalin in mice (*P < 0.05, **P < 0.01,***P < 0.001 vs. Saline, one-way AVOVA following Bonferroni's test; n = 8). (D,E) The time course (D) and total time (E) in nociceptive responses induced by i.pl. 5% formalin and the effects of intraperitoneal (i.p.) injection of morphine (3 mg/kg) on it (*P < 0.05, **P < 0.01,***P < 0.001 vs. Saline + Saline, #P < 0.05, ##P < 0.01, ###P < 0.001 vs. 5% Formalin + Saline, two-way ANOVA following post hoc Bonferroni test; n = 6–9). (F,G) The time course (F) and total time (G) in nociceptive responses induced by i.pl. 0.3% formalin and the effects of i.p. injection of morphine (3 mg/kg) on it (*P < 0.05, **P < 0.01,***P < 0.001 vs. Saline + Saline, #P < 0.05, ##P < 0.01 vs. 5% Formalin + Saline, unpaired Student's t-test; n = 6–9). All data are expressed by means ± SEM. n.s., not significant.


To further investigate the effects of morphine on behavioral responses induced by intraplantar (i.pl.) injection of 5 or 0.3% formalin into hindpaw in mice, we recorded the total time of licking, shaking, and biting of the injected hindpaw induced by i.pl. injection of formalin. We found that 5% formalin induced licking, shaking, and biting behaviors in phase 1 (1–10 min; t10 = 11.45, P < 0.0001) and phase 2 (10–45 min; t10 = 6.718, P < 0.0001). In addition, pre-treatment of morphine (3 mg/kg; i.p.) significantly reduced 5% formalin-induced phase 1 (t9 = 3.612, P = 0.0056) and phase 2 (t9 = 2.433, P = 0.0378) nociceptive behaviors in mice (Figures 3D,E). In contrast, pre-treatment of morphine (3 mg/kg; i.p.) did not affect 0.3% formalin-induced licking, shaking, and biting behaviors in mice (Figures 3F,G). Thus, these data indicated i.pl. injection of low-dose formalin-induced responses were insensitive to morphine treatment, suggesting these responses may also be itch-related behaviors.



Low-Dose Formalin-Induced Itch Is Histamine-Independent in Mice

Traditionally, itch is divided into histamine-dependent and histamine-independent itch (42). For example, i.d. injection of compound 48/80 evokes histamine-dependent itch through mast cell degranulation and histamine release (1). CQ, an anti-malarial drug, has been demonstrated to induce histamine-independent itch via activation of Mas-related G protein-coupled receptor A3 (MrgprA3) and TRPA1 in primary sensory neurons in mice (21, 22). Then, we asked whether low-dose formalin-induced itch was histamine-dependent or -independent. Antihistamine loratadine was used as a blocker for histamine H1 receptor (H1R). I.p. injection of loratadine (10 mg/kg) was applied 30 min before i.d. injection of compound 48/80 (100 μg) and 0.3% formalin into the nape of the neck, we found that loratadine failed to inhibit 0.3% formalin-induced itch (t12 = 0.5733, P = 0.5770; Figure 4A). In sharp contrast, loratadine significantly attenuated compound 48/80-induced histamine-dependent itch in mice (t12 = 4.384, P = 0.0009; Figure 4B). In addition, co-administration of 0.3% formalin and CQ (50 μg) significantly increased CQ-induced itch (Saline vs. 50 μg CQ, t10 = 5.611, P = 0.0002; Saline vs. 0.3% Formalin, t10 = 6.555, P < 0.0001; Saline vs. 50 μg CQ + 0.3% Formalin, t10 = 15.78, P < 0.0001; 50 μg CQ vs. 50 μg CQ + 0.3% Formalin, t10 = 7.458, P < 0.0001; 0.3% Formalin vs. 50 μg CQ + 0.3% Formalin, t10 = 4.999, P = 0.0005; Figure 4C). Co-administration of 0.3% formalin and compound 48/80 (25 μg) also significantly increased compound 48/80-induced itch in mice (Saline vs. 25 μg compound 48/80, t10 = 9.946, P < 0.0001; Saline vs. 0.3% Formalin, t10 = 8.544, P < 0.0001; Saline vs. 25 μg compound 48/80 + 0.3% Formalin, t10 = 7.720, P < 0.0001; 25 μg compound 48/80 vs. 25 μg compound 48/80 + 0.3% Formalin, t10 = 2.490, P = 0.0320; 0.3% Formalin vs. 25 μg compound 48/80 + 0.3% Formalin, t10 = 2.835, P = 0.0177; Figure 4D). Therefore, low-dose formalin is able to induce histamine-independent itch in mice.
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FIGURE 4. Low-dose formalin-induced itch in a histamine-independent manner in mice. (A) The effects of systemic administration of loratadine (10 mg/kg) on 0.3% formalin-induced itch. (B) The effects of systemic administration of loratadine (10 mg/kg) on compound 48/80-induced itch (***P < 0.001 vs. Saline, unpaired Student's t-test; n = 7). (C) 0.3% formalin significantly increased chloroquine-induced itch in mice. (D) 0.3% formalin significantly increased compound 48/80-induced itch in mice [***P < 0.001 vs. Saline, ###P < 0.001 vs. 50 μg Chloroquine, $$$P < 0.001 vs. 0.3% Formalin, unpaired Student's t-test; n = 6, (C); ***P < 0.001 vs. Saline, #P < 0.001 vs. 25 μg Compound 48/80, $P < 0.001 vs. 0.3% Formalin, unpaired Student's t-test; n = 6, (D)]. All data are expressed by means ± SEM. n.s., not significant.




TRPA1, but Not TRPV1 or TRPV4, Contributes to Low-Dose Formalin-Induced Itch in Mice

Previous extensive studies have provided evidence showing TRP ion channels as molecular sensors for chemical, thermal, mechanical, painful, and/or itchy stimuli (43). Previous reports demonstrated that formalin is able to directly activate several TRP channels, including TRPA1 (15), TRPV1 (16), and TRPV4 (17). Then, we explored whether and which TRP ion channels participate in 0.3% formalin-induced itch in mice. We found that co-administration of TRPA1 blockers HC030031 (50 μg) significantly reduced 0.3% formalin-evoked acute itch in mice [F(2, 17) = 7.565, P = 0.0045; Figure 5A]. However, co-administration of TRPV1 blockers capsazepine (50 μg; t10 = 1.787, P = 0.1043; Figure 5B) or TRPV4 blockers HC067047 (50 μg; t12 = 1.824, P = 0.0932; Figure 5C) failed to affect 0.3% formalin-evoked itch in mice. Consistently, 0.3% formalin-induced acute itch in mice was abolished in Trpa1−/− mice compared with WT mice (t12 = 6.630, P < 0.0001; Figure 5D). In sharp contrast, 0.3% formalin-evoked acute itch was affected in neither Trpv1−/− mice (t10 = 1.087, P = 0.3026; Figure 5E) nor Trpv4−/− mice (t10 = 1.819, P = 0.0989; Figure 5F). Therefore, activation of TRPA1 (but not TRPV1 or TRPV4) is required for low-dose formalin-induced acute itch.
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FIGURE 5. Activation of TRPA1 was required for 0.3% formalin-induced itch in mice. (A) The effects of co-administration TRPA1 blocker HC030031 on 0.3% formalin-induced itch in mice. (B) The effects of co-administration TRPV1 blocker capsazepine on 0.3% formalin-induced itch in mice. (C) The effects of co-administration TRPV4 blocker HC067047 on 0.3% formalin-induced itch in mice. (D–F) 0.3% formalin-induced acute itch in mice was abolished in Trpa1−/− mice (D), but neither in Trpv1−/− mice (E) nor in Trpv4−/− mice (F) [*P < 0.05, ***P < 0.001 vs. 0.3% Formalin, one-way AVOVA following Bonferroni's test; n = 5–9, A; *P < 0.05, **P < 0.01, ***P < 0.001 vs. 0.3% Formalin, WT, unpaired Student's t-test; n = 5–9, (B–F)]. All data are expressed by means ± SEM. n.s., not significant.




Oxidative Stress Contributes to Low-Dose Formalin-Induced Itch in Mice

Our previous studies have demonstrated that oxidative stress plays a critical role in the genesis of histamine-independent itch (23, 24). In the present study, we investigated whether 0.3% formalin directly increases the level of intracellular ROS in the ND7-23 cells, a DRG-derived cell line (23). The intracellular ROS generation and scavenging were measured using DCFH-DA, a fluorescent probe for the highly-selective detection of superoxide in live cells (23). We found that incubation with 0.03% formalin significantly increased intracellular ROS in the ND7-23 cells, as reflected by enhanced DCFH-DA fluorescence intensity compared with control, while antioxidant NAC remarkably decreased it (Figure 6A). Moreover, we used flow cytometry to quantify intracellular ROS generation (Figures 6B,C). When ND7-23 cells were exposed to 0.03% formalin, the mean fluorescence intensity (MFI) was higher than with vehicle treatment, and this was attenuated by pre-treatment with NAC (PBS vs. PBS + Formalin, t4 = 9.709, P = 0.0006, PBS + Formalin vs. NAC + Formalin, t4 = 9.373, P = 0.0007; Figure 6C). Thus, our results demonstrated that 0.03% formalin directly caused the accumulation of intracellular ROS in ND7-23 cells and antioxidants attenuated it. Furthermore, two commonly used antioxidants, NAC and PBN, were i.p. administered 30 min before i.d. injection of 0.3% formalin into the nape of the neck in mice. The results showed that low-dose formalin-induced scratching was significantly reduced by pre-treatment with NAC (t12 = 7.817, P < 0.0001; Figure 6D) or PBN (t11 = 3.938, P = 0.0023; Figure 6E) in mice.
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FIGURE 6. The effects of antioxidants on low-dose formalin-induced itch. (A) Representative fluorescence images of intracellular ROS stained with DCFH-DA probe showing that 0.03% formalin-induced significant accumulation of intracellular ROS, which was suppressed by the antioxidants NAC. (B,C) Flow cytometry (B) and quantification (C) confirmed that incubation with 0.03% formalin increased intracellular ROS, which was inhibited by the antioxidants NAC (**P < 0.01; ***P < 0.001 vs. PBS, ###P < 0.001 vs. PBS + Formalin, unpaired Student's t-test; n = 3). (D,E) The effects of systemic administration of NAC (500 mg/kg) and PBN (200 mg/kg) on 0.3% formalin-induced itch in mice [**P < 0.01, ***P < 0.001 vs. Saline, unpaired Student's t-test; n = 6–8, (D,E)]. All data are expressed by means ± SEM. n.s., not significant.




Activation of p-ERK Signaling in the Dorsal Root Ganglion Contributes to Low-Dose Formalin-Induced Itch in Mice

Previous reports demonstrated that phosphorylation of extracellular signal-regulated kinase (ERK) in the DRG and spinal cord contributes to the genesis of both pain (44) and itch (45). In our study, we confirmed that i.d. injection of 0.3% formalin (Saline vs. 0.3% Formalin 10 min, t3 = 3.898, P = 0.0107) and 5% formalin (Saline vs. 5% Formalin 10 min, t4 = 5.722, P = 0.0046; Saline vs. 5% Formalin 30 min, t4 = 4.074, P = 0.0152) up-regulated p-ERK in the DRG in 10 and 30 min, respectively (Figures 7A,B). Moreover, intrathecal (i.t.) injection of the mitogen-activated protein kinase (MEK) inhibitor U0126 (1 nmol) inhibited both low-dose (t13 = 2.808, P = 0.0148; Figure 7C) and high-dose (t12 = 2.922, P = 0.0128; Figure 7D) formalin-induced acute itch in mice. Thus, our results demonstrated that p-ERK activation in the DRG was involved in formalin-induced acute itch in mice.
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FIGURE 7. Activation of p-ERK in the DRGs was involved in low-dose formalin-induced itch in mice. (A,B) Western blots (upper panel) and quantification (lower panel) showing that p-ERK expression was significantly increased in 10 min and 30 min in the DRG after i.d. injection of 0.3% (A) and 5% formalin (B) (*P < 0.05, **P < 0.01 vs. Saline, unpaired Student's t-test; n = 3). (C,D) Intrathecal (i.t.) injection of U0126 (1 nmol) decreased both 0.3% (C) and 5% formalin (D)-induced scratching behavior in mice (*P < 0.05, **P < 0.01 vs. Saline, unpaired Student's t-test; n = 7–8). All data are expressed by means ± SEM. n.s., not significant.




Incubation of Low-Dose Formalin Increases Intracellular Calcium in Primary Cultured Dorsal Root Ganglion Neurons From Mice

We further explored the direct activation of the primary cultured DRG neurons with different doses of formalin by calcium imaging experiments. We found that a subset of DRG neurons (about 13.17 ± 3.61%) could be activated by low-dose formalin (0.03%), while significantly more neurons (32.52 ± 1.91%) could be activated by high-dose formalin (0.06%) (P < 0.01; Figures 8A–C). Thus, these results indicate that low-dose formalin activates a small subset of neurons, while higher-dose formalin activates a larger population of DRG neurons.
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FIGURE 8. Direct activation of DRG neurons by low-dose formalin. Ca2+ imaging of primary cultured DRG neurons with the indicator Fluo-2 AM (A) Representative Fura-2 fluorescence heat map images of DRG neurons before and after application of 0.03% formalin, 0.06% formalin, and 56 mM KCl (scale bar, 100 μm). (B). Representative traces of intracellular Ca2+ responses induced by application of 0.03% formalin, 0.06% formalin, and 56 mM KCl (blue traces, n = 5; red traces, n = 7). (C) The response (%) of primary DRG neurons with 0.03% and 0.06% formalin and 56 mM KCl treatment. All data are expressed by means ± SEM. n.s., not significant (**P < 0.01 vs. 0.03% formalin, unpaired Student's t-test; n = 4).





DISCUSSION

Itch is a distinct sensory modality of the somatosensory system of mammals. Acute itch is considered as a protective mechanism to remove potentially harmful stimuli. However, chronic itch is a clinical challenging problem in many dermatological or systemic diseases. To elucidate the mechanisms of itch and to screen new anti-itch compounds, reliable pre-clinical itch animal models are urgently needed to be developed. In the present study, we established an acute histamine-independent itch mouse model by i.d. injection of low-dose formalin in the neck or the cheek. It was found that 0.3% formalin induced histamine-independent itch by activation of TRPA1 in mice, but not in rats. Furthermore, 0.3% formalin-induced itch was inhibited by κ-receptor agonist, antioxidants, and MEK inhibitor. Thus, these data supported the idea that this new “formalin itch test” may be useful for the screening of novel anti-itch drugs.


Low-Dose Formalin Induces Itch in Mice: A New Acute Itch Model?

To date, there are several acute itch models that were developed for studying underlying mechanisms or screening anti-itch drugs, including acute itch induced by histamine (46), compound 48/80 (47), CQ (21), endothelin-1 (48), 5-HT (49), H2O2 (23), and imiquimod (31). Given different pruritogens may induce itch through a distinct mechanism, different acute itch models are still needed to be developed. Since first reported over 40 years ago, the formalin test has been widely used in pain research and evaluation of analgesic drugs in laboratory animals (50), and formalin test is known to capture some mechanisms that are likely to be relevant to many pain patients in clinic (51). The nociceptive responses induced by formalin are marked by licking, biting, lifting, and shaking the injected hindpaw in rodents (52). The formalin test is well-known with a biphasic (early and late) nociceptive response in rodent (53). The early phase (phase 1) is characterized by acute peripheral activation of C and Aδ fibers, while the late phase (phase 2) involves persistent inflammatory nociceptive inputs and the development of central sensitization (54). However, whether and how formalin induces itch are unclear. In a previous report, subcutaneous (s.c.) injections of pruritogenic agents, such as compound 48/80 and substance P, in the rostral back induced scratching in mice (50). In contrast, s.c. injection of algesiogenic agents, such as capsaicin (30 and 100 μg) and dilute formalin (5 mg formaldehyde), into the rostral back was without significant effects in mice (55). Thus, they concluded that pruritogenic (but not algesiogenic) agents are able to induce scratching behavior in mice, and scratching behavior was considered to be a reliable measurement for itch testing (55). Interestingly, there were several studies that suggested that i.d. injection of formalin may be able to evoke itch-associated scratching in mice (34, 35). In the present study, we demonstrated that i.d. injection of the different doses of formalin (0.3–5%) in mice can evoke scratching behavior in a dose-dependent manner. The dose–response curve of formalin-induced scratching showed an inverted “U” shape, which was consistent with our previous reports (7, 23). Further, the cheek model showed that the low-dose formalin (0.3–0.6%) only induced itch-indicative scratching; however, the higher doses of formalin (1.25–5%) induce mixed itch and pain in mice. Low-dose formalin-induced itch was significantly inhibited by κ-receptor agonist nalfurafine, but not μ-opioid receptor agonist morphine. After i.pl. injection of formalin, we found that both 0.3% formalin and 5% formalin induced acute pain in phase 1, and 5% formalin evoked inflammatory pain in phase 2. In addition, systemic application of morphine reduced i.pl. injection of 5% formalin-induced acute pain and inflammatory pain, while it failed to reduce 0.3% formalin-evoked responses in mice. Thus, we provided strong behavioral and pharmacological evidence to support that low-dose formalin induced itch behaviors in mice.

Furthermore, we also found that i.d. injection of the different doses of formalin into the nape of the neck induced scratching behavior in a dose-dependent manner in rats without an inverted “U” shape for the dose–response curve. In sharp contrast, the cheek model indicated that low-dose formalin only induced pain-indicative wiping, but the higher doses of formalin (1.25–5%) induced mixed itch and pain in rats. Thus, although higher-dose formalin induced mixed itch and pain in both mice and rats, low-dose formalin induced only itch in mice, but not in rats. Although formalin test in both mice and rats was widely used for pain research, these results indicated that there are significant species differences for low-dose formalin-induced itch between mice and rats.



TRPA1 Mediates Low-Dose Formalin-Induced Itch in Mice

We asked which TRP channels are involved in low-dose formalin-induced itch in mice. First, we found that systemic administration of the histamine H1R blocker loratadine fails to inhibit 0.3% formalin-induced itch, indicating 0.3% formalin-induced itch in a histamine-independent manner. Co-administration of TRPA1 blockers HC030031 significantly reduced 0.3% formalin-evoked acute itch in mice, but not for TRPV1 and TRPV4 inhibitors. In addition, 0.3% formalin-induced acute itch was abolished in Trpa1−/− mice, but not affected in Trpv1−/− and Trpv4−/− mice. Thus, these data indicated that activation of TRPA1 is required for low-dose formalin-induced itch in mice. Although previous studies demonstrated that formalin is able to activate several TRP channels, including TRPV1 (16), TRPA1 (15), and TRPV4 (17), our results indicated that only TRPA1 activation contributes to low-dose formalin-induced itch in mice, indicating that different TRP channels mediate different behaviors induced by formalin. Our results also emphasized that TRPA1 acts as receptor for many pruritogens, including H2O2 (23), methylglyoxal (7), imiquimod (30), and low-dose formalin in this study. Recently, it was reported that a non-covalent agonist (GNE551) had distinct binding pocket and ligand-interaction mechanism for TRPA1 (56). Unlike the covalent agonist AITC, GNE551 activated TRPA1 without desensitization and induced persistent pain (51). Thus, targeting TRPA1 may be a novel strategy for developing new anti-nociception or anti-itch compounds, which is consistent with previous reports (7, 22, 23).



The Roles of Oxidative Stress and p-ERK Signaling in Low-Dose Formalin-Induced Itch

Previous reports have shown that oxidative stress plays a key role in the pathogenesis of acute and chronic itch (23, 24). In the present study, we found that accumulation of intracellular ROS induced by 0.03% formalin in cultured DRG-derived cell line ND7-23, which was suppressed by perfusion of antioxidant NAC. In line with this observation, incubation of compound 48/80 or CQ also significantly increased the level of intracellular ROS in ND7-23 cells (24). Thus, these data indicated that intracellular ROS may act as second messengers for itch signaling transduction. In addition, systemic administration of the antioxidants NAC and PBN markedly reduced low-dose formalin-induced itch in mice. Thus, it indicated that oxidative stress in the DRGs is involved in low-dose formalin-induced itch and antioxidants may act as promising anti-itch compounds.

Previous work suggested that p-ERK activation in the DRGs and the spinal cord is involved in the genesis of itch (24, 45). In the present work, it was found that i.d. injection of 0.3% formalin transiently up-regulated p-ERK in the DRGs, while 5% formalin persistently up-regulated p-ERK in the DRG. Moreover, i.t. injection of the MEK inhibitor U0126 inhibited both low-dose and high-dose formalin-induced itch behaviors in mice. Thus, p-ERK up-regulation in the DRG was involved in low-dose formalin-induced itch in mice.

Finally, we found that the primary DRG neurons could be directly activated by low-dose formalin by using calcium imaging analysis. The results showed that a subset of DRG neurons are sensitive to low-dose formalin, while a subpopulation of DRG neurons are responsive to both low-dose (0.03%) and high-dose (0.06%) formalin. The results indicate that low-dose formalin may directly activate a subset of DRG neurons, which may be selectively involved in itch signaling transduction. However, the identity, function, and sex difference of this subpopulation of DRG neurons that are sensitive to low-dose formalin remain to be investigated.



Is Formaldehyde a Novel Pruritogen?

Our study has developed a novel acute histamine-independent itch model, which may be useful for itch mechanistic studies and screening for anti-itch drugs. Furthermore, I wondered whether there is clinical relevance for low-dose formalin-induced itch or not. A previous study showed that exposure to formaldehyde aggravated pruritus and skin inflammation in a rat model of atopic dermatitis (57). In addition, many patients undergoing chronic hemodialysis are suffering from chronic itch (9). Interestingly, these patients are often exposed to formaldehyde (58), although the causal relationship between uremic pruritus and formaldehyde is unclear. For atopic dermatitis, exposure to formaldehyde causes skin barrier dysfunction in patients, suggesting that formaldehyde may exacerbate atopic dermatitis (59). Repeated exposure of formaldehyde can cause allergic contact dermatitis in both human (60) and animal models (61). Given many cytokines (especially IL-31) contribute to the pathogenesis of chronic itch, the roles of cytokines and/or chemokines in chronic itch induced by repeated exposure formaldehyde warrant further investigation. Intriguingly, endogenous formaldehyde can also be produced in the body, especially under pathological conditions, such as cancer (62) and Alzheimer's disease (63). The roles of endogenous formaldehyde in chronic itch remain unclear.

In summary, we have provided strong evidence that the low-dose formalin is able to induce histamine-independent itch in mice (but not in rats), which is mediated by the activation of the TRPA1 channel. Thus, we have developed a new pre-clinical itch animal model, which may be helpful to pruritus research.
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Pruritus is a common, but very challenging symptom with a wide diversity of underlying causes like dermatological, systemic, neurological and psychiatric diseases. In dermatology, pruritus is the most frequent symptom both in its acute and chronic form (over 6 weeks in duration). Treatment of chronic pruritus often remains challenging. Affected patients who suffer from moderate to severe pruritus have a significantly reduced quality of life. The underlying physiology of pruritus is very complex, involving a diverse network of components in the skin including resident cells such as keratinocytes and sensory neurons as well as transiently infiltrating cells such as certain immune cells. Previous research has established that there is a significant crosstalk among the stratum corneum, nerve fibers and various immune cells, such as keratinocytes, T cells, basophils, eosinophils and mast cells. In this regard, interactions between receptors on cutaneous and spinal neurons or on different immune cells play an important role in the processing of signals which are important for the transmission of pruritus. In this review, we discuss the role of various receptors involved in pruritus and inflammation, such as TRPV1 and TRPA1, IL-31RA and OSMR, TSLPR, PAR-2, NK1R, H1R and H4R, MRGPRs as well as TrkA, with a focus on interaction between nerve fibers and different immune cells. Emerging evidence shows that neuro-immune interactions play a pivotal role in mediating pruritus-associated inflammatory skin diseases such as atopic dermatitis, psoriasis or chronic spontaneous urticaria. Targeting these bidirectional neuro-immune interactions and the involved pruritus-specific receptors is likely to contribute to novel insights into the underlying pathogenesis and targeted treatment options of pruritus.

Keywords: pruritus, inflammation, neuro-immune, sensory neurons, skin disease, atopic dermatitis (AD), psoriasis, chronic spontaneous urticaria (CSU)


INTRODUCTION

The complex symptom of pruritus shows up in several diseases which ranges from numerous inflammatory skin diseases, metabolic disorders, liver and kidney diseases, or lymphoproliferative and myeloproliferative disorders (1). The most common chronic inflammatory skin diseases include atopic dermatitis (AD), psoriasis and chronic spontaneous urticaria (CSU). These patients often suffer from moderate to severe pruritus and experience a reduced quality of life (2, 3). Chronic pruritus in these patients remains a challenge regarding effective anti-pruritic treatments (4). The physiology of pruritus is transmitted by a complex interaction network of cutaneous and neuronal cells (5–7). Thus, it is very important to understand this network and dynamic processes to identify novel signaling pathways and pruritus mediators. Particularly, immune and neuronal systems are not acting separately, but interact rather closely with each other. Neurons modulate the function of immune cells by releasing neurotransmitters and neuropeptides leading to the transmission of pruritus and inflammation. In turn, activation of immune cells leads to the production and release of proinflammatory mediators including several cytokines, chemokines and neuropeptides that trigger neuronal pruritus response and inflammation in the skin (8, 9). These neuro-immune interactions arise not only from an intense biochemical crosstalk between immune cells and neurons, but also from sharing many properties, including receptor and ligand expression, which enables efficient communication between these two systems (10, 11). Thus, linking immune and neuronal systems provides a powerful way to gain insight into complex interactions associated with the neuro-immune interaction mechanism in pruritus. In this review, we highlight recent discoveries and approaches concerning interaction of pruritus receptors and channels in a neuro-immune manner in the field of pruritus research. We set our focus on transient receptor potential (TRP) channels, such as TRP vanilloid 1 (TRPV1) and ankyrin 1 (TRPA1), the heterodimer IL-31 receptor A (IL-31RA) and oncostatin-M receptor (OSMR), thymic stromal lymphopoietin receptor (TSLPR) and different G protein-coupled receptors (GPCR). These GPCRs comprise protease-activated receptor-2 (PAR-2), neurokinin-1 receptor (NK1R), histamine receptors H1 and H4 (H1R/H4R) and mas-related G-protein coupled receptors (MRGPRs) as well as tropomyosin receptor kinase A (TrkA) receptor (Figure 1, Table 1). These receptors and channels have been found on sensory neurons and play a crucial role in pruritus and neuro-immune pathways as well as pruritus associated inflammatory skin diseases (4, 12, 13). Here, we put emphasis on inflammatory skin diseases including AD, psoriasis and CSU that are highly in context with symptom of pruritus. In previous research, several treatment options for patients suffering from these pruritus-associated disorders were described (14–17). Additionally, we outline current therapeutic options in correspondence with these pruritus-associated receptors and channels (Table 2). Targeting neuro-immune pathways may open up new perspectives in terms of the development of more effective pharmacological treatment options for patients suffering from chronic pruritus.


[image: Figure 1]
FIGURE 1. Involvement of different receptors/channels in neuro-immune interactions in pruritus. There is a complex interplay between neurons and immune cells in transmission of pruritus and inflammation. Several receptors act as a bridge between the neuronal and immune network and function as pruritus mediators. These receptors are located on neurons, but also expressed by different non-neuronal cells (e.g., basophils, dendritic cells, eosinophils, keratinocytes, mast cells, macrophages and monocytes, neutrophils or T cells): Transient receptor potential vanilloid 1 (TRPV1) and ankyrin 1 (TRPA1), IL-31 receptor A (IL-31RA) and the oncostatin-M receptor (OSMR), thymic stromal lymphopoietin receptor (TSLPR), protease-activated receptor 2 (PAR-2), neurokinin-1 receptor (NK1R), histamine receptors H1/H4 (H1R/H4R), mas-related G-protein coupled receptor X2 (MRGPRX2), tropomyosin receptor kinase A (TrkA).



Table 1. Expression of receptors/channels on various non-neuronal cells.
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Table 2. Emerging therapeutic targets for treatment of pruritus associated inflammatory skin diseases in humans.
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RECEPTORS IN NEURO-IMMUNE INTERACTIONS


Transient Receptor Potential Channels TRPV1 and TRPA1

TRP channels are non-selective calcium-permeable cation channels comprising 28 members in mammals that can be categorized in six related protein families including TRPA, TRPC, TRPM, TRPML, TRPP, and TRPV (18, 19). TRP channels are involved in various sensory functions, such as mechanosensation, olfaction, osmolarity, pain, taste and thermoception (20–22). Several studies presented evidence showing that TRPV1 and TRPA1 play crucial roles in pruritus transmission (23–27). TRPA1 is essential in the signaling pathways that promote histamine-independent pruritus (22, 24), whereas TRPV1 is presumed to be required for both histaminergic and non-histaminergic pruritus (23, 28–31). These recent studies used knockout (KO) mice models and corresponding inhibitors and led to the conclusion that TRP channels are necessary in the pruritus pathways initiated by GPCR agonists like chloroquine and histamine (24, 29, 31). On the other hand, Ru et al. (32) demonstrated that TRPV1 and TRPA1 channels are not required for chloroquine activation of nerves by using dorsal skin-nerve preparation of healthy mice. This indicated that these TRP channels could affect other than primary afferent terminals (32). However, both ion channels are well-expressed in primary afferent sensory neurons, but also in non-neuronal cells like keratinocytes (33, 34), monocytes and macrophages (35–38), mast cells (39, 40), neutrophils (41, 42) and T cells (25, 43–45). TRPV1 is additionally expressed in dendritic cells (46, 47) and eosinophils (48). Besides neuro-immune interactions, crosstalk between the channels TRPV1 and TRPA1 and other receptors has been established in previous studies (5, 24, 47, 49, 50). An experimental study of Oh et al. (40) has described a case of complex interactions among nerve fibers and mast cells with the TRPA1 channel. The study demonstrated a neural TRPA1 dependent mechanism comprising interactions between TRPA1+ dermal mast cells and TRPA1+ dermal afferent nerves in a TH2-dominated inflammatory environment, which is responsible for the pruritogenesis of chronic pruritus in AD (40). Another example of neuro-immune interactions highlights the involvement of TRPV1 in the crosstalk between neurons and T-lymphocytes (25). Experiments revealed that IL-31 induces pruritus by binding to IL-31RA that is exclusively expressed on TRPV1+/TRPA1+ DRG neurons indicating TRP channels as key mediators of T-cell mediated IL-31-induced pruritus. Interestingly, only around 4% of DRG neurons were observed to be IL-31RA+ (25, 51). Surprisingly, IL-31 was shown to be a potential pruritogen, since injection of IL-31 into the cheek of mice induced profound pruritus, but not pain. This implicates that pruritus and pain may be induced by different subsets of unmyelinated afferents and pruritus specific afferents might exist (25). Interestingly, several studies reported a delayed pruritus after IL-31 injection in mice (52) as well as in patients with AD and healthy volunteers (53). These studies have led to great interest in targeting TRPV1 and developing potential drugs to treat pruritus, especially in AD. In that regard, a topical TRPV1 antagonist termed asivatrep, has shown to significantly improve symptoms (e.g., pruritus, sleep disturbance) of patients with mild-to-moderate AD (54, 55). Further investigations will be needed to unravel the neuro-immune axis involving TRP channels TRPA1 and TRPV1, neurons and different immune cells for new anti-pruritic therapeutic options.



IL-31 Receptor A and Oncostatin-M Receptor

The novel cytokine IL-31 signals through a heterodimeric receptor composed of IL-31RA and the OSMR. IL-31 is a TH2-cell-derived cytokine and the only known ligand for IL-31RA (56–58). It has previously been observed by Cevikbas et al. (25) that TH2 cells are main producers of IL-31. Besides TH2 cells, other immune cells like basophils, eosinophils or mast cells can produce and release IL-31 (59–62). The IL-31 receptor complex is not only expressed by DRG neurons (63), but also located on non-neuronal cells, such as basophils (62), eosinophils (61, 64), monocytes and macrophages (65–67), mast cells (13), dendritic cells (68), keratinocytes (69, 70), and T cells (25, 57, 71). IL-31/IL-31RA interaction activates signal transduction pathways leading to expression and release of various chemokines, proinflammatory cytokines, regulation of cell proliferation and stimulation of DRG neurons that play important role in pruritus induction and inflammatory diseases (72–74). A number of researchers observed an association between IL-31 and inflammatory skin diseases with severe pruritus including AD (61, 75), bullous pemphigoid (76), cutaneous T-cell lymphoma (77), CSU (78) and psoriasis (79). Regarding treatment approaches, a successful therapy of urticaria using omalizumab led to decreased serum levels of IL-31 (80). Previous research has established a neuro-immune crosstalk between IL-31 receptor, T cells and sensory nerves in pruritus (25). Cevikbas et al. (25) have shown that TH2-derived IL-31 is able to activate IL-31RA on TRPV1+/TRPA1+ sensory nerves in the skin causing the pruritus associated with AD. Furthermore, it was shown that the TH2-related and atopy-associated cytokine IL-31 directly induces nerve fiber elongation in vitro and in vivo in mice, suggesting that IL-31-associated nerve fiber elongation could be involved in skin hypersensitivity of AD patients (57). In this regard, IL-31 has been shown to correlate with disease severity and pruritus in AD patients (75). More recent findings have demonstrated that nemolizumab, an anti-IL-31RA antibody that binds to IL-31RA with subsequent inhibition of IL-31 signaling effectively relieves AD-associated pruritus (81, 82). The first clinical study revealed a statistically significant reduced pruritus visual analog scale (VAS) score to about 50% at week 4 compared with 20% with placebo in patients with AD (81). In a subsequent phase II study 264 adults with moderate to severe AD were treated every 4 weeks with nemolizumab in doses of 0.1, 0.5, or 2.0 mg/kg. Treatment led to decrease of pruritus VAS by 43.7% to 63.1% in a dose-dependent manner over a 12-week period compared with a 20.9% decrease with placebo (82). Further, a long-term extension study based on phase II trial resulted in reduced pruritus up to 90%, whereby it was limited by a placebo group (83). Another approach is provided by a human monoclonal antibody KPL-716, which specifically targets the OSMRβ chain and simultaneously inhibits both IL-31 and OSM signaling. Therefore, blocking OSMRβ with KPL-716 may be a potential treatment option of inflammatory skin diseases (e.g., AD) and needs to be clarified in further experiments (84). These studies indicate that IL-31 is an important cytokine for regulating pruritus and AD disease activity.



Thymic Stromal Lymphopoietin Receptor

TSLP is a four-helix bundle, IL-7-like cytokine, and a member of the IL-2 cytokine family that contributes to the initiation of type-2 inflammation. It is primarily produced by epithelial cells including keratinocytes, fibroblasts and stromal cells, but also by dendritic cells and mast cells (85, 86). TSLP signaling requires a heterodimeric receptor complex that consists of the IL-7 receptor α-chain (IL-7Rα) and the TSLP receptor chain (TSLPR) (87, 88). TSLP receptor is expressed by a variety of cell populations including non-neuronal cells, such as basophils (89), eosinophils (90), dendritic cells (91), keratinocytes (92), mast cells (93), macrophages and monocytes (94, 95), B and T cells (96, 97), but also by neurons (11, 98). The expression of TSLP from these different target cells can be triggered by various stimuli comprising respiratory viruses (99), cigarette smoke extracts (100) as well as several cytokines, such as TNF-α and IL-1β (101). TSLP is known to be involved in various allergic diseases such as AD (102, 103), bronchial asthma (104) and eosinophilic esophagitis (105). There is a growing evidence indicating that TSLP may also play role in other diseases including autoimmune, chronic inflammatory disorders and cancer (86, 106, 107). In terms of AD several studies show that TSLP serum level as well as TSLP level in the skin of AD patients is elevated (102, 103, 108). An overexpression of TSLP in mice models resulted in the development of AD (109, 110). Wilson et al. (98) have demonstrated that intradermal injection of TSLP led to scratching behavior in mice. Additionally, their data confirmed that TSLP released from keratinocytes acts directly on sensory neurons to induce itch-evoked scratching that was depended on TSLPR. Further it was evidenced that both functional TSLPRs and TRPA1 channels are required for TSLP-induced pruritus. A crosstalk between TSLP and PAR-2 was also observed. PAR-2 activation by its agonists SLIGLR and tryptase induced scratching behavior and Ca2+-dependent release of TSLP (98). However, the mechanism behind the TSLP-induced pruritus remains to be elucidated in further experimental studies. Targeting TSLP-TSLPR signaling via anti-TSLP therapy like with tezepelumab, a human monoclonal antibody targeting circulating TSLP, might be a promising tool to prevent and treat several diseases associated with elevated TSLP such as AD (111, 112). Contrarily, a phase II clinical trial tezepelumab treatment of patient with moderate to severe AD showed limited efficacy and insignificant pruritus reduction (111). More recently, Fitoussi et al. (113) demonstrated that a topical spray containing Tambourissa trichophylla leaf extract (TTLE) and 18β-glycyrrhetinic acid (GA), which inhibits TSLP secretion, efficiently decreases pruritus in AD patients and improves their quality of life.



Protease-Activated Receptor-2

The PAR family consists of four members, PAR-1, PAR-2, PAR-3, and PAR-4. All together they belong to G-protein coupled receptors activated by proteolytic cleavage of amino-terminal exodomain (114–117). Furthermore, an activation by different proteases generated by endogenous (e.g., proteases from endothelium, epithelium, fibroblast or immune cells) or exogenous sources (e.g., allergens, dust mite and various plants) is possible (118, 119). Existing research recognizes the critical role played by PAR-2 in skin neurogenic inflammation and in pruritic skin diseases such as AD (119–123). PAR-2 is expressed by various cell types including endothelial cells and keratinocytes (124), dendritic cells, monocytes and macrophages (125–127), mast cells (128, 129), neutrophils (130) and sensory nerve fibers (123, 131, 132). Steinhoff et al. (120) reported an increased signaling through PAR-2 that comprises an increased release of endogenous PAR-2 agonist mast cell tryptase followed by a higher occurrence of PAR-2+ nerve fibers in AD patients (120, 133). In addition to the crosstalk between nerve fibers, mast cells and PAR-2, it was shown that PAR-2 synergistically interact with TRPV1 channel resulting in pruritus sensation (134, 135). A key role of TRPV1 channel in PAR2-evoked Ca2+ release in differentiated human primary keratinocytes was shown by Gouin et al. (136). They demonstrated that TRPV1 independently regulate the production of inflammatory mediators, such as IL-1β, TNF-α, and TSLP via Ca2+ and NF-kB signaling (136). Overexpression of these inflammatory mediators is in connection with inflammatory skin diseases, such as AD or psoriasis (137–141). In a very recent follow-up study Buhl et al. (119) found that PAR-2 regulates neuro-epidermal communication in AD using a mouse model with epidermal overexpression of PAR-2. The research results indicate that PAR-2 signaling in keratinocytes causes epidermal responses leading to neuronal sensory and inflammatory responses in their AD model (119). A promising therapeutic approach presents a PAR-2 pepducin, termed PZ-235. Barr et al. (142) examined the capacity of PZ-235 to suppress skin lesion thickening, inflammation, and pruritus in acute and chronic models of AD. For this, MA-1, a mast cell-degranulating peptide from wasp venom, was utilized to induce severe scratching in mice. Subsequent PZ-235 treatment significantly reduced scratching behavior in mice up to 50%. Further results demonstrated that targeting PAR-2 via PZ-235 application attenuated production of inflammatory factors, leukocyte infiltration, skin thickening as well as severity of skin lesions. Therefore, PZ-235 may have potential in the effective treatment of patients with AD (142). More studies and clinical trials in humans are currently lacking and needs to be investigated.



Neurokinin-1 Receptor

Neurokinin receptors belong to G protein-coupled receptors and consists of three members, neurokinin-1-3 receptors (NK1-3R) that are implicated in afferent neuronal signal transduction. There are various ligands for these receptors like neurokinin A (NKA), neurokinin B (NKB), neuropeptide K (NPK), neuropeptide-γ (NKγ), endokinin, hemokinin 1 as well as substance P (SP), belonging to tachykinin family, whereas SP binds with high affinity to the NK1R (143–146). Especially, NK1R is known to mainly contribute to transmission of pruritus (4, 12, 147). NK1R is widely expressed by different immune cells, such as dendritic cells (148), eosinophils (149), mast cells (150), macrophages and monocytes (151) and T and B cells (152, 153), but also by keratinocytes (154, 155) and sensory nerve endings (11, 156, 157). Activation of NK1R via SP leads to multiple signaling cascades involving mast cell degranulation and release of proinflammatory mediators, such as histamine, nerve growth factor expression and leukotriene B4 in keratinocytes and neurogenic inflammation resulting in induction of inflammation and pruritus (145, 146, 158). Several studies investigated the role of SP and NK1R in the pathogenesis of pruritus in various diseases like AD, psoriasis and CSU (7, 159–163). Recently, it was reported that SP and its receptor NK1R are overexpressed in pruritic AD and psoriatic lesional skin (164). A previous study demonstrated that increased serum levels of SP in AD patients correlate with pruritus intensity (165, 166). Interestingly, oral treatment with the NK1R antagonist aprepitant led to reduced serum levels of immunoglobulin E (IgE) and SP levels in tissue as well as decreased cutaneous infiltration of regulatory T cells in an NC/Nga mouse model (167). In contrast, clinical studies revealed no significant differences between aprepitant treatment and placebo concerning reduction in pruritus, improvement in pruriginous lesions or quality of life (168, 169). However, another clinical study has shown that the NK1R antagonist serlopitant has potential as a therapeutic agent for the treatment of patients with chronic pruritus by significantly reducing the pruritus symptom (170–172). A phase II clinical study concluded that serlopitant reduced pruritus in patients with mild to moderate psoriasis (173). Another NK1R antagonist, tradipitant, was examined in terms of reduction of pruritus associated with AD through inhibition of SP-mediated itch signaling. Tradipitant treatment improved pruritus and sleep in mild AD (174). Several NK1R antagonists that potentially reduce pruritus activity in dermatological diseases are reviewed by Pojawa-Goła et al. (146) and Reszke et al. (172). Thus, targeting SP and/or NK1R with regard to neuro-immune crosstalk seems to be a promising approach in the treatment of pruritus. In a previous research it was established that Mas-related GPCR X2, which is also activated by SP, induced inflammation (175). Further, it was suggested that SP-induced pruritus may be mediated by MRGPRs rather than NK1R, since SP-induced pruritus was not decreased in Nk1r KO mice. Co-injection of QWF and SP in both Nk1r KO and wild-type mice led to significantly decreased SP-induced pruritus. Interestingly, an NK1R antagonist termed QWF was shown to have a dual action on MRGPRX2 (176). However, not only the crosstalk between different immune cells, neurons and NK1R, but also the interaction of NK1R with other receptors is an interesting approach for a better understanding of the pathogenesis of pruritic diseases.



Histamine Receptors H1 and H4

One of the well-characterized pruritogens is histamine. Histamine is released from mast cells and basophils via activation of histamine receptors, which belong to the G protein-coupled receptor superfamily. While four histamine receptor subtypes (H1–H4) exist, notably histamine receptors H1 and H4 are known to modulate pruritus (13, 177–181). Both histamine receptors (H1R and H4R) are extensively expressed in a wide range of cell types involving sensory neurons (182), epithelial cells like keratinocytes (183, 184), but also immune cells, such as basophils (185), dendritic cells (186, 187), eosinophils (13), monocytes (187), mast cells (188) and T cells (28, 189–191). Especially, the H4R is predominantly expressed by immune cells and is in conjunction with lots of functional histamine-mediated inflammatory responses like modulation of cytokine and chemokine release, chemotaxis and cell recruitment as well as upregulation of adhesion molecule expression (192, 193). However, both the H1 and the H4 histamine receptors play pivotal roles in various pruritic skin diseases, such as AD or CSU (188, 194–196). Various H1R antihistamines like ebastine, cetirizine, and levocetirizine were shown to decrease pruritus symptom of patients with CSU by 60–70% (197). A very recent clinical study presented a switch to bilastine, a H1R antagonist, as an optional treatment for patients with CSU, who are unresponsive to H1R antihistamines at the licensed doses (195). Although H1R antihistamines demonstrated convincing anti-pruritic effects in urticaria, they show limited efficiency in other pruritic skin diseases such as AD (11, 197, 198). In the study of Gutzmer et al. (190), it was demonstrated that AD patients express increased levels of H4R on T cells. Upon stimulation of the H4 receptor pruritogenic IL-31 is up-regulated leading to pruritic response (190). H4R antagonists were shown to reduce TH2 cytokine production, pruritus and skin inflammation in AD-associated animal models (199, 200). Therefore, new clinical trials using novel H4R antagonists might a promising treatment for patients with AD such as the H4R antagonist JNJ-39758979, which led to an improvement of inflammatory skin lesions in AD patients (193, 201). In addition, marked effects against pruritus in Japanese patients with AD could be observed in a phase II clinical trial, but the development of agranulocytosis by 2 subjects resulted in early trial termination (202). More recently, H4R antagonist adriforant was shown to improve inflammatory skin lesions in patients with AD. Although adriforant treatment cause a 3-point reduction (scale, 1–10) in pruritus, there was no significant difference in comparison to reduced pruritus with placebo (193). Interestingly, a combined treatment of both H1R and H4R antagonists demonstrated an anti-inflammatory effect in an AD mice model that might be a good strategy to treat patients with AD (203).



Mas-Related G-Protein Coupled Receptors

MRGPRs are G-protein coupled receptors that comprise at least 50 family members in mice, divided into subgroups MRGPRA-H and 8 members in humans named MRGPRX1-X4, D, E, F, and G. Several members of MRGPRs have emerged as critically important receptors in histamine-independent pruritus. They are mainly expressed by sensory neurons and some also by mast cells (5, 8, 204, 205). Recently, human basophils and eosinophils were reported to express MRGPRX2 (206). However, the MRGPRs can be activated by various endogenous and exogenous peptides or molecules, such as antimicrobial host defense or opioid peptides, SP or eosinophilic granules, but also by drugs like vancomycin or chloroquine (CQ) (12, 207). Particularly, MRGPRA3 and MRGPRC11 in mice as well as the human ortholog MRGPRX1 got into the focus of pruritus researchers over the past decade (12, 208). It was shown that CQ activated MRGPRA3 leading to a pruritus signal via the activation of TRPA1 (24). Furthermore, it was demonstrated that expression of MRGPRA3 establishes a subset of nociceptors that specifically mediate pruritus, but not pain in a mouse model. In addition, a deletion of MRGPRA3+ sensory neurons significantly inhibits scratching behavior (209, 210). A recent study by Lee et al. (211) determined that Korean Red Ginseng water extract (KRGE) inhibits CQ-induced pruritus by blocking the MRGPRA3/TRPA1 pathway. Interestingly, KRGE has also anti-pruritic effects on the histamine-dependent H1R/TRPV1 pathway, which might provide a dual anti-pruritic candidate agent for the treatment of pruritus patients (211, 212). Moreover, KRGE treatment significantly decreased hyperplasia and hyperkeratosis in the epidermis, infiltration of inflammatory cells and suppressed the overexpression of cytokines in the AD-like skin lesions of AD mice model (167). MRGPRC11 is in addition to MRGPRA3 co-localized and expressed in a subset of TRPV1+ afferents and mediates pruritus induced by BAM8-22 (24, 209, 213). Liu et al. (204) has proven that activation through MRGPRC11-specific agonist BAM8-22 induces scratching in murine models. In a following clinical study, BAM8-22 triggered pruritus and nociceptive sensations in humans in a histamine-independent manner as topical antihistamine-containing cream did not attenuate scratching behavior (214). This indicates BAM8-22 as an endogenous pruritus mediator and MRGPRX1 antagonists may present potential anti-pruritic therapies. The synthetic peptide SLIGRL was long believed to mediate scratching behavior via the PAR-2. However, intradermal injected SLIGRL caused scratching behavior in PAR-2 KO mice similar to that of wild-type mice. Liu and colleagues (215) proved that the pruritus induction of SLIGRL was mediated by MRGPRC11 while its hyperalgesic mode of action was derived from PAR-2 (2, 215). Furthermore, MRGPRX1 is responsible for neuronal activation and scratching behavior induced by both CQ and BAM8-22 (204, 213, 216). To date, there is a lack of knowledge about the involvement of MRGPRX1 in the pathology in chronic pruritic diseases such as AD and the potential role of MRGPRX1 antagonists in affected patients. Recently, researchers have shown an increased interest in MRGPRX2 in terms of pruriceptive receptor and its involvement in pruritic diseases like AD or psoriasis (164, 176, 217, 218). MRGPRX2 is expressed in mast cells and an activation of MRGPRX2 by peptides such as SP results in mast cell degranulation leading to release of proinflammatory factors as well as modulation of neurogenic inflammation and pruritus (219, 220). Previous research has established that both the percentage of MRGPRX2+ mast cells and MRGPRX2+ skin mast cells of patients with CSU were significantly higher in comparison to non-chronic urticaria subjects. It was further shown that SP-induced histamine release from human skin mast cells through MRGPRX2 contributing to neurogenic inflammation (221). Interestingly, Green et al. (222) found out that SP-mediated inflammatory responses were independent of its canonical receptor NK1R and identified MRGPRX2 and its mouse homolog MRGPRB2 as an important neuro-immune modulator and a potential target for treating inflammatory pain. Involvement in pruritus transmission and anti-pruritic treatment therapies remain elusive and needs to be clarified in further studies (222). In a recent study, increased MRGPRX2 mRNA expression in pruritic skin of patients with AD and psoriasis was demonstrated as well (164). However, research has consistently shown that only few endogenous agonists for most of these receptors are known so far and their role in the pathogenesis chronic pruritus diseases such as AD remains still unclear.



Tropomyosin Receptor Kinase A

Trk receptors were firstly described in 1986 and three members of the tyrosine kinase receptor family, TrkA, TrkB, and TrkC, have been identified so far. Trk receptors are activated by various neurotrophins including nerve-growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3) and neurotrophin-4 (NT-4) (223–226). The main source of NGF are keratinocytes in the skin (227, 228), but it is also expressed and secreted by other immune cells, such as basophils (229), monocytes and macrophages (230), mast cells (231, 232) and eosinophils (233) as well as by neurons (234, 235) during inflammation. NGF binds with high affinity to its receptor TrkA as well as the low-affinity neurotrophin receptor p75NTR. TrkA is widely expressed across the airway smooth muscles, the lung epithelium and sensory neurons (236, 237), but also located on various non-neuronal cells like basophils (238), eosinophils (233), keratinocytes (228), monocytes and macrophages (239), mast cells (231, 232) as well as B and T cells (240, 241). Both NGF and its receptor TrkA are suggested to play important roles in pruritus and allergic inflammation. Several studies reported that NGF in the skin and NGF serum levels of AD and psoriatic patients as well as serum levels of patients with asthma are increased (227, 242–245). Additionally, an increased TrkA expression in keratinocytes of patients with AD has been observed during inflammation (228). In AD it was shown, that increased peripheral serum levels of BDNF significantly correlate with disease severity and pruritus (246, 247). Also scratching activities were significantly correlated to increased levels of BDNF as shown by Hon and colleagues (248) which used a DigiTrac model to assess scratching activities in children with AD. In this regard, it has been shown that eosinophils are a source of BDNF and release BDNF and are functionally activated by BDNF with induction of chemotaxis (246–248). Thus, the question arises if BDNF which is released by eosinophils of AD patients is also capable to stimulate nerves. This has recently been shown in a study by us in which we could see that BDNF released by peripheral blood eosinophils of patients with AD led to a significant sprouting of peripheral nerves derived from spinal neurons of mice (247). Thus, also BDNF seems to have an important impact in neuro-immune interaction mechanisms and pruritus. However, NGF affects neurite outgrowth and neuronal survival (236, 249). Interestingly, sprouting of itch-sensitive nerve fibers, promoted by increased NGF levels, has been observed in the skin of patients with AD (242) and in AD-associated mice models (250, 251). Since NGF is known to increase cutaneous innervation in AD models and might contribute to the development of chronic pruritus, NGF and its receptor TrkA could be targets for future treatment of pruritus and allergic inflammation in pruritic diseases like AD or psoriasis. A clinical study demonstrated a promising treatment of AD by neutralizing antibodies against NGF that inhibited the development of skin lesions and epidermal innervation as well as scratching behavior in AD mice model (252). In human sensory neurons, NGF up-regulated the expression and sensitivity of TRPV1 channels by activating TrkA (253, 254). Interestingly, TrkA inhibitor CT327 was shown to significantly reduce chronic pruritus in patients with psoriasis as measured by VAS in a phase II clinical study. The results demonstrated that 62, 46, and 61% of patients treated with CT327 0.05, 0.1, and 0.5%, respectively, had at least a 50% decrease in pruritus VAS in comparison to 32% on vehicle (255). Further trials are necessary to prove the anti-pruritic effects of CT327 in AD. There is growing evidence that cutaneous NGF-TrkA-TRPV1 signaling might be a key mechanism contributing to neurogenic inflammation and pruritus in different dermatological diseases (147, 255).




CONCLUSION

Our understanding of the pathogenesis of pruritus has significantly evolved in recent years. There is a growing body of literature on the complex crosstalk between neuronal and immune cells that are involved in the development of acute and chronic pruritus. Neurons directly communicate with and regulate the function of various immune cells, such as mast cells, dendritic cells, eosinophils and T cells in pruritus transmission and inflammation. Immune cells release proinflammatory mediators including cytokines, chemokines, neurotrophins, and neuropeptides that activate sensory neurons to mediate pruritus. Activation of these neurons leads to a release of neurotransmitters and neuropeptides that vice versa have a direct impact on the functional activity of immune cells. The literature on neuro-immune crosstalk has emphasized several key mediators and neuronal pathways involved in the transmission of pruritus. Potential mediator and promising receptor therapeutic targets in the skin as well as in peripheral nerves comprises TRPV1, TRPA1, IL-31RA, TSLPR, PAR-2, NK1R, H1R and H4R, MRGPRs and TrkA, which are highlighted in this review (Figure 1, Tables 1, 2). Future studies targeting neuro-immune interactions will help to unravel the underlying mechanisms of pruritus and to develop specific therapies.
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The animal model is an important tool to study the mechanism of disease formation. Different animal models of pruritus have been adopted based on the purpose of researchers in the study of the itching mechanism. Although the symptoms of various models are quite different, scratching behavior is a key indicator. Therefore, it is necessary to find an animal model that can quickly induce animal scratching and maintain the stability of scratching behavior. In this study, we compared animal models of pruritus induced by four substances and found that the scratching behavior of mice induced by urushiol not only reached the plateau stage quickly but also showed more stability in the plateau phase than that induced by 2,4-dinitrofluorobenzene, oxazolone, and imiquimod. Meanwhile, in the animal model induced by urushiol, the changes of epidermal thickening and inflammatory cell aggregation were also more obvious. In addition, pruritus induced by urushiol is prevalent all over the world, especially in the United States and Europe, involving outdoor groups such as firefighters, forest loggers, and farmers. Therefore, we believe that the urushiol-induced animal model is an ideal choice for the study of the itch formation mechanism and the development of antipruritic drugs.
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INTRODUCTION

Chronic pruritus is an obvious symptom of patients with xeroderma, psoriasis, allergic dermatitis, etc. Pruritus severely influences the quality of life of patients (1). In addition, many systemic diseases are also accompanied by pruritus, including diabetes, chronic kidney disease, and psychiatric disorders (2, 3). Itching-related skin diseases often have different symptoms, including xerosis, eczema, dermatitis, urticarial, and cutaneous pruritus (4, 5). To investigate the mechanism of this chronic itch, multiple animal models are used to simulate pruritic symptoms of clinical patients (6). Different animal models of pruritus have been adopted based on the purpose of the researchers in the study of the itching mechanism. Different mouse models of atopic dermatitis (AD), allergic contact dermatitis (ACD), acetone–ether–water (AEW), and psoriasis are widely used to simulate the symptoms of clinical patients. In the process of establishing different animal models, many chemical compounds are used to induce pruritus, including DNFB, oxazolone, imiquimod, and a mixture of acetone and ether (7, 8). Although the symptoms of various models are quite different, scratching behavior is a key indicator.

AD is a chronic eczematous skin disorder characterized by dry and itchy skin. It is a manifestation of immediate hypersensitivity mediated by immunoglobulin E (IgE); delayed-type hypersensitivity is also involved in the skin reaction of patients (9). Oxazolone and DNFB are usually used to induce AD. Oxazolone is a potent contact allergen in humans, which is usually used to induce an AD model (10, 11). It has been reported that the mechanism responsible for producing the scratching in mice after repeated application with oxazolone resembles that of the itching in patients with AD (12). Oxazolone is also used to induce colitis and respiratory allergy (13, 14). DNFB is an decoupling agent, first used to induce typical skin sensitization of the contact type in guinea pigs (15). AD is recognized as a T helper 2 (Th2)–mediated allergic disease, accompanied by increases in cytokines such as tumor necrosis factor α (TNFα), interleukin 4 (IL-4), and IL-17.

Psoriasis is defined as a chronic inflammatory skin disorder characterized by scaly skin plaques, hyperproliferative keratinocytes, and immune cell infiltration into the skin, often accompanied by itching (16). An imiquimod-induced psoriasis model is used to imitate the symptoms of patients with psoriasis in the clinic (17, 18). It has been reported that disturbances in the innate and adaptive cutaneous immune responses are responsible for the development and sustainment of psoriatic inflammation (19, 20).

Contact dermatitis is defined as an inflammation of the skin induced by direct contact of a substance with the surface of the skin. Skin exposure to irritating substances, including solvents, some chemicals, and cosmetics, often results in red, painful rather than itchy, patches on the involved skin areas (21–23). Urushiol-induced ACD is the most common environmental allergic condition in the world. Urushiol as an pruritogen wildly exists in the Toxicodendron (formerly Rhus) species—poison ivy, poi-oak, and poison sumac (24). It is mainly distributed in Eastern and Central Asia, Vietnam, Korea, Japan, North America, Africa, Australia, New Zealand, and other countries. Urushiol dermatitis patients often develop an extensive, very itchy vesiculo-bullous rash on an infiltrated base or intermittent rashes, with some lesions resembling erythema multiforme (25, 26). Early urushiol-induced ACD model experiments were done on guinea pigs (27).

Due to the complex mechanism, the research on associated with urushiol dermatitis has remained largely unexplored, and no particularly effective drug has been found. Immune cells including CD8+ lymphocytes play a central role in urushiol dermatitis, regulated by CD4+ T lymphocyte subpopulations (28). Cytokines including thymic stromal lymphopoietin (TSLP), serotonin (5-HT), IL-33, and endothelin (ET-1) also mediate this allergic reaction (29, 30). It was reported that the most common treatment received was oral steroids. The cost of diagnosis in the emergency department is, on average, five times that in the outpatient setting (24). Therefore, the urushiol-induced model is optimal to study the mechanism of ACD, which can be expected to magnify the prevalence of urushiol dermatitis.

Although the cause of the itch was complicated, there were still some common factors that existed. Multiple immune cells participate in pruritus of the irritated itch model mice, including mast cells and CD4+ and CD8+ T lymphocytes (31, 32). Like keratinocytes, mast cells are a major source of cutaneous proinflammatory mediators thought to underlie the pathology of pruritus, most importantly IL-33, IL-4, and IL-13 (29, 33, 34). So, these pruritus models have some common features to some extent. Multiple pharmaceuticals could reduce cytokines and chemokines including histamine, TSLP, IL-5, IL-6, IL-8, and IL-13 to relieve the pruritus of the AD induced by DNFB (35, 36). The levels of serum IgE, IL-4, and AD-involved cytokines, such as TNFα, interferon-γ (IFN-γ), IL-1β, TSLP, IL-33, and IL-25, also mediate inflammation in an oxazolone-induced mouse model (19, 37). Different cytokines and chemokines, such as interleukin, TNFα, INFγ, and monocyte chemotactic protein 1 (MCP-1), also increased in imiquimod-induced psoriasis (38, 39).

The aim of this research was to evaluate the skin lesions and behavior of different animal models induced by different irritants. Therefore, the number of inflammatory cytokine immune cells was measured, and the phenotype of the skin was observed.



MATERIALS AND METHODS


Animals

Male C57bl/6J mice 6–8 weeks old were used in the behavioral experiments. All animals were habituated in a room with a 12 h light–dark cycle. The temperature was sustained at 26°C, with humidity at 35%. All mice were kept in the SPF animal center at the Nanjing University of Chinese Medicine. All animal experiments were approved by the animal ethics committee of the Nanjing University of Chinese Medicine.



Pruritic Models

All mice were divided into five groups, exposed to acetone, urushiol, 2,4-dinitrofluorobenzene (DNFB), oxazolone, and imiquimod. Mice were shaved 5 or 2 days prior. Mice were sensitized with 2.0% (wt/vol) urushiol, DNFB, or oxazolone on the abdominal skin, followed by challenges on the nape of neck 5 days later with 0.5% urushiol, DNFB, or oxazolone. The imiquimod-induced pruritic model was established through painting 5% imiquimod on the neck of mice every day. Urushiol, DNFB, and oxazolone were dissolved in acetone, while imiquimod cream was painted directly. Acetone was used in control mice.



Materials

DNFB and oxazolone were purchased from Sigma. Imiquimod cream was purchased as a prescription drug (produced by Sichuan Med-shine Pharmaceutical, Co., LTD.). Urushiol was extracted from Chinese lacquer trees (HPLC≥95%) (40). Hematoxylin and eosin (H&E) staining reagent and Giemsa staining reagent were obtained from Solarbio Life Sciences.



Behavioral Experiments

Mice were habituated in a box with dimensions of 15 × 15 × 15 cm for 15 min every day before experiments. Then, urushiol, DNFB, oxazolone, and imiquimod were painted on the necks of the mice, respectively, shaved 2 days prior. Behaviors of the mice were recorded by video for at least 1 h. We recorded scratching bouts of the mice at 9:00 p.m. every day for 10 days. Scratching numbers were defined as the number of times the hind limbs scratched the neck.



Histological Analysis

Mice were decapitated quickly on the 10th day. The neck skin of the control and model mice was collected, with an area of 8 × 8 mm. Skin was posterior fixed for 24 h in 4% paraformaldehyde and then placed in 30% sugar for 3–5 days. Skin tissue slices were prepared using a frozen section with a thickness of 15 μm, for histochemical experimentation. H&E staining and toluidine blue staining were used to observe the skin lesions and mast cell. Giemsa staining was used to determine the number of inflammatory cells.



Statistical Analysis

The results are expressed as mean ± SEM. The significance of the differences between groups was calculated using Student's t-test and ANOVA analysis. In all analyses, a p < 0.05 is considered to be statistically significant.




RESULTS


Four Established Pruritic Mouse Models

To compare the different pruritic compounds that induced itch, we established four chronic pruritic models, using urushiol, DNFB, oxazolone, and imiquimod on the neck of mice. Mice were sensitized with 2.0% (wt/vol) urushiol, DNFB, or oxazolone on the abdominal skin, followed by challenges on the nape of the neck 5 days later with 0.5% urushiol, DNFB, or oxazolone (Figure 1A). The imiquimod-induced pruritic model was established by painting 5% imiquimod on the neck of mice every day (Figure 1B). Control mice were treated with acetone. Our results showed that all the model mice displayed skin lesions to different degrees compared with control mice (p < 0.001) (Figure 1C). Tissue hyperplasia was the typical characteristic of the skin lesions. The thickness of the skin hyperplasia indicated that all the model mice showed skin lesions to different degrees (Figure 1D). Urushiol-induced model mice showed more severe skin damage than the other three mouse models. The epidermis thickness was more obvious compared with other models (uru, 89.8 ± 3.12 μm; oxa, 43.2 ± 1.60 μm; DNFB, 80.8 ± 2.53 μm; IMQ, 75.2 ± 2.24 μm vs. con, 10.1 ± 0.34 μm, n = 4 or 5, p < 0.001) (Figure 1E). The results indicated that the urushiol-induced model showed the most serious skin lesions.


[image: Figure 1]
FIGURE 1. Itchy animals induced by pruritic irritant showed severe skin lesions. (A) The itch model was induced by different irritants [urushiol, 2,4-dinitrofluorobenzene (DNFB), and oxazolone]. The red arrow shows the treatment day with the pruritic irritant. (B) The psoriasis model was induced by imiquimod. (C) Different itch model mice showed obvious skin lesions on the neck compared with control mice. (D) Hematoxylin and eosin (H&E) painting of the skin slice on the 10th day. Model mice showed thickening to different degrees. Scale bar 20 μm. (E) Statistics of the epidermis thickness of the model mice and control mice. Significant difference is indicated by p-value (*compared with control mice; #compared with urushiol-induced model mice). ***p < 0.001, **p < 0.01, *p < 0.05; ###p < 0.01.




The Difference in Scratching Behavior in the Four Mouse Models

Different animal models were used to imitate the pruritus of patients in clinic, including psoriasis (imiquimod model), xeroderma (AEW model), AD (oxazolone model, DNFB model), and ACD (urushiol model). Pruritus was the obvious symptom of these models. To observe consecutive pruritic behavior, we recorded scratching behavior every day, rather than only at 1 h or 24 h. We found that the four mouse models could show obvious scratching behavior consistent with reported results (8, 17, 29). Except the skin lesions, we found that the scratching bouts of the four mouse models also showed a significant difference. Compared with control mice, all model mice could experience pruritus to different degrees (p < 0.01). Urushiol, DNFB, and oxazolone were used to induce ACD. Imiquimod often was used to establish psoriasis, which also showed skin pruritus. Our results showed that urushiol-induced model mice exhibited pruritic behavior earlier than the DNFB, oxazolone, and imiquimod groups (n = 4) (Figures 2A,B). Compared with the oxazolone group, urushiol-induced model mice showed more obvious pruritic behavior on the zeroth to third days. The pruritic behavior of the oxazolone-induced model mice reached a plateau on the fourth day (Figures 2A,C,E). DNFB-induced model mice showed serious pruritus in 1 h after application of DNFB. The itchy behavior of the mice in 24 h was reduced until the eighth day (Figures 2B,D,F). Our results showed that imiquimod-induced psoriasis exhibited less severe pruritic behavior in mice than the urushiol group (Figure 2G). Especially, we found that there was no difference in scratching bouts between 1 and 24 h in the urushiol and oxazolone groups on the first day (urushiol, 307 ± 14.3 vs. 235 ± 40.5, p = 0.20; oxazolone, 44 ± 11.6 vs. 55 ± 22.4, p = 0.67) (Figure 2H). However, there was a significant difference between 1 and 24 h in the DNFB and imiquimod groups (DNFB, 202 ± 11.3 vs. 53 ± 24.7, p < 0.01; imiquimod, 192 ± 18.8 vs. 18 ± 4.4, p < 0.001). The different irritants inducing pruritus have different pathogenic mechanisms. We speculated that after treatment with different irritants for 1 h, there was direct stimulus to the skin of the model mice. After 24 h, pruritus tends to be stable. DNFB, as a strong sensitizer, also had multiple side effects, such as apoptotic death of skin dendritic cells occurring after exposure and promotion of tumors (41, 42). We concluded that compared with other irritants, urushiol was a relatively stable, safe, and effective irritant for itching.
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FIGURE 2. Comparison of scratching bouts between different itch models. (A) Scratching bouts of the urushiol-induced mice were higher than those of oxazolone-induced mice and control mice. Significant difference is indicated by p-value (*shows urushiol-induced model mice compared with control mice; #shows urushiol-induced model mice compared with oxazolone group; $shows oxazolone group compared with control mice). (B) Pruritic behavior of the urushiol-induced mice was more obvious than that of DNFB-induced mice (#shows urushiol-induced model mice compared with DNFB group; $shows DNFB group compared with control mice). (C) Compared with oxazolone, urushiol induced more obvious pruritus in 1 h (evoked scratching). (D) Compared with DNFB, there was no obvious difference in scratching bouts induced by urushiol in 1 h (evoked scratching). (E) Compared with oxazolone, urushiol induced more obvious pruritus in 24 h (spontaneous scratching). (F) There was an obvious difference in pruritus between DNFB and urushiol model mice. (G) Scratching bouts of the urushiol-induced mice were higher than those of IMQ-induced mice (#shows urushiol-induced model mice compared with IMQ group; $shows IMQ group compared with control mice). (H) Scratching behavior of the different mice shown in 1 and 24 h on the first day. ***p < 0.001, **p < 0.01, *p < 0.05; ##p <0.01, ###p < 0.001; $p < 0.05.




Inflammatory Cells of the Irritant Itch Models

Despite the diversity of the mechanisms in different itch models of mice, inflammatory cells and cytokines have been reported to be involved in the formation of pruritus in mice (43–45). A mast cell is a kind of inflammatory cell, which we have paid close attention to recently. To speculate on whether mast cells participate in the pruritus behavior of these mouse models, we calculated the statistic degranulation percentage of mast cells, using toluidine blue painting. Our results showed that the degranulation percentage of the four mouse models was higher than that of control mice (p < 0.001) (Figures 3A,B). Therefore, we speculate that the cytokines and chemokines released by mast cells after degranulation may be the cause of pruritus in the model mice. Other than mast cells, basophils and eosinophils also participate in the itch of these mouse models. Our results showed that both basophils and eosinophils increase obviously compared with control mice (p < 0.01) (Figure 3C). To observe the inflammatory cell aggregation induced by different irritants, we compared urushiol-, oxazolone-, DNFB-, and imiquimod-induced itch models. Statistical data revealed that basophil and eosinophil aggregation induced by urushiol was more obvious compared to oxazolone and DNFB (113.6 ± 4.7; oxazolone, 82.14 ± 2.0, p < 0.001; DNFB, 42.5 ± 2.2, p < 0.001). There was no difference between the urushiol-induced model and the imiquimod-induced model (106.9 ± 2.9, p = 0.2037). We believe that different inflammatory cells, including mast cells, basophils and eosinophils, and cytokines, mediated the pruritus of the irritant itch.


[image: Figure 3]
FIGURE 3. Inflammatory cells mediated itch of the model mice. (A) Immunohistochemistry staining of the skin tissue. Toluidine blue staining of the model mice and control mice (upper figure), scale bar, 50 μm. Giemsa staining of the basophils and eosinophils, scale bar 25 μm (bottom of A). (B) Degranulation ratio of the model mice increased compared to control mice. (C) Inflammatory cells in skin tissue of the mice. ***p < 0.001, **p < 0.01, *p < 0.05.





DISCUSSION

Animal models of human disease refer to animals with human disease simulation performance established in various medical science research studies. The use of animal models is a very important experimental method and means in modern biomedical research, which is conducive to more convenient and effective understanding of the occurrence and development of human diseases and research on prevention and control measures. We observed four animal models simulating human pruritus and compared their pruritus characteristics and pathogenesis. It is hoped that these results can provide some references for researchers who are studying different diseases with pruritus.

Pruritus is a disease and a symptom of different diseases. For itch researchers, it is necessary and important to establish an animal model with obvious, stable, and persistent itching behavior. Scratching bouts were usually considered to be an indicator for evaluating itching in mice. Our consecutive record of the behavior showed that the scratching bouts of the urushiol-induced model were more obvious, sustained, and stable than those of DNFB-induced mice. In addition, the pruritus symptom of the urushiol-induced model mice was more severe than oxazolone- and imiquimod-induced model mice. At the same time, urushiol is more likely to induce pruritus than other irritants. Compared with other models, the urushiol-induced model is easier to establish. The characteristics of these animal models can indeed provide a choice for researchers with different directions and who are interested in itching.

The purpose of basic research is to seek effective treatment methods and approaches. The mechanisms of pruritus caused by different diseases are different, but there may be some of the same itching molecules, itch-related receptors, and immune cells in human and animal bodies, which play an important role. For example, IL-22, IL-23, IL-31, and IL-33 were increased in the skin of patients and model animals with allergic dermatitis, AD, and psoriasis (30, 46). In the skin of AD and psoriasis patients, the expression of these receptors such as phospholipase A2, substance P, Nav1.7, and TRPV1 was positively correlated with the degree of skin lesions. In addition, cytokines such as IL-17A, IL-23A, and IL-31 had elevated gene transcript levels in both itchy atopic and psoriatic skin (47). So far, although we are still unable to determine whether the pruritus in different animal models has the same material basis, we can compare and analyze the data obtained in different animal models of pruritus and find out whether there is a certain rule. In any case, the determination of itch targets will effectively promote the development of antipruritic drugs.
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Neuropathic itch occurs due to damage of neurons of the peripheral or central nervous system. Several entities, including metabolic, neurodegenerative, orthopedic, infectious, autoimmune, malignant, and iatrogenic conditions, may affect the somatosensory system and induce neuropathic itch. Due to the complex nature of neuropathic itch, particularly concerning its clinical presentation and possible etiological factors, diagnostic work-up of this condition is challenging. A detailed medical history, especially in regard to the itch, and a comprehensive physical examination are relevant to detect characteristic signs and symptoms of neuropathic itch and to rule out other possible causes for chronic itch. Complementary diagnostic exams, especially laboratory tests, determination of the intraepidermal nerve fiber density via a skin biopsy and radiological examinations may be indicated to confirm the diagnosis of neuropathic itch and to identify underlying etiological factors. Functional assessments such as quantitative sensory testing, nerve conduction studies, evoked potentials, or microneurography may be considered in particular cases. This review article provides a comprehensive overview of the diagnostic work-up recommended for patients with neuropathic itch.

Keywords: neuropathic itch, chronic itch, dysesthesia, pain, small-fiber neuropathy, diagnostic work-up, intraepidermal nerve fiber density, magnet resonance imaging


INTRODUCTION

The International Forum for the Study of Itch (IFSI) defines neuropathic itch as itch occurring due to an injury of neurons of the peripheral or central nervous system (1). It is estimated that 8% of chronic itch cases have a neuropathic origin (2). However, epidemiological studies investigating the prevalence and incidence of neuropathic itch are still missing.

Damage at any site of the somatosensory system, including peripherally nerve fibers, nerve plexuses and ganglia, and centrally the spinal cord, brainstem, thalamus or cortex, may lead to neuropathic itch (3).

Several conditions affecting the peripheral nervous system are associated with neuropathic itch (Table 1). In small-fiber neuropathy (SFN), which results from injured C- and Aδ fibers (4), itch and pain may occur localized (mostly distally at the feet) or generalized. It may result from a myriad of conditions such as metabolic (e.g., diabetes), infectious, autoimmune and genetic diseases. Also drugs (e.g., chemotherapy) and alcohol may induce SFN (5, 6). Scars and burn-injuries are often associated with itch, likely due to damage of cutaneous nerves (7, 8). Postherpetic neuralgia is a frequent cause of neuropathic itch at the site of the affected peripheral nerve (9). Compression or irritation of different neural structures may induce localized neuropathic itch along the corresponding dermatome, as is the case in brachioradial pruritus (radiculopathy at C3–C6), notalgia paresthetica (dorsal rami of posterior nerves at T2–T6), cheiralgia paresthetica (radial nerve), meralgia paresthetica (lateral femoral cutaneous nerve), and gonyalgia paresthetica (infrapatellar branch of the saphenous nerve) (2, 10–13). Genitoanal itch, a common pruritic condition, can also have a neuropathic origin, due to a lumbosacral radiculopathy. Injury of the trigeminal nerve may cause facial itch leading often to manipulation of the skin with ulceration, a condition termed trigeminal trophic syndrome (14).


Table 1. Neuropathic pruritic conditions.
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At central level, space-occupying lesions such as abscesses, cysts, tumors, vascular malformations or syringomyelia may originate neuropathic itch (15, 16). Also neural damage induced by trauma or meningitis has been associated with the occurrence of itch, while unilateral itch has been reported after a stroke (17, 18). Additionally, itch has been reported in neuroinflammatory conditions as for instance multiple sclerosis or neuromyelitis optica (19, 20).

Neuropathic itch should be differentiated from other etiologies possibly underlying itch. Table 2 provides an overview of potential etiologies of chronic itch as defined by the IFSI, including clinical examples and distinctive clinical features.


Table 2. Etiological classification of itch.
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Owing to the multidimensional nature of neuropathic itch, particularly regarding its clinical presentation and possible underlying causes, substantial diagnostic efforts are necessary in the management of these patients. This review article focuses on the diagnostic work-up of patients with neuropathic itch, including the medical history and physical examination (Table 3), use of standardized questionnaires, laboratory tests, skin biopsies for the assessment of neurocutaneous alterations, radiological examinations, and functional tests (Table 4).


Table 3. Medical history and physical examination: relevant aspects for neuropathic itch.
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Table 4. Complementary diagnostic procedures in neuropathic itch.
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MEDICAL HISTORY

A detailed medical history is essential for the diagnosis of neuropathic itch and to exclude other possible etiologies for chronic pruritus. The itch characteristics should be asked in detail. The beginning of the pruritus and possible associated relevant events (e.g., herpes zoster prior to postherpetic neuralgia, or treatment with chemotherapy resulting in SFN) may give important clues of its etiology. Additionally, the appearance of the skin at the onset of the disease should be asked. Neuropathic itch starts on normal appearing skin, as no primary skin condition is present, but excoriations or chronic scratch lesions (e.g., chronic nodular prurigo or lichen simplex) may develop at a later stage due to ongoing scratching behavior (Figure 1) (21).


[image: Figure 1]
FIGURE 1. Neuropathic itch: clinical features and burden.


Also the localization of itch at the beginning and during the course of the disease should be addressed. The affected site of the somatosensory system is of paramount importance for the localization of itch. However, generalization of itch may occur after initial localized begin (22).

Pruritus intensity, accompanying sensory symptoms, fluctuation of the itch during the day and alleviating factors should be assessed. Typical for neuropathic itch is the presence of additional dysesthesias such as stinging and tingling, occurrence of itch in attacks and alleviation of the symptoms after application of cool-packs or cold water (Figure 1) (5, 23).

Moreover, information on previous antipruritic therapies and their effect and tolerance may help guiding the decision on further therapeutic proceedings (24, 25).

In addition to the itch specific history, the general medical history, especially regarding comorbidities and co-medication are important to rule other possible factors contributing to the development of pruritus and to inform on eventual limitations of therapeutic options due to drug interactions or systemic conditions as for instance impairment of renal or liver function (24, 25).



PHYSICAL EXAMINATION

A comprehensive dermatological examination of the entire skin including mucosae is advised (24, 25). In neuropathic itch, no primary skin diseases are expected to be found. These should be differentiated from secondary lesions resulting from scratching such as excoriations or lichenification (24, 25). The distribution pattern of possible scratch marks and/or of the reported symptoms in localized pruritic conditions is essential for the correct diagnosis of the neuropathy. For instance, SFN manifests initially distally at the feet and advance proximally with the course of the disease, whereas neuropathic itch due to postherpetic neuralgia occurs at the affected dermatome. Brachioradial pruritus affects the outer aspects of the arms, while in notalgia paresthetica a circumscribed hyperpigmented area due to rubbing, mostly between the scapulae at the back, is characteristic (26). Unilateral itch should raise suspicion of a past stroke (17).

Alloknesis, i.e., induction of itch after application of a non-pruritic stimulus, and hyperknesis, i.e., augmented itch response to a pruritic stimulus, may occur in neuropathic itch (27) and should be assessed in these patients. A typical example for alloknesis often reported by patients is an intense itch perception after light touch of the skin in an affected site. These phenomena argue for neuronal sensitization processes, which contribute to the chronicity of the itch (28).



STANDARDIZED QUESTIONNAIRES

Standardized questionnaires, as for instance the doleur neuropathique (DN4) (29), PainDetect (30), or the Brief Pain Inventory (31), have been successfully developed to screen for neuropathic pain (32). For neuropathic itch no such tools were available until recently, when a score to differentiate neuropathic from non-neuropathic itch based on patient reported outcomes was proposed. Independent factors for neuropathic itch were the presence of twinges, absence of burning, worsening of the itch with activity, no worsening with stress and relief of itch with cold temperature. As a result, the Neuropathic Pruritus 5 (NP5) score was suggested based on the 5 independent factors for neuropathic itch. The presence of two out of five criteria yield a sensitivity of 76% and a specificity of 77% in discriminating neuropathic from non-neuropathic itch (33). For SFN a patient oriented survey including a question on itchy skin is in development (34).



SKIN BIOPSY: INTRAEPIDERMAL NERVE FIBER DENSITY

Neurocutaneous morphological alterations are observed in neuropathic pruritic conditions. The determination of the intraepidermal nerve fiber density (IENFD) is the gold standard for the diagnosis of a SFN (5). Additionally, a reduction of the IENFD is also observed in neuropathic compression syndromes as for instance brachioradial pruritus (35). Thus, the examination of the epidermal neural architecture may provide important hints for the diagnosis of a neuropathic pruritic condition. Clinically, the magnitude of the decrease in IENFD seems to influence the perception of dysesthesias (5).

In order to determine the IENFD when neuropathic itch is suspected, a skin sample is obtained via a punch biopsy from non-lesional pruritic skin. Importantly, scratch lesions, scars or other skin conditions (e.g., eczema, skin infections) should be avoided when choosing the biopsy site, since such alterations may lead to false pathological findings. After staining of the skin sample with an axonal marker (e.g., protein gene product 9.5), nerve fibers crossing the basal membrane from the dermis into the epidermis are counted and divided by the length of the dermoepidermal junction. Fragments of nerve fibers in the epidermis and branching are not considered for the IENFD (36). Reference values are currently only available for the innervation site of the sural nerve (37). Therefore, this area (lateral lower leg) should be chosen for the biopsy, if patients report dysesthesias there. If another body site is affected, a skin sample from a non-affected symmetrical region should be obtained for comparison.



LABORATORY TESTS

Laboratory tests are indicated to rule out non-neuropathic conditions potentially inducing chronic itch, as for instance renal retention parameters to exclude renal insufficiency, cholestasis parameters or complete blood count to screen for hemato-oncological diseases (24, 25). Moreover, disease specific tests should be performed in selected patients with suspicion of a neurologic condition (e.g., analysis of cerebrospinal fluid including histology if a brain tumor is suspected, or oligoclonal bands for the diagnosis of multiple sclerosis) (24).

Additionally, after a SFN is diagnosed laboratory investigations should be performed in order to identify possible causes. The assessment of glycosylated hemoglobin to rule out diabetes, vitamin B12 and folate serum levels, HIV and hepatitis B and C serology, TSH, and antinuclear antibodies constitute the most relevant assessments. Additionally, genetic tests may be considered for young patients with SFN of unclear origin to exclude a hereditary condition. However, in spite of a comprehensive work-up, the etiology of SFN remains unknown in a substantial number of cases (38).



RADIOLOGICAL EXAMINATIONS

Diagnostic imaging, especially magnet resonance imaging (MRI) and computed tomography (CT), is helpful to detect space-occupying lesions such as tumors, abscesses, vascular or inflammatory lesions and their anatomical relationship to peripheral or central neural structures. Medical imaging plays also a relevant role in the diagnosis of neurological conditions as e.g., stroke, meningitis or degenerative neuroinflammatory diseases, which potentially induce neuropathic itch.

MRI [alternatively CT, high-resolution sonography or MR neurography (39)] is oftentimes used in the diagnostic work-up of pruritic neuropathic compression syndromes to identify underlying pathologies such as compression of nerve roots or of the spinal cord, disc prolapse or herniation, degenerative vertebral alterations, osteophytes or neuroforaminal stenosis (10, 11, 26). While in brachioradial pruritus there is a clear correlation between MRI findings and the localization of dysesthesias, such a relationship is not so clear for notalgia paresthetica (40).



FUNCTIONAL ASSESSMENTS

Morphological investigations of neuroanatomical alterations may be complemented with functional assessments in patients with neuropathic itch. The small unmyelinated C-fibers and thinly myelinated Aδ-fibers are of particular interest, as they transmit itch (41, 42). In quantitative sensory testing (QST), a validated test battery using thermal and mechanical standardized stimuli, detection and pain thresholds as well as response to suprathreshold stimuli are measured, allowing to infer a possible gain or loss of function of different nerve fiber populations (43–45). Additionally, QST informs about signs of neuronal sensitization, for instance by assessing mechanical allodynia and wind-up ratio (46). Although this non-invasive method provides a comprehensive neurophysiological profiling of sensory neuropathies, it is time-consuming, requires specialized personnel and the collaboration of the patient.

Large myelinated sensory fibers are not involved in itch transmission. Nevertheless, SFN may occur as part of a polyneuropathy with involvement of large fibers. Therefore, in patients with neuropathic pruritus due to a SFN, referral to a neurologist for nerve conduction studies or electromyography should be considered (3). Additionally patients with pruritic compression diseases may show pathological nerve conduction studies, as has been reported in brachioradial pruritus (47) and anogenital neuropathic itch (48).

Assessment of evoked potentials and microneurography constitute additional methods, in which functional impairment of selective nerve fibers are investigated (49, 50). These diagnostic procedures are mostly performed in research studies, but may be considered in selected clinical cases.



DISCUSSION

The diagnosis of neuropathic itch is challenging and may be overlooked in routine care. Neuropathic itch should be suspected in patients with chronic itch on normal appearing skin without a relevant systemic condition causing itch. A detailed medical history, especially in relation to the sensory symptoms, can further suggest the presence of a neuropathic origin. Typical is the presence of additional dysesthesias such as stinging and tingling, the occurrence of symptoms in attacks rather than continuously and alleviation with cool-packs or cold temperature. These clinical symptoms have been proposed as diagnostic criteria for pruritic SFN (5). However, these symptoms are not exclusive of neuropathic pruritic conditions. For instance, sensory symptoms other than itch such as crawling, tickling, and stinging have been reported in atopic dermatitis (51), while pain is perceived by the majority of patients with atopic dermatitis and psoriasis (52).

The localization of the dysesthesias, especially when distributed along a dermatome (e.g., in post-herpetic neuralgia or brachioradial pruritus) or in a stocking-and-glove distribution (e.g., in SFN), may yield further clues to the diagnosis of neuropathic itch and to the localization of the pathology within the somatosensory system (26).

Moreover, alloknesis, which can be easily tested by stimulating the affected skin area with a cotton wool or a brush, should be included in the evaluation of patients, as this phenomenon is characteristic of neuropathic itch, especially when neuronal sensitization has ensued (28).

Complementary exams are indicated to confirm a suspicious case of neuropathic itch. The determination of the IENFD, which is frequently reduced in neuropathic itch, is the gold-standard test to diagnose involvement of small-fibers. The biopsy needs to be performed at a pruritic non-lesional site, since the IENFD is also reduced in chronic scratch lesions (53) and in dermatoses (54–56), suggesting a neuropathic component of inflammatory pruritic conditions. However, while in chronic scratch lesions the IENFD normalizes with healing of the lesions, in neuropathic syndromes such as pruritic SFN and brachioradial pruritus the IENFD seems to be independent of the amount of scratch lesions present, arguing for an endogenous neuropathic mechanism leading to the rarefication of intraepidermal fibers (5, 35). A reduced IENFD is found not only in SFN, but also in extra-cutaneous neuropathic conditions such as brachioradial pruritus, likely due to anterograde transmission of neuromodulating factors leading to cutaneous neuroanatomical changes (57, 58).

Radiological exams, especially MRI, are useful when a neuropathic compression syndrome is suspected to identify orthopedic pathologies compromising neural structures. It should however be taken into account that in some cases anatomical abnormalities leading to neuropathic itch may be difficult to identify with medical imaging, as is the case in notalgia paresthetica (40).

In the management of patients with suspected neuropathic itch, diagnostic efforts focus on confirming the diagnosis and identifying the underlying pathological processes at the somatosensory system. With the advance of the understanding of the neurobiological mechanisms leading to neuropathic itch and their association with clinical signs and symptoms, a mechanism driven diagnostic work-up may be possible in the future, allowing the use of target specific drugs, which hopefully will result in a better care.
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INTRODUCTION

In a recent meta-analysis from our group based on a systematic review we have identified brain regions reported to be responsible for central mechanisms of itch processing (1). We also have discussed the central mechanisms of itch proceeding in the brain more in depth in a review paper (2). The research papers that have studied central mechanism of itch are presented in Table 1 while their results are presented in Table 2. Here in this paper, we are exploring a new idea in which we categorize the itch matrix in the brain into three matrixes that each of them is contributing to a specific aspect of itch perception. This conceptualizes the processing of itch signals into different itch matrices could be useful in order to model different aspects of itch. For example, it is possible, that an overactivity in second matrix cause a higher susceptivity to contagious itch.


Table 1. Papers and methods which have been used in order to study central mechanism of itch.
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Table 2. Results of the all the papers studied the central mechanism of itch.
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Unlike the visual system pain and itch can evoke multitude of regions in the brain, which we call pain matrix and itch matrix respectively. Recent studies have proposed that the pain matrix can be categorized into three different pain matrixes (40, 41): one contributing to perception and the location of pain; another matrix responsible for the affective aspect of the pain; and a third involving decoding the cognitive aspect of pain. In the same manner, we guardedly propose that the itch processing network can be broken down into three main matrixes although many data are still lacking. These three matrixes have been presented in Figure 1.


[image: Figure 1]
FIGURE 1. The itch matrix categorized into three itch matrixes. First itch matrix consisted of primary and secondary sensorimotor cortex (SI and SII, respectively), the parietal/central operculum, and the posterior insular cortex (pIC) (here presented in brown, this matrix is also presented in Figure 2A). The second itch matrix consisting of anterior singular cortex (ACC), anterior part of the middle cingulate cortex (aMCC), anterior part of the insular cortex (aIC), amygdala, striatum and hippocampus (here presented in blue, this matrix is also presented in Figure 2B). The third matrix contains prefrontal cortex, posterior part of the middle cingulate cortex (pMCC), and posterior cingulate cortex (PCC) (here presented in red, this matrix is also presented in Figure 2C).




FIRST ITCH MATRIX

The first itch matrix includes but is not restricted to the primary sensorimotor cortex, the parietal/central operculum, and the posterior insular cortex (Figure 2A).


[image: Figure 2]
FIGURE 2. Proposals for itch matrixes (X,Y,Z denotes the location of the corresponding slice in Montreal Neurological Institute (MNI) coordinate system). (A) Elements of the first matrix contributing to encoding of the recognition, localization, and intensity of itch. Primary sensorimotor cortex is presented in Blue, parietal operculum in Green, and posterior insular cortex in Red (Regions have been extracted from Automated Anatomical Labeling and Harvard-Oxford atlases). (B) The second matrix itch processing matrix consenting of anterior cingulate cortex (Blue), anterior insular cortex (Red), amygdala (Green) and hippocampus (Violet). This matrix is in charge of affective and motivational aspects of itch. (C) The third matrix consists of frontal cortex (Blue), middle cingulate cortex (Red), and posterior cingulate cortex (Green), and it is involved in the interpretation of the cognitive meaning of itch.


Among these three regions the primary sensorimotor cortex is involved in the encoding of the recognition, localization, and intensity of painful stimuli (42). In pain studies, activation in this region bears a linear relationship with pain intensity (43–47). In a positron emission tomography (PET) study by Drzezga et al. (5) the authors reported that SI activity, is positively correlated with itch intensity. Six years after Drzezga, in 2007, Mochizuki et al. added the secondary somatosensory cortex (SII) demonstrating an increase of activity in this region after itch induction with histamine (10). The increase was statistically not different than the proven one observed in the painful condition (pain vs. itch) but did not reach a statistically corrected threshold when comparing itch against no itch.

In another study which includes both AD patients and healthy controls, itch was found to activate the post-central gyrus in the right hemisphere (12). This study together with Drzezga study in 2001 are reported in the meta-analysis on Itch from Lee et al. (48). Out of 56 regions listed in the parietal cortex (31 Left and 25 Right) from 18 studies (Table 1). Brain activity upon itch stimulation in (48), left SI appears to be activated eight times against two only in the right hemisphere. On the contrary, right SII is reported five times against two only in the left hemisphere. The other regions mentioned (n = 39) are in both left and right parietal cortices sometime very near to the SI/SII regions (i.e., SMG, SPL, IPL, anterior parietal cortex).

In the meta-analysis from Roberts et al. (49), the authors suggest the possibility of a specificity of these regions for the itching process as they appear to be better activated by itching than by pain. Interestingly, they also group these regions with the central operculum. In a recent meta-analysis of our group (1), SI/SII region was not clearly identified but we discussed this point regarding the diversity of studies we included. Our results on correlations with itch intensity also showed two important clusters in bilateral insular cortices (5068 voxels right 4589 voxels left) that spread to a great extent on the post-central gyri.

The co-activation of the central operculum together with SI/SII cortex is widely reported in itch literature both in healthy subjects and patients. Indeed, central operculum corresponding to the junction of pre- and post-central gyri accompanied with the region located laterally to the posterior convolution of the insula is often confounded with insula itself or even SI. In the regions abbreviated OPC, also named rolandic operculum elsewhere, itch intensity was also correlated with PET signal both in healthy subjects and AD patients (4, 33).

Finally, we propose that the insular cortex, and especially its posterior portion, takes part into this first matrix. As a common point between these regions, their gradual response with itch intensity seems important to highlight. In Leknes et al. bilateral insular and left posterior insular activity (BOLD) is correlated with histamine-induced itch intensity (9). Following Craig (50, 51), Mochizuki et al. postulate that the posterior part of insula plays a different role than its anterior part (52, 53). A distinction that can also find its basis on cytoarchitectural composition of these structures and their connectives with other brain areas (50, 54).

Despite weak evidences in itch literature, other evidences can help to understand the insula role in processing the sensations which are common to itch and pain. Mazzola et al. explain that the two thirds of posterior insula submitted to low electrical stimulation (SEEG) directly translate these stimulations as pain sensations (55). Another study from Frot et al. showed that once pain feeling is reached, the posterior insular cortex activity still correlates with noxious thermal stimulation intensity (47).

In summary, all these regions encode the feeling of itchy sensation and are somewhat translating its intensity level as well as their location following a somatotopic representation. When compared to Xiang et al. study (41), this first matrix includes all already reported regions for pain. However, studies reporting activities in those regions only for itch are rare and some studies need to be carefully interpreted given approximations inherent to main peak reporting. Effectively, secondary peaks of wide clusters or percentage of anatomical regions covered by these clusters are most often not indicated. As an example, the absence of parietal operculum in Roberts et al. study (49) needs to be put in perspective. Indeed, the point that the contrast pain—itch shows an increased activity in the parietal operculum does not mean that this region is silent in itch. Moreover, in the same study, the opposite contrast itch—pain, which reveals an implication of both right supramarginal gyrus and central operculum, could have led us to add more parietal areas to this first matrix.

So far, we have dealt with the membership of each of these brain regions in the matrix separately. However, interesting arguments reside in the fact that new pathological conditions can appear when these regions grouped and malfunction together. Hence, some studies reported that SI/SII together with the insular cortex participate in creating the allodynia phenomenon (56–59). Consecutively, these regions once activated lead to an ignition of the pain network inducing activity in the PAG, the prefrontal cortex, the thalamus, the amygdala, the ACC and many other regions within the pain network. Allodynia has repercussions on the way normal brain areas react to tactile stimuli and authors do not only consider the condition through the scope of pain matrix. Many brain areas are those involved in tactile or thermal sensitivity and this allows more faithful comparison with itch perception. The difficulty with allodynia is that even when it is spontaneous, painful sensation is quickly reached and its intensity then depends on other brain region listed above.

To illustrate this phenomenon, we adduce together both Ducreux et al. study (60) and an article from Geuter et al. (61) about predictive coding. In Ducreux et al. authors demonstrated with noxious and non-noxious cold stimulation (4° and 22°C) that while non-noxious cold in control subjects activates SII and the insular cortex (mostly its anterior part), the same non-noxious stimulation did activates SII and mid-posterior insula in allodynic patients together with other regions of the pain network (60). In Geuter et al. work, the authors used the predictive coding theory of brain functioning to demonstrate a difference within the anterior and the posterior part of the insula. While the anterior part would be dedicated to pain feelings as a prediction error on perceived sensations, the posterior part only responds to pain intensity with no comparisons to any predicted sensation (61). We propose that in Ducreux et al. even if the feeling is non-noxious in control subjects, it remains unpredictable and then activates the anterior part of the insula. However, allodynic patients are prepared to feel painful stimulation and then, the anterior part shut down as painful sensation are correctly predicted. Meanwhile, the posterior part of the insula starts to encode its intensity like it was demonstrated by Frot et al. (47) in implanted subjects when stimulation becomes noxious.



SECOND ITCH MATRIX

The second itch matrix could consist of the ACC, aMCC, aIC, amygdala, striatum and hippocampus (Figure 2B). This network could encode the affective and motivational aspects of itch. Significant activation in the ACC, especially dorsal, extending to the anterior part of the middle cingulate cortex (aMCC), has been linked to the reward network and the positive or negative emotional response (40). Noteworthy, Vogt has reported that the aMCC reflects emotional awareness and fear leading to the questioning of the enrolment of the aMCC to the ACC gross function (62, 63). Considering the anterior insula, it is reported to be involved in the awareness of emotions and subjective feelings (50) as well as errors of predictions like mentioned above. Another literature about lesions in the aIC would cause deficits in emotional awareness (e.g., alexithymia) (64). Several studies have reported that activity in the aIC is significantly correlated with the unpleasantness of itch (8–10, 18, 21). For the hippocampus, it has been also shown that this structure is fully integrated in the itch network (13, 21, 22). For example, only active scratching can relief activity in ipsi-hippocampal structure (53). The role of hippocampus together with amygdala, dACC and insular cortex are well-documented in Sanders and Akiyama (65). The authors noticed and argued that “amygdala and hippocampus activation appears to go hand-in-hand in most studies of itch, suggesting that the memory of previous itch experiences may be a significant factor in itch-related anxiety.” Stratum possibly involved with motivation aspects of itch and/or the carving for scratching.

According to original paradigms, two other studies have reported diminished activation of these regions in tasks that change the nature of pain perception with context variations (66) or with analgesia induced by meditation (67). While the first of these shows a diminished activation in dorsal ACC and insula as the subjects switch their perception from unpleasant to pleasant (or less unpleasant) revealing the link between emotional and motivational function. The second demonstrate that experienced Zen meditators can reduce activity of their prefrontal medial cortex, amygdala and hippocampus regions at the expense of an increased activity in dorsal ACC or insula which still belong to this second matrix but are more related to mindfulness. These articles suggest that making things more conscious by bringing activities closer to the awareness matrix (with insula as a common region) putatively lead to less harmful psychological consequences. This second matrix is more robust than the first one. Many arguments in the itch literature exist and converge about its functional role.



THIRD ITCH MATRIX

The third itch matrix would include parts of the prefrontal cortex, pMCC, and PCC (Figure 2C). This network should be involved in the subjective perception of itch. The cognitive state of the mind can affect the itch sensation e.g., emotions, obsessions, religious beliefs, disgusts, expectations, and past experiences. This pattern of activation is also present in the distraction from itch caused by the Stroop task (e.g., in the DLPFC) (14, 30, 34). The third matrix receives and integrates information from the foregoing two and triggers behavioral response.



CONCLUSION

Knowledge of itch processing in the brain is growing thanks to brain imaging (2, 68). A better understanding of interactions between itch matrixes would allow a better understanding of pruritus in different cutaneous or extra-cutaneous etiologies (69).
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ACC, Anterior Cingulate Cortex; AD, Atopic Dermatitis; aIC, Anterior part of the Insular Cortex; aMCC, Anterior part of the Middle Cingulate Cortex; BOLD, Blood Oxygenation Level Dependent; dACC, Dorsal part of the Anterior Cingulate Cortex; DLPFC, Dorso-Lateral Pre-Frontal Cortex; IPL, Inferior Parietal Lobule; OPC, Operculum Central; PAG, Peri-Aqueductal Gray matter; PCC, Posterior Cingulate Cortex; PET, Positron Emission Tomography; pIC, Posterior Insular Cortex; pMCC, Posterior part of the Middle Cingulate Cortex; SI, Primary Somatosensory cortex; SII, Secondary Somatosensory cortex; SEEG, Stereo-Electro-Encephalo-Graphy; SMG, Supra-Marginal Gyrus; SPL, Superior Parietal Lobule.
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Recent studies have shown that ZBTB20, a zinc-finger protein containing transcription factor, is highly expressed in small-diameter primary sensory neurons in mice, and modulates pain through regulating TRP channels. However, whether ZBTB20 regulates itch sensation has not been demonstrated. In this study, small-diameter primary sensory neuron-specific ZBTB20 knockout (PN-ZB20KO) mice were used to investigate the role of ZBTB20 in the regulation of itch sensation. First, both histamine-dependent and non-histamine-dependent itch behaviors induced by injection of histamine and chloroquine (CQ) into the cheek were significantly diminished in PN-ZB20KO mice. Second, double immunohistochemistry showed that ZBTB20 was mainly expressed in CGRP-labeled small peptidergic neurons and was expressed at low levels in IB4-labeled small non-peptidergic and NF200-labeled large neurons in the trigeminal ganglia (TG). ZBTB20 was also expressed in most TRPV1+ and TRPA1+ neurons and to a lesser extent in TRPM8+ neurons in the TG. Furthermore, cheek injection of histamine and CQ enhanced the mRNA expression of TRPV1 and TRPA1 but not TRPM8 in the TG. Moreover, TRPV1 and TRPA1 knockout (KO) mice exhibited attenuation of itch behavior induced by histamine and CQ, respectively. Finally, silencing endogenous ZBTB20 with recombinant lentivirus expressing a short hairpin RNA against ZBTB20 (LV-shZBTB20) in TG neurons attenuated histamine- and non-histamine-induced itch and downregulated TRP channels in the TG. Our study suggests that ZBTB20 plays an important role in mediating itch in small primary sensory neurons.

Keywords: itch, TRPA1, TRPV1, ZBTB20, trigeminal ganglia, pain, pruritus


INTRODUCTION

The zinc finger protein ZBTB20 regulates development and metabolism in multiple systems and is essential for postnatal survival in mice (1). ZBTB20 has been found to play a crucial role in the development and function of the central nervous system, such as the development of dendritic and synaptic structures (2), the maturation of CA1 neurons (3), and the generation of neuronal layers in the developing cortex (2, 4). However, the function of ZBTB20 in the peripheral nervous system has not been fully investigated.

Recently, ZBTB20 was specifically knocked out in nociceptive neurons in mice, alerting the expression of transient potential (TRP) channels, including TRPV1, TRPA1, and TRPM8, and thus resulting in abnormal mechanical pain, heat pain and inflammatory pain (5). TRP channels are a large family composed of 28 members in mammals that can be divided into seven subfamilies, including TRPA, TRPC, TRPM, TRPN, TRPML, TRPP, and TRPV, based on their amino acid sequence homology (6, 7). Many TRP channels have been found to participate in the transduction of thermal, chemical, and mechanical sensations (8, 9). TRPV1, TRPA1, and TRPM8, which have long been reported to play important roles in the transduction of a variety of noxious stimuli (10, 11), have recently been implicated in the processing of itch sensation (12, 13).

Itch, an unpleasant sensation that provokes the scratch reflex (14), can be classified as histamine-dependent and non-histamine-dependent according to the sensitivity of the sensation to antihistamine treatment (15). Histamine and non-histamine itch have been reported to be mediated by distinct TRP signaling pathways (16–18). Although itch and pain are both mediated by primary sensory neurons, the cell bodies of which are located in the dorsal root ganglia (DRG) or trigeminal ganglia (TG) (14), they are distinguished by unique behavioral responses (19). While pain evokes acute withdrawal behaviors to escape from nociceptive stimuli, itch leads to a scratch reflex and brings attention to the affected area to remove pruritogens and provides temporary relief. Itch was previously thought to be a kind of minor pain and not an independent sensory modality. Recently, progress has been made toward elucidating the molecular mechanism underlying itch. Itch and pain are now clearly understood to be distinct sensory modalities involving distinct neural and molecular pathways in primary sensory neurons and the spinal cord (20–25). Given the similarities and differences between pain and itch sensation, it is worth investigating whether ZBTB20 in primary sensory neurons regulates itch.

In the present study, we used PN-ZB20KO mice and gene silencing of ZBTB20 in the TG to specifically detect whether ZBTB20 in primary sensory neurons mediates itch sensation. We found that ZBTB20 was involved in both histamine- and non-histamine-dependent itch, and the effect was likely mediated by TRPA1 and TRPV1 channels in TG neurons.



MATERIALS AND METHODS


Animals

ZBTB20 mutant (ZBTB20flox/flox; Nav1.8-Cre) mice, named PN-ZB20KO mice, were described previously (5). Floxed/Cre-negative, non-floxed Cre-positive, or wild-type (WT) mice were used as littermate controls. C57BL/6 mice were purchased from SLAC Laboratory Animal Company (Shanghai, China). All mice, including TRPV1 knockout (KO) and TRPA1 KO mice and their littermates, were provided food and water ad libitum and housed under a 12-h/12-h light/dark cycle. The temperature in the animal facility was maintained at 22 ± 1°C, and the relative humidity was 40–60%. The mice were allowed to adapt to the environment for 1 week before the experiment was initiated. Animal care procedures and experimental protocols were reviewed and approved by the Animal Study Committee of Tongji University School of Medicine (Shanghai, China).



Drug and Administration

Pruritogens and algogen (histamine, H7125; chloroquine (CQ), C6628; capsaicin, M2028) were purchased from Sigma-Aldrich (St. Louis, MO, USA). To induce itch responses in the facial region, histamine (50 μg) and chloroquine (40 μg) were dissolved in 10 μL of PBS, and capsaicin (10 μg) dissolved in 10 μL of solution (7% Tween 80:20% ethanol:73% PBS) was intradermally injected into the cheek region as reported previously (26–28).



Behavioral Test

The mouse cheek model was established to distinguish pain and itch behaviors (19). Itch and pain responses were evaluated as described previously (26, 27). The right cheek of each mouse was shaved 2 days before the behavioral experiment, and histamine, CQ and capsaicin were intradermally injected into the right cheek. A video camera (SONY HDR-Cx240) was positioned above the mice to record their behavior, and the numbers of ipsilateral forelimb wipes and hindlimb scratch bouts in the injection site in 5-min intervals over a 30-min period were determined in a blinded manner.



Real-Time Quantitative RT-PCR

The mRNA levels of ZBTB20, TRPA1, TRPV1, and TRPM8 were analyzed by RT-PCR. The mice were decapitated, and the bilateral TGs were collected with sterilized instruments 30 min after histamine and CQ administration into bilateral cheeks. Total RNA was extracted with an RNA Extraction Kit (Takara). Isolated RNA was reverse-transcribed to synthesize first strand cDNA using a cDNA synthesis kit (Tiangen). The ABI 7500 Real-Time PCR System and SYBR Green I (Tiangen) were used for PCR. Real-time PCR mixtures were prepared, and the reaction conditions were set following the kit instructions. GAPDH was served as an internal control. The melting curve was used to evaluate the reliability of the PCR results. The threshold cycle (CT) value (the inflection point of the amplification curve) was determined, and the relative expression of target genes was calculated using the 2−ΔΔCt method. The primer sequences for ZBTB20, TRPV1, TRPA1, TRPM8, and GAPDH are shown in Table 1.


Table 1. Primers sequence for RT-PCR.
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Immunohistochemistry

Mice were anesthetized with 10% chloral hydrate and perfused through the ascending aorta with PBS followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). After perfusion, the TGs were removed and post-fixed with 4% paraformaldehyde for 4 h. The samples were cut into 14-μm-thick frozen sections on a cryostat. The sections were incubated with primary antibodies (mouse anti-TRPV1, 1:1,000, Abcam; rabbit anti-TRPA1, 1:500, Abcam; rabbit anti-TRPM8, 1:500, Abcam; mouse anti-CGRP, 1:1,000, Abcam; mouse anti-NF200, 1:1,000, Abcam; mouse anti-IB4-FITC, 1:1,000, Sigma; rabbit anti-ZBTB20, 1:1,000, Atlas Antibodies AB; rat anti-ZBTB20, 1:2,000, Abcam) overnight at 4°C, followed by secondary antibodies (Alexa Fluor 555 donkey anti-rabbit IgG, 1:1,000 and Alexa Fluor 488-conjugated donkey anti-mouse IgG 1:1,000, Invitrogen) at room temperature for 2 h. The sections were then observed under an epifluorescence microscope. All images were made into figures using Adobe Photoshop (Adobe Systems Incorporated, San Jose, CA), with only minor adjustments to the contrast and brightness settings if necessary.



RNA Inference and TG Stereotaxic Injection

The recombinant lentivirus that expressed a short hairpin RNA (LV-shRNA) against ZBTB20 (shZBTB20) was used to silence endogenous ZBTB20 (29). Mice were anesthetized with 1% sodium pentobarbital (100 mg/kg, i.p.) and then placed in a stereotaxic apparatus. The skull of mice was exposed through the midline incision of scalp, and the microinjection glass pipette was inserted into TG through bilateral craniotomy with a hand-held drill (relative to bregma: anteroposterior (AP), −0.5 mm; mediolateral (ML), ±2.2 mm; dorsoventral (DV), −5.8 mm according to the mouse atlas of Paxinos and Watson). LV-shZBTB20 or scrambled shRNA (2.0 × 108 TU/mL, 300 nL in volume) was microinjected into the bilateral TG at a rate of 25 nL per min with glass micropipettes. After a week of recovery, the mice were injected with histamine, CQ and capsaicin intradermally into the cheek for the behavior test. The bilateral TGs were collected for the measurement of the expression of ZBTB20 and TRP channels and immunohistochemistry study.



Statistical Analyses

All data are expressed as the mean ± SEM. Statistical analyses were performed with GraphPad 7.0. Differences between groups were compared using 2-tailed Student's t-test. The time course data were analyzed by two-way ANOVA followed by a test of homogeneity of variance. The criterion for statistical significance was p < 0.05.




RESULTS


ZBTB20 in Primary Sensory Neurons Is Involved in the Modulation of Histamine-Dependent and Non-histamine-Dependent Itch

To examine whether ZBTB20 in primary neurons is involved in itch transmission, we first established a mouse cheek model to measure histamine- or CQ-induced itch behavior, which represent histamine- and non-histamine-dependent itch, respectively. After the pruritogens were injected into the cheek of each mouse, the total number of scratches and wipes every 5 min for 30 min was calculated. The latency to scratching or wiping behavior following chemical injection was also recorded. The results showed that scratching behaviors induced by histamine (5 μg/μL, 10 μL) (Figures 1A,C) and CQ (4 μg/μL, 10 μL) (Figures 2A,C) were robustly inhibited in PN-ZB20KO mice compared with WT mice. However, little forelimb wiping was observed in PN-ZB20KO mice, and there were no differences in this behavior between the two groups (Figures 1D, 2D). Furthermore, the latency to scratch following CQ injection was increased significantly in PN-ZB20KO mice compared with WT mice (Figure 2B), further indicating the attenuation of CQ-induced itch. The results above suggest that ZBTB20 in primary sensory neurons plays an important role in mediating histamine- and non-histamine-induced itch. In addition, the number of forelimb wipes induced by capsaicin was significantly reduced in PN-ZB20KO mice compared to WT mice (Figure 3), which is in line with a previous report (5) and further verifies the function of ZBTB20 in modulating inflammatory pain.


[image: Figure 1]
FIGURE 1. Histamine-induced itch was dramatically attenuated in PN-ZB20KO mice. (A) The scratching behavior induced by injection of histamine (50 μg in 10 μL PBS) into the mouse cheek was decreased significantly in PN-ZB20KO mice compared to control mice (t-test, *p < 0.05). (B) The latency to scratch following histamine injection did not change in PN-ZB20KO mice compared to control mice (t-test, p > 0.05). (C) The time course of scratching behavior induced by histamine administration. Two-way ANOVA, [F(1, 22) = 6.989; p = 0.0148, *p < 0.05]. (D) The wiping induced by histamine was maintained at a low level and did not change after histamine administration (t-test, p > 0.05). N = 6–18 for each group.



[image: Figure 2]
FIGURE 2. CQ-induced itch was dramatically attenuated in PN-ZB20KO mice. (A) The scratching behavior induced by injection of CQ (40 μg in 10 μL PBS) into the mouse cheek was decreased significantly in PN-ZB20KO mice compared to control mice (t-test, **p < 0.01). (B) The latency to scratch following CQ injection significantly increased in PN-ZB20KO mice compared to control mice (t-test, *p < 0.05). (C) The time course of scratching behavior induced by CQ administration. Two-way ANOVA [F(1, 15) = 10.27; p = 0.0059, **p < 0.01]. (D) The wiping induced by CQ was maintained at a low level and did not change after histamine administration (t-test, p > 0.05). N = 6–11 for each group.
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FIGURE 3. Capsaicin-induced wiping was dramatically attenuated in PN-ZB20KO mice. (A) The wiping behavior induced by injection of capsaicin (10 μg in 10 μL of solution) into the mouse cheek was decreased dramatically in PN-ZB20KO mice compared to control mice (t-test, *p < 0.05). (B) The latency to wiping following capsaicin injection did not change in PN-ZB20KO mice compared to control mice (t-test, p > 0.05). (C) The time course of wiping induced by capsaicin administration. Two-way ANOVA [F(1, 20) = 6.958; p = 0.0158, *p < 0.05]. (D) The scratching induced by capsaicin was maintained at a low level and did not change after capsaicin administration. N = 6–16 for each group.




ZBTB20 Is Expressed in Small Peptidergic Neurons and Colocalizes With TRP Channels in the TG

Previous studies have shown that ZBTB20 is colocalized with peripherin and exists in 80% of nav1.8-positive neurons, indicating that ZBTB20 mainly exists in small neurons in the DRG (5). However, the cellular distribution of ZBTB20 in primary sensory neurons, especially the percentage of ZBTB20 expressed in different TG neurons, has not been demonstrated. We detected the expression of ZBTB20 in the TG by double immunofluorescence, and the results showed that ZBTB20 was expressed in 78.9% of CGRP+ neurons (Figures 4A,B), 27.6% of IB4 + (Figures 4C,D) and 13.4% of NF200+ neurons (Figures 4E,F). We further investigated the colocalization of ZBTB20 with TRP channels and found that ZBTB20 was expressed in 80.9% of TRPV1+, 51.7% of TRPA1+ and 36.2% of TRPM8+ neurons in the TG (Figures 5A–F). These results suggested that ZBTB20 is mainly distributed in small peptidergic neurons and coexists with the majority of TRPV1 and TRPA1, implicating ZBTB20 in the modulation of both pain and itch.


[image: Figure 4]
FIGURE 4. Colocalization of ZBTB20 with CGRP, IB4, and NF200 in the trigeminal ganglia. (A,B) Colocalization of ZBTB20 with CGPR. (C,D) Colocalization of ZBTB20 with IB4. (E,F) Colocalization of ZBTB20 with NF200. Figures B,D,F are high magnifications of the boxes in Figures A,C,E. The arrowhead indicates the colocalization of ZBTB20 with CGRP, IB4, and NF200 in Figures B,D,F. The arrow indicates the expression of CGRP, IB4, and NF200 without colocalization with ZBTB20 in Figures B,D,F. N = 3; bar =50 μm.
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FIGURE 5. Colocalization of ZBTB20 with TRPV1, TPRA1, and TRPM8 in the trigeminal ganglia (A,B) Colocalization of ZBTB20 with TRPV1. (C,D) Colocalization of ZBTB20 with TRPA1. (E,F) Colocalization of ZBTB20 with TRPM8. Figures B,D,F are high magnifications of the boxes in Figures A,C,E. The arrowhead indicates the colocalization of ZBTB20 with TRPV1, TRPA1, and TRPM8 in Figures B,D,F. N = 3; bar =50 μm.




Pruritogens Increase the mRNA Expression of TRPV1 and TRPA1 in the TG

Because TRP channels are very important for itch transduction in primary neurons, we next measured the TRP channel mRNA expression induced by histamine and CQ. The results showed that the mRNA expression of TRPV1 and TRPA1 but not TRPM8 in the TG was upregulated significantly by cheek injection of histamine and CQ (Figures 6B–D). Moreover, the mRNA expression of ZBTB20 was also upregulated by cheek injection of the two types of pruritogens (Figure 6A). Our results indicated that ZBTB20 may mediate pruritus by regulating TRPV1 and TRPA1.


[image: Figure 6]
FIGURE 6. Histamine and CQ increased the mRNA expression of ZBTB20, TRPV1, and TRPA1 but not TRPM8 in the trigeminal ganglia. (A) The mRNA expression of ZBTB20 in the TG was increased after histamine and CQ injection into the cheek (t-test, *p < 0.05, ***p < 0.001 vs. the vehicle group). (B) The mRNA expression of TRPV1 in the TG was increased after histamine and CQ injection into the cheek (t-test, **p < 0.01 vs. the vehicle group). (C) The mRNA expression of TRPA1 in the TG was increased after histamine and CQ injection into the cheek (t-test, **p < 0.01 vs. the vehicle group). (D) The mRNA expression of TRPM8 in the TG was not increased after histamine and CQ injection into the cheek (t-test, p > 0.05 vs. the vehicle group). N = 9 for each group.




TRPV1 and TRPA1 KO Mice Exhibit Attenuation of Itch Induced by Histamine and CQ

To further verify the role of TRPV1 and TRPA1 in itch sensation, TRPV1 and TRPA1 KO mice were used. We found that scratching induced by histamine was inhibited in TRPV1 KO mice compared to WT mice (Figure 7A), while scratching induced by CQ was attenuated in TRPA1 KO mice compared with WT mice (Figure 7B). The data are in line with a previous study (11, 18, 30, 31) and further suggest that TRPV1 and TRPA1 modulate histamine- and non-histamine-dependent acute itch.


[image: Figure 7]
FIGURE 7. Itch behavior was attenuated in TRPV1 KO and TRPA1 KO mice. (A) Histamine-induced scratching was reduced dramatically in TRPV1 KO mice (t-test, ***p < 0.001 vs. the WT group). (B) CQ-induced scratching was reduced dramatically in TRPA1 KO mice (t-test, *p < 0.05 vs. the WT group). N = 6-9 for each group.




Silencing ZBTB20 in TG Suppressed Histamine-Dependent and Non-histamine-Dependent Itch

To further verify the effect of ZBTB20 on itch behavior, we silenced endogenous ZBTB20 expression in primary mouse TG neurons using recombinant lentivirus expressing a short hairpin RNA against ZBTB20 (LV-shZBTB20) or a scramble shRNA as a mock control (29). The scratching numbers induced by histamine and CQ were dramatically attenuated by knocking down ZBTB20 in the TG (Figures 8A–F). In addition, the wiping numbers induced by capsaicin were also significantly attenuated after ZBTB20 RNA interference in the TG (Figure 8). The mRNA levels of ZBTB20, TRPV1, TRPA1, and TRPM8 were significantly decreased in the LV-shZBTB20 group compared with the scrambled shRNA control group (Figure 8J). After the behavior test, we also verified the knockdown effect of LV-shZBTB20 on ZBTB20 expression in the TG by immunofluorescence (Figures 8K,L).


[image: Figure 8]
FIGURE 8. The itch and pain behavior induced by histamine, CQ or capsaicin after silencing endogenous ZBTB20 in the TG. (A) The scratching induced by histamine (50 μg in 10 μL PBS) was decreased dramatically in LV-shZBTB20 mice compared to scramble shRNA mice (t-test, ***p < 0.001). (B) The time course of scratching induced by histamine in LV-shZBTB20 and scramble shRNA mice [F(1, 10) = 29.06; p = 0.0003, ***p < 0.001]. (C) The wiping induced by histamine was maintained at a low level and did not change after histamine injection (t-test, p > 0.05). (D) The scratching induced by CQ (4 μg in 10 μL PBS) was decreased dramatically in LV-shZBTB20 mice compared to scramble shRNA mice (t-test, *p < 0.05). (E) The time course of scratching induced by CQ LV-shZBTB20 and scramble shRNA mice [F(1, 15) = 10.27; p = 0.0059, *p < 0.05]. (F) The wiping induced by CQ was maintained at a low level and did not change after CQ treatment (t-test, p > 0.05). (G) The wiping induced by capsaicin (10 μg in 10 μL of solution) was decreased dramatically in LV-shZBTB20 mice compared to scramble shRNA mice (t-test, *p < 0.05). (H) The time course of wiping induced by capsaicin in LV-shZBTB20 and scramble shRNA mice [F(1, 10) = 6.548; p = 0.0284, *p < 0.05]. (I) The scratching induced by capsaicin was maintained at a low level and did not change after capsaicin treatment. N = 6 for each group. (J) The mRNA expression of ZBTB20, TRPV1, TRPA1, and TRPM8 in the TG was decreased significantly in LV-shZBTB20 mice compared to scramble shRNA mice (t-test, *p < 0.05, **p < 0.01, ***p < 0.001). N = 3 for each group. (K,L) Example showing immunofluorescent staining of ZBTB20 with scramble shRNA and LV-shZBTB20 in TG neurons. The arrowhead indicates colocalization of ZBTB20 (red) with scramble shRNA (green) (K). The arrow indicates ZBTB20 (red), and the arrowhead indicates LV-shZBTB20 (green) (L). N = 3; bar =50 μm.





DISCUSSION

In the present study, we used PN-ZB20KO mice and RNA interference to assess the function of ZBTB20 in the progression of itch. Our results showed that ZBTB20 in primary sensory neurons was involved in both histamine- and non-histamine-dependent itch and that the effect was likely mediated by TRPA1 and TRPV1 channels.

ZBTB20 is highly expressed in the nervous system and is essential for postnatal survival in mice (1). As previously described, the ZBTB20 gene is deleted specifically in nociceptors at E14 using Nav1.8-Cre, but deletion of this gene does not affect the formation, survival or diversification of nociceptors (5). It is well-known that pain and itch are transmitted by nociceptive primary sensory neurons. Hence, these PN-ZB20KO mice are suitable for the study of pain as well as itch. Given that ZBTB20 affects pain by regulating TRP channels in primary sensory neurons, it is worth investigating whether ZBTB20 regulates itch.

Pain and itch are distinguished by unique behavioral responses. While pain leads to withdrawal reflexes and other types of avoidance behavior, itch induces the urge to scratch. In the standard rodent model of itch, pruritogens are applied to the nape of the neck, and scratches with the hindpaw are evaluated and considered itch-responsive behavior (32, 33). However, mice also scratch with the hindpaw when capsaicin, which induces pain sensation, is injected into the nape of the neck. It was discovered that when the agents are injected into the cheek, mice scratch the injection site with their hind limbs in response to histamine (itch) and wipe with their forelimbs in response to capsaicin (pain) (19). Therefore, since 2008, the mouse cheek model reported by Shimada and LaMotte has been widely used to differentiate itch and pain behaviors. In our study, scratch behavior was largely attenuated in PN-ZB20KO mice compared to WT mice when histamine and CQ were administered to the cheek, indicating that ZBTB20 in primary sensory neurons modulates both histamine- and non-histamine-dependent itch sensation. In addition, we found that wiping behavior induced by capsaicin was dramatically decreased in PN-ZB20KO mice compared to WT mice, which is in line with our previous report (5), showing that ZBTB20 is involved in inflammatory pain; these data further confirm the function of ZBTB20 in modulating both pain and itch.

Nociceptive primary sensory neurons are located in the DRG and TG, which are homologs of each other and transmit nociception from the body and craniofacial neurons, respectively. The nociceptive neurons in the DRG and TG can be chemically divided into two subsets: peptidergic and non-peptidergic neurons. Peptidergic neurons synthesize neuropeptides such as calcitonin gene-related peptide (CGRP) and substance P (SP) and respond to nerve growth factor. Non-peptidergic neurons, which express the c-Ret neurotrophin receptor, are capable of binding isolectin IB4 and responding to glial-derived neurotrophic factors (34, 35). Because we administered chemicals to the cheek in this study, ZBTB20 expression in the TG was measured. We therefore used CGRP and IB4 to label these two subsets of neurons in the TG and found that ZBTB20 was expressed in most CGRP + small peptidergic neurons and a few IB4+ small non-peptidergic neurons and NF200+ large neurons. This result further suggests that ZBTB20 is involved in regulating TRP channels, since TRPV1 is expressed in a population of unmyelinated neurons that express the neuropeptide CGRP within rodent sensory ganglia (7). Although ZBTB20 is expressed by precursor cells for all neuronal types (36), it becomes more restricted in the majority of neurons expressing TRPV1, TRPA1, and TPRM8 in the DRG (5). To further investigate the colocalization of ZBTB20 with TRP channels in TG neurons, we performed double immunostaining for ZBTB20 and TRP channels and found that ZBTB20 was expressed in most TRPV1+ (80.9%) and TRPA1+ (51.7%) neurons and to a lesser extent in TRPM8+ (36.2%) neurons in the TG, suggesting that there may be differences in neuron mechanisms in the DRG and TG where primary sensory neurons are located. Nevertheless, our results confirmed a previous report and provided detailed information regarding the expression of ZBTB20 in the TG.

TRP channels are molecular sensors for mechanical, chemical, and thermal changes. Recently, growing evidence has indicated that TRP channels also play an important role in itch signaling (13), and different TRP channels are required for different types of itch. For example, TRPV1 mediates histamine-induced itch by coupling with histamine H1R and H4R (32, 37). TRPA1 is involved in non-histamine-dependent itch induced by CQ and BAM8-22. TRPV1 or TRPA1 KO mice exhibit less histamime- or CQ-evoked scratching behavior (18). In addition, some pruritogens, such as lysophosphatidic acid (LPA), squaric acid dibutylester (SADBE) and IL31, induce itch that is mediated by both TRPV1 and TRPA1 (38–40). It has been demonstrated that mice with TRPV1 exclusively expressed in MrgprA3+ neurons exhibit only itch and not pain behavior in response to capsaicin (22), indicating that there are two subpopulations of TRPV1 neurons in the primary sensory ganglia that distinctly mediate itch and pain. However, whether ZBTB20 regulates itch-related TRP channels has not been reported. Our data demonstrated that both histamine and CQ increase the mRNA expression of ZBTB20, TRPV1, and TRPA1 in the TG, providing evidence that ZBTB20 probably modulates TRP channels in itch-specific neurons. In contrast to TRPV1 and TRPA1, TRPM8 inhibits itch and is required for cooling and menthol-mediated itch inhibition (41). Although previous results have shown that ZBTB20 affects pain behavior by regulating TRPA1, TRPV1, and TRPM8, in our study, TRPM8 expression was not altered after pruritogen administration, further indicating that pain and itch are two different modalities that have distinct molecular signaling pathways.

In summary, our results demonstrated that ZBTB20 acts as a critical regulator of pruritus in primary sensory neurons, which could through TRPA1 and TRPV1 channels. Our study will help to unravel the cellular and molecular bases of itch sensation.
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Pruritus is a debilitating symptom of various cholestatic disorders, including primary biliary cholangitis (PBC), primary sclerosing cholangitis (PSC) and inherited progressive familial intrahepatic cholestasis (PFIC). The molecular mechanisms leading to cholestasis-associated pruritus are still unresolved and the involved pruritogens are indecisive. As a consequence of pruritus, patients suffer from sleep deprivation, loss of daytime concentration, auto-mutilation and sometimes even suicidal ideations. Current guideline-approved therapy of cholestasis-associated pruritus includes stepwise administration of several medications, which may alleviate complaints in some, but not all affected patients. Therefore, also experimental therapeutic approaches are required to improve patients' quality of life. This article reviews the current state of research on pruritogens and their receptors, and shortly discusses the most recent experimental therapies.

Keywords: cholestasis, bile formation, cholestasis-associated pruritus, itch, autotaxin, pruritogen


INTRODUCTION

Cholestasis is the term for diminished or impaired bile flow generated by hepatocytes and cholangiocytes. The cause of cholestasis can be intra- or extrahepatic, and can be genetic or the consequence of an inflammatory or malignant hepatobiliary disease. Next to fatigue, pruritus is the most frequent symptom in patients with chronic cholestatic disorders and may affect more than half of patients with fibrosing cholangiopathies such as primary biliary cholangitis (PBC) or primary sclerosing cholangitis (PSC) at least transiently during their disease course. Depending on the cause of cholestasis, 30–90% of patients suffer from chronic pruritus, which is unresponsive to antihistamines. Chronic pruritus can lead to loss of concentration, sleep deprivation and auto-mutilation or prurigo nodularis due to scratching (1). In most serious cases, suicidal ideations may occur and the burden of pruritus can become the primary indication for liver transplantation. Cholestasis-associated pruritus shows a diurnal rhythm with increased intensity in the late evening and early night. The itch is typically localized at the limbs and soles of the feet and at the forearms and palms of the hands, but may also be generalized.

Liver diseases over a wide range of prevalences are associated with chronic pruritus including PBC, PSC and secondary sclerosing cholangitis (SSC), cholangiocarcinoma, viral hepatitis, drug-induced cholestasis, sarcoidosis hepatis, and rare inherited forms of cholestasis. For intrahepatic cholestasis of pregnancy (ICP) pruritus is one of the mandatory diagnostic criteria and is observed in 0.5–2.0% of pregnant women, PBC is found in about 0.1% of women at an age of 50 years, whereas Alagille syndrome as an example of rare genetic diseases is found in only one of 100,000 children and adolescents. In some cases, such as PBC, pruritus can be the first symptom of the disease. Since this is a relatively rare disease, diagnosis by general practitioners or dermatologists may be difficult.

It has not been established whether environmental, geographical or life-style factors influence the prevalence or severity of cholestasis-associated itch. However, for ICP there are indications for possible environmental factors that influence the occurrence of ICP in genetically susceptible individuals. It has been postulated that the long-chain monounsaturated fatty acid erucic acid and/or selenium may play a role. Furthermore, the occurrence of ICP was exceptionally high in Chile a number of decades ago, but has drastically decreased more recently, suggesting that a change in diet or unknown lifestyle factor might play a role in ICP (2, 3).

The pathogenesis of cholestasis-associated pruritus is still poorly understood, however, based on research of the past 40 years and therapies that give relief of pruritus in a subset of patients, there is common understanding that:

- Potential pruritogens are located in the systemic circulation, as indicated by (partial) relief of pruritus after treatment with plasmapheresis, albumin dialysis or plasma separation/anion absorption.

- Direct or indirect pruritogens are excreted into bile and undergo enterohepatic circulation, as suggested by attenuation of pruritus in some patients after oral administration of anion exchange resins, and by inhibitors of the apical sodium-dependent bile acid transporter (ASBT) or effectively, but only transiently by nasobiliary drainage.

- Pruritogens are thought to be formed or biotransformed in the liver and/or the gut as indicated by effective treatment with the potent pregnane X receptor (PXR) agonist, rifampicin.

- Pruritogens affect the endogenous opioidergic and serotoninergic system, as suggested by antipruritic activity of opioid antagonists such as naltrexone and serotonin reuptake inhibitors such as sertraline.

In this review, we will discuss the current literature on cholestasis-associated pruritus, with a specific disquisition of the possible pruritogens. We will briefly deliberate the receptors involved in pruritus and current treatment options.


Itch Signaling

Signaling of itch is often measured after provocation with histamine, chloroquine or cowhage, which activate the histamine 1 (H1R) or 4 (H4R) receptor (4), the Mas-related G-protein X1 in humans (MRGPRX1) or a3 in mice (mrgpra3) (5), and the protease-activated receptor 2 (PAR2) or 4 (PAR4) (6), respectively.

Histamine-induced itch signaling occurs through mechano-insensitive C-fibers (CMi) with unmyelinated nerve endings in the skin (7, 8). However, the majority of chronic itch types including cholestasis-associated pruritus cannot be relieved by anti-histamine treatment, and are therefore classified as non-histaminergic itch (9–13). Non-histaminergic itch in humans possibly signals through mechano-heat-sensitive C-fibers (CMH), as measured with cowhage provocation (14, 15).

Itch signals run from primary itch neurons in the skin through the dorsal root ganglia (DRG) to a secondary neuron in the dorsal horn of the spinal cord (16) with natriuretic peptide B (Nppb) and glutamate as the neurotransmitters (16–19). In the dorsal horn of the spinal cord, the secondary neuron crosses to the contralateral side and transmits the signal by gastrin-releasing peptide (GRP) to a tertiary neuron (16, 20, 21). This third neuron projects through the spinothalamic tract to the ventromedial nucleus of the thalamus.

In order to reduce itch, the central nervous system provokes an urge to create a local pain signal by scratching. This demonstrates that pain has an inhibitory effect on itch (22, 23). When pain is pharmacologically reduced, for example by morphine administration, itch frequently sets in at the region of reduced pain transmission (24, 25). This contra-mechanism is very likely fulfilled by inhibitory interneurons in the dorsal horn of the spinal cord, which create a constant tonus of inhibition by nociceptive to pruriceptive neurons. In genetic experiments with mice, it was shown that when these inhibitory interneurons are not formed, due to deletion of the gene for the transcription factor Bhlhb5, mice suffer from severe chronic itch (26).

Many receptors that are involved in pruritus are G-protein coupled receptors, which, after activation, cause an increase in intracellular calcium release and thereby activate PLC and PKC [reviewed by (27)]. PLC and PKC are often coupled to TRP-channels that amplify the intracellular cation wave and together with NaV channels initiate an action potential, leading to itch sensation (28–31). Next to their role in coupled cation influx, these TRP-channels can also be activated directly by chemical, thermal and mechanical noxious stimuli (32–34).



Pruritogens That Are Potentially Involved in Cholestatic Itch
 
Bile Salts

The most abundant components of bile are bile salts, which for a long time were and still are thought by some to act as pruritogens in cholestasis. There are several subspecies of bile salts with different properties. They can bind to the intracellular farnesoid X receptor (FXR) which is a nuclear receptor that regulates a considerable transcription network, and to the transmembrane G protein-coupled receptor TGR5 that upon activation induces cAMP synthesis. A specific subset of bile salts can even cause a response through the pregnane X receptor, vitamin D receptor and constitutive androstane receptor, thereby influencing bile salt synthesis and progression of cholestasis (35).

Bile salt levels are elevated in serum of cholestatic patients (36, 37). Elimination of bile with all its substances by nasobiliary drainage, or removal of albumin-bound substances (including bile salts) by albumin dialysis, often cause a tremendous diminution in the perception of itch, although this only lasts for a few weeks to months after the intervention (38–41). The results of these therapies clearly indicate that pruritogen(s) or progenitors of pruritogens are excreted in bile, but not necessarily that bile salts are causing cholestasis-associated pruritus.

Early research aimed at binding bile salts in the gut by using anion exchange resins (and, thereby, also bile salt sequestrants) like cholestyramine, which resulted in some reduction of pruritus (42–44). However, a more recent report indicates that the later developed, more potent anion exchange resin colesevelam does not improve pruritus more than placebo, despite the fact that bile salt levels were reduced by nearly 50% (45).

The group of Bunnett intensely studied itch signaling by bile salts. They proposed that itch signaling is mediated by the bile salt receptor TGR5. TGR5 expression was detected in the soma of DRG neurons of mice (but not in nerve fibers in the skin or the dorsal horn). Activation of DRG neurons led to the release of the neuropeptide gastrin-releasing peptide (GRP) and the opioid peptide leucine-enkephalin, which are thought to be itch and analgesia transmitters (46). A year later, the same group showed that the TGR5 receptor was co-expressed with the itch channel TRPA1 and activation of this axis induced scratch activity in mice (47). Indications for the involvement of TGR5 in itch signaling seem strong, but the role for bile salts as candidate pruritogens in relation to cholestasis-associated pruritus remains inconclusive. Several clinical studies have shown that there is no correlation between bile salts in serum, urine or skin and the intensity of pruritus (48–51). Pruritus is often one of the first symptoms of cholestatic liver disease, while bile salts levels are still relatively low (52, 53). During late stages of the disease, or in obstructive cholestasis, when bile salt levels can increase to high concentrations, pruritus is sometimes reported to subside (54).

Another receptor that is postulated to be involved in bile salt-induced itch signaling is the mas-related G protein receptor X4 (MRGPRX4). Mouse Mrgpr orthologs were not activated by bile salts and therefore the human receptor was expressed in mice and scratch activity was reported to be increased upon subcutaneous injection of the pruritogen chloroquine and the bile salt deoxycholate (DC) (55). However, injection with unconjugated bile salts is not very representative for cholestasis, since conjugated primary bile salts [like taurochenodeoxycholate (TCDC) and glycochenodeoxycholate (GCDC)] are increased during cholestasis whereas the pool size of conjugates of the secondary bile salt DC is reduced in cholestasis (56). Moreover, unconjugated bile salts diffuse into cells and cause increases in cytosolic free calcium (57, 58). In the same report, mice were treated with the hepatotoxicant α-naphthylisothiocyanate (ANIT), which is a known inducer of cholestasis, serious liver damage, including hepatocellular necrosis and liver fibrosis (59–62). Scratch activity was found to be increased in mice expressing MRGPRX4 compared to control animals, but only during the first 2 days of cholestasis (56), suggesting that this signaling undergoes fairly rapid desensitization. Such a short period of scratch behavior is not representative of the human situation, in which pruritus usually lasts for months and years. Moreover, in two other reports ANIT treatment did not lead to increased scratch activity [(63) and Langedijk et al., submitted].

A second, independent, report on MRGPRX4 showed that intradermal injection of 500 μg DC induced an acute itch sensation in healthy volunteers (64). These researchers showed that MRGPRX4 mRNA is expressed in 6–8% of human DRG neurons and co-expressed with H1R, TRPV1, and Nav1.7 voltage-gated sodium channel; which are all established itch-related channels. Since high concentrations of administered bile salts can lead to direct activation and degranulation of mast cells, and thereby release of histamine (65), the authors included the administration of antihistamines, which did not reduce DC-induced itch, indicating a non-histaminergic mechanism. However, DC, which showed to be the most potent ligand for MRGPRX4 among all tested bile salts, was not present in a different concentration in plasma of itchy vs. non-itchy patients with cholestasis (64). Other bile salts that showed a bigger difference were only weak agonists for MRGPRX4 (64).

Together, these results indicate that bile salts are involved in many processes, by binding to several receptors that are, among others, located on sensory neurons. However, as pruritogens for cholestatic itch, plasma bile salt concentrations do not correlate with clinical complaints of itch. The most prominent example against the theory of bile salts as pruritogens is represented by patients suffering from Na+-taurocholate cotransporting polypeptide (NTCP)-deficiency. The plasma bile salt levels of these patients can be extremely high, but patients do not complain of pruritus (66–69).

In conclusion, human clinical observations overrule all in vivo and in vitro research and pose the strongest argument against bile salts as dominant pruritogens in cholestatic itch.



Endogenous Opioids

The role of endogenous opioids in cholestasis-associated pruritus has recently been reviewed by Bergasa (70). Here, we want to discuss the most important arguments that support or dispute the role of endogenous opioids as causative pruritogens in cholestatic liver disease.

The central mechanism of pruritus is thought to include upregulation of the μ-opioid receptor system and suppression of the κ-opioid receptor system (71). One of the first observations in relation to opioids and pruritus is the fact that the μ-receptor agonist morphine can induce pruritus in humans (24, 72), while the μ-receptor antagonist naloxone can inhibit this reaction (73, 74). Endogenous opioid levels, including methionine enkephalin, leucine enkephalin and β-endorphin (μ-receptor agonists), were increased in plasma of bile duct ligated (BDL) animals and cholestatic patients with cirrhosis (75–77). However, in a more recent study the plasma levels of these μ-receptor agonists were comparable between cholestatic patients with and without pruritus, and were not increased in women with ICP compared to regular pregnancies (48). As was shown before in PBC patients, methionine-enkephalin concentrations correlate with the stage of disease but not with the severity of pruritus (75). Most studies into the beneficial effects of opioid antagonists involved few patients (in some cases even case reports) and/or were not placebo-controlled. Although treatment with μ-receptor antagonists like naloxone and naltrexone could reduce the level of pruritus in cholestatic patients, it can also lead to an opiate withdrawal-like reaction (73, 77–81).

Next to inhibiting the μ-opioid receptor, studies have been performed on activating the κ-opioid receptor system in mice, thereby reducing scratch activity induced by substance P, histamine or morphine (82, 83). The κ-receptor agonist nalfurafine has been studied in Japan, to treat pruritus in patients with chronic kidney disease (84, 85) and chronic liver disease (71, 86, 87). Treatment showed a partial decrease in levels of pruritus without any severe adverse events. The κ-opioid receptor agonist asimadoline is being tested in a phase II clinical trial to assess its efficacy on the relief of pruritus in patients with atopic dermatitis (88). For an overview on κ-opioid receptor agonists, see (89).



LPA/ATX

We have reported in earlier studies that lysophosphatidic acid (LPA) is a potential pruritogen in cholestasis (48, 90). LPA in serum of pregnant women with ICP and in serum of PBC patients with pruritus induced an increased Ca2+ response when applied to neuronal cells (48). Intradermal injection of LPA in the skin of mice initiated a scratch response, which confirmed a previous independent study (48, 91). The main production of LPA comes from the phospholipase D autotaxin (ATX), which catalyzes the hydrolysis of lysophosphatidylcholine (LPC) into LPA and choline (92–94). ATX (ENPP2) belongs to the family of ectonucleotide pyrophosphatases/phosphodiesterases (ENPP1-7) and promotes multiple functions like cell migration, angiogenesis and metastasis (95). A direct causal relation between plasma ATX and production of LPA is seen in ATX heterozygous mice, which show a reduction of 50% in ATX activity and plasma LPA levels, while ATX-deficient mice die prematurely due to vascular defects (96). High ATX mRNA expression in human tissues has been described for brain, ovary, lung and kidney, while enzyme activity has been detected in blood, cerebrospinal and seminal fluid, urine and saliva [reviewed in (97)]. So far, it is still unclear which of these organs contribute to the circulating ATX levels in human plasma and cerebrospinal fluid. Recently, our group has shown that human enteroendocrine cells of the small intestine are also a source of ATX (98).

LPA can activate neuronal cells, satellite glia cells and other cell types via six different LPA-specific receptors (LPAR1-6) (99–101). It has been described that LPA can induce neuropathic pain via LPAR1, LPAR3 and LPAR5 (102). However, in a study using the cheek injection mouse model Kittaka et al. (103) showed that LPA is a mediator of only itch rather than of pain. In this study, LPA was found to activate LPAR5 which, via intracellular phospholipase D activation, generates intracellular LPA that can activate TRPA1 and TRPV1, and thereby induce itch sensation.

The crystal structure of ATX shows an active site containing a hydrophilic groove, a hydrophobic lipid-binding pocket and a hydrophobic channel (tunnel) (104–106). This tunnel structure is able to selectively bind steroids and bile salts that lead to inhibition of ATX activity (107). The question remains whether more compounds involved in cholestasis can bind in this tunnel, and this way influence ATX activity.

Serum ATX levels are prominently increased in cholestatic patients with pruritus compared to cholestatic patients without pruritus, and in pregnant women with ICP compared to regular pregnancy. In our study, ATX activity correlated significantly with intensity of pruritus and with the effectiveness of treatment by rifampicin, MARS and nasobiliary drainage (48, 90). Serum ATX levels also indicate a therapeutic response to treatment with bezafibrate (108), prednisolone (109) and plasmapheresis (110). Even though ATX is not excreted into bile (48), interruption of the enterohepatic circulation by nasobiliary drainage and ASBT-inhibition still led to a decrease in both circulating ATX levels and pruritus scores (48, 111–113). These findings strongly indicate a tight relation between serum ATX levels and pruritus.

On the other hand, serum ATX levels are similarly increased in (pathological) conditions without itch, including regular pregnancy, some cancer entities and chronic viral hepatitis B and C. In several liver diseases accompanied by liver fibrosis (but not itch), serum ATX levels can also act as a marker of severity of liver injury [including non-alcoholic steatosis hepatitis (NASH) (114), PBC and PSC (115, 116), hepatitis B (117) and hepatitis C (118)]. A recent study reported that ATX levels correlate with fibrosis markers but not with frequency and severity of pruritus in PBC patients (119). A paradox seems to remain in the relation of serum ATX levels to pruritus. A common factor might be involved in both pruritus and liver fibrosis and therefore share ATX as a biomarker. Together, these results suggest that research into other cholestatic factors, that play a more dominant role in the initiation and/or potentiation of pruritus in cholestasis, is warranted.



Serotonin

Serotonin (5-HT) is a neurotransmitter in the central nervous system that can directly activate sensory neurons (120–122). Serotonin can be released from mast cells in the skin and can act as a pruritogen (123–125). The serotonergic system might be deregulated in cholestatic patients (126) and in patients with atopic dermatitis (127), leading to chronic pruritus. In rats with cholestasis induced by BDL, serotonin levels in the skin and spinal cord were significantly increased compared to sham mice, and enhanced scratching behavior was noted after mechanical and heat stimulation (128). In the absence of mechanical and heat stimuli, however, these mice showed no increased spontaneous scratching activity while they were clearly cholestatic.

Seven classes of 5-HT receptors have been identified (5-HT1-7) that comprise at least fifteen subtypes, of which all but one are metabotropic GPCRs (129, 130). 5-HT2 receptors are suggested to be important for itch perception (131, 132), by signaling through Gq/11, which activates PLC (124, 129). Many pruritogens bind to metabotropic receptors on primary sensory neurons and are coupled to ionotropic channels via intracellular signaling pathways to allow sufficient current influx to generate action potentials (133). The cation channels TRPV1 and TRPA1 are often involved in itch transmission (134). A similar mechanism of a metabotropic receptor coupling to an ionotropic channel was found by Morita et al., where serotonin induces itch via activation of 5-HT7, which was shown to be coupled to TRPA1 (135). In a mouse model of atopic dermatitis, where mice were lacking 5-HT7 or TRPA1, the animals displayed reduced scratching. The authors suggest a role for 5-HT7 antagonists in the treatment of a variety of pathological itch conditions (135). By investigating the peripheral neuronal mechanisms underlying pruritus, Imamachi et al. showed that serotonin-induced pruritus in mice required the presence of PLCβ3 and TRPV1-expressing neurons, although not the TRPV1-channel itself (30). The TRPV4-channel, however, does seem to be involved as shown by reduced serotonin-evoked scratch bouts in TRPV4 knockout mice and wild type mice treated with a TRPV4 antagonist (131).

Selective serotonin reuptake inhibitors (SSRIs) have shown some effect against pruritus in cholestatic patients (136–139). They inhibit pre-synaptic reuptake of serotonin and might dull transmission of nociceptive stimuli through unmyelinated C-fibers (120, 140). When standard therapies have no effect on the reduction of pruritus, the SSRI sertraline is advised as a fourth line treatment (141). Notably, chronic pruritus is often associated with psychopathology, including anxiety and depression, where SSRIs may improve pruritus by treating underlying psychiatric comorbidities (142).



Histamine

Histamine is the best established pruritogen during acute allergic reactions, by activating histamine receptors (which are GPCRs) and TRP channels on sensory nerve endings. Antagonists of H1R are useful for the treatment of acute allergic pruritus, but are ineffective in the treatment of cholestasis-associated pruritus (141). Although plasma histamine levels have been reported to be slightly increased in cholestatic disease (143), in the study of Kremer et al., no correlation was found between plasma histamine levels and itch intensity in pruritic patients with ICP, PBC and other cholestatic disorders (48). Also skin changes consistent with histamine-mediated effects, like axon-reflex erythema (144), are not seen in cholestatic disease. Sedation with antihistamines may have a non-specific beneficial effect by improving sleep at night, but they reduce concentration during the day (145). Primary afferent neurons, responsible for histamine-induced itch in humans, belong to the group of mechano-insensitive unmyelinated C-fibers (7, 23, 146). However, a second group of C-fibers exist, that are insensitive to histamine, but sensitive to low intensity, high frequency electrical stimulation, which could explain itch without accompanying axon-reflex erythema (23, 144).



Bilirubin

Bilirubin is an essential component in bile and is the direct cause of jaundice in cholestatic diseases. It was recently hypothesized that bilirubin could act as a pruritogen by stimulating human MRGPRX4 and mouse mrgpra1 (147). MRGPRs are a family of GPCRs expressed in DRGs on primary sensory neurons (148, 149). In the study of Meixiong, the mouse receptor mrgpra1 and the human receptor MRGPRX4 were expressed in mouse DRGs that lacked expression of any other MRGPR (Mrgpr cluster KO mice). Bilirubin could activate 14 and 32% of the respective DRGs. Induction of cholestasis in mice by treatment with the hepatotoxicant ANIT led to hyperbilirubinemia and increased scratch activity, which was reduced in mrgpra1 KO and biliverdin reductase KO mice. From these results, the authors suggest that high serum bilirubin levels are involved in cholestasis-associated pruritus by binding to MRGPRX4 on sensory neurons (147).

Results from clinical observations, however, suggest otherwise. It has been shown multiple times that plasma bilirubin correlates poorly with pruritus intensity in cholestatic patients (50, 150). Pruritus is often observed while at the same time serum bilirubin levels are hardly elevated (141). Furthermore, many patients that suffer from pruritus are not jaundiced and vice versa, many jaundiced patients do not complain of itch. Patients with Dubin Johnson syndrome or Crigler Najjar syndrome type I have medium to very high plasma levels of bilirubin (conjugated and unconjugated, respectively) and hardly ever complain about itching (151). These results suggest that bilirubin is not a dominant pruritogen in cholestasis-associated pruritus.



Steroid Metabolites

Steroids like progesterone and estrogen might be involved in the pathogenesis of cholestasis-associated pruritus, particularly in the case of ICP. Progesterone and estrogen metabolites can be converted into steroids with a cholestatic potential (152). In women with ICP, serum concentrations of progesterone metabolites (pregnanediol sulfates) are elevated at 35–41 weeks of gestation (153, 154). These progesterone metabolites have been implicated as potential pruritogens from analyses of urine samples from ICP cases (155, 156). Progesterone metabolites can interact with the bile salt receptor FXR (153, 156), the bile salt transporter NTCP (157) and the bile salt export pump (BSEP) (158), thereby affecting bile salt homeostasis pathways and inhibiting hepatic bile salt uptake and efflux. This could possibly result in or contribute to cholestasis and hypercholanemia.

Three pregnanediol sulfates are found at increased concentrations in plasma during gestational weeks 9–15, prior to symptom onset of ICP (156). These concentrations were (weakly) associated with itch severity and were able to differentiate between women with ICP compared to those with benign pruritus gravidarum (156). One of these progesterone sulfates, 5β-pregnan-3α,-20α-diol-3-sulfate (PM3S), evoked a Tgr5-dependent scratch response in mice (156). Together, these results suggest that steroid metabolites might influence pruriception in cholestasis. Further research into steroid metabolites is needed to evaluate their mechanism in cholestasis-associated pruritus.



PAR2-Agonists

Protease-activated receptors (PARs) are implicated in somatosensory functions like itch and pain (159). They have been studied in relation to chronic itch in atopic dermatitis patients. PARs consist of four members, where PAR2 is highly expressed in keratinocytes and is thought to be involved in pruritus caused by atopic dermatitis (159–162). Activation of PAR2 in keratinocytes induces the release of pruritogenic cytokines that can induce itch through channels on sensory neurons (159). A recent study of Zhao et al. suggested that PAR2 mediates itch via TRPV3 signaling. Both PAR2 and TRPV1 were shown to be upregulated in the skin of patients with atopic dermatitis and in mouse models for atopic dermatitis (163).

PAR2 can be activated by the agonist SLIGRL and the proteases trypsin and tryptase. Skin application of those compounds have been shown to induce itch and scratch behavior in humans and in mice, respectively (162, 164–167). However, the shorter peptide, SLIGR, which also activates PAR2, did not induce scratching behavior but rather induced thermal hyperalgesia (168). Tryptase is a mast cell derived protease, which has been evaluated in cholestasis-associated pruritus, but a correlation with pruritus intensity could not be found (48). However, other proteases might be involved in cholestasis-associated pruritus that could signal through PAR2 and illicit itch sensation.



Gut Microbiome

Since cholestasis-associated pruritus is significantly improved by treatment with the antibiotic rifampicin (169), it seems plausible that gut microbiota are involved in cholestatic liver disease. The first link between gut microbiota and liver pathogenesis was made by Pereira et al., who hypothesized that neutrophil activators involved in inflammatory bowel disease, pass from the inflamed colon to the liver via the enterohepatic circulation (170). Biliary lactoferrin concentrations were increased in active ulcerative colitis and Crohn's disease, and fell with colectomy and disease remission. Patients with PSC are often also identified with inflammatory bowel disease. This suggests a potential role for gut-derived factors.

In a review of Li et al., several studies are discussed that suggest the important role of intestinal microbiota in the etiopathogenesis of cholestatic liver diseases by regulating metabolism and immune responses (171). A study in 2016 showed a reduction of several potential beneficial microbiota and enrichment of opportunistic pathogens in early-stage PBC patients compared to healthy controls (171, 172). Species richness was reduced in PBC patients, resulting in a shift in overall microbial diversity (171, 173). These results were ameliorated after ursodeoxycholic acid (UDCA) treatment. However, in both of these studies, cholestasis-associated pruritus was not measured. Probiotic studies have shown antipruritic effects in patients with atopic dermatitis (174, 175).

Recently, Hegade et al. performed a study in which they compared PBC-patients suffering from pruritus with non-symptomatic PBC patients and healthy volunteers (113). The gut microbiota showed no significant difference between those groups, suggesting that cholestasis-associated pruritus is not associated with a specific gut bacterial composition. However, after treatment with the ASBT-inhibitor linerixibat (GSK2330672), which reduces pruritus scores in PBC patients, fecal bacterial composition significantly changed from baseline. These changes might be due to the increased bile salt load in the colon resulting from ASBT inhibition (112, 113). Together, these studies do not support a major role for gut microbiota in the pathology of cholestasis-associated pruritus.




Treatment of Cholestasis-Associated Pruritus
 
Evidence-Based Treatments

Evidence-based and experimental treatments for cholestasis-associated pruritus have recently been reviewed (176). Here, we will provide a brief overview. In general, treatment of pruritus can be associated with a considerable placebo effect when using subjective patient-reported outcomes (177, 178). In line with European Association for the Study of the Liver (141), patients with PBC, but also various other cholestatic liver diseases are treated with ursodeoxycholic acid (UDCA). UDCA exerts potent anticholestatic effects and improves biochemical surrogate markers of prognosis such as serum bilirubin or alkaline phosphatase (ALP), histological features (179–181) and liver transplantation-free survival in PBC and, according to most recently reported preliminary data, also in PSC. A beneficial effect of UDCA on pruritus, however, was not reported in large trials.

The non-specific peroxisome proliferator-activated receptor (PPAR) agonist bezafibrate has most recently been shown to effectively improve severe to moderate pruritus in 74 patients with PSC and PBC in a prospective, randomized, double-blind, placebo-controlled trial (182, 183). Bezafibrate has first been introduced as 2nd line treatment of PBC in Japan (184) in combination with UDCA in patients incompletely responding to UDCA alone. Its anticholestatic effect and that of the PPARα agonist fenofibrate has since then been documented in various small trials (185), and finally in a prospective, randomized, placebo-controlled study in 100 patients with PBC treated over 2 years (108, 186) convincingly confirmed. In this trial, a minor antipruritic effect of bezafibrate represented one of the favorable secondary observations in PBC patients with mild pruritus. A case series describing an antipruritic effect of bezafibrate was published in 2018 (187). It remains unclear at present whether bezafibrate is superior to the selective PPARα agonist fenofibrate, which also exerts anticholestatic and antipruritic effects in PBC. With its antipruritic, anticholestatic, and anti-inflammatory effects in fibrosing cholangiopathies such as PSC or PBC and its safety profile, bezafibrate—and potentially other PPAR agonists—should become the 1st line treatment in cholestasis-associated pruritus in the future.

The antibiotic rifampicin is a potent pregnane X receptor (PXR) agonist, and, thereby, inducer of phase 1 and phase 2 biotransformation enzymes including cytochrome P450 3A4, a major drug-metabolizing enzyme. Rifampicin is widely used to reduce cholestasis-associated pruritus and is recommended as a second line antipruritic agent (81, 188). It induces biotransformation of many endogenous and exogenous compounds by phase 1 (e.g., hydroxylation) and phase 2 (e.g., glucuronidation) reactions (189–191) to more water-soluble molecules which can then be excreted via the renal route. The antibacterial effects of rifampicin on intestinal flora may alter metabolization and absorption of primary and secondary bile salts and pruritogens (188). Additionally, rifampicin can downregulate ATX expression via PXR-dependent mechanisms and, thereby, reduce formation of the pruritogen LPA (90). Currently, it is still unclear whether one or the other of these effects plays a prominent role in the anti-pruritic action of rifampicin. Adverse effects of rifampicin include discoloring of body fluids and teeth and resistance against rifampicin-sensitive bacteria. Use of rifampicin for over more than 2 weeks may enhance the risk of hepatotoxicity and therefore requires strict guidance in patients with liver disease (141).

As third-line treatment for pruritus, oral opioid antagonists like naltrexone and naloxone are used (81, 192, 193). Endogenous opioids were found to be elevated in plasma of patients with acute liver disease and cirrhosis with ascites (77) but Kremer et al. did not observe a correlation between itch and plasma opioid activity (48). Opioid antagonists are able to reduce pruritus (77, 193); however, they also can cause severe side effects similar to opioid withdrawal symptoms (79) and should be started at low daily doses.

Patients that are resistant to above-mentioned treatments can receive the selective serotonin reuptake inhibitor (SSRI) sertraline as a fourth-line treatment (137). This antidepressant can alter potential pruritic pathways involving serotonin.

In the past, cholestyramine was used as the first-line recommended treatment against pruritus. Cholestyramine is an anion-exchange resin that can bind and sequester numerous amphiphilic compounds including bile salts and (other?) potential pruritogens in the intestine (43, 194, 195). Despite the long history of use, evidence for efficacy of this treatment modality is moderate at best (141, 196). In addition, cholestyramine quite often causes gastrointestinal complaints. In a prospective, randomized, placebo-controlled trial, a more potent anion-exchange resin, colesevelam, was able to reduce bile salt levels by nearly 50%, but no effect was observed on intensity of pruritus when compared to placebo (45). Therefore, we conclude that anion-exchange resins should not anymore be ranked among evidence-based, recommended treatment options and rather should have a role as escape medication when other (above discussed) antipruritic medications fail or are not tolerated.



Invasive Treatments

Invasive treatments are indicated for patients that do not respond to abovementioned medical drug therapies. Patients can undergo extracorporeal albumin dialysis (41, 182), plasmapheresis (110, 183–185) and biliary drainage (38–40). These treatments, if effective, only last for days or a few weeks and in exceptional cases months, after which pruritus returns. Surgical partial internal/external biliary diversion can be a permanent solution in children when performed before advanced liver disease has developed (186). Liver transplantation can be performed as a last resort for severe cholestasis-associated pruritus refractory to medical and invasive therapeutic approaches.



Experimental Treatments

Pruritogens might undergo enterohepatic circulation in a similar way as bile salts do. The reuptake of bile salts and other compounds in the ileum, through the intestinal apical sodium-dependent bile acid transporter (ASBT), can be reduced by the use of ASBT-inhibitors and can give a strong reduction of itch sensation in patients. Several inhibitory pharmaceuticals have been developed, which have minimal systemic absorption, thereby only affecting absorption in the intestine. More recent ASBT inhibitors studied include linerixibat (GSK2330672) (112, 113), maralixibat (SHP625) (178) and odevixibat (A4250) (111). Clinical trials with cholestatic patients suffering from pruritus showed promising, but equivocal, results in reducing pruritus (111–113, 178). Frequent adverse events were diarrhea and abdominal discomfort possibly due to increased bile salt load in the large intestine. Notably, the majority of these adverse events resolved over time in one of the studies (178).

In a placebo-controlled trial the effect of the κ-opioid antagonist nalfurafine was found to mildly reduce cholestasis-associated itch in 318 patients with chronic cholestasis-associated itch without major side effects (86).

Since serum ATX levels correlate well with itch intensity in cholestatic patients, and the ATX product LPA can act as a pruritogen (48, 90), future therapy for cholestasis-associated pruritus might include ATX-inhibitors [reviewed in (187)]. Current research on ATX and ATX-inhibition is predominantly performed in the cancer and inflammation fields (197, 198). The ATX-LPA axis is involved in multiple functions, including cell migration, angiogenesis and metastasis (95). Future studies will have to study the safety and efficacy of ATX-inhibitors and their potential role in cholestasis-associated pruritus.





CHALLENGES AND FUTURE PERSPECTIVES OF CHOLESTASIS-ASSOCIATED PRURITUS RESEARCH

Patients with cholestatic diseases often suffer from severe, chronic pruritus, which impairs their quality of life. It is up to researchers to unravel the mechanism of cholestasis-associated pruritus, and even more importantly, to provide a treatment to reduce or resolve this burden.

This review highlights the fact that for cholestasis-associated pruritus there are many possible pruritogens, of which several are likely to play a role simultaneously. Due to different theories on the cause of cholestasis-associated pruritus, also different treatments exist of which none has yet shown to represent the final solution. Research in this field will have to continue in order to clarify the mechanism and to provide a satisfying treatment for patients with cholestasis-associated pruritus.

One of the biggest challenges in cholestasis-associated pruritus research is the possible multi-organ aspect. Besides the affected liver, multiple other organs play a potential role in cholestasis-associated pruritus, including the intestine with its enterohepatic circulation of multiple unknown compounds, the blood with all its proteins, hormones and lipids, the skin with its receptors, barriers and nerves, and the brain of which still a lot is unknown. All of these aspects can affect the production, transport, accumulation, binding, metabolism, and excretion of potential pruritogen(s).

The next questions arise; are pruritogens produced in a higher amount in patients with cholestatic disease as compared to healthy people as a consequence of cholestasis, or are they normally present and do they accumulate due to cholestatic circumstances? Is it possible that there is increased production of pruritogens as a secondary effect of accumulation of non-pruritogens? Bile formation is an important way of eliminating waste products; however, many compounds in bile are recirculated in the enterohepatic circulation, which opens the possibility of accumulation during cholestasis. We can interrupt the complete enterohepatic circulation [by anion-exchange resins, nasobiliary drainage, ASBT-inhibition or partial external biliary diversion (PEBD)], or remove hypothetical compounds from the circulation (by plasmapheresis or albumin dialysis), but we still do not know for which compounds elimination is essential. Based on the most recent studies, we would expect higher levels of pruritogens in plasma (and possibly even in bile) of patients with chronic pruritus compared to people without chronic pruritus, since elimination or filtration provides relief of pruritus. However, the possibility remains that pruritus is not caused by a change in the level of pruritogens but rather the sensitivity to them. Thus, in patients with cholestasis-associated pruritus there might be a change in sensory signaling involving receptor expression in neurons or the skin. These alternatives need to be investigated in detail still.

Another challenge in pruritus research is the way of measuring pruritus (in mice and men), which is best analyzed in a mechanic or sensory way, but mental experience is also a potent factor in human patients with pruritus. The amount or intensity of pruritus needs to be expressed in an objective value which is comparable between individuals, and not affected by side effects like emotions, mental stress or fatigue. An important challenge in pruritus research is correcting for the placebo effect of possible treatment. Several studies have shown that treatment with placebo already improves itch sensation by a great deal. Hence, a placebo group should always be included.

Detection of pruritogens involved in cholestasis might find its future in untargeted metabolomic research. All metabolites of bile, serum and possibly skin can be measured and compared between groups. The question remains whether all metabolites can yet be identified and traced back to their origin, but future research will expand the pool of identified metabolites. This approach might reveal a more specific target to unravel the mechanisms and develop a better treatment for cholestasis-associated pruritus.
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ABBREVIATIONS

5-HT, serotonin; γGT, γ-glutamyltransferase; ANIT, α-naphthylisothiocyanate; AP, alkaline phosphatase; ASBT, apical sodium-dependent bile salt transporter; ATX, autotaxin; BSEP, bile salt export pump; CMH, mechano-heat-sensitive C-fiber; CMi, mechano-insensitive C-fiber; DC, deoxycholate; DRG, dorsal root ganglion; EASL, European Association for the Study of the Liver; ENPP, ectonucleotide pyrophosphatase; FXR, farnesoid X receptor; GCDC, glycochenodeoxycholate; GPCR, G-protein coupled receptor; GRP, gastrin-releasing peptide; H1R, histamine 1 receptor; H4R, histamine 4 receptor; ICP, intrahepatic cholestasis of pregnancy; IPF, idiopathic pulmonary fibrosis; LPA, lysophosphatidic acid; LPC, lysophosphatidylcholine; Mrgpra3, mas-related G-protein a3; MRGPRX1, mas-related G-protein X1; MRGPRX4, mas-related G-protein X4; NASH, non-alcoholic steatosis hepatitis; Nppb, natriuretic peptide B; NTCP, Na+-taurocholate cotransporting polypeptide; PPAR, peroxisome proliferator-activated receptor; PAR2, protease-activated receptor 2; PAR4, protease-activated receptor 4; PBC, primary biliary cholangitis; PEBD, partial external biliary diversion; PKC, protein kinase C; PLC, phospholipase C; PM3S, progesterone metabolite 3 sulfate; PSC, primary sclerosing cholangitis; PFIC, progressive familial intrahepatic cholestasis; PXR, pregnane X receptor; SSRI, selective serotonin reuptake inhibitor; TCDC, taurochenodeoxycholate; TGR5, G-protein coupled bile salt receptor; TRPA1, transient receptor potential ankyrin 1; TRPV1, transient receptor potential vanilloid 1; UDCA, ursodeoxycholic acid.



REFERENCES

 1. Beuers U, Kremer AE, Bolier R, Elferink RP. Pruritus in cholestasis: facts and fiction. Hepatology. (2014) 60:399–407. doi: 10.1002/hep.26909

 2. Arrese M, Macias RI, Briz O, Perez MJ, Marin JJ. Molecular pathogenesis of intrahepatic cholestasis of pregnancy. Expert Rev Mol Med. (2008) 10:e9. doi: 10.1017/S1462399408000628

 3. Reyes H Sulfated progesterone metabolites in the pathogenesis of intrahepatic cholestasis of pregnancy: another loop in the ascending spiral of medical knowledge. Hepatology. (2016) 63:1080–2. doi: 10.1002/hep.28365

 4. Bell JK, McQueen DS, Rees JL. Involvement of histamine H4 and H1 receptors in scratching induced by histamine receptor agonists in Balb C mice. Br J Pharmacol. (2004) 142:374–80. doi: 10.1038/sj.bjp.0705754

 5. Liu Q, Tang Z, Surdenikova L, Kim S, Patel KN, Kim A, et al. Sensory neuron-specific GPCR Mrgprs are itch receptors mediating chloroquine-induced pruritus. Cell. (2009) 139:1353–65. doi: 10.1016/j.cell.2009.11.034

 6. 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) 28:4331–5. doi: 10.1523/JNEUROSCI.0716-08.2008

 7. Schmelz M, Schmidt R, Bickel A, Handwerker HO, Torebjork HE. Specific C-receptors for itch in human skin. J Neurosci. (1997) 17:8003–8. doi: 10.1523/JNEUROSCI.17-20-08003.1997

 8. Andrew D, Craig AD. Spinothalamic lamina I neurons selectively sensitive to histamine: a central neural pathway for itch. Nat Neurosci. (2001) 4:72–7. doi: 10.1038/82924

 9. Yosipovitch G, Rosen JD, Hashimoto T. Itch: From mechanism to (novel) therapeutic approaches. J Allergy Clin Immunol. (2018) 142:1375–90. doi: 10.1016/j.jaci.2018.09.005

 10. Andersen HH, Elberling J, Solvsten H, Yosipovitch G, Arendt-Nielsen L. Nonhistaminergic and mechanical itch sensitization in atopic dermatitis. Pain. (2017) 158:1780–91. doi: 10.1097/j.pain.0000000000000980

 11. Davidson S, Zhang X, Yoon CH, Khasabov SG, Simone DA, Giesler GJ Jr. The itch-producing agents histamine and cowhage activate separate populations of primate spinothalamic tract neurons. J Neurosci. (2007) 27:10007–14. doi: 10.1523/JNEUROSCI.2862-07.2007

 12. Shelley WB, Arthur RP. Mucunain, the active pruritogenic proteinase of cowhage. Science. (1955) 122:469–70. doi: 10.1126/science.122.3167.469

 13. Shelley WB, Arthur RP. Studies on cowhage (Mucuna pruriens) and its pruritogenic proteinase, mucunain. AMA Arch Derm. (1955) 72:399–406. doi: 10.1001/archderm.1955.03730350001001

 14. Johanek LM, Meyer RA, Friedman RM, Greenquist KW, Shim B, Borzan J, et al. A role for polymodal C-fiber afferents in nonhistaminergic itch. J Neurosci. (2008) 28:7659–69. doi: 10.1523/JNEUROSCI.1760-08.2008

 15. Namer B, Carr R, Johanek LM, Schmelz M, Handwerker HO, Ringkamp M. Separate peripheral pathways for pruritus in man. J Neurophysiol. (2008) 100:2062–9. doi: 10.1152/jn.90482.2008

 16. Mishra SK, Hoon MA. The cells and circuitry for itch responses in mice. Science. (2013) 340:968–71. doi: 10.1126/science.1233765

 17. Koga K, Chen T, Li XY, Descalzi G, Ling J, Gu J, et al. Glutamate acts as a neurotransmitter for gastrin releasing peptide-sensitive and insensitive itch-related synaptic transmission in mammalian spinal cord. Mol Pain. (2011) 7:47. doi: 10.1186/1744-8069-7-47

 18. Lagerstrom MC, Rogoz K, Abrahamsen B, Persson E, Reinius B, Nordenankar K, et al. VGLUT2-dependent sensory neurons in the TRPV1 population regulate pain and itch. Neuron. (2010) 68:529–42. doi: 10.1016/j.neuron.2010.09.016

 19. Liu Y, Abdel Samad O, Zhang L, Duan B, Tong Q, Lopes C, et al. VGLUT2-dependent glutamate release from nociceptors is required to sense pain and suppress itch. Neuron. (2010) 68:543–56. doi: 10.1016/j.neuron.2010.09.008

 20. Sun YG, Chen ZF. A gastrin-releasing peptide receptor mediates the itch sensation in the spinal cord. Nature. (2007) 448:700–3. doi: 10.1038/nature06029

 21. Sun YG, Zhao ZQ, Meng XL, Yin J, Liu XY, Chen ZF. Cellular basis of itch sensation. Science. (2009) 325:1531–4. doi: 10.1126/science.1174868

 22. Yosipovitch G, Bernhard JD. Clinical practice. Chronic pruritus. N Engl J Med. (2013) 368:1625–34. doi: 10.1056/NEJMcp1208814

 23. Ikoma A, Steinhoff M, Stander S, Yosipovitch G, Schmelz M. The neurobiology of itch. Nat Rev Neurosci. (2006) 7:535–47. doi: 10.1038/nrn1950

 24. Ballantyne JC, Loach AB, Carr DB. Itching after epidural and spinal opiates. Pain. (1988) 33:149–60. doi: 10.1016/0304-3959(88)90085-1

 25. Atanassoff PG, Brull SJ, Zhang J, Greenquist K, Silverman DG, Lamotte RH. Enhancement of experimental pruritus and mechanically evoked dysesthesiae with local anesthesia. Somatosens Mot Res. (1999) 16:291–8. doi: 10.1080/08990229970357

 26. Ross SE, Mardinly AR, McCord AE, Zurawski J, Cohen S, Jung C, et al. Loss of inhibitory interneurons in the dorsal spinal cord and elevated itch in Bhlhb5 mutant mice. Neuron. (2010) 65:886–98. doi: 10.1016/j.neuron.2010.02.025

 27. Dong X, Dong X. Peripheral and central mechanisms of itch. Neuron. (2018) 98:482–94. doi: 10.1016/j.neuron.2018.03.023

 28. Wilson SR, Gerhold KA, Bifolck-Fisher A, Liu Q, Patel KN, Dong X, et al. TRPA1 is required for histamine-independent, Mas-related G protein-coupled receptor-mediated itch. Nat Neurosci. (2011) 14:595–602. doi: 10.1038/nn.2789

 29. Amadesi S, Cottrell GS, Divino L, Chapman K, Grady EF, Bautista F, et al. Protease-activated receptor 2 sensitizes TRPV1 by protein kinase Cepsilon- and A-dependent mechanisms in rats and mice. J Physiol. (2006) 575:555–71. doi: 10.1113/jphysiol.2006.111534

 30. Imamachi N, Park GH, Lee H, Anderson DJ, Simon MI, Basbaum AI, et al. TRPV1-expressing primary afferents generate behavioral responses to pruritogens via multiple mechanisms. Proc Natl Acad Sci USA. (2009) 106:11330–5. doi: 10.1073/pnas.0905605106

 31. Jurcakova D, Ru F, Kollarik M, Sun H, Krajewski J, Undem BJ. Voltage-gated sodium channels regulating action potential generation in itch-, nociceptive-, and low-threshold mechanosensitive cutaneous C-fibers. Mol Pharmacol. (2018) 94:1047–56. doi: 10.1124/mol.118.112839

 32. Kittaka H, Tominaga M. The molecular and cellular mechanisms of itch and the involvement of TRP channels in the peripheral sensory nervous system and skin. Allergol Int. (2017) 66:22–30. doi: 10.1016/j.alit.2016.10.003

 33. Moore C, Gupta R, Jordt SE, Chen Y, Liedtke WB. Regulation of pain and itch by TRP channels. Neurosci Bull. (2018) 34:120–42. doi: 10.1007/s12264-017-0200-8

 34. Xie Z, Hu H. TRP channels as drug targets to relieve itch. Pharmaceuticals (Basel). (2018) 11:100. doi: 10.3390/ph11040100

 35. Schaap FG, Trauner M, Jansen PL. Bile acid receptors as targets for drug development. Nat Rev Gastroenterol Hepatol. (2014) 11:55–67. doi: 10.1038/nrgastro.2013.151

 36. Trottier J, Bialek A, Caron P, Straka RJ, Heathcote J, Milkiewicz P, et al. Metabolomic profiling of 17 bile acids in serum from patients with primary biliary cirrhosis and primary sclerosing cholangitis: a pilot study. Dig Liver Dis. (2012) 44:303–10. doi: 10.1016/j.dld.2011.10.025

 37. Woolbright BL, Dorko K, Antoine DJ, Clarke JI, Gholami P, Li F, et al. Bile acid-induced necrosis in primary human hepatocytes and in patients with obstructive cholestasis. Toxicol Appl Pharmacol. (2015) 283:168–77. doi: 10.1016/j.taap.2015.01.015

 38. Hegade VS, Krawczyk M, Kremer AE, Kuczka J, Gaouar F, Kuiper EM, et al. The safety and efficacy of nasobiliary drainage in the treatment of refractory cholestatic pruritus: a multicentre European study. Aliment Pharmacol Ther. (2016) 43:294–302. doi: 10.1111/apt.13449

 39. Beuers U, Gerken G, Pusl T. Biliary drainage transiently relieves intractable pruritus in primary biliary cirrhosis. Hepatology. (2006) 44:280–1. doi: 10.1002/hep.21271

 40. Stapelbroek JM, van Erpecum KJ, Klomp LW, Venneman NG, Schwartz TP, van Berge Henegouwen GP, et al. Nasobiliary drainage induces long-lasting remission in benign recurrent intrahepatic cholestasis. Hepatology. (2006) 43:51–3. doi: 10.1002/hep.20998

 41. Pares A, Herrera M, Aviles J, Sanz M, Mas A. Treatment of resistant pruritus from cholestasis with albumin dialysis: combined analysis of patients from three centers. J Hepatol. (2010) 53:307–12. doi: 10.1016/j.jhep.2010.02.031

 42. Carey JB, Jr., Bile acids in the serum of jaundiced patients. Gastroenterology. (1961) 41:285–7. doi: 10.1016/S0016-5085(19)35143-1

 43. Datta DV, Sherlock S. Cholestyramine for long term relief of the pruritus complicating intrahepatic cholestasis. Gastroenterology. (1966) 50:323–32. doi: 10.1016/S0016-5085(66)80071-9

 44. Oster ZH, Rachmilewitz EA, Moran E, Stein Y. Relief of pruritus by cholestyramine in chronic liver disease. Isr J Med Sci. (1965) 1:599–606.

 45. Kuiper EM, van Erpecum KJ, Beuers U, Hansen BE, Thio HB, de Man RA, et al. The potent bile acid sequestrant colesevelam is not effective in cholestatic pruritus: results of a double-blind, randomized, placebo-controlled trial. Hepatology. (2010) 52:1334–40. doi: 10.1002/hep.23821

 46. Alemi F, Kwon E, Poole DP, Lieu T, Lyo V, Cattaruzza F, et al. The TGR5 receptor mediates bile acid-induced itch and analgesia. J Clin Invest. (2013) 123:1513–30. doi: 10.1172/JCI64551

 47. Lieu T, Jayaweera G, Zhao P, Poole DP, Jensen D, Grace M, et al. The bile acid receptor TGR5 activates the TRPA1 channel to induce itch in mice. Gastroenterology. (2014) 147:1417–28. doi: 10.1053/j.gastro.2014.08.042

 48. Kremer AE, Martens JJ, Kulik W, Rueff F, Kuiper EM, van Buuren HR, et al. Lysophosphatidic acid is a potential mediator of cholestatic pruritus. Gastroenterology. (2010) 139:1008–18. doi: 10.1053/j.gastro.2010.05.009

 49. Bartholomew TC, Summerfield JA, Billing BH, Lawson AM, Setchell KD. Bile acid profiles of human serum and skin interstitial fluid and their relationship to pruritus studied by gas chromatography-mass spectrometry. Clin Sci (Lond). (1982) 63:65–73. doi: 10.1042/cs0630065

 50. Freedman MR, Holzbach RT, Ferguson DR. Pruritus in cholestasis—no direct causative role for bile-acid retention. Am J Med. (1981) 70:1011–6. doi: 10.1016/0002-9343(81)90857-3

 51. Ghent CN, Bloomer JR, Klatskin G. Elevations in skin tissue levels of bile-acids in human cholestasis—relation to serum levels and to pruritus. Gastroenterology. (1977) 73:1125–30. doi: 10.1016/S0016-5085(19)31870-0

 52. Geenes V, Williamson C. Intrahepatic cholestasis of pregnancy. World J Gastroenterol. (2009) 15:2049–66. doi: 10.3748/wjg.15.2049

 53. Kremer AE, Beuers U, Oude-Elferink RP, Pusl T. Pathogenesis and treatment of pruritus in cholestasis. Drugs. (2008) 68:2163–82. doi: 10.2165/00003495-200868150-00006

 54. Murphy GM, Ross A, Billing BH. Serum bile acids in primary biliary cirrhosis. Gut. (1972) 13:201–6. doi: 10.1136/gut.13.3.201

 55. Meixiong J, Vasavda C, Snyder SH, Dong X. MRGPRX4 is a G protein-coupled receptor activated by bile acids that may contribute to cholestatic pruritus. Proc Natl Acad Sci USA. (2019) 116:10525–30. doi: 10.1073/pnas.1903316116

 56. Beuers U, Spengler U, Zwiebel FM, Pauletzki J, Fischer S, Paumgartner G. Effect of ursodeoxycholic acid on the kinetics of the major hydrophobic bile acids in health and in chronic cholestatic liver disease. Hepatology. (1992) 15:603–8. doi: 10.1002/hep.1840150409

 57. Dziki AJ, Batzri S, Harmon JW, Molloy M. Cellular hypercalcemia is an early event in deoxycholate injury of rabbit gastric mucosal cells. Am J Physiol. (1995) 269:G287–96. doi: 10.1152/ajpgi.1995.269.2.G287

 58. Lau BW, Colella M, Ruder WC, Ranieri M, Curci S, Hofer AM. Deoxycholic acid activates protein kinase C and phospholipase C via increased Ca2+ entry at plasma membrane. Gastroenterology. (2005) 128:695–707. doi: 10.1053/j.gastro.2004.12.046

 59. Joshi N, Ray JL, Kopec AK, Luyendyk JP. Dose-dependent effects of alpha-naphthylisothiocyanate disconnect biliary fibrosis from hepatocellular necrosis. J Biochem Mol Toxicol. (2017) 31:1–7. doi: 10.1002/jbt.21834

 60. Golbar HM, Izawa T, Ichikawa C, Tanaka M, Juniantito V, Sawamoto O, et al. Slowly progressive cholangiofibrosis induced in rats by alpha-naphthylisothiocyanate (ANIT), with particular references to characteristics of macrophages and myofibroblasts. Exp Toxicol Pathol. (2013) 65:825–35. doi: 10.1016/j.etp.2012.12.001

 61. Tjandra K, Sharkey KA, Swain MG. Progressive development of a Th1-type hepatic cytokine profile in rats with experimental cholangitis. Hepatology. (2000) 31:280–90. doi: 10.1002/hep.510310204

 62. Xu J, Lee G, Wang H, Vierling JM, Maher JJ. Limited role for CXC chemokines in the pathogenesis of alpha-naphthylisothiocyanate-induced liver injury. Am J Physiol Gastrointest Liver Physiol. (2004) 287:G734–41. doi: 10.1152/ajpgi.00300.2003

 63. Cipriani S, Renga B, D'Amore C, Simonetti M, De Tursi AA, Carino A, et al. Impaired itching perception in murine models of cholestasis is supported by dysregulation of GPBAR1 signaling. PLoS ONE. (2015) 10:e0129866. doi: 10.1371/journal.pone.0129866

 64. Yu H, Zhao T, Liu S, Wu Q, Johnson O, Wu Z, et al. MRGPRX4 is a bile acid receptor for human cholestatic itch. Elife. (2019) 8:48431. doi: 10.7554/eLife.48431

 65. Quist RG, Ton-Nu HT, Lillienau J, Hofmann AF, Barrett KE. Activation of mast cells by bile acids. Gastroenterology. (1991) 101:446–56. doi: 10.1016/0016-5085(91)90024-F

 66. Vaz FM, Paulusma CC, Huidekoper H, de Ru M, Lim C, Koster J, et al. Sodium taurocholate cotransporting polypeptide (SLC10A1) deficiency: conjugated hypercholanemia without a clear clinical phenotype. Hepatology. (2015) 61:260–7. doi: 10.1002/hep.27240

 67. Van Herpe F, Waterham HR, Adams CJ, Mannens M, Bikker H, Vaz FM, et al. NTCP deficiency and persistently raised bile salts: an adult case. J Inherit Metab Dis. (2017) 40:313–5. doi: 10.1007/s10545-017-0031-9

 68. Erlinger S NTCP deficiency: a new inherited disease of bile acid transport. Clin Res Hepatol Gastroenterol. (2015) 39:7–8. doi: 10.1016/j.clinre.2014.07.011

 69. Vaz FM, Huidekoper HH, Paulusma CC. Extended abstract: deficiency of sodium taurocholate cotransporting polypeptide (SLC10A1): a new inborn error of metabolism with an attenuated phenotype. Dig Dis. (2017) 35:259–60. doi: 10.1159/000450984

 70. Bergasa NV. The pruritus of cholestasis: from bile acids to opiate agonists: relevant after all these years. Med Hypotheses. (2018) 110:86–9. doi: 10.1016/j.mehy.2017.11.002

 71. Kamimura K, Yokoo T, Kamimura H, Sakamaki A, Abe S, Tsuchiya A, et al. Long-term efficacy and safety of nalfurafine hydrochloride on pruritus in chronic liver disease patients: patient-reported outcome based analyses. PLoS ONE. (2017) 12:e0178991. doi: 10.1371/journal.pone.0178991

 72. Cousins MJ, Mather LE. Intrathecal and epidural administration of opioids. Anesthesiology. (1984) 61:276–310. doi: 10.1097/00000542-198409000-00008

 73. Bergasa NV, Talbot TL, Alling DW, Schmitt JM, Walker EC, Baker BL, et al. A controlled trial of naloxone infusions for the pruritus of chronic cholestasis. Gastroenterology. (1992) 102:544–9. doi: 10.1016/0016-5085(92)90102-5

 74. Bernstein JE, Swift RM, Soltani K, Lorincz AL. Antipruritic effect of an opiate antagonist, naloxone hydrochloride. J Invest Dermatol. (1982) 78:82–3. doi: 10.1111/1523-1747.ep12497974

 75. Spivey JR, Jorgensen RA, Gores GJ, Lindor KD. Methionine-enkephalin concentrations correlate with stage of disease but not pruritus in patients with primary biliary cirrhosis. Am J Gastroenterol. (1994) 89:2028–32.

 76. Swain MG, Rothman RB, Xu H, Vergalla J, Bergasa NV, Jones EA. Endogenous opioids accumulate in plasma in a rat model of acute cholestasis. Gastroenterology. (1992) 103:630–5. doi: 10.1016/0016-5085(92)90857-U

 77. Thornton JR, Losowsky MS. Opioid peptides and primary biliary cirrhosis. BMJ. (1988) 297:1501–4. doi: 10.1136/bmj.297.6662.1501

 78. Jones EA, Dekker LR. Florid opioid withdrawal-like reaction precipitated by naltrexone in a patient with chronic cholestasis. Gastroenterology. (2000) 118:431–2. doi: 10.1016/S0016-5085(00)70225-3

 79. Mansour-Ghanaei F, Taheri A, Froutan H, Ghofrani H, Nasiri-Toosi M, Bagherzadeh AH, et al. Effect of oral naltrexone on pruritus in cholestatic patients. World J Gastroenterol. (2006) 12:1125–8. doi: 10.3748/wjg.v12.i7.1125

 80. Shawcross DL, Jalan R. Delayed opioid withdrawal-like reaction in primary biliary cirrhosis following naloxone therapy. Gastroenterology. (2001) 121:743–4. doi: 10.1053/gast.2001.27714

 81. Tandon P, Rowe BH, Vandermeer B, Bain VG. The efficacy and safety of bile Acid binding agents, opioid antagonists, or rifampin in the treatment of cholestasis-associated pruritus. Am J Gastroenterol. (2007) 102:1528–36. doi: 10.1111/j.1572-0241.2007.01200.x

 82. Togashi Y, Umeuchi H, Okano K, Ando N, Yoshizawa Y, Honda T, et al. Antipruritic activity of the kappa-opioid receptor agonist, TRK-820. Eur J Pharmacol. (2002) 435:259–64. doi: 10.1016/S0014-2999(01)01588-6

 83. Umeuchi H, Togashi Y, Honda T, Nakao K, Okano K, Tanaka T, et al. Involvement of central mu-opioid system in the scratching behavior in mice, and the suppression of it by the activation of kappa-opioid system. Eur J Pharmacol. (2003) 477:29–35. doi: 10.1016/j.ejphar.2003.08.007

 84. Kumagai H, Ebata T, Takamori K, Muramatsu T, Nakamoto H, Suzuki H. Effect of a novel kappa-receptor agonist, nalfurafine hydrochloride, on severe itch in 337 haemodialysis patients: a Phase III, randomized, double-blind, placebo-controlled study. Nephrol Dial Transplant. (2010) 25:1251–7. doi: 10.1093/ndt/gfp588

 85. Wikstrom B, Gellert R, Ladefoged SD, Danda Y, Akai M, Ide K, et al. Kappa-opioid system in uremic pruritus: multicenter, randomized, double-blind, placebo-controlled clinical studies. J Am Soc Nephrol. (2005) 16:3742–7. doi: 10.1681/ASN.2005020152 

 86. Kumada H, Miyakawa H, Muramatsu T, Ando N, Oh T, Takamori K, et al. Efficacy of nalfurafine hydrochloride in patients with chronic liver disease with refractory pruritus: a randomized, double-blind trial. Hepatol Res. (2017) 47:972–82. doi: 10.1111/hepr.12830

 87. Yagi M, Tanaka A, Namisaki T, Takahashi A, Abe M, Honda A, et al. Is patient-reported outcome improved by nalfurafine hydrochloride in patients with primary biliary cholangitis and refractory pruritus? A post-marketing, single-arm, prospective study. J Gastroenterol. (2018) 53:1151–8. doi: 10.1007/s00535-018-1465-z

 88. clinicaltrial.gov: Safety, Pharmacokinetics Preliminary Efficacy of Asimadoline in Pruritus Associated With Atopic Dermatitis. Study Director: Dawn McGuire, Tioga Pharmaceuticals, Inc. (2017). 

 89. Cowan A, Kehner GB, Inan S. Targeting itch with ligands selective for κ opioid receptors. In: Cowan A, Yosipovitch G, editors. Pharmacology of Itch. Berlin, Heidelberg: Springer Berlin Heidelberg (2015). p. 291–314.

 90. Kremer AE, van Dijk R, Leckie P, Schaap FG, Kuiper EM, Mettang T, et al. Serum autotaxin is increased in pruritus of cholestasis, but not of other origin, and responds to therapeutic interventions. Hepatology. (2012) 56:1391–400. doi: 10.1002/hep.25748

 91. Hashimoto T, Ohata H, Momose K. Itch-scratch responses induced by lysophosphatidic acid in mice. Pharmacology. (2004) 72:51–6. doi: 10.1159/000078632

 92. Tanaka M, Okudaira S, Kishi Y, Ohkawa R, Iseki S, Ota M, et al. Autotaxin stabilizes blood vessels and is required for embryonic vasculature by producing lysophosphatidic acid. J Biol Chem. (2006) 281:25822–30. doi: 10.1074/jbc.M605142200

 93. Tokumura A, Majima E, Kariya Y, Tominaga K, Kogure K, Yasuda K, et al. Identification of human plasma lysophospholipase D, a lysophosphatidic acid-producing enzyme, as autotaxin, a multifunctional phosphodiesterase. J Biol Chem. (2002) 277:39436–42. doi: 10.1074/jbc.M205623200

 94. Umezu-Goto M, Kishi Y, Taira A, Hama K, Dohmae N, Takio K, et al. Autotaxin has lysophospholipase D activity leading to tumor cell growth and motility by lysophosphatidic acid production. J Cell Biol. (2002) 158:227–33. doi: 10.1083/jcb.200204026

 95. Moolenaar WH, Perrakis A. Insights into autotaxin: how to produce and present a lipid mediator. Nat Rev Mol Cell Biol. (2011) 12:674–9. doi: 10.1038/nrm3188

 96. van Meeteren LA, Ruurs P, Stortelers C, Bouwman P, van Rooijen MA, Pradere JP, et al. Autotaxin, a secreted lysophospholipase D, is essential for blood vessel formation during development. Mol Cell Biol. (2006) 26:5015–22. doi: 10.1128/MCB.02419-05

 97. Jankowski M Autotaxin: its role in biology of melanoma cells and as a pharmacological target. Enzyme Res. (2011) 2011:194857. doi: 10.4061/2011/194857 

 98. Bolier R, Tolenaars D, Kremer AE, Saris J, Pares A, Verheij J, et al. Enteroendocrine cells are a potential source of serum autotaxin in men. Biochim Biophys Acta. (2016) 1862:696–704. doi: 10.1016/j.bbadis.2016.01.012

 99. Meyer Zu Heringdorf D. Lysophospholipid receptor-dependent and -independent calcium signaling. J Cell Biochem. (2004) 92:937–48. doi: 10.1002/jcb.20107

 100. van Meeteren LA, Moolenaar WH. Regulation and biological activities of the autotaxin-LPA axis. Prog Lipid Res. (2007) 46:145–60. doi: 10.1016/j.plipres.2007.02.001

 101. Robering JW, Gebhardt L, Wolf K, Kuhn H, Kremer AE, Fischer MJM. Lysophosphatidic acid activates satellite glia cells and Schwann cells. Glia. (2019) 67:999–1012. doi: 10.1002/glia.23585

 102. Choi JW, Chun J. Lysophospholipids and their receptors in the central nervous system. Biochim Biophys Acta. (2013) 1831:20–32. doi: 10.1016/j.bbalip.2012.07.015

 103. Kittaka H, Uchida K, Fukuta N, Tominaga M. Lysophosphatidic acid-induced itch is mediated by signalling of LPA5 receptor, phospholipase D and TRPA1/TRPV1. J Physiol. (2017) 595:2681–98. doi: 10.1113/JP273961

 104. Hausmann J, Kamtekar S, Christodoulou E, Day JE, Wu T, Fulkerson Z, et al. Structural basis of substrate discrimination and integrin binding by autotaxin. Nat Struct Mol Biol. (2011) 18:198–204. doi: 10.1038/nsmb.1980

 105. Inoue K, Tanaka N, Haga A, Yamasaki K, Umeda T, Kusakabe Y, et al. Crystallization and preliminary X-ray crystallographic analysis of human autotaxin. Acta Crystallogr Sect F Struct Biol Cryst Commun. (2011) 67:450–3. doi: 10.1107/S174430911005311X

 106. Nishimasu H, Okudaira S, Hama K, Mihara E, Dohmae N, Inoue A, et al. Crystal structure of autotaxin and insight into GPCR activation by lipid mediators. Nat Struct Mol Biol. (2011) 18:205–12. doi: 10.1038/nsmb.1998

 107. Keune WJ, Hausmann J, Bolier R, Tolenaars D, Kremer A, Heidebrecht T, et al. Steroid binding to Autotaxin links bile salts and lysophosphatidic acid signalling. Nat Commun. (2016) 7:11248. doi: 10.1038/ncomms11248

 108. Kremer AE, Le Cleac'h A, Lemoinne S, Wolf K, De Chaisemartin L, Chollet-Martin S, et al. Antipruritic effect of bezafibrate and serum autotaxin measures in patients with primary biliary cholangitis. Gut. (2019) 68:1902–3. doi: 10.1136/gutjnl-2018-317426

 109. Sumida H, Nakamura K, Yanagida K, Ohkawa R, Asano Y, Kadono T, et al. Decrease in circulating autotaxin by oral administration of prednisolone. Clin Chim Acta. (2013) 415:74–80. doi: 10.1016/j.cca.2012.10.003

 110. Heerkens M, Dedden S, Scheepers H, Van Paassen P, Masclee A, de Die-Smulders C, et al. Effect of plasmapheresis on cholestatic pruritus and autotaxin activity during pregnancy. Hepatology. (2019) 69:2707–10. doi: 10.1002/hep.30496

 111. Al-Dury S, Wahlstrom A, Wahlin S, Langedijk J, Elferink RO, Stahlman M, et al. Pilot study with IBAT inhibitor A4250 for the treatment of cholestatic pruritus in primary biliary cholangitis. Sci Rep. (2018) 8:6658. doi: 10.1038/s41598-018-25214-0

 112. Hegade VS, Kendrick SF, Dobbins RL, Miller SR, Thompson D, Richards D, et al. Effect of ileal bile acid transporter inhibitor GSK2330672 on pruritus in primary biliary cholangitis: a double-blind, randomised, placebo-controlled, crossover, phase 2a study. Lancet. (2017) 389:1114–23. doi: 10.1016/S0140-6736(17)30319-7

 113. Hegade VS, Pechlivanis A, McDonald JAK, Rees D, Corrigan M, Hirschfield GM, et al. Autotaxin, bile acid profile and effect of ileal bile acid transporter inhibition in primary biliary cholangitis patients with pruritus. Liver Int. (2019) 39:967–75. doi: 10.1111/liv.14069

 114. Fujimori N, Umemura T, Kimura T, Tanaka N, Sugiura A, Yamazaki T, et al. Serum autotaxin levels are correlated with hepatic fibrosis and ballooning in patients with non-alcoholic fatty liver disease. World J Gastroenterol. (2018) 24:1239–49. doi: 10.3748/wjg.v24.i11.1239

 115. Joshita S, Umemura T, Usami Y, Yamashita Y, Norman GL, Sugiura A, et al. Serum autotaxin is a useful disease progression marker in patients with primary biliary cholangitis. Sci Rep. (2018) 8:8159. doi: 10.1038/s41598-018-26531-0

 116. Wunsch E, Krawczyk M, Milkiewicz M, Trottier J, Barbier O, Neurath MF, et al. Serum autotaxin is a marker of the severity of liver injury and overall survival in patients with cholestatic liver diseases. Sci Rep. (2016) 6:30847. doi: 10.1038/srep30847

 117. Joshita S, Ichikawa Y, Umemura T, Usami Y, Sugiura A, Shibata S, et al. Serum autotaxin is a useful liver fibrosis marker in patients with chronic hepatitis B virus infection. Hepatol Res. (2018) 48:275–85. doi: 10.1111/hepr.12997

 118. Yamazaki T, Joshita S, Umemura T, Usami Y, Sugiura A, Fujimori N, et al. Association of serum autotaxin levels with liver fibrosis in patients with chronic hepatitis C. Sci Rep. (2017) 7:46705. doi: 10.1038/srep46705

 119. Fujino H, Tanaka M, Imamura M, Morio K, Ono A, Nakahara T, et al. Pruritus in patients with chronic liver disease and serum autotaxin levels in patients with primary biliary cholangitis. BMC Gastroenterol. (2019) 19:169. doi: 10.1186/s12876-019-1092-z

 120. Beck PW, Handwerker HO. Bradykinin and serotonin effects on various types of cutaneous nerve fibers. Pflugers Arch. (1974) 347:209–22. doi: 10.1007/BF00592598

 121. Akiyama T, Carstens MI, Carstens E. Facial injections of pruritogens and algogens excite partly overlapping populations of primary and second-order trigeminal neurons in mice. J Neurophysiol. (2010) 104:2442–50. doi: 10.1152/jn.00563.2010

 122. Klein A, Carstens MI, Carstens E. Facial injections of pruritogens or algogens elicit distinct behavior responses in rats and excite overlapping populations of primary sensory and trigeminal subnucleus caudalis neurons. J Neurophysiol. (2011) 106:1078–88. doi: 10.1152/jn.00302.2011

 123. Kushnir-Sukhov NM, Brown JM, Wu Y, Kirshenbaum A, Metcalfe DD. Human mast cells are capable of serotonin synthesis and release. J Allergy Clin Immunol. (2007) 119:498–9. doi: 10.1016/j.jaci.2006.09.003

 124. McNeil B, Dong X. Peripheral mechanisms of itch. Neurosci Bull. (2012) 28:100–10. doi: 10.1007/s12264-012-1202-1

 125. Zhao ZQ, Liu XY, Jeffry J, Karunarathne WK, Li JL, Munanairi A, et al. Descending control of itch transmission by the serotonergic system via 5-HT1A-facilitated GRP-GRPR signaling. Neuron. (2014) 84:821–34. doi: 10.1016/j.neuron.2014.10.003

 126. Schworer H, Hartmann H, Ramadori G. Relief of cholestatic pruritus by a novel class of drugs: 5-hydroxytryptamine type 3 (5-HT3) receptor antagonists: effectiveness of ondansetron. Pain. (1995) 61:33–7. doi: 10.1016/0304-3959(94)00145-5

 127. Soga F, Katoh N, Inoue T, Kishimoto S. Serotonin activates human monocytes and prevents apoptosis. J Invest Dermatol. (2007) 127:1947–55. doi: 10.1038/sj.jid.5700824

 128. Tian B, Wang XL, Huang Y, Chen LH, Cheng RX, Zhou FM, et al. Peripheral and spinal 5-HT receptors participate in cholestatic itch and antinociception induced by bile duct ligation in rats. Sci Rep. (2016) 6:36286. doi: 10.1038/srep36286

 129. Bockaert J, Claeysen S, Becamel C, Dumuis A, Marin P. Neuronal 5-HT metabotropic receptors: fine-tuning of their structure, signaling, and roles in synaptic modulation. Cell Tissue Res. (2006) 326:553–72. doi: 10.1007/s00441-006-0286-1

 130. Hoyer D, Martin G. 5-HT receptor classification and nomenclature: towards a harmonization with the human genome. Neuropharmacology. (1997) 36:419–28. doi: 10.1016/S0028-3908(97)00036-1

 131. Akiyama T, Ivanov M, Nagamine M, Davoodi A, Carstens MI, Ikoma A, et al. Involvement of TRPV4 in serotonin-evoked scratching. J Invest Dermatol. (2016) 136:154–60. doi: 10.1038/JID.2015.388

 132. Yamaguchi T, Nagasawa T, Satoh M, Kuraishi Y. Itch-associated response induced by intradermal serotonin through 5-HT2 receptors in mice. Neurosci Res. (1999) 35:77–83. doi: 10.1016/S0168-0102(99)00070-X

 133. Snyder LM, Kuzirian MS, Ross SE. An unexpected role for TRPV4 in serotonin-mediated itch. J Invest Dermatol. (2016) 136:7–9. doi: 10.1016/j.jid.2015.11.010

 134. Ross SE. Pain and itch: insights into the neural circuits of aversive somatosensation in health and disease. Curr Opin Neurobiol. (2011) 21:880–7. doi: 10.1016/j.conb.2011.10.012

 135. Morita T, McClain SP, Batia LM, Pellegrino M, Wilson SR, Kienzler MA, et al. HTR7 Mediates serotonergic acute and chronic itch. Neuron. (2015) 87:124–38. doi: 10.1016/j.neuron.2015.05.044

 136. Browning J, Combes B, Mayo MJ. Long-term efficacy of sertraline as a treatment for cholestatic pruritus in patients with primary biliary cirrhosis. Am J Gastroenterol. (2003) 98:2736–41. doi: 10.1111/j.1572-0241.2003.08662.x

 137. Mayo MJ, Handem I, Saldana S, Jacobe H, Getachew Y, Rush AJ. Sertraline as a first-line treatment for cholestatic pruritus. Hepatology. (2007) 45:666–74. doi: 10.1002/hep.21553

 138. Stander S, Bockenholt B, Schurmeyer-Horst F, Weishaupt C, Heuft G, Luger TA, et al. Treatment of chronic pruritus with the selective serotonin re-uptake inhibitors paroxetine and fluvoxamine: results of an open-labelled, two-arm proof-of-concept study. Acta Derm Venereol. (2009) 89:45–51. doi: 10.2340/00015555-0553

 139. Thebaut A, Habes D, Gottrand F, Rivet C, Cohen J, Debray D, et al. Sertraline as an additional treatment for cholestatic pruritus in children. J Pediatr Gastroenterol Nutr. (2017) 64:431–5. doi: 10.1097/MPG.0000000000001385

 140. Sommer C, Serotonin in pain and analgesia: actions in the periphery. Mol Neurobiol. (2004) 30:117–25. doi: 10.1385/MN:30:2:117

 141. European Association for the Study of the Liver. EASL clinical practice guidelines: management of cholestatic liver diseases. J Hepatol. (2009) 51:237–67. doi: 10.1016/j.jhep.2009.04.009

 142. Gupta MA, Gupta AK. Depression modulates pruritus perception. A study of pruritus in psoriasis, atopic dermatitis and chronic idiopathic urticaria. Ann NY Acad Sci. (1999) 885:394–5. doi: 10.1111/j.1749-6632.1999.tb08697.x

 143. Gittlen SD, Schulman ES, Maddrey WC. Raised histamine concentrations in chronic cholestatic liver disease. Gut. (1990) 31:96–9. doi: 10.1136/gut.31.1.96

 144. Ikoma A, Handwerker H, Miyachi Y, Schmelz M. Electrically evoked itch in humans. Pain. (2005) 113:148–54. doi: 10.1016/j.pain.2004.10.003

 145. Jones EA, Bergasa NV. Evolving concepts of the pathogenesis and treatment of the pruritus of cholestasis. Can J Gastroenterol. (2000) 14:33–40. doi: 10.1155/2000/747495

 146. Schmelz M, Schmidt R, Weidner C, Hilliges M, Torebjork HE, Handwerker HO. Chemical response pattern of different classes of C-nociceptors to pruritogens and algogens. J Neurophysiol. (2003) 89:2441–8. doi: 10.1152/jn.01139.2002

 147. Meixiong J, Vasavda C, Green D, Zheng Q, Qi L, Kwatra SG, et al. Identification of a bilirubin receptor that may mediate a component of cholestatic itch. Elife. (2019) 8:44116. doi: 10.7554/eLife.44116

 148. Dong X, Han S, Zylka MJ, Simon MI, Anderson DJ. A diverse family of GPCRs expressed in specific subsets of nociceptive sensory neurons. Cell. (2001) 106:619–32. doi: 10.1016/S0092-8674(01)00483-4

 149. Flegel C, Schobel N, Altmuller J, Becker C, Tannapfel A, Hatt H, et al. RNA-Seq analysis of human trigeminal and dorsal root ganglia with a focus on chemoreceptors. PLoS ONE. (2015) 10:e0128951. doi: 10.1371/journal.pone.0128951

 150. Kremer AE, Gonzales E, Schaap FG, Oude Elferink RP, Jacquemin E, Beuers U. Serum autotaxin activity correlates with pruritus in pediatric cholestatic disorders. J Pediatr Gastroenterol Nutr. (2016) 62:530–5. doi: 10.1097/MPG.0000000000001044

 151. Strassburg CP. Hyperbilirubinemia syndromes (Gilbert-Meulengracht, Crigler-Najjar, Dubin-Johnson, Rotor syndrome). Best Pract Res Clin Gastroenterol. (2010) 24:555–71. doi: 10.1016/j.bpg.2010.07.007

 152. Reyes H, Sjovall J. Bile acids and progesterone metabolites in intrahepatic cholestasis of pregnancy. Ann Med. (2000) 32:94–106. doi: 10.3109/07853890009011758

 153. Abu-Hayyeh S, Papacleovoulou G, Lovgren-Sandblom A, Tahir M, Oduwole O, Jamaludin NA, et al. Intrahepatic cholestasis of pregnancy levels of sulfated progesterone metabolites inhibit farnesoid X receptor resulting in a cholestatic phenotype. Hepatology. (2013) 57:716–26. doi: 10.1002/hep.26055

 154. Meng LJ, Reyes H, Palma J, Hernandez I, Ribalta J, Sjovall J. Profiles of bile acids and progesterone metabolites in the urine and serum of women with intrahepatic cholestasis of pregnancy. J Hepatol. (1997) 27:346–57. doi: 10.1016/S0168-8278(97)80181-X

 155. Glantz A, Reilly SJ, Benthin L, Lammert F, Mattsson LA, Marschall HU. Intrahepatic cholestasis of pregnancy: amelioration of pruritus by UDCA is associated with decreased progesterone disulphates in urine. Hepatology. (2008) 47:544–51. doi: 10.1002/hep.21987

 156. Abu-Hayyeh S, Ovadia C, Lieu T, Jensen DD, Chambers J, Dixon PH, et al. Prognostic and mechanistic potential of progesterone sulfates in intrahepatic cholestasis of pregnancy and pruritus gravidarum. Hepatology. (2016) 63:1287–98. doi: 10.1002/hep.28265

 157. Abu-Hayyeh S, Martinez-Becerra P, Sheikh Abdul Kadir SH, Selden C, Romero MR, Rees M, et al. Inhibition of Na+-taurocholate Co-transporting polypeptide-mediated bile acid transport by cholestatic sulfated progesterone metabolites. J Biol Chem. (2010) 285:16504–12. doi: 10.1074/jbc.M109.072140

 158. Vallejo M, Briz O, Serrano MA, Monte MJ, Marin JJ. Potential role of trans-inhibition of the bile salt export pump by progesterone metabolites in the etiopathogenesis of intrahepatic cholestasis of pregnancy. J Hepatol. (2006) 44:1150–7. doi: 10.1016/j.jhep.2005.09.017

 159. Akiyama T, Lerner EA, Carstens E. Protease-activated receptors and itch. Handb Exp Pharmacol. (2015) 226:219–35. doi: 10.1007/978-3-662-44605-8_13

 160. Briot A, Deraison C, Lacroix M, Bonnart C, Robin A, Besson C, et al. Kallikrein 5 induces atopic dermatitis-like lesions through PAR2-mediated thymic stromal lymphopoietin expression in Netherton syndrome. J Exp Med. (2009) 206:1135–47. doi: 10.1084/jem.20082242

 161. Kempkes C, Buddenkotte J, Cevikbas F, Buhl T, Steinhoff M. Role of PAR-2 in neuroimmune communication and itch. In: Carstens E, Akiyama T, editors. Itch: Mechanisms and Treatment. Boca Raton, FL: CRC Press/Taylor & Francis (2014).

 162. Steinhoff M, Neisius U, Ikoma A, Fartasch M, Heyer G, Skov PS, et al. Proteinase-activated receptor-2 mediates itch: a novel pathway for pruritus in human skin. J Neurosci. (2003) 23:6176–80. doi: 10.1523/JNEUROSCI.23-15-06176.2003

 163. Zhao J, Munanairi A, Liu XY, Zhang J, Hu L, Hu M, et al. PAR2 Mediates itch via TRPV3 signaling in keratinocytes. J Invest Dermatol. (2020) 140:1524–32. doi: 10.1016/j.jid.2020.01.012

 164. Ui H, Andoh T, Lee JB, Nojima H, Kuraishi Y. Potent pruritogenic action of tryptase mediated by PAR-2 receptor and its involvement in anti-pruritic effect of nafamostat mesilate in mice. Eur J Pharmacol. (2006) 530:172–8. doi: 10.1016/j.ejphar.2005.11.021

 165. Thomsen JS, Sonne M, Benfeldt E, Jensen SB, Serup J, Menne T. Experimental itch in sodium lauryl sulphate-inflamed and normal skin in humans: a randomized, double-blind, placebo-controlled study of histamine and other inducers of itch. Br J Dermatol. (2002) 146:792–800. doi: 10.1046/j.1365-2133.2002.04722.x

 166. Shimada SG, Shimada KA, Collins JG. Scratching behavior in mice induced by the proteinase-activated receptor-2 agonist, SLIGRL-NH2. Eur J Pharmacol. (2006) 530:281–3. doi: 10.1016/j.ejphar.2005.11.012

 167. Costa R, Marotta DM, Manjavachi MN, Fernandes ES, Lima-Garcia JF, Paszcuk AF, et al. Evidence for the role of neurogenic inflammation components in trypsin-elicited scratching behaviour in mice. Br J Pharmacol. (2008) 154:1094–103. doi: 10.1038/bjp.2008.172

 168. Liu Q, Weng HJ, Patel KN, Tang Z, Bai H, Steinhoff M, et al. The distinct roles of two GPCRs, MrgprC11 and PAR2, in itch and hyperalgesia. Sci Signal. (2011) 4:ra45. doi: 10.1126/scisignal.2001925

 169. Ghent CN, Carruthers SG. Treatment of pruritus in primary biliary cirrhosis with rifampin. Results of a double-blind, crossover, randomized trial. Gastroenterology. (1988) 94:488–93. doi: 10.1016/0016-5085(88)90442-8

 170. Pereira SP, Rhodes JM, Campbell BJ, Kumar D, Bain IM, Murphy GM, et al. Biliary lactoferrin concentrations are increased in active inflammatory bowel disease: a factor in the pathogenesis of primary sclerosing cholangitis? Clin Sci (Lond). (1998) 95:637–44. doi: 10.1042/cs0950637

 171. Li Y, Tang R, Leung PSC, Gershwin ME, Ma X. Bile acids and intestinal microbiota in autoimmune cholestatic liver diseases. Autoimmun Rev. (2017) 16:885–96. doi: 10.1016/j.autrev.2017.07.002

 172. Lv LX, Fang DQ, Shi D, Chen DY, Yan R, Zhu YX, et al. Alterations and correlations of the gut microbiome, metabolism and immunity in patients with primary biliary cirrhosis. Environ Microbiol. (2016) 18:2272–86. doi: 10.1111/1462-2920.13401

 173. Tang R, Wei Y, Li Y, Chen W, Chen H, Wang Q, et al. Gut microbial profile is altered in primary biliary cholangitis and partially restored after UDCA therapy. Gut. (2018) 67:534–41. doi: 10.1136/gutjnl-2016-313332

 174. Matsumoto M, Aranami A, Ishige A, Watanabe K, Benno Y. LKM512 yogurt consumption improves the intestinal environment and induces the T-helper type 1 cytokine in adult patients with intractable atopic dermatitis. Clin Exp Allergy. (2007) 37:358–70. doi: 10.1111/j.1365-2222.2007.02642.x

 175. Matsumoto M, Ebata T, Hirooka J, Hosoya R, Inoue N, Itami S, et al. Antipruritic effects of the probiotic strain LKM512 in adults with atopic dermatitis. Ann Allergy Asthma Immunol. (2014) 113:209–16.e7. doi: 10.1016/j.anai.2014.05.002

 176. Patel SP, Vasavda C, Ho B, Meixiong J, Dong X, Kwatra SG. Cholestatic pruritus: emerging mechanisms and therapeutics. J Am Acad Dermatol. (2019) 81:1371–8. doi: 10.1016/j.jaad.2019.04.035

 177. Darragh M, Chang JW, Booth RJ, Consedine NS. The placebo effect in inflammatory skin reactions: the influence of verbal suggestion on itch and weal size. J Psychosom Res. (2015) 78:489–94. doi: 10.1016/j.jpsychores.2015.01.011

 178. Mayo MJ, Pockros PJ, Jones D, Bowlus CL, Levy C, Patanwala I, et al. A Randomized, controlled, phase 2 study of maralixibat in the treatment of itching associated with primary biliary cholangitis. Hepatol Commun. (2019) 3:365–81. doi: 10.1002/hep4.1305

 179. Beuers U Drug insight: mechanisms and sites of action of ursodeoxycholic acid in cholestasis. Nat Clin Pract Gastroenterol Hepatol. (2006) 3:318–28. doi: 10.1038/ncpgasthep0521

 180. Corpechot C, Carrat F, Bonnand AM, Poupon RE, Poupon R. The effect of ursodeoxycholic acid therapy on liver fibrosis progression in primary biliary cirrhosis. Hepatology. (2000) 32:1196–9. doi: 10.1053/jhep.2000.20240

 181. Pares A, Caballeria L, Rodes J, Bruguera M, Rodrigo L, Garcia-Plaza A, et al. Long-term effects of ursodeoxycholic acid in primary biliary cirrhosis: results of a double-blind controlled multicentric trial. UDCA-Cooperative Group from the Spanish Association for the Study of the Liver. J Hepatol. (2000) 32:561–6. doi: 10.1016/S0168-8278(00)80216-0

 182. Pares A, Cisneros L, Salmeron JM, Caballeria L, Mas A, Torras A, et al. Extracorporeal albumin dialysis: a procedure for prolonged relief of intractable pruritus in patients with primary biliary cirrhosis. Am J Gastroenterol. (2004) 99:1105–10. doi: 10.1111/j.1572-0241.2004.30204.x

 183. Alallam A, Barth D, Heathcote EJ. Role of plasmapheresis in the treatment of severe pruritus in pregnant patients with primary biliary cirrhosis: case reports. Can J Gastroenterol. (2008) 22:505–7. doi: 10.1155/2008/969826

 184. Krawczyk M, Liebe R, Wasilewicz M, Wunsch E, Raszeja-Wyszomirska J, Milkiewicz P. Plasmapheresis exerts a long-lasting antipruritic effect in severe cholestatic itch. Liver Int. (2017) 37:743–7. doi: 10.1111/liv.13281

 185. Pusl T, Denk GU, Parhofer KG, Beuers U. Plasma separation and anion adsorption transiently relieve intractable pruritus in primary biliary cirrhosis. J Hepatol. (2006) 45:887–91. doi: 10.1016/j.jhep.2006.08.008

 186. Verkade HJ, Thompson RJ, Arnell H, Fischler B, Gillberg PG, Mattsson JP, et al. Systematic review and meta-analysis: partial external biliary diversion in progressive familial intrahepatic cholestasis. J Pediatr Gastroenterol Nutr. (2020) 71:176–83. doi: 10.1097/MPG.0000000000002789

 187. Barbayianni E, Magrioti V, Moutevelis-Minakakis P, Kokotos G. Autotaxin inhibitors: a patent review. Expert Opin Ther Pat. (2013) 23:1123–32. doi: 10.1517/13543776.2013.796364

 188. Khurana S, Singh P. Rifampin is safe for treatment of pruritus due to chronic cholestasis: a meta-analysis of prospective randomized-controlled trials. Liver Int. (2006) 26:943–8. doi: 10.1111/j.1478-3231.2006.01326.x

 189. Acocella G. Pharmacokinetics and metabolism of rifampin in humans. Rev Infect Dis. (1983) 5(Suppl. 3):S428–32. doi: 10.1093/clinids/5.Supplement_3.S428

 190. Thebaut A, Debray D, Gonzales E. An update on the physiopathology and therapeutic management of cholestatic pruritus in children. Clin Res Hepatol Gastroenterol. (2018) 42:103–9. doi: 10.1016/j.clinre.2017.08.007

 191. Wietholtz H, Marschall H-U, Jan S, Matern S. Stimulation of bile acid 6α-hydroxylation by rifampin. J Hepatol. (1996) 24:713–8. doi: 10.1016/S0168-8278(96)80268-6

 192. Bergasa NV, Sabol SL, Young WS, III, Kleiner DE, Jones EA. Cholestasis is associated with preproenkephalin mRNA expression in the adult rat liver. Am J Physiol. (1995) 268:G346–54. doi: 10.1152/ajpgi.1995.268.2.G346

 193. Terg R, Coronel E, Sorda J, Munoz AE, Findor J. Efficacy and safety of oral naltrexone treatment for pruritus of cholestasis, a crossover, double blind, placebo-controlled study. J Hepatol. (2002) 37:717–22. doi: 10.1016/S0168-8278(02)00318-5

 194. Rust C, Sauter GH, Oswald M, Buttner J, Kullak-Ublick GA, Paumgartner G, et al. Effect of cholestyramine on bile acid pattern and synthesis during administration of ursodeoxycholic acid in man. Eur J Clin Invest. (2000) 30:135–9. doi: 10.1046/j.1365-2362.2000.00606.x

 195. Carey JB, Jr, Williams G. Relief of the pruritus of jaundice with a bile-acid sequestering resin. JAMA. (1961) 176:432–5. doi: 10.1001/jama.1961.03040180034008

 196. European Association for the Study of the Liver. EASL clinical practice guidelines: The diagnosis and management of patients with primary biliary cholangitis. J Hepatol. (2017) 67:145–72. doi: 10.1016/j.jhep.2017.03.022 

 197. Castagna D, Budd DC, Macdonald SJ, Jamieson C, Watson AJ. Development of autotaxin inhibitors: an overview of the patent and primary literature. J Med Chem. (2016) 59:5604–21. doi: 10.1021/acs.jmedchem.5b01599

 198. Herr DR, Chew WS, Satish RL, Ong WY. Pleotropic roles of autotaxin in the nervous system present opportunities for the development of novel therapeutics for neurological diseases. Mol Neurobiol. (2020) 57:372–92. doi: 10.1007/s12035-019-01719-1

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Langedijk, Beuers and Oude Elferink. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	REVIEW
published: 15 March 2021
doi: 10.3389/fmed.2021.643006






[image: image2]

How Do Neurons Signal Itch?

Martin Schmelz*

Department of Experimental Pain Research, Medical Faculty Mannheim, University of Heidelberg, Mannheim, Germany

Edited by:
Yves Poumay, University of Namur, Belgium

Reviewed by:
Laurent Misery, Université de Bretagne Occidentale, France
 Andre Goffinet, Catholic University of Louvain, Belgium
 Tasuku Akiyama, University of Miami, United States

*Correspondence: Martin Schmelz, martin.schmelz@medma.uni-heidelberg.de

Specialty section: This article was submitted to Dermatology, a section of the journal Frontiers in Medicine

Received: 17 December 2020
 Accepted: 22 February 2021
 Published: 15 March 2021

Citation: Schmelz M (2021) How Do Neurons Signal Itch? Front. Med. 8:643006. doi: 10.3389/fmed.2021.643006



Mechanistic theories of itch are based on neuronal specificity, stimulus intensity, and temporal or spatial discharge patterns. Traditionally, these theories are conceptualized as mutually exclusive, assuming that finding evidence for one theory would exclude the others and could sufficiently explain itch. Current experimental data primarily support the specificity or pattern theory of itch. However, in contrast to an assumed inherent exclusivity, recent results have shown that even within itch-specific pathways in the spinal cord, temporal discharge patterns are important as sustained pruriceptor is required to allow successful transsynaptic signal progression. Also, optogenetic activation of pruriceptors suggest that the combination of neuronal specificity and temporal pattern determines the sensory effect: tonic activation of pruriceptors is required to induce scratching behavior whereas short-lasting stimulation rather causes withdrawal. In addition to the mere duration of discharge, also the temporal pattern or spatial aspects could critically contribute to elicit pruritus instead of pain. Basic neurophysiological studies trying to validate neuronal theories for pruritus in their pure form provide unitary concepts leading from neuronal discharge to the itch sensation. However, the crucial clinical questions have the opposite perspective: which mechanisms explain the chronic itch in a given patient or a given disease? In trying to solve these clinical problems we should not feel bound to the mutual exclusive nature of itch theories, but rather appreciate blending several theories and also accept combinations of itch and pain. Thus, blended versions of itch theories might better suffice for an explanation of chronic itch in patients and will improve the basis for mechanistic treatment options.

Keywords: itch theories, temporal pattern, specificity, spatial contrast, pruriceptor, pain


INTRODUCTION

Several neurophysiological theories have been proposed to explain itch based on neuronal specificity (“labeled line”), stimulus intensity, or temporal & spatial discharge patterns (1). Assuming that these theories are mutually exclusive, authors are tempted to generalize their finding when providing evidence for one theory that could sufficiently explain itch (2). Evidence for the “labeled line” processing of itch via histamine sensitive fibers exist for human and cat (2, 3), but not for monkey (4). Clinically, it is obvious that most chronic itch conditions in patients cannot be sufficiently treated with anti-histamines shedding doubts on the clinical importance of a histamine-dependent itch pathway. More recent data from rodents have identified specific non-histaminergic pathways and thus, one might easily switch to a specificity theory of itch based on non-histaminergic pathways. However, it has become obvious that even supposedly itch-specific pathways have complex interactions with pain-processing in the spinal cord “leaky gate.” We might follow up on the traditional neurophysiologic approach that tests certain isolated neuronal activation pattern for their ability to cause the itch sensation (Figure 1A). In this review we will try to change perspective and start with the complex clinical condition (Figure 1B). We focus on the question: how can we explain a complex clinical combination of chronic itch and pain based on the divergent neurophysiological determinants: intensity, pattern and specificity of primary afferent neurons. The complex processing of noxious and pruritic information in the spinal cord (5–7) and more central circuits (8) have been targeted excellently (9–11) and will not be part of this review.


[image: Figure 1]
FIGURE 1. (A) Traditional view of neurophysiologic itch theories: Based on low intensity, focal spatial and bursting temporal pattern or to activation of a specific population of pruriceptors itch is generated. In contrast, higher intensity, widespread or constant discharge patterns or the activation of a specific population of nociceptors is generating the sensation of itch. Note, that the different theories are often assumed to be mutually exclusive and binary. (B) Reversed perspective is shown: how can the clinical neuronal discharge patterns lead to itch and pain in the patients? We propose that a combination of the different factors intensity, spatial/temporal pattern and specific pathways is required to produce the observed complex combination of clinical itch and pain.


Experimental protocols often are designed along the lines of the intensity-, pattern- or specificity theory of itch suggesting mutual exclusivity. Here we suggest that combinations of the pure theories are providing a framework that might be more adequate to explain clinical itch conditions.



CLASSIC THEORIES OF PRURITUS AND EVIDENCE FOR INTERACTIONS BETWEEN THEM


Specificity

More than 20 years ago, mechanoinsensitive (“silent”) histamine-sensitive C-nociceptors in human (2) and spino-thalamic projection neurons in the cat (12) have been identified as part of a specific pruritic pathway. More recently, molecular markers of non-histaminergic itch-specific neurons were identified in rodent, such as B-type natriuretic peptide (BNP) (13, 14) and members of the mas-related G-protein receptor family (mrgprA3, C11) (15–17) in primary afferent neurons, but also gastrin releasing peptide (GRP) (18–20) in dorsal horn neurons. Non-histaminergic itch signaling has received major interest when mas-related G-protein coupled receptors (Mrgprs) were identified on presumably itch-related neurons in the mouse, i.e., MrgprA3 (21), MrgprD (22), and MrgprC11 (23). For humans, BAM8-22, an activator of MrgrpC11 (24) and beta-alanine–an activator of MrgprD—provoke itch in humans (22, 25). Chloroquine has often been used in mice to elicit itch-behavior via activation of MrgprA3 (21, 26, 27). Thus, the plethora of new information on pathways and mediators for itch have been found and summarized in excellent reviews (8, 10, 28). All the itch-specific markers and pathways might imply that among the competing itch theories the “labeled line” theory has finally been validated.

However, not necessarily these pruritic mediators are part of a labeled line. In mice, peripheral nerve injuries provoke a broad de-novo GRP expression in DRG neurons (29). Thus, upon activation or via spontaneous activity such a “phenotypic switch” might convert nociceptors that typically inhibit itch into neurons that by releasing GRP spinally actively contribute to chronic itch. It is important to note that no direct synaptic contact might be required to get access to the spinal itch pathway, but volume transmission (30) might suffice. Single cell expression patterns have been used to define pruriceptive subpopulations of primary afferent neurons in mouse revealing the key marker proteins Mrgpr A3 (often co-expressing MrgprA1 and MrgprC11), B-type natriuretic peptide / Somatostatin, and MrgprD (31–33). In humans, classification of primary afferent nociceptors is classically based on their sensory characteristics obtained from single fiber recordings (34–38), such as mechanical thresholds and temperature sensitivity (Table 1). Currently, important work is being performed to reduce the translational gaps between rodent and human single cell expression patterns (39, 40), but also to link functional characteristics and expression pattern within a single neuron (41). This ongoing work will provide a much more detailed basis for the differentiation between itch and pain processing neurons and the extent of overlap in mediators and receptors.


Table 1. Translational challenges in pruriceptor classification.
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Temporal and Spatial Pattern

Electrophysiological data from rodents and monkey did not support a “labeled line” for itch (28, 42–44) as no specific subpopulation of itch neurons was found. The results rather support the pattern theory of itch according to which nociceptors can signal itch or pain based on the combination of activated fibers resulting in a population coding (1) or based on specific discharge patterns that might differentiate between itch and pain (1).

Very focal activation of nociceptors in the skin has been suggested as a spatial discharge pattern that could explain itch without a “labeled line:” noxious stimulation that is directed only to few cells within the epidermis elicits itch in human skin (45), even when the stimulus is the algogen capsaicin known to activate most human C-nociceptors (46). It has been suggested that local activation of only few epidermal nociceptors can cause itch by a “mismatch signal” (47) or “spatial contrast” (48), provided by few activated and many non-activated nociceptive endings innervating the same skin site, for example by a minute glass wool fiber. Such a discharge pattern indicates that a noxious event is minute and localized within the epidermis. Teleologically, one might conclude that scratching off a part of the epidermis is an adequate response as it will eliminate the threat in this situation. Moreover, scratching will elicit a consistent response of all mechanosensitive polymodal nociceptors innervating this skin and might thereby terminate the “spatial contrast” itch pattern. As shown in Figure 2 such a spatial contrast can not only result from a very focal stimulation in the epidermis, but may also result from strong activation of only a subpopulation of the nociceptors at the stimulation site. Importantly, this activated subpopulation not necessarily belongs to an itch-selective class of nociceptors, it is rather the resulting “spatial contrast” of their response that is responsible for the interpretation as itch on a spinal level.


[image: Figure 2]
FIGURE 2. How can nociceptors signal itch? Schematic view of activation intensity (weak to strong indicated by yellow to red color) of single neurons over time after stimulation with algogens (blue arrows A–C) or a pruritogen (purple arrow D). (A) Classic activation of nociceptors by stimulation with a pure algogen: activation of nociceptors in a decrescendo pattern is felt as gradually declining pain sensation (blue line). (B) In case of algogens that provoke lasting activation only of a selective subpopulation of nociceptors the activation pattern resembles a “spatial contrast” with silent and highly active nociceptors innervating the same stimulation site. Such a spatial activation pattern is interpreted on spinal level as itch. However, the itch sensation (purple line) will start with some delay required to allow spinally released gastrin releasing peptide to allow activation of the itch pathway (dotted interval in gray; dotted purple line indicates the magnitude of the peripheral input). (C) For algogens that provoke prolonged bursting activation patterns there may be an initial phasic activation of all nociceptors leading to a transient pain sensation (blue line). However, in the ensuing phase randomly bursting neurons will stochastically provoke a pattern that resembles the “spatial contrast” shown in B and that is interpreted as itch (purple line) on a spinal level. (D) Classic pruritogens are activating specific pruriceptors that will provoke an itch sensation (purple line) according to the specificity theory.


When the temporal aspects of neuronal discharge are considered, primary afferents activated by the pruritogen histamine are characterized by lower frequencies as compared to discharges to the algogen capsaicin and periods of bursting have longer intervals (49). However, this difference does not allow a clear separation. New data have found differential temporal discharge pattern to heat stimuli between potential primary afferents linked to pain or itch processing: polymodal nociceptors were differentiated according to their response to a step-like noxious heat stimulus into quick (“QC”) or delayed/slow fibers (“SC”) in the monkey (25). C-nociceptors with immediate phasic heat responses were particularly responsive to the pruritogen β-alanine, suggesting that the QC/SC classification might be helpful to characterize a pruriceptive subpopulation (25). Beyond such a characterization, it does is not obvious how this acute response pattern might be linked to a differential signal in itch or pain processing.

As noted above another important temporal aspect is duration and intensity of the discharge: longer lasting activation and higher frequency of GRP-positive neurons were required to finally allow transsynaptic activation of the tertiary GRP-receptor neurons (30). Thus, even when stimulating the itch-specific pathway via optogenetic stimulation of GRP-positive neurons single pulses were inefficient and repetitive lasting stimulation was required (30). Such a temporal pattern of delayed starting of itch after pruritogen application resonates with the psychophysics observed in humans (2). Moreover, in accordance with these considerations optogenetic studies investigating scratching upon specific stimulation generally use prolonged activation periods for example to show disinhibition via dynorphin spinal neurons (30 min at 20 Hz) (50).



Intensity

According to the intensity hypothesis of itch (51) low level activation of unspecific nociceptors would induce pruritus, whereas higher discharge frequencies would provoke pain. Clinically, impairment of pain processing in neuropathy allowed to provoke itch in some patients (52): in patients with impaired nociception, but intact touch system painful stimuli were felt as itch whereas more specific stimulation using “itch powder” was ineffective (52). Thus, the authors concluded that low intensity of slow nociceptive input provokes itch, whereas increasing the intensity of noxious input by scratching would inhibit itch. Also, the observation that intradermal application of high concentrations of some pruritogens, e.g., histamine, may cause pain seems to be consistent with this hypothesis. However, application of low concentrations of algogens generally does not cause itch, just less intense pain (1). Furthermore, intraneural electrical microstimulation of human afferent C-fibers usually induces pain and, very rarely, pruritus. Increasing the stimulation frequency of intraneural microstimulation enhances the intensity of pain or itch, but no switch from pruritus to pain has been observed. Likewise, a decrease of stimulation frequency at a nerve site where pain has been elicited, decreases the magnitude of pain; but at no point does it induce itch (53).

In summary, the pure intensity theory according to which pruritus is gradually converted to itch upon increasing stimulation without change of quality can be regarded as rejected. Yet, as will be discussed below, there might also be indirect evidence for “unmasking” of itch when the pain input is impaired or treated. Thus, it might not be adequate to leave out all possible aspects of the intensity theory.




COMBINATIONS OF TEMPORAL AND SPATIAL PATTERNS INTERACTING WITH SPECIFIC PATHWAY

Basic itch mechanisms are generally discussed in their “pure” form. However, as shown above, there is evidence that itch processing—in particular under pathophysiologic conditions–may combine elements from different basic theories traditionally regarded as mutually exclusive (see Figure 1).

Under experimental conditions, such combinations may be required to consistently explain experimental data: activation of subpopulations of C-afferents with traditional algogens such as capsaicin or endothelin or even populations, such as MrgprA3 positive nociceptors (54, 55), might generate itch not only via the assumed specificity, but will also activate only a subset of nociceptors innervating a given skin site. Broad activation of nociceptors frequency-dependently causes pain (Figure 2A). However, when only a subpopulation of these nociceptors is activated the resulting discharge pattern resembles a “spatial contrast” pattern (Figure 2B) discussed above. Assuming that such an itch signal might require some time to “open the spinal gate” (30) the itch sensation might start with a corresponding delay (dotted box in Figure 2B). Thus, it is important to note, that the term “spatial contrast” is not limited to highly localized stimulation within the epidermis, but can also result from activating only a certain subpopulation of nociceptors. This is even true if this population does not belong to the dedicated specific pruriceptors shown in Figure 2D. Interestingly, even the temporal discharge pattern of single nociceptors may generate such spatial contrast: when chemical stimulations induce discharge in a burst pattern the initial broad response may occur in a synchronized fashion and thereby mainly induced pain (Figure 2C). However, as bursts become less frequent over time there will be stochastically periods in which only few fibers burst in synchrony whereas neighboring fibers are silent thereby again creating the pattern of spatial contrast (Figure 2C).

Under pathophysiological conditions such as neuropathy innervation density is reduced and local stimulation may lead to a spatial contrast based on only few remaining fibers resembling historical reports on itch induced by normally painful stimulation in patients with impaired nociceptors (52). Moreover, another element of the old intensity theory might still be useful under clinical conditions: Assuming that a high number of spontaneously active nociceptors signal pain in a given patient; upon reduction of this number, for example by analgesic therapy, the chances to create a spatial contrast pattern by the still active nociceptors is increasing. This would represent a combination of a spatial contrast theory and the old intensity theory. Interestingly, clinical observations indeed support such a development: in patients with postherpetic neuralgia, resolving pain may be combined with an increase in itch (56, 57). Thus, based on defined experimental models, we have successfully developed basic theories that can explain differentiation between itch and pain based on specificity in a “labeled line” or the discharge pattern in its temporal or spatial expression (Figure 2, lower part). These approaches provide us with powerful tools when trying to explain clinical neuropathic itch. However, rather than assuming that in pathological conditions there is a mutually exclusive explanation for itch purely based on one theory of itch, we rather might adapt our conceptual framework and include mechanisms that borrow aspects from different theories.

In summary, discharge of subpopulations of primary afferent sensory neurons can contribute to the itch generation via their specific spinal connection to pruriceptive pathways and via their spatial and temporal pattern including to some extent also the intensity of discharge. Thus, even on the relatively simple level of primary afferents we find a clear overlap between traditionally separated and mutually exclusive concepts of itch (see Figure 1A). Therefore, it appears adequate to allow combinations of itch theories for the explanation of complex clinical itch conditions (see Figure 1B). However, this rather theoretic aspect does not sufficiently capture the complexity inherent in the clinical setting: pathophysiologic changes linked to chronic itch conditions may affect crucial characteristics of peripheral and central neurons. These changes my affect even well-established markers such as gastrin releasing peptide that has been shown to be broadly upregulated in primary afferent neurons after axotomy (29). In addition to such specific changes of pruriceptive processing, there are broader consequences of neuropathy that impinge on itch processing, such as partial denervation of nociceptors, expression pattern changes, Wallerian degeneration & regeneration, and glial activation. These processes can fundamentally change neuronal excitability leading to modified discharge patterns and spontaneous activity that will generate an even more complex scenario. Chronic inflammation can lead to corresponding excitability changes with and without concomitant neuropathic or neuroplastic changes and therefore even increases the complexity under clinical conditions. Therefore, our ability to predict sensory effects in patients with neuropathy or chronic inflammation differentiating between itch and pain are limited.


Perspectives and Implications

Implications for basic experimental approaches. Current experimental data primarily support the specificity and pattern theory of itch. However, recent results have shown that temporal discharge patterns have crucial effects (49) even within itch-specific pathways in the spinal cord: sustained peripheral input via pruriceptors is required to enable successful transsynaptic signal progression in the spinal cord (30). Optogenetic techniques have enabled unmatched temporal control of specific classes of primary afferents (50, 58–61). Again, neuronal specificity and temporal pattern interacted: tonic activation of pruriceptors is required to induce scratching behavior whereas short-lasting stimulation might be ineffective or may even cause withdrawal (30). Thus, the implications of temporal patterns need to be considered even when the experimental approach is focused on an itch-specific pathway, i.e., upon optogenetic stimulation of pruriceptors it is important to compare responses to acute phasic stimulation and tonic discharge. Moreover, the spatial aspect of activation might play a role even for specific activation using optogenetic stimulation in particular for transcutaneous stimulus when the limited penetration depth of blue light is taken into consideration.

When analyzing the discharge of primary afferents we usually analyze area under the curve and maximum discharge frequency. However, considering the importance of other temporal patterns such as lasting and bursting discharge we might expand our analysis accordingly as bursting discharge patterns of nociceptors with long silent periods in between can also generate some kind of spatial contrast pattern thereby merging temporal and spatial contrast theory. On the other hand, synchronous input of high discharge of many nociceptors will cause pain thereby incorporating aspects of the intensity theory to the overall outcome.

Implications for clinical approaches: The “phenotypic switch” of nociceptors that start to express GRP after axotomy (29) not only adds to the controversy about the role of this peptide in primary afferents (62, 63), but may have major implications for clinical pruritus. Beyond the direct involvement of GRP in the generation of pruritus it may render the spinal cord more susceptible for evoked pruritus: in particular acute electrical stimulation may provoke mainly pain in healthy volunteers. However, in chronic itch patients it might also evoke itch (64) suggesting that the spinal cord processing of itch has been facilitated in these patients potentially be previous release of GRP. For experimental stimulation protocols therefore phasic and tonic stimulation paradigms and possible carry-over effects by spinal GRP release need to be considered.

Animal models have been optimized to separately assess intensity of itch and pain, for example via scratching vs. wiping behavior upon injection into the cheek has been successfully established in rodents (65). However, even under these experimental conditions these models can also elicit a combination of itch- and pain-like behaviors (65, 66) suggestive of a mixed sensation. Indeed, patients with small fiber neuropathy often report concomitant itch and pain sensations (67) such as “burning itch” or “itching sting.” Rather than separating itch and pain according to the involved discipline (pain for anesthesiologists/neurologists vs. itch for dermatologists) we need to further our translational efforts not only between basic researchers and clinical scientists, but also between pain and itch specialists.
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A sensitive scalp is defined by the occurrence of unpleasant sensations (tingling, burning, pain, pruritus) triggered by stimuli that should not cause such sensations. Environmental factors, particularly cosmetics, can be triggering factors. The aims of this study were to assess hair cosmetic product consumption in subjects with sensitive scalp and to perform a clinical evaluation of sensitive scalp. After a dermatological examination, women between the ages of 18 and 65 years with or without a sensitive scalp completed different questionnaires. Their use of hair cosmetics (frequency, amount per application) was recorded. A total of 160 women with a mean age of 41 years were included. Twenty-seven subjects presented with seborrheic dermatitis or psoriasis, so only 133 were included in the analysis. Five percent of the subjects declared they had a very sensitive scalp, 25% had a sensitive scalp, 38% had a slightly sensitive scalp, and 32% had a scalp that was not sensitive. The mean sensitive scalp score (3S) score was 3.7 ± 1.6 in the very sensitive scalp group, 3.6 ± 2.1 in the sensitive group, 1.2 ± 1.2 in the slightly sensitive group and 0.1 ± 0.4 in the non-sensitive group. Two groups were analyzed: the 56 subjects with a sensitive scalp (3S ≥ 2 score) and the 56 subjects with a null 3S score. In the sensitive scalp group, 89% suffered from itch, and 45% suffered from tingling. No parameter (hormonal status, smoking, age, phototype, BMI) was associated with the 3S score. No differences in the exposure to shampoos and masks between the two groups were noted. The exposure to hair conditioners was significantly higher in the sensitive scalp group than in the group without sensitive scalp. Itch is the main symptom of a sensitive scalp. The frequency of a sensitive scalp was lower than that previously described when the subjects with scalp dermatosis were excluded. The amount of hair conditioners used was significantly higher in subjects with sensitive scalp than in those without sensitive scalp, suggesting a possible link.

Keywords: sensitive scalp, sensitive skin, cosmetic products, hair products, 3S questionnaire, BoSS questionnaire, sensitive scale


INTRODUCTION

Sensitive skin has been defined by the sensitive-skin special interest group in the International Forum for the Study of Itch (IFSI) as the occurrence of unpleasant sensations (stinging, burning, pain, pruritus, and tingling sensations) in response to stimuli that normally should not provoke such sensations (1). These symptoms are not explained by any other skin disease. Sensitive skin affects approximately half of the population and is more frequent in women than in men (2, 3). The pathophysiological mechanisms have been debated, and several hypotheses exist (4). Sensitive skin can be considered a result of a decrease in the skin tolerance threshold, which thereby impairs barrier function and leads to abnormalities in the cutaneous nervous system, making the skin hyperreactive (4–6). Sensitive skin can therefore be the clinical expression of neurogenic inflammation and can be modulated by many factors (7). Triggering factors of sensitive skin can be physical (ultraviolet, heat, cold, and wind), chemical (cosmetics, water, and pollutants), and occasionally psychological (stress) (8). A recent meta-analysis showed that the most frequent triggering factors were cosmetics, with an odds ratio of >7 (8). However, no specific information on the actual consumption of cosmetic products among people with sensitive skin is available. Thus, the SENSICOS study was designed to assess the relationship between cosmetic use and sensitive skin.

A sensitive scalp is one of the most frequent complaints related to sensitive skin. Sensitive skin can be located on different areas of the body, and sensitive scalp is a specific condition because of the presence of hairs on the head, it is associated with different symptoms (9) and nerves innervate the scalp in a specific pattern (10, 11). The first study on this condition showed that 44% of French people, more commonly women, suffer from sensitive scalp (9). Environmental factors, particularly cosmetics, probably trigger sensitive scalp (12). The aim of this study was to evaluate hair cosmetic product consumption in subjects with sensitive scalp and to clinically evaluate the factors associated with, the symptoms of, and the correlations among scores related to sensitive scalp.



MATERIALS AND METHODS

This monocentric prospective study took place in the dermatology department of the University Hospital of Brest. The aim of the SENSICOS study was to compare the cosmetic product consumption of subjects presenting with sensitive skin in a group of adult women. Recruitment was carried out in three ways: with an e-mail sent to the employees of the hospital, with an announcement in a free local newspaper and by contacting our acquaintances. In the announcement, it was written that women between 18 and 65 years old with or without sensitive skin and with any level of cosmetic product consumption were eligible.

The aim of this study was to evaluate hair cosmetic product consumption in subjects with sensitive scalp and to clinically evaluate parameters associated with sensitive scalp (associated factors, symptoms, correlations with different scores).

The inclusion criteria were women between 18 and 65 years old without any skin diseases on the face. The exclusion criteria were as follows: males, women younger than 18 years or older than 65 years, individuals with a skin facial disease (such as eczema, rosacea, acne, psoriasis, etc.), and individuals who refuse to participate. A total of 160 subjects needed to be included in this study.

The subjects were invited to visit our dermatology department for an appointment with a dermatologist. An information letter was given to all patients. The subjects did not receive any compensation. A clinical examination was performed to verify the absence of a skin disease to ensure the subject met the inclusion and exclusion criteria.

Then, all subjects completed questionnaires concerning the following factors:

- Sociodemographic and clinical data, including age, weight, hormonal status, smoking status, and socioprofessional category

- Sensitive skin factors, which were evaluated by the following question about sensitive skin, “Is your skin very sensitive, sensitive, slightly sensitive, or not sensitive at all?” Moreover, the volunteers were asked about the frequency at which they experience sensitive skin. Then, the sensitive scale, which includes items on 10 signs felt on the face in the last 3 days (skin irritability, tingling, burning and warmth, tightness, itching, pain, general discomfort and flushes) was used. The scores ranged from 0 (no intensity) to 10 (unbearable intensity). The final score (SS-10) varied between 0 and 100 (13).

- Sensitive scalp factors, which were assessed by the following question about sensitive scalp, “Is your scalp very sensitive, sensitive, slightly sensitive, not sensitive at all?” Moreover, the volunteers were asked about the frequency at which they experience sensitive scalp. The sensitive scalp score (3S) was used: it includes items (which symptoms have you experienced on your scalp?) on five sensations (itching, tingling, tightness, pain and burning sensations), with scores ranging from 0 (absent) to 4 (unbearable), so the total score ranged between 0 and 20 (14).

- The burden of sensitive skin, which was assessed with the BoSS questionnaire (15). It consists of 14 questions, which are scored from 0 (never) to 4 (always) and concern three dimensions: personal care, daily life and appearance. The total score ranges from 0 to 56.

- Cosmetic product consumption for scalp, which was assessed by the frequency of use of shampoos, hair conditioners, masks, hair dyes, and hair bleach. The subjects brought all the cosmetic products they were using at least once a week for the scalp. Then, they dispensed their shampoos, hair conditioners and masks in their hand and applied them to their scalp, and the weight of their bottles before and after application were noted to determine the amount of product used per application. The composition of each product was noted. The exposure to each product (mg/kg bw/day) was calculated with the following formula: [frequency (day−1) x amount (mg/use)]/body weight (kg bw).

Statistical analysis was performed using XLSTAT 2019.1 (Addinsoft, Paris, France). Descriptive statistics are presented as the means and standard deviations (SDs) for the quantitative variables and as percentages for the qualitative variables. For group comparisons, we used the Mann-Whitney test, the Kruskal-Wallis test or Chi2 test, as appropriate. A correlation analysis (Pearson's correlation coefficient) was used to assess the link between the 5 items involved in the calculation of the 3S score and the final score and the correlations between the following 3 scores: 3S, SS-10 and BoSS. p < 0.05 indicated statistical significance.

The study was registered on ClinicalTrials.gov with the title “Impact of Exposure to Cosmetics on Sensitive Skin (SENSICOS),” and the identifier was NCT03958968. The study protocol was approved by the ethics committee of Brest (29BRC18.0078).



RESULTS


Recruitment and Subjects

One hundred and sixty women volunteers were included between July and October 2019. Concerning recruitment, 38% of the subjects were acquaintances, 36% responded to the announcement in the local newspaper, and 26% responded to the e-mail sent to the hospital employees. The average age of the participants was 41 ±13 years (19–65). Among the 160 subjects included in the SENSICOS study, 27 presented with a skin disease of the scalp (24 had seborrheic dermatitis, and 3 had psoriasis). The 133 subjects analyzed had a normal skin on the scalp, without redness. The mean 3S score was 1.6 ± 1.9 in subjects without scalp dermatosis (n = 133) and 3.3 ± 3.2 in subjects with seborrheic dermatitis (n = 24), and this difference was significant (p = 0.017). Among the 160 subjects, 11% of the participants reported having a “very sensitive scalp,” 48% reported having a “sensitive scalp,” 30% reported having a “slightly sensitive scalp,” and 11% reported having a scalp that was “not sensitive at all.” Participants with psoriasis or seborrheic dermatitis of the scalp were excluded from the rest of the analysis because the definition of sensitive skin excluded the presence of a skin disease. Consequently, the data from only 133 subjects were analyzed.



Presence of Sensitive Scalp

Five percent of the participants reported having a “very sensitive scalp,” 25% reported having a “sensitive scalp,” 38% reported having a “slightly sensitive scalp,” and 32% reported having a scalp that was “not sensitive at all.” The mean 3S score was 1.6 ± 1.9 (range 0–9). The maximum 3S score possible is 20. The distribution of the 3S scores is presented in Figure 1 (range 0 to 9). The intensity of each item of the 3S questionnaire is presented in Figure 2. The mean 3S score was 0.1 ± 0.4 in the “not sensitive at all” group, 1.2 ± 1.2 in the “slightly sensitive scalp” group, 3.6 ± 2.1 in the “sensitive scalp” group and 3.7 ± 1.6 in the “very sensitive scalp” group (Figure 3). The Kruskal-Wallis statistical test was used to compare the 4 groups. Statistically significant differences were observed among the 4 groups (p < 0.0001).


[image: Figure 1]
FIGURE 1. Distribution of the 3S scores in the group of 133 subjects without scalp dermatosis.
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FIGURE 2. Intensity of each item of the 3S questionnaire.
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FIGURE 3. 3S scores stratified by the severity of sensitive scalp.




Items of the 3S Questionnaire

A positive and statistically significant correlation was found between each of the 5 items involved in the calculation of the 3S score and the final score. The strongest correlation was with itching (0.832), followed by tingling (0.666), tightness (0.555), burning (0.532), and pain (0.264). The distribution of subjects according to the intensity of the itch scalp and the 3S score is presented in Figure 4.


[image: Figure 4]
FIGURE 4. Distribution of subjects according to the intensity of the itch scalp and the 3S score.




Factors Associated With a Sensitive Scalp

None of the general medical or dermatological parameters (menopause, smoking, phototype, type of skin, erythema, age, weight, height) were correlated with the 3S score (Pearson's correlation).



Correlation Between the Three Scores: The 3S, SS-10, and BoSS Scores

A positive (0.329) and statistically significant correlation (p < 0.01) was observed between the SS-10 score and the 3S score (Figure 5). A positive (0.328) and statistically significant correlation (p < 0.01) was observed between the BoSS score and the 3S score (Figure 6).


[image: Figure 5]
FIGURE 5. Correlation between the SS-10 and 3S scores.
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FIGURE 6. Correlation between the 3S and BoSS scores.




Comparisons of the Groups With and Without a Sensitive Scalp

Two groups were formed according to the 3S score: the non-sensitive scalp group included the 55 subjects with a 3S score equal to 0, and the sensitive scalp group included the 55 subjects with a 3S score higher than or equal to 2. In the sensitive scalp group, 90.9% of the subjects presented with itching, 45.5% presented with tingling, 27.3% presented with tightness, 14.5% presented with burning, and 7.3% presented with pain.



Cosmetic Product Consumption

Shampoos were used by 100% of the subjects in the two groups. Hair conditioners were used by 40% of the women in the non-sensitive scalp group vs. 53.6% in the sensitive scalp group (p = 0.15). Masks were used by 40% of the women in the non-sensitive scalp group vs. 48.2% in the sensitive scalp group (p = 0.38). Hair dyes were used by 41% of the women in the non-sensitive scalp group vs. 52.7% in the sensitive scalp group (p = 0.18). Hair bleach was used by 23.6% of the women in the non-sensitive scalp group vs. 20% of the persons in the sensitive scalp group (p = 0.64). The frequency, amount and exposure to shampoos, hair conditioners and masks in the 2 groups are presented in Table 1. There were no data concerning the amount or exposure to hair dyes and hair bleach because the subjects brought all the cosmetic products that they used at least once a week for the scalp. A statistically significant difference was observed in the amount of hair conditioner applied per use: this amount was lower in the non-sensitive scalp group than in the sensitive scalp group (p = 0.03). No statistically significant difference was observed between these two groups in the other parameters that were studied.


Table 1. The frequency of use, amount used and exposure to hair cosmetic products in the two groups.
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Types of Cosmetic Products

Shampoos for sensitive scalp were used by 20% of the women in the sensitive scalp group and 12.7% of the women in the non-sensitive scalp group (p = 0.3). Organic shampoos were used by 25.4% of the women in the sensitive scalp group and 20% of the women in the non-sensitive scalp group (p = 0.49). Shampoos for children were used by 12.7% of the women in the sensitive scalp group and 5.4% of the women in the non-sensitive scalp group (p = 0.18).

Hair care products for sensitive scalp were used by 12.7% of the women in the sensitive scalp group and 7.2% of the women in the non-sensitive scalp group (p = 0.3). Organic hair care products were used by 20% of the women in the sensitive scalp group and 7.2% of the women in the non-sensitive scalp group (p = 0.05).



Point of Purchase

Concerning the point of purchase for shampoos, 63.6, 29.1, 10.9, 9.1, 9.1, and 5.8% of the subjects with sensitive scalp and 63.1, 20, 14.5, 9.1, 5.8, and 3.8% of the subjects with non-sensitive scalp said they buy their products from supermarkets, pharmacies, beauty brands, the internet, hair salons, and organic supermarkets, respectively (p = 0.2, p = 0.2, p = 0.6, p = 1, p = 0.4, and p = 0.6).




DISCUSSION

Few studies related to sensitive scalp have been published in the literature, but sensitive skin is frequently located on the scalp. The frequency of sensitive scalp without skin dermatosis was 30% in our study, as measured by the response “very sensitive” or “sensitive,” and 41.3% of the subjects had a 3S score ≥2. In the 27 patients with scalp dermatosis, 59% of the subjects had a “very sensitive” or “sensitive” scalp. In a recent study in which subjects were asked, “Do you have sensitive scalp?,” 56% had a positive answer (12). Other studies reported frequencies of 32% (11), 36% (12), or 44.2% (6), with a higher frequency in women. These frequencies were overestimated because the authors did not exclude subjects presenting with scalp dermatosis, such as psoriasis or seborrheic dermatitis. In the majority of studies, the subjects were not examined. In the study that was designed to develop the 3S score, some subjects suffered from hair loss, dandruff, seborrheic dermatitis or psoriasis. Later, a consensual definition of sensitive skin stated that “these unpleasant sensations cannot be explained by lesions attributable to any skin disease.” This definition of sensitive skin is applicable to all locations, including the scalp. In our study, the dermatological examination allowed us to include only subjects without any skin diseases on the scalp, in accordance with the new definition of sensitive skin.

We chose to include only women to focus on a homogenous population because sensitive scalp affects mostly women (9) and because they use twice as many hair cosmetic products (four products in mean) as men do (two in mean) (16).

Sensitive skin is mainly a subjective syndrome, and the diagnosis is commonly made by interviewing subjects and asking them whether they have sensitive skin. Objective tests with lactic acid or capsaicin are difficult in the presence of hairs. The sensitive scalp score (3S) was developed in 2011 as a tool to diagnose sensitive scalp, and more than 2,100 subjects were included. In the majority of studies on sensitive skin, particularly those conducted by phone or web survey, the subjects were asked whether they had very sensitive, sensitive, slightly sensitive or not sensitive scalp. The 3S has the advantage of being more precise. In our study, itching was the factor that most strongly correlated with the 3S score and was present in 90.9% of subjects, which is more frequent than on the face or other glabrous locations. Our study also showed that the scores of the subjects with sensitive scalp and those without sensitive scalp were similar. Consequently, it is not possible to define a cut-off for the diagnosis of sensitive scalp according to the 3S scores.

In our study, we did not find any risk factor for the presence of sensitive scalp. Regarding age, a study including 369 subjects in China showed that sensitive scalp were more frequent at 30–39 years of age and that the prevalence decreased after this age (17). Other studies showed that the frequency of sensitive scalp increased (14) or decreased with age (18).

We found a positive correlation between SS10 and 3S scores, suggesting that sensitive skin and a sensitive scalp are linked. The presence of sensitive scalp was positively correlated with the BoSS score, suggesting that sensitive scalp reduce quality of life. However, these results should be interpreted with caution because there are many low 3S scores and very few high 3S scores, which may impact the correlation.

In a study including 125 Korean adult women, the major triggering factor cited was hair care products, as it was cited as a triggering factor in 65.6% of subjects in the group with sensitive scalp (12). There are several types of cosmetics care products for the hair: the hair conditioners, the masks, the oils, the lotions, the serums. We have chosen to analyze the hair conditioners and masks because they are applied right down to the roots of the hair to the skin whereas the other are applied only on the hair. Because of the presence of surfactants and other potentially irritant substances, shampoos are supposed to be highly involved in the development of sensitive scalp, but this hypothesis was not supported in a previous study (14), and our exposure study did not show that shampoos are involved. However, we found a significant difference regarding amount used of hair conditioners, higher in the sensitive scalp group. These cosmetic products are used after the shampoo and are rinsed. We did not confirm the involvement of hair dyes, which we previously showed (18). An analysis of the composition of the various ingredients contained in products used for the scalp may provide more complete information on the link between sensitive scalp and cosmetics. It is not possible to conclude that there is a causal link between a cosmetic product and sensitive scalp. It is possible that hair conditioners cause the sensitive scalp, but it is also possible that subjects with a sensitive scalp use products to relieve their symptoms as hair conditioners.

Concerning consumption habits, the subjects with sensitive scalp seemed to buy organic products or those designed for children more often than those without sensitive scalp, but the difference was not significant, perhaps because of the limited sample size. There was no significant difference concerning the use of products labeled for sensitive scalp between the two groups, but there are quite a few products labeled for the sensitive scalp, contrary to sensitive skin. There was no significant difference concerning the point of purchase, whereas the subjects with non-sensitive scalp seemed to buy products more often in supermarkets. Among the limitations, there is a risk of recruitment bias. We cannot exclude the possibility that more people with sensitive skin responded to the announcement than those without sensitive skin, but we specified that all persons, with or without sensitive scalp, were invited to participate.

In conclusion, itching is the main symptom of sensitive scalp. The frequency of sensitive scalp was lower than that previously described when the subjects with scalp dermatosis were excluded. The exposure to hair conditioners is significantly higher in subjects with sensitive scalp, suggesting that sensitive scalp might be specifically related to products that are in contact with scalp for a long time.
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Itch and worry about itch are predominant symptoms in atopic dermatitis (AD). Mindfulness refers to paying attention in a certain way, non-judgementally and on purpose. In patients with chronic pain, which shares several similarities with chronic itch, a significant relationship between pain intensity, mindfulness and pain catastrophizing has been found. The aim of this study was to investigate whether itch intensity and mindfulness are related to itch catastrophizing in AD patients. Participants receiving treatment for AD (n = 155; 58 male; mean age: 46.5 ± 12 years) completed measures of itch-related catastrophizing (Itch Cognitions Questionnaire; ICQ) and mindfulness (Comprehensive Inventory of Mindfulness; CHIME) during their stay at a rehabilitation center in Borkum, Germany. In addition to other variables, their average itch intensity during the last 2 weeks was assessed by means of a visual analog scale. A positive relationship between itch intensity and itch catastrophizing was found (r = 0.409; p < 0.01). Moreover, the mindfulness scales “acting with awareness,” “accepting and non-judgemental orientation,” and “non-reactive orientation” were negatively related to itch catastrophizing. A linear regression analysis revealed that itch intensity in combination with “acting with awareness” was able to explain more than 27 % (corrected R2 = 0.274; p < 0.001) of the variance of itch catastrophizing. Thus, itch intensity and certain facets of mindfulness were associated with itch catastrophizing in AD patients. Psychological interventions aiming to increase acting with awareness might have a buffering effect on itch catastrophizing, which in turn could lead to lower itch intensity in patients with AD. Future RCTs should test this hypothesis.

Keywords: itch, atopic dermatitis, mindfulness, rehabilitation, itch catastrophizing


INTRODUCTION

Itch or pruritus is an unpleasant bodily sensation usually accompanied by scratching behavior (1). When itch lasts longer than 6 weeks, it is regarded as chronic (2). Chronic itch is a common symptom in patients with skin diseases like atopic dermatitis (AD) (3). It has been shown that itch and scratching behavior play a role in the maintenance and exacerbation of AD as the mechanic stimulation of the skin through scratching can provoke increased inflammation whilst also removing any topical treatments that have been applied (4). Further inflammation then subsequently triggers an additional itch sensation.

In addition to the direct behavior of scratching, psychological, and social factors play an important role in the maintenance and worsening of the itch-scratch cycle in AD. The biopsychosocial model of chronic itch (5) proposes that internal (e.g., personality) and external factors (e.g., stress) can lead to illness cognitions, social reactions, and behaviors, which can increase physiological responses (e.g., activation of certain brain areas) leading to itch (5). Studies have reported that excessive worrying about the skin condition is associated with the severity of physical symptoms in AD and psoriasis (6). Schut et al. (7) found a significant correlation between perceived stress, cognitive coping, and itch intensity in patients with AD. In this study, the relationship between stress and itch was mediated by itch-related cognitions and patients, who reacted to stress with negative itch-related cognitions reported higher itch intensities than patients with the opposite cognitive reaction (7).

Mindfulness has been defined as “paying attention to the present moment, non-judgmentally and on purpose” [(8), p4]. Sometimes, the term mindfulness is understood as synonym of meditation. However, psychological models of “mindfulness” posit that the construct is made up of a number of different facets (9). Further, these facets are believed to be present to varying degrees in all individuals and as such are thought to some extent to represent “personality” variables. Thus, mindfulness comprises more than just emotional awareness, but also e.g., awareness of surrounding others, things, acting consciously (9). These facets of mindfulness have been found to be significantly associated with wellbeing (10). As postulated by Shenefelt (11) mindfulness could help via psychoneuroimmunological pathways to reduce itch. In a dermatology sample mindfulness explained a significant proportion of the variance in social anxiety, anxiety, depression, and health-related quality of life after controlling for subjective severity of the skin condition (12). Moreover, there is some evidence that mindfulness based interventions can have a positive effect on the skin status and wellbeing of patients with psoriasis that can also be accompanied by itch [e.g., (13–15)]. Whether also participation in a short 2-week-mindfulness-based intervention delivered at a German rehabilitation clinic is beneficial in patients with the chronic, in many cases itchy skin disease psoriasis is investigated at the moment (16).

Itch shares some similarity with pain (17) as both are unpleasant sensations with common pathophysiological features (18). In patients with chronic pain, mindfulness predicted pain catastrophizing and moderated the relationship between pain intensity and pain catastrophizing (19). Increasing levels of mindfulness can be effective in reducing the experience of pain (20), which may have important implications for people living with AD given the significant association between itch and chronic pain (21). Therefore, the current study aims to investigate the relationship between itch intensity, mindfulness and itch catastrophizing in patients with chronic itch. It is hypothesized that in addition to itch intensity, levels of mindfulness will be significant predictors of itch catastrophizing. In this context, catastrophizing refers to a negative way of thinking about the bodily symptom itch, e.g., the course or consequences of it. Such negative thoughts measured in this study are “The itching will never stop,” “I will scratch myself again until I look horrible” (22).



MATERIALS AND METHODS


Inclusion and Exclusion Criteria and Procedure

Participants were receiving treatment at the rehabilitation clinic on Borkum, Germany and were assessed for eligibility and recruited to the study by KL (medical student) and CZ (Consultant and Lead Dermatologist). Inclusion criteria included being between the ages of 18–70 and having a verified diagnosis of atopic dermatitis of at least 1 year duration. In order to ensure that participants could complete the survey, proficiency in the German language was also required. Exclusion criteria included having a comorbid severe psychological or psychiatric condition or another skin disease associated with itch, or having another long-term disease which was in the focus at the time of investigation. Participants were asked to complete the questionnaires and return them during their 1st week at the clinic.



Ethics

Ethical approval was gained at the University of Gießen (AZ: 210/15). Information on the study was provided to all participants who signed the consent form before filling in the questionnaires.



Measures
 
Mindfulness

The Comprehensive inventory of mindfulness experiences (CHIME) (9) was used to measure different facets of mindfulness. It provides a multi-dimensional assessment of mindfulness and consists of 37 items measured on a six-point scale (1-6). Participants were asked to rate levels of mindfulness over the last 2 weeks. Eight subscales of mindfulness were measured; (1) awareness toward internal experiences, (2) awareness toward external experiences, (3) acting with awareness, (4) accepting and non-judgemental orientation, (5) non-reactivity, (6) openness to experiences, (7) relativity of thoughts, and (8) insightful understanding.



Itch Catastrophizing

The Itch Cognitions Questionnaire (22, 23) was used to measure itch catastrophizing. Participants were asked to rate the frequency of thoughts they had regarding itch over the past 2 weeks, for example “The itching will get worse and worse.” The questionnaire consists of 20 statements measured on a five-point Likert scale ranging from 0 (thought never occurs) to 4 (the thought usually occurs) which can be combined to the two scales “itch catastrophizing” and “itch coping.” In the current study we were only interested in the scale “itch catastrophizing.”



Itch Intensity

Itch intensity during the last 2 weeks was measured by a visual analog scale ranging from 0 to 10. The item to measure itch was “Please evaluate on this scale how intense your itch was on average during the last 2 weeks.”



Atopic Dermatitis Severity—Self Report

The Patient Orientated SCORing Dermatitis Index (PO-SCORAD) (24) was used to measure the self-rated severity of AD. Participants indicate the area of the body affected (POSCORAD-A), the severity of the condition including redness, scratch lesions, skin dryness, edema, and skin thickening (POSCORAD-B). In addition, using visual analog scales participants indicated the severity of itching and insomnia (POSCORAD-C). As for the SCORAD, also POSCORAD scores can range from 0 to 103 with higher scores indicating a more severe AD. SCORAD-scores below 25 indicate a mild AD, scores between 25 and 50 indicate a moderate AD and scores > 50 indicate a severe AD (25). In former studies, it was shown that SCORAD scores rated by clinicians and PO-SCORAD scores rated by patients highly correlate (24, 26).




Other Variables

Besides the before mentioned variables, further data on alexithymia, self-rated causes of itch, sociodemographic variables and comorbidities were gathered which are included in the doctoral thesis of the first author of this article.



Statistical Analysis

Statistical analyses were conducted using SPSS 24. Due to the fact that variables were not normally distributed in all cases, Spearman-Rank-correlations were conducted in addition to Pearson correlations to investigate the associations between mindfulness, itch catastrophizing, and itch intensity. These analyses did not reveal substantially different results (differences in r's < 0.045). After testing whether the assumptions for a linear regression analysis (27) were fulfilled this method was used to investigate how much variance in itch catastrophizing could be predicted by itch intensity and the mindfulness subscales related to itch catastrophizing in the correlation analyses (“method of best predictors”). In the regression model, the control variables age and sex were entered in the first step of the analysis, itch intensity during the last 2 weeks was entered in the second step and the mindfulness subscales were entered in step three of the analysis.




RESULTS


Sample Characteristics

One hundred and sixty three AD patients took part in the study, 8 had to be excluded from the analyses, because they did not fulfill the inclusion criteria. Thus, the final sample size consisted of 155 AD patients (58 men and 97 women). Their mean age (data available from all n = 155) was 46.5 ± 12 years. Their mean AD severity (data available from n = 135 patients) measured by the PO-SCORAD was 47.9 ± 19.9, which indicates that on average patients suffered from a moderate AD. Twenty-one patients had mild AD, 72 moderate and 42 severe AD. Patients who reported to have a physical comorbidity did not differ from patients without self-reported physical comorbidity regarding itch-catastrophizing (p = 0.763) or itch-intensity (p = 0.337). For more information regarding the sample characteristics, please see Table 1.


Table 1. Description of the sample (n = 155 patients with atopic dermatitis).
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Results of the Correlation Analyses

The Pearson correlation analyses revealed that itch catastrophizing and itch intensity during the last 2 weeks were significantly positively related (r = 0.409). Moreover, itch catastrophizing was significantly negatively related to the mindfulness subscales acting with awareness (r = −0.373), accepting and non-judgemental orientation (r = −0.198) and non-reactivity (r = −0.260). For the full correlation matrix, please see Table 2. Spearman-Rank-correlations also revealed significant correlations between itch-catastrophizing and the mindfulness subscales “acting with awareness,” “accepting and non-judgemental orientation,” and ‘‘non-reactivity” (p < 0.05).


Table 2. Results of the correlation analyses.
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Results of the Regression Analyses

The regression analysis showed that 27.4 % of the variance of itch catastrophizing could be predicted by itch intensity and the mindfulness-scale “acting with awareness” (R2 = 0.284; corrected R2 = 0.274; F = 28.728; p < 0.001). Hereby, 17.1% of the variance were explained by itch-intensity and 10.3% by the mindfulness-scale “acting with awareness” (also see Figure 1).


[image: Figure 1]
FIGURE 1. Results of the regression analysis. 27.4% of itch catastrophizing could be explained by itch intensity during the last 2 weeks and the mindfulness scale “acting with awareness”.





DISCUSSION

The current study is the first to examine the relationship between mindfulness and itch and mindfulness and itch-catastrophizing in patients with AD. There was no significant relationship between itch intensity and mindfulness; however, there was a significant negative relationship between the mindfulness scale “acting with awareness” and itch catastrophizing.

This finding is in line with the results of previous studies in which mindfulness and especially the mindfulness facets “acting with awareness” and non-reactivity were related to pain catastrophizing and other types of psychological distress (12, 19). This is an important finding as catastrophic thoughts and physiological reactivity are important maintaining factors to itch (6). Furthermore, studies using itch induction suggest that a focus on bodily sensations and catastrophizing of upcoming itch stimuli lead to greater itch intensity or more profound scratching behavior (28, 29).

Our findings suggest that acting with awareness, essentially being more aware of bodily sensations and not reacting to them automatically, may reduce the likelihood of automatic scratching in response to itch. This in turn could then lead to less negative thinking about the skin as skin lesions would not occur that often anymore. In this context, it has already been shown that higher levels of present moment awareness can reduce negative thinking, a characteristic of depression and anxiety (30).

Intervention studies have shown promising results for mindfulness interventions in patients living with long term health conditions and chronic pain (31, 32). In dermatology, mindfulness interventions have been used in patients living with psoriasis with promising results (13, 14, 33). Audio-guided meditations used as an adjunct to light treatment increased the rates of skin clearing (13), and a structured 8-week mindfulness intervention, Mindfulness-based cognitive group therapy, was found to improve dermatology quality of life and self-reported psoriasis severity (14). In atopic dermatitis first results of positive effects in a small patient therapy group were demonstrated (34). However, D'Alton et al. (33) conducted a randomized controlled trial of mindfulness-based interventions in psoriasis and found that whilst participants reported perceiving the interventions as beneficial, there was no significant difference found on distress, symptom burden, or quality of life at completion, or at 6 or 12-month follow-up. Clearly, whilst mindfulness interventions show promise, and our study further supports the theoretical rationale for using it as an intervention where itch is a factor, further examination of mindfulness interventions in a range of skin conditions is required.


Limitations

There are limitations to the current study. First, this study is a cross-sectional study and therefore conclusions on causation cannot be drawn. Randomized, controlled trials in which “acting with awareness” as one important facet of mindfulness is manipulated by participation in a mindfulness based intervention could provide answers on causal relationships between mindfulness and itch/itch catastrophizing. Further, as participants were recruited at a rehabilitation clinic and were experiencing moderate or severe AD in most cases, the generalisability of our findings to community samples needs to be acknowledged, and be investigated in future studies. In addition, given that AD is known to be associated with anxiety and depression future studies might investigate the role that both “acting with awareness” and catastrophizing play in significant psychological distress associated with AD.




CONCLUSION

The current study findings indicate that higher levels of a specific facet of mindfulness termed “acting with awareness” are related to lower levels of itch catastrophizing. This finding is important as it suggests that psychological interventions should seek to increase acting with awareness in patients with AD as a way of improving patient outcomes associated with problematic itch.
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Vulvar pruritus is an unpleasant sensation and frequent symptom associated with many dermatologic conditions, including infectious, inflammatory and neoplastic dermatoses affecting the female genitalia. It can lead to serious impairment of quality of life, impacting sexual function, relationships, sleep and self-esteem. In this review, common conditions associated with vulvar itch are discussed including atopic and contact dermatitis, lichen sclerosus, psoriasis and infectious vulvovaginitis. We review the potential physiologic, environmental and infectious factors that contribute to the development of vulvar itch and emphasize the importance of addressing their complex interplay when managing this disruptive and challenging symptom.
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INTRODUCTION

Vulvar pruritus is a frequently chronic and debilitating symptom associated with many vulvar disorders. The exact prevalence of vulvar pruritus is unknown as epidemiologic data are limited and most reports focus on individual conditions involving genital itch. In a study that surveyed 480 women from the general population in Boston, Massachusetts, 6.6% of women reported experiencing vulvar itch or burning (1). This is similar to rates of vulvar pruritus reported amongst the general German population, which was noted to range from 5 to 10% (2). The true prevalence of vulvar pruritus may be difficult to assess as it is likely underreported given the embarrassment many women feel when discussing genital symptoms (3). Itch was found to be the most frequent symptom, occurring in 70% of patients presenting to a clinic specializing in vulvar conditions (4). Similarly, in a survey study performed in the United Kingdom, 67.3% of general practitioners reported that they see more than five patients per month with vulvar symptoms, with vulvar pruritus being the most common (5).

Vulvar pruritus can have a profound impact on quality of life (6). In patients with genital psoriasis, itch was reported to be the most bothersome symptom with substantial impact on sexual relationships and psychosocial well-being (7). Moreover, several studies have demonstrated the negative impact of lichen sclerosus, a condition characterized by genital itch and pain, on sexual satisfaction (8–10).



PRURITIC VULVAR DERMATOSES

Vulvar pruritus arises in the setting of many inflammatory, infectious, and neoplastic processes that can affect the female genitalia (11).


Inflammatory
 
Common Etiologies

Common inflammatory vulvar dermatoses characterized by marked pruritus include atopic and contact dermatitis, lichen planus, lichen simplex chronicus, psoriasis and lichen sclerosus, among others. Atopic dermatitis (AD), irritant contact dermatitis (ICD) and allergic contact dermatitis (ACD) are the most common causes of vulvar itch in women (12). In one study of 144 adult women with vulvar complaints, 66% of patients had an eczematous process confirmed on pathology (13). In a separate prospective cohort study, 81.4% of patients with vulvar itch were found to have at least one positive contact allergen on patch testing (14). Similarly, AD and ICD have been reported to be the most common cause of vulvar symptoms in prepubertal girls (15).

AD is a genetic skin disease characterized by an altered skin barrier and chronic pruritus. It presents acutely as erythematous edematous or vesiculated plaques. Lichenification and dyspigmentation may be observed in chronic cases. It is important to note that due to the altered skin barrier, patients with AD may be at higher risk for the development of both irritant and allergic contact dermatoses (16–19).

Contact dermatitis consists of inflammation of the skin resulting from an external agent that acts as an irritant or as an allergen. The manifestation of both forms of dermatitis is very similar, varying from mild erythema and scaling to more severe erythema and edema (20). The area of involvement may be localized to the exposed site or be more extensive as the product spreads, with moisture or scratching (20). In addition to itch, pain and burning may also be present. Ulceration and erosions may be seen with primary irritants (21). In ACD, vesiculation in the acute phase may be observed (22). In more chronic cases, lichenification with excoriation are common features. Secondary infection can be seen in both ICD and ACD with pustules, crusting and fissuring.

Many substances can cause irritation of the vulva, including body fluids, feminine hygiene products or various topical medications (20). Physical and thermal irritants like tight fitting clothes, wash cloths, sponges and hair dryers have been implicated in ICD development (20, 22). Similarly, allergens often contribute to itch and dermatitis in patients with vulvar disease. Common allergens include fragrances and preservatives in products like soaps and detergents, cleansing wipes, antiseptics, spermicides, sanitary pads, lubricants, and even topical treatments like steroids, anesthetics, antibacterial and antifungal agents (20, 23). Rubber products, like pessaries, condoms, diaphragms, and gloves may also be sensitizers (20). Additionally, pantyhose and clothing with azo dyes may contribute to ACD (20). Patch testing may identify the allergens responsible for ACD.

Lichen simplex chronicus (LSC), or circumscribed neurodermatitis, is an eczematous disorder that commonly affects vulvar skin. It presents as scaly, thickened plaques that develop in response to persistent and vigorous scratching of intensely pruritic sites (24). LSC accounts for 35% of patient visit to vulvar specialty clinics, predominately affecting adult women but may also occur in children (25). Although often considered a primary diagnosis, LSC often arises as a secondary finding in the setting of neuropathic or other underlying primary cutaneous diseases such as AD, ACD or LP (26). It can also occur in patients with psychiatric disorders like depression and obsessive-compulsive disorder (27, 28). Pruritus in systemic diseases such as end stage renal disease, obstructive biliary disease or Hodgkin's lymphoma can also provoke LSC (29). LSC is characterized by a self-perpetuating itch-scratch cycle. In patients with primary LSC, the itch-scratch cycle is often triggered by initial skin irritation from tight-fitting clothing, irritating fabrics or personal care items which provoke scratching (11, 30). Damage to the vulvar epithelium due to scratching compromises the skin barrier, potentially provoking release of epithelial cytokines and making the skin more vulnerable to potential infection, which in turn drives itch and inflammation (26). If sufficiently pronounced, scratching results in hypertrophy and lichenification of the genital skin. Clinical examination usually reveals lichenified plaques with excoriations and variable levels of erythema and scale (25).

Psoriasis is another common inflammatory skin disease that affects genital skin and is often accompanied by pruritus (31). In most cases, genital psoriasis arises in the setting of more widespread cutaneous involvement, but isolated presentation of genital psoriasis may occur in 2–5% of psoriatic patients (32). Psoriatic lesions of the vulva are more common in children than in adults. In a study that evaluated 130 prepubertal girls with vulvar complaints, 17% had psoriasis, which was the third most common cutaneous condition after AD and LS (15). Clinical features of vulvar psoriasis consist of well-demarcated, brightly erythematous plaques with or without scale on the labia majora (33). Plaques may extend to the inguinal folds and maceration may be present (27).

Lichen sclerosus (LS) is another inflammatory dermatosis that affects the vulvar and vaginal mucosa, and not uncommonly extends to the perineum and perianal skin. While vulvar LS can occur at any age, most cases are observed in prepubertal girls or in postmenopausal women, when endogenous estrogen production is low (34). Pruritus and pain are predominant symptoms of the disease, although rarely LS may be asymptomatic. Other symptoms include dyspareunia and dysuria. In children, constipation may be a presenting symptom due to pain with defecation (35). The exact prevalence of LS is unknown, but estimates range from 1:300 to 1:1,000 of all adult patients referred to dermatology departments (36). The estimated prevalence in prepubertal girls is 1 in 900 (37). At a general gynecology practice, the rate of vulvar LS was estimated to be 1.7% (38). Again, the discrepancy in reported prevalence among gynecology and dermatology practices may reflect the hesitance of patients to discuss genital symptoms outside of a dedicated health visit focused on genitourinary care. LS typically manifests as atrophic, pale to white patches or plaques that often form a figure-of-eight pattern encompassing the vulva and anus (39). Erosions and painful fissures may be observed due to underlying inflammation as well as scratching or irritation of the inflamed, fragile tissue. Loss of normal vulvar architecture may be observed in more advanced cases, with burying of the clitoris and agglutination of the labia. Lichen sclerosus is associated with increased risk of developing genital squamous cell carcinoma (SCC). While the exact risk of malignant transformation is uncertain, estimates of the development of SCC are between 3 and 5% (40, 41). In a more recent study that used data from the Dutch Pathology Registry and included 3,038 women diagnosed with lichen sclerosus, the risk of SCC development after 10 and 20 years was 3.3 and 6.7%, respectively (42).

Lichen planus (LP) is a highy pruritic, autoimmune mucocutaneous disorder in which activated T-cells target basal keratinocytes of keratinized and non-keratinized squamous epithelium (43). The prevalence of LP is estimated to be 1% of the general population (44). Although LP most commonly affects the oral mucosa, ~25% of women with oral LP also have vulvovaginal involvement (45). LP predominately affects adult women, although isolated cases have been reported in young girls (46). Vulvovaginal LP may manifest in several ways, presenting in erosive, papulosquamous, and hypertrophic forms (47). Erosive LP, the most common presentation affecting genital skin, is characterized by well-demarcated glassy, erythematous to violaceous patches with a hyperkeratotic border and primarily affects the non-keratinized epithelium of the vestibule, labia minora and vagina (48). Several cohort studies have examined the distribution of LP subtypes arising on keratinized skin of the labia majora (48, 49). Papulosquamous LP, also referred to as classic LP, arises in 4–33% of cases and manifests with purple, brown or pink polygonal papules or small plaques which may have associated Wickham's striae (48, 49). Hypertrophic lichen planus arises in 29–46% of cases and presents with thicker, violaceous and hyperkeratotic plaques (47). One cohort study describing clinical and histologic features in 63 vulvar LP cases reported pruritus as the primary symptom affecting 79 and 81% of hypertrophic and papulosquamous LP patients, respectively, while pain was a primary manifestation in only 10 and 14%, respectively (48). Similar to LS, longstanding and untreated disease may lead to alterations in the normal architecture with narrowing of the vaginal introitus (50).



Other Etiologies

Inflammatory vulvar pruritus may also be caused by seborrheic dermatitis, plasma cell vulvitis, and Fox-Fordyce disease. Seborrheic dermatitis is an inflammatory condition that affects the sebum-rich areas of the body and should be considered in patients with vulvar pruritus. While uncommon, seborrheic dermatitis can occasionally present on the vulva, and is usually associated with simultaneous appearance of characteristic seborrhea on the scalp and face (51). It manifests on the vulva as erythematous plaques mainly on the labia, majora, perineum, and mons pubis. Scale is frequently absent in the vulva and the severity of pruritus is often more marked than would be expected based on the clinical signs (52).

Plasma cell vulvitis (PCV) is an extremely rare cause of vulvar pruritus characterized by a well-circumscribed erythematous plaque composed of predominately plasma cells (53, 54). It is typically located within the vulvar vestibule, often extending to the medial labia minora. The most common symptoms associated with PCV are pruritus, pain, burning, and dyspareunia (55).

Fox-Fordyce disease is another rare inflammatory condition which can affect vulvar skin and may provoke intense itching. The primary pathophysiologic process involves obstruction of the apocrine sweat duct and subsequent ductal rupture causing inflammation and enlargement of the glands (56). The mons pubis and labia majora are most commonly affected. Clinically, Fox-Fordyce disease manifests as intensely pruritic, numerous, flesh-colored to slightly yellow papules (57, 58).




Infectious
 
Common Etiologies

Vulvar pruritus may be associated with several types of infections and these vary with age. In prepubertal females, infection with Group A beta-hemolytic streptococcus (GABHS) commonly provokes vulvar symptoms including pruritus and pain, and manifests with sharply demarcated, edematous, red plaques (59). In contrast, adult women are less susceptible to acute GABHS-mediated vulvitis. Oropharyngeal GABHS infection often, but not always, precedes the development of vulvar symptoms (60).

In adult women, vulvovaginal candidiasis is a frequent cause of vulvar pruritus, with some studies suggesting candidiasis accounts for 35–40% of vulvar itch cases in this age group (2). Multiple epidemiologic studies have indicated that Candida albicans is responsible for the excess of episodes of vulvovaginal candidiasis, although reports indicate than non-albicans Candida species, notably Candida glabrata, account for 10–20% of episodes in certain regions (61–63). Increased estrogen levels, which have been implicated in reducing the inhibitory activity of epithelial cells against Candida, are thought to account for the rise in candidiasis in women of reproductive age (64). It is estimated that 75% of women have been affected by vulvovaginal candidiasis at some point in their lifetime (61, 65). Pregnancy, antibiotics, oral contraceptives and hormonal replacement therapies may increase estrogen levels resulting in an increased frequency of disease (66, 67). Tamoxifen, an estrogen antagonist in breast tissue, has been reported to have estrogen-like effects on vaginal epithelium in postmenopausal women, increasing risk of vulvovaginal candidiasis (68–70). In addition, compromised immune function is also associated with increased risk of yeast infections, as has been observed in patients with diabetes, HIV or who regularly use systemic or topical corticosteroids (23). Patients with recurrent candidal vulvovaginitis, defined as the occurrence of at least four episodes in 1 year, may have a predisposing genetic factor underlying their susceptibility (71). Clinical presentation of vulvar erythema, pustules or erosions and vaginal discharge may vary, but symptoms of pruritus and burning are commonly observed. Additional symptoms may include dysuria and dyspareunia. Identification of the specific Candida species can be considered in patients with refractory or recurrent vulvovaginal candidiasis as some species are often resistant to treatment (72).



Other Etiologies

In contrast to GABHS, which commonly affects prepubertal females, Staphylococcus aureus, Haemophilus and Shigella infections are less common infectious causes of vulvovaginal pruritus (23). Enterobius vermiuclaris (pinworm) infestation may be another source of vulvar and perineal pruritus in younger females worldwide (73).

In adults, the two most common parasitic vulvar infestations are pediculosis pubis (pubic lice) and scabies (52). Both cutaneous infections are often seen in young adults and are typically acquired during sexual contacts. Vulvar pruritus is the predominant symptom that develops following allergic sensitization (52, 74). In pediculosis pubis, adult lice and their eggs (nits) can be visible to the naked eye. Infection may spread from the genital area to other parts of the body, such as the thighs or trunk (74). Infestation with scabies causes widespread itching with nocturnal predominance. Unlike in other areas of the body, burrows on the vulva are uncommon and may be masked by excoriations or secondary infection (52).

Tinea cruris is an additional infection that can cause vulvar pruritus in women (52, 75). It can involve the inguinal creases and the labia majora. The typical lesions consist of mildly pruritic plaques with a raised erythematous scaly edge and central clearing. Viral infections, such as herpes simplex virus (HSV), human papilloma virus (HPV), and molluscum contagiosum may also trigger a sensation of vulvar itch (52). However, herpetic infections predominately manifest as pain, and HSV and molluscum are typically asymptomatic.




Neoplastic

Benign or malignant neoplasms are uncommon causes of vulvar pruritus. Rarely, pruritus may be an indication of vulvar malignancy such as SCC, melanoma, extramammary Paget's disease (EMPD) or vulvar intraepithelial neoplasia (VIN). Vulvar malignancy is uncommon and represents approximately 2–5% of all gynecologic cancers, with SCC representing the vast majority (>80%) of cases, followed by melanoma, BCC, verrucous carcinoma, EMPD, adenocarcinoma and Bartholin gland carcinoma (76). Although frequently overlooked, pruritus is the most common initial symptom of vulvar malignancy, with reports of up to 50–60% of patients endorsing moderate to severe pruritus (11, 77). In a multi-center, retrospective study describing 76 women with vulvar cancer in Tunisia, 48.7% of patients experienced chronic pruritus as the presenting symptom and the mean interval of time from symptom onset to cancer diagnosis was ~12.9 months (+/– 6.38) (77). Squamous cell carcinoma typically presents as persistent papules, plaques or ulcers with associated bleeding, itch and/or pain that is refractory to anti-inflammatory treatment (78). It is more common in postmenopausal women and is often associated with LS. Paget's disease of the vulva is an uncommon lesion that represents <1% of vulvar neoplasms (79). It predominately affects postmenopausal Caucasian women and presents as a white to red, velvety pruritic thin plaques (80). Although usually confined to the epithelium, invasive disease is observed in 15–25% of patients (81). VIN is a premalignant finding and is associated with HPV infection, particularly subtypes 16 and 18 (82). It can cause itch leading to varying degrees of excoriation and crusting (11).

Additionally, a variety of benign neoplastic processes may contribute to vulvar pruritus. For example, syringomas are rare tumors derived from eccrine sweat glands. While they typically involve the face, neck or chest, they occasionally present as multiple small, flesh-colored pruritic papules on the vulva (83). Moreover, hidradenoma papilliferum (HP), a tumor thought to originate from apocrine glands or mammary glands, can occasionally occur on the vulva and cause pruritus (84). In one series, HP represented up to 60% of vulvar adnexal tumors (85). It usually manifests as a firm, flesh to red-colored nodule that may or may not be accompanied with pruritus (86). It can be confused with adenocarcinoma due to its tendency to ulcerate (83, 87).




PATHOPHYSIOLOGY OF VULVAR ITCH


Impaired Barrier Function

Many pruritic vulvar disorders, such as atopic dermatitis and psoriasis, are associated with altered skin barrier function (88). Disruption of the skin barrier can be caused from a variety of factors including epidermal inflammation and mechanical or environmental insults, which in turn activate itch receptors (89). The barrier function of vulvar skin is substantially weaker than at other anatomical sites, and thus may be particularly prone to developing pruritus. The rate of transepidermal water loss (TEWL), a marker of barrier function, is significantly higher in vulvar skin than the skin of other cutaneous sites such as the forearm, suggesting a weaker epidermal barrier at the vulva (90, 91). Indeed, several studies have shown vulvar skin to be more reactive to irritants compared to other skin areas. In one study, two irritants, bezalkonium chloride and maleic acid, were applied the labia majora and forearm, and the intensity of skin reactions were assessed (92). Vulvar skin was found to be significantly more reactive than forearm skin to the two irritants, although this reactivity was not reproduced in studies with another irritant, sodium lauryl sulfate (93). Sweat, urine, friction by clothes and feminine hygiene products may all contribute to vulvar irritation by weakening barrier function (94). Moreover, low estrogen levels occurring with menopause, breast-feeding, postpartum and medications can also result in impaired barrier function as estrogen is important to maintain the structural integrity of the vulvovaginal space (20). Thinning of the vulvar epithelium in postmenopausal women combined with elevated skin pH and reduced corneum hydration cause barrier dysfunction (95).

Once disrupted, the skin barrier is more susceptible to exogenous and endogenous itch-triggers. In addition to the potential itch or pain associated with microbial colonization, mechanical irritation and chemical injury discussed above, epithelial damage leads to immune activation via release of skin-specific cytokines, including thymic stromal lymphopoietin (TSLP) and interleukin (IL)-33, which directly activate pruriceptive afferent nerve fibers (96, 97). Moreover, cysteine and serine proteases, such as cathepsin S and various kallikreins (KLKs), may be released by keratinocytes upon barrier disruption and are capable of directly stimulating or modulating itch via activation of Mas-related G-protein coupled receptors (MRGPRs) and protease-activated receptors (PARs) (98–100).



Neural Dysfunction

Neural dysfunction, due to neurogenic or neuropathic insults, is common but often-overlooked cause of vulvar pruritus. Neurogenic itch originates from endogenous or exogenous factors that activate the central nervous system at the level of the brain or spinal cord without evidence of nerve damage (101). Growing evidence suggests that neurogenic factors may contribute to vulvar pruritus. Epithelial and stromal tissue of the vulvar skin and vaginal mucosa express the transient receptor potential cationic channel type A1 (TRPA1), a channel known for its role in mediating and modulating non-histaminergic itch (102). Animal models of neonatal vaginal irritation suggest that hypersensitivity of the vagina is driven in part by increased hypothalamic-pituitary-adrenal (HPA) axis activation and subsequent increases in TRPA1 expression and functional activity in nerve terminals innervating the vaginal mucosa (103). Similarly, separate studies have demonstrated that expression of the transient receptor potential vanilloid 1 (TRPV1) ion channel, also well-known for its role in modulating pain and itch signals, is increased in vulvovaginal epithelia in patients with vulvodynia compared to controls (104, 105). Although vulvodynia is classically regarded as a type of neuropathic pain, itch and burning can accompany vulvodynia in 20 and 70%, respectively (106). Future studies will be needed to specifically evaluate whether the expression and function of TRP ion channels as well as primary itch-sensing receptors are altered in disorders associated with vulvar pruritus.

In contrast to neurogenic pruritus in which neural architecture is considered normal but stimulated abnormally, neuropathic pruritus results from injury or damage to nerve fibers. Small fiber polyneuropathy (SFPN), which affects the small, unmyelinated C-fibers and thinly myelinated A-delta fibers that conduct itch and pain may arise secondary to systemic diseases such as diabetes mellitus, sarcoidosis, amyloidosis, B12 deficiency, and viral infections, among others (107). While individuals with SFPN usually present with symptoms in their distal extremities or generalized symptoms, itch can also be localized entirely to the vulva. Vulvar itch may also be caused by nerve or nerve root compression at the levels of L4 through S2 vertebrae secondary to spinal injuries or lumbosacral arthritis (11, 23, 108). Another source of potential nerve irritation or injury may be caused by reactivation of varicella zoster, as 8.4% of shingles cases affect the dermatomes that innervate the vulva (109). Despite a robust immune response, long-lasting damage to the affected nerves may result in persistent pain and/or itch in affected vulvar skin (110). It is estimated that 30% of people with post-herpetic neuralgia suffer from itch (111), and thus postherpetic itch (PHI) should be considered in women presenting with genital pruritus.



Hormonal Influence

Hormonal changes play an important role in regulating vulvar epithelium by influencing vaginal pH and microflora composition. Similar to the vagina, vulvar pH is related to hormonal status and will change over a lifetime (112). In childhood, the vulvar and vaginal epithelia are neutral or alkaline, due to a lack of acid-producing vaginal microbes, lactobacilli (113). With the onset of menstruation, cyclic changes in estrogen and progesterone create a new epithelial micro-environment. Estrogen stimulation increases glycogen levels in the vulvar epithelium and lactobacilli subsequently colonize the vulvovaginal area, causing the pH to decrease (114). During parts of the menstrual cycle and following menopause, decreases in systemic estrogen result in an increase in vulvovaginal pH.

At more alkaline pH, the activity of various epithelial or immune-cell derived proteases may increase and thereby lead to greater activation of neuronal itch receptors (100, 115). Consistent with this hypothesis, abnormal expression of proteases and PAR activation has been implicated in several pruritic inflammatory skin disorders, such as AD and psoriasis (116–119). In addition to their effects on neuronal PARs, serine proteases such as KLKs and mast cell tryptase may also activate PARs expressed by keratinocytes or endothelial cells, stimulating the release of neuropeptides and cytokines which drive neurogenic inflammation and further propagation of endogenous pruritogens (120–123). Furthermore, the interactions between proteases and their endogenous inhibitors, present in the skin to ensure skin homeostasis, are influenced by the pH, with the greatest inhibitory capacity occurring in neutral pH environments (124). Thus, fluctuations in vulvovaginal pH due to hormonal status could shift the balance between protease and protease inhibitor activity, further contributing to PAR-mediated inflammation and itch.



Microbiome

The composition of the human vaginal microbiome may contribute to the pathogenesis of vulvar pruritus, particularly with respect to itch triggered by the mucocutaneous pathogens discussed previously. Interestingly, compared to the microbiota that colonize other regions of the body, such as the oropharynx and gut, the vaginal microbiome exhibits much lower diversity with Lactobacillus as the dominating species (125). Vaginal pH correlates with microbiome composition. Indeed, the composition of the vulvovaginal microbiome is dynamic and influenced by hormone-driven pH changes throughout the woman's reproductive life (126). Lactobacillus dominance increases with high estrogen levels because of proliferation and accumulation of glycogen. Ethnic differences also correlate with microbiome composition, with Blacks and Hispanics demonstrating higher levels of anaerobic bacterial species (125–127). By acidifying the vagina and producing antimicrobial substances, such as lactic acid and hydrogen peroxide, lactobacilli protect against opportunistic infections (2). Similarly, in keratinized squamous epithelia like that of the labia majora, resident microbiota such as Cutibacterium acnes promotes reduces skin pH via production of short-chain fatty acids (128). Other commensal microbes, such as Staphylococcus epidermidis, not only produce biofilms and other enzymes that enhance the function of antimicrobial peptides (AMPs) such as human b-defensins (HbDs) against dysbiosis, but also promote production of anti-inflammatory cytokines such as IL-10 from antigen presenting cells and reduce pro-inflammatory signals released by keratinocytes (129, 130).

Dysbiosis may lead to pruritus or sensory disturbance via multiple mechanisms. First, bacterial and viral pathogens directly engage keratinocytes via cell surface toll-like receptors (TLRs), triggering their release of the alarmins TSLP and IL-33 as well as AMPs such as HbDs and canthelicidins. While the alarmins directly activate itch by binding to their receptors on peripheral afferents (96, 97), they also initiate TH2 immune cascades that contribute to barrier inflammation that fuels ongoing pruritus (131). Keratinocyte-derived AMPs trigger itch indirectly by stimulating mast cell release of histamine and IL-31 which in turn activate pruriceptors (132). Moreover, mast cells may also detect microbiota via their own TLRs or their ability to respond to a host of endogenous molecules released as part of a coordinated tissue response to infection including substance P and complements (133). Consistent with these data, derived primarily from animal models and human studies in allergic disorders, one study found that compared to healthy controls, women with LS has increased expression of AMPs including HbD-2 and psoriasin (134).

Pathogenic bacteria, such as Staphylococcus aureus, Streptococcus pneumoniae, Pseudomonas aeruginosa and others have also been shown to directly activate peripheral afferent nociceptive fibers (135). In animal models, bacteria-derived N-formylated peptides and the pore-forming toxin a-haemolysin stimulated calcium influx in nociceptive dorsal root ganglia by binding to neuronal formyl-peptide receptor 1 or by direct pore-formation, respectively (135). Once activated, nociceptors are capable of releasing neuropeptides that in turn modulate the inflammatory response, which may further influence the development of pain and/or itch. Similarly, in colonic epithelium, bacterial cell products have also been shown to directly activate dorsal root ganglion neurons and subsequently trigger elaboration of inflammatory cytokines (136). In addition, lipopolysaccharide (LPS) contained in the cell envelope of Gram-negative bacteria is also capable of stimulating calcium influx in trigeminal dorsal root ganglia neurons and sensitizing TRPV1 via a TLR4-mediated mechanism (137). How these processes specifically contribute to the development of itch or sensory disturbance in vulvovaginal epithelia remains to be examined.




MANAGEMENT CONSIDERATIONS

Recognizing the numerous factors that contribute to the pathogenesis of vulvar pruritus is crucial for appropriate diagnostic evaluation and management. The approach to therapy should be directed against the primary underlying mechanism suspected (e.g., inflammation due to AD or ACD, candidiasis, etc), but must also account for other exacerbating factors.


Pharmacologic Treatments

Topical corticosteroids are commonly used to alleviate itch caused by inflammatory skin disease (26). The potency used in a patient should be determined based on the age of the patient, diagnosis and severity of symptoms. Some vulvar conditions, such as LS and LP, may require more potent or prolonged corticosteroid therapy like clobetasol and halobetasol, whereas a less potent formulation may be sufficient for other diagnoses (52). The topical calcineurin inhibitors, tacrolimus or pimecrolimus, are non-steroidal anti-inflammatory agents that may also be useful in reducing vulvar inflammation or pruritus, particularly when prolonged courses are required to avoid steroid-induced side effects. Additional topical therapy targeting pruritus may be considered, for instance capsaicin or doxepin preparations (101). Doxepin should be used with caution due to high sensitizing capacity (138, 139). If capsaicin cream is being considered for use on genital skin, lower concentrations (0.012%) are advised (140). Systemic steroid preparations should be considered only after topical approaches have been exhausted or in severe dermatitis. Systemic immunomodulators, such as azathioprine, methotrexate, mycophenolate mofetil and infliximab have been evaluated for their potential use in AD, however further research is needed to specifically determine their utility in pruritic vulvar dermatoses (141–144).

Excoriated epidermis can become superinfected, and thus practitioners should have a low threshold to investigate and treat potential fungal and/or bacterial superinfections even when women have other underlying reasons for genital pruritus. For infectious causes of vulvar pruritus, treatment should depend on the inciting pathogen. Specific single bacterial infections require appropriate topical or oral antibiotics. For fungal infections like candidiasis, topical or oral azole agents are effective. There is no evidence to suggest that a specific azole results in better cure rates (72, 145). However, it is important to note that Candida glabrata is less responsive to azoles. Vaginal boric acid or amphotericin B can be used for refractory cases (72). Treatment of pediculosis and scabies infestations is best accomplished with permethrin or pyrethrins with piperonyl butoxide (146). Accepted therapies for pinworms include pyrantel pamoate or mebendazole, which should be administered to all household members (147). For viral causes of vulvar pruritus, acyclovir or valacyclovir are considered standard treatment for genital herpes (147). In patients with condyloma acuminatum caused by HPV infection, treatment with podophyllin, liquid nitrogen, or imiquimod are effective (147).

Although few studies address using neuromodulators for neuropathic vulvar itch, some reports suggest that oral gabapentin and topical lidocaine may be effective (148, 149). Use of tricyclic antidepressants, selective serotonin reuptake inhibitors and other antidepressants may also be considered and have shown benefit in patients with chronic itch and prurigo (5). In postmenopausal women or in the setting of a hypoestrogenic state, topical estrogen therapy may be suitable to reduce symptoms of dryness, atrophy and pruritus. As our understanding of itch pathophysiology grows, targeted anti-pruritic treatments may emerge and will need to be evaluated in randomized control trials for vulvar pruritus.



Non-pharmacologic Treatments

Because barrier dysfunction arises so frequently in conditions associated with vulvar pruritus, it is important to counsel patients to avoid all sources of irritation or potential allergic sensitization, including fragrances, lubricants and cleaning products. Patch testing should be performed for patients with physical exam or histologic findings suspicious of allergic contact dermatitis. Patch testing may also be a useful tool in patients with persistent vulvar symptoms that is unresponsive to treatment after 8 weeks, to avoid delays in diagnosis (150). Simple steps of cleansing with mild or no detergents when bathing and rinsing genital skin with water following urination when possible should be emphasized. Moreover, lipid-replenishing formulations such as petrolatum or barrier creams such as zinc oxide paste should be used to enhance barrier function of the vulvar skin and mucosa.

Behavioral modification strategies, such as skin rubbing and cooling rather than scratching can be effective when used in combination with pharmacotherapy. Patients should also be advised to keep fingernails short to minimize trauma caused by excoriation. Moreover, psychological interventions to control the urge to scratch, such as cognitive behavioral therapy, may be beneficial for some patients. A randomized controlled trial with AD patients receiving cognitive-behavioral treatment have shown significantly decreased itch intensity and scratching behavior after 1 year, as compared to those receiving only standard dermatologic care (151).

Phototherapy is another therapeutic modality that may be considered for the management of itch in various inflammatory pruritic conditions affecting the vulva, such as AD, psoriasis and LS (152). Several studies have documented the efficacy of phototherapy at various wavelengths for improving AD severity and associated pruritus, with medium-dose ultraviolet A (UVA) and narrowband UVB (NBUVB) being the preferred modalities (152–155). Similarly ultraviolet B (UVB) has been shown to reduce itch in psoriasis patients (156). Phototherapy on genital skin may best be considered in refractory cases and when handheld devices are available.




CONCLUSIONS

Vulvar pruritus is a common symptom of multifactorial etiology that may be driven by primary inflammatory disorders, barrier disruption, hormonal changes and infectious causes. Vulvar itch has a significant impact on the quality of life of affected patients and should be addressed by gynecologists, dermatologists, urologists and general practitioners when possible. Effective therapeutic strategies require that practitioners understand the multidimensional nature of vulvar pruritus and simultaneously address the many contributing factors that underly this challenging symptom.
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Background: Chronic pruritus affects up to 70% of patients with immune-mediated hepatobiliary disorders. Antagonists of the μ-opioid receptor (MOR) and agonists of the κ-opioid receptor (KOR) are used to treat hepatic itch, albeit with limited success. An imbalance between ligands of MOR and KOR receptors has recently been suggested as a potential mechanism of hepatic pruritus. In this study, we therefore investigated systemic levels of important endogenous opioids such as β-endorphin, dynorphin A, Leu- and Met-enkephalin in plasma of a large cohort of well-characterized patients with immune-mediated cholestatic disorders, including patients with liver cirrhosis, and during effective anti-pruritic therapy.

Methods: Plasma samples and clinical data were prospectively collected from well-characterized patients with primary/secondary sclerosing cholangitis (PSC/SSC), primary biliary cholangitis (PBC) and overlap syndromes suffering from pruritus (n = 29) and age-, gender- and disease-matched controls without pruritus (n = 27) as well as healthy controls (n = 20). General laboratory testing for hepatobiliary and renal function was performed. Levels of β-endorphin, dynorphin A, Leu- and Met-enkephalin were quantified in plasma by ELISA. Intensity of pruritus over the last week was evaluated using a visual analog scale (VAS, 0–10).

Results: PBC and PSC patients with or without pruritus did neither differ in disease entity, disease stage, nor in the presence of cirrhosis. While both dynorphin A and β-endorphin concentrations were lower in pruritic patients compared to those without pruritus and healthy controls, the MOR/KOR ligand ratio was unaltered. No significant differences were observed for Leu- and Met-enkephalin concentrations. Opioid levels correlated with neither itch intensity nor stage of disease. Cirrhotic patients displayed higher concentrations of MOR agonist Leu-enkephalin and KOR agonist dynorphin A. Endogenous opioid levels remained largely unchanged after successful treatment with the potent anti-pruritic drugs rifampicin and bezafibrate.

Conclusions: Endogenous opioid levels and the MOR/KOR ligand ratio neither correlate with itch intensity nor differentiate pruritic from non-pruritic patients with immune-mediated liver diseases. Thus, endogenous opioids may modulate signaling pathways involved in hepatic pruritus, but are unlikely to represent the major pruritogens in liver disease.

Keywords: endorphin, dynorphin, enkephalin, rifampicin, bezafibrate, cholestasis, liver, therapy


INTRODUCTION

Chronic pruritus, defined as itch lasting for 6 weeks or more, represents a serious and challenging symptom in several systemic diseases, including chronic kidney disease (CKD), hematological disorders, and hepatobiliary diseases (1, 2). Up to one fifth of patients with generalized pruritus suffers from a systemic disease (3). Hepatobiliary disorders are associated with various extrahepatic manifestations such as abdominal pain, jaundice, fatigue, but also pruritus.

Itch is more frequently prevalent in cholestatic liver diseases, which can result from reduced bile secretion and/or flow on the level of hepato- and/or cholangiocytes (4).

Chronic immune-mediated cholestatic liver diseases such as primary biliary cholangitis (PBC) and primary sclerosing cholangitis (PSC) are commonly associated with pruritus. Up to 70% of patients are affected during their course of disease (4). A significant proportion of these patients suffers from moderate to severe pruritus, which can dramatically diminish quality of life and in extreme cases, even evoke suicidal intentions (5).

Several substances, including bile salts, endogenous opioids, histamine, serotonin, progesterone metabolites and lysophosphatidic acid have been suggested as potential pruritogens. Still, the causal receptors and signaling pathways remain elusive (6).

The endogenous opioid system represents one potential factor in hepatic pruritus (7). This hypothesis is supported by the fact that itch is commonly reported as adverse effect by patients receiving opioids, in particular if administered spinally (8). Concentrations of endogenous opioids were elevated in rats after surgically-induced cholestasis (9, 10) and in a few cholestatic PBC patients (11, 12). The mRNA expression of the opioid precursor molecule preproenkephalin was found in liver tissue of cholestatic rats (13). Increased Met-enkephalin immunoreactivity was observed in liver tissue of patients with PBC or chronic hepatitis C virus infection (14, 15). Antagonists of the μ-opioid receptor (MOR) such as naloxone or naltrexone and agonists of the κ-opioid receptor (KOR) such as nalfurafine are used to treat hepatic itch, albeit with limited anti-pruritic effect (16, 17). Amongst other findings, this data led to the hypothesis that substances activating μ-opioid receptors (MOR) might induce itch while agonists of κ-opioid receptor (KOR) rather activate anti-pruritogenic pathways.

However, no correlation between systemic endogenous opioid levels and intensity of pruritus could be established so far (18).

A recent study explained this lack of correlation with the finding of an imbalance in human plasma between ligands of μ-opioid receptors (β-endorphin) and κ-opioid receptors (dynorphin A) in patients with liver diseases and pruritus. It was concluded that a disproportion between MOR and KOR binding endogenous opioids (MOR/KOR ligand ratio) might contribute to hepatic pruritus (19).

In this study, we quantified levels of important endogenous opioids including β-endorphin, dynorphin A, Leu- and Met-enkephalin in plasma of a large cohort of well-characterized patients with immune-mediated cholestatic disorders. In addition, we analyzed the change of endogenous opioid levels during effective anti-pruritic therapy.



MATERIALS AND METHODS


Patient Characteristics and Sampling

Plasma samples (in blood-sampling tubes containing ethylene-diamine-tetra-acetic acid, EDTA; Sarstedt, Nümbrecht, Germany) and clinical data were prospectively collected at the University Hospital Erlangen, Germany between 2014 to 2020. Plasma samples were centrifuged at 800 g for 10 min followed by immediate storage of plasma at −80°C until further testing.

The investigated cohort consisted of patients with primary or secondary sclerosing cholangitis (PSC/SSC), primary biliary cholangitis (PBC) and overlap syndromes. We included patients suffering from pruritus (n = 29) and age-, gender- and disease-matched controls without pruritus (n = 27) as well as age- and gender-matched healthy controls (n = 20). General laboratory testing for the hepatobiliary and renal function was performed, including assessing the values of AST (aspartate aminotransferase), ALT (alanine aminotransferase), AP (alkaline phosphatase), γGT (gamma-glutamyltransferase), total bilirubin, albumin, INR (International Normalized Ratio) and creatinine. None of the tested patients received an oral opioid antagonist (e.g., naloxone and naltrexone) or opioid-containing pain medication prior to blood sampling collection. Prevalence of cirrhosis was determined non-invasively by elastography or liver biopsy results. To evaluate the change in endogenous opioid levels during antipruritic treatment, we additionally included 22 patients who either received rifampicin (150–300 mg qd) or bezafibrate (400 mg qd) for 2–6 weeks. Except for the separately evaluated patient group treated with either rifampicin or bezafibrate, pruritic patients included in this study did not receive any oral or topical anti-pruritic drugs except for emollient or hydrating topical agents.

Clinical data and laboratory work-up of all patients are summarized in Tables 1, 2. Upon their visit or admission to the hospital, patients were asked to state mean pruritus intensity over the last week on a visual analog scale (VAS, 0–10) as part of a questionnaire. Patients handed in a written informed consent according to the Declaration of Helsinki and this study was approved by the local ethics committee (approval number 238_13B).


Table 1. Clinical and laboratory characteristics of pruritic and non-pruritic patients as well as healthy controls.

[image: Table 1]


Table 2. Laboratory parameters in 22 patients before and after receiving anti-pruritic treatment with either rifampicin (150–300 mg qd) or bezafibrate (400 mg qd).
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Enzyme-Linked Immunosorbent Assays

Levels of β-endorphin, dynorphin A, Leu- and Met-enkephalin in plasma samples were quantified using commercial fluorescent EIA and ELISA kits (β-endorphin, dynorphin A, Leu-Enkephalin: Phoenix Pharmaceuticals, Burlingham, USA; Met-Enkephalin: MyBioSource, San Diego, USA) according to the respective manufacturer's guidelines. All ELISA kits had <15% intra-assay and <15% inter-assay variation. The cross-reactivity for peptides in % for the ELISA kits was as following: β-endorphin kit: 100% for β-endorphin (human), 100% for Ac-β-endorphin (human); dynorphin A kit: 100% for dynorphin A (human, rat, mouse, porcine), <0.1% for dynorphin A (1–13, porcine), and 0% for dynorphin A (1–8, porcine); Leu-enkephalin kit: 100% for Leu-Enkephalin (human), 0% for Met-enkephalin, Met-Enkephalin-Arg-Gly-Leu, Leu-Enkephalin-Arg; Met-Enkephalin kit: 100% for Met-Enkephalin (human), 0% for Leu-enkephalin.



Data and Statistical Analyses

Statistical analyses were conducted with STATISTICA 7.0 software (StatSoft Inc., Tulsa, USA). Normality was evaluated by Shapiro-Wilk W-test. Non-parametric Mann-Whitney-U-test or Wilcoxon test was applied if data were not normally distributed and data were given as median with 25 and 75% quartiles. In case of normal distribution, values were depicted as mean ± standard error of means (SEM) and analyzed by multi-way analysis of variance (ANOVA) with least significant difference (LSD) post hoc testing. Spearman rank was applied to calculate correlations. Graphs and figures were generated with Origin 2020®, Corel Draw X7®, and Microsoft Excel®.




RESULTS

Patients with immune-mediated cholestatic liver diseases with (n = 29) and without pruritus (n = 27) did neither differ in disease entity, nor disease severity including the presence of liver cirrhosis (Table 1). Seventy percent of patients reporting on pruritus were female, in accordance with prior data indicating that women with cholestatic conditions are more often affected by pruritus than male patients (13–15). Laboratory values revealed no significant differences in transaminases levels, cholestasis parameters, surrogate markers for liver function (albumin, INR) or serum creatinine levels between pruritic and non-pruritic patients (Table 1). The mean pruritus VAS score over the last week was 6.2 ± 0.5 in the pruritus group. We additionally evaluated endogenous opioid levels in 22 patients pre-/post anti-pruritic treatment with either rifampicin (150–300 mg qd) or bezafibrate (400 mg qd). Transaminases and cholestasis parameters did not significantly differ before and after treatment (Table 2).


β-Endorphin and Dynorphin A Levels Are Lower in Pruritic Patients Without a Change to the MOR/KOR Ligand Ratio

Concentrations of β-endorphin (67.3 ± 4.9 pg/ml vs. 90.5 ± 6.9 pg/ml, p < 0.01, ANOVA) and dynorphin A (30.3 ± 2.5 pg/ml vs. 52.1 ± 4.3 pg/ml, p < 0.001, ANOVA) were significantly lower in patients with cholestatic liver diseases in general compared to healthy controls (Figures 1A,B). The difference in Leu-enkephalin values between patients and controls did not reach significance (6.7 ± 0.7 pg/ml vs. 9.3 ± 1.2 pg/mlL, p = 0.053, Figure 1C). Met-enkephalin levels did not differ between patients and healthy controls (Figure 1D). Patients suffering from pruritus had significantly lower levels of β-endorphin (49.5 ± 5.9 pg/ml, Figure 2A) and dynorphin A (21.8 ± 2.6 pg/ml, Figure 2B) compared to patients without pruritus and healthy subjects, whereas the MOR/KOR-ratio was unaltered (Figure 2C). No significant differences were found here for Leu- and Met-enkephalin concentrations between all groups (Figures 2D,E).
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FIGURE 1. Endogenous opioid plasma levels in patients with cholestatic liver diseases and healthy controls. Concentrations [pg/ml] of β-endorphin, dynorphin A, Leu-enkephalin and Met-enkephalin of patients with cholestatic liver diseases (n = 56, dark gray diamonds) and age- and gender matched controls (n = 20, light gray diamonds) are shown as individual values in (A–D). Significantly lower levels of both β-endorphin (A) and dynorphin A (B) were observed in the patient group. The difference for Leu-enkephalin was not significant (C). Data were statistically analyzed by multi-way analysis of variance (ANOVA) with least significant difference (LSD) post hoc testing. Significant differences are indicated by asterisks: **p < 0.01, ***p < 0.001.
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FIGURE 2. Endogenous opioid plasma levels in patients with cholestatic liver diseases with and without associated pruritus and healthy controls. Concentrations [pg/ml] of β-endorphin (A) and dynorphin A (B) in pruritic patients (n = 29), non-pruritic patients (n = 27) and healthy controls (n = 20) are presented in the respective subfigures. (C) presents the ratio of β-endorphin to dynorphin A levels for all groups (C). Met-enkephalin and Leu-enkephalin levels in patients with and without pruritus as well as healthy controls are shown in subfigures (D) and (E). Data were statistically analyzed by multi-way analysis of variance (ANOVA) with least significant difference (LSD) post hoc testing. Significant differences are indicated by asterisks: *p < 0.05, ***p < 0.001.




Leu-Enkephalin and Dynorphin A Levels Are Elevated in Patients With Cirrhosis

Cirrhotic patients (n = 13) had compared to non-cirrhotic patients (n = 43) significantly higher levels of MOR agonist Leu-enkephalin (10.6 ± 2.8 pg/ml vs. 5.8 ± 0.6 pg/ml, p < 0.01, ANOVA, Figure 3A) and KOR agonist dynorphin A (39.5 ± 4.6 ng/ml vs. 27.7 ± 2.9 ng/ml, p < 0.05, ANOVA, Figure 3B), but no significant differences were observed for β-endorphin and Met-enkephalin concentrations between those groups (Figures 3C,D).
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FIGURE 3. Endogenous opioid plasma levels in patients with cholestatic liver diseases with and without cirrhosis. Leu-enkephalin and dynorphin A concentrations [pg/ml] were significantly higher in patients with liver cirrhosis (A, B, n = 13) compared to non-cirrhotic patients (n = 43), but no significant differences were observed for β-endorphin and Met-enkephalin concentrations between those groups (C,D). Data were statistically analyzed by multi-way analysis of variance (ANOVA) with least significant difference (LSD) post hoc testing. Significant differences are indicated by asterisks: *p < 0.05, **p < 0.01.




Endogenous Opioid Plasma Levels and Cholestasis Parameters do Not Correlate With Pruritus Intensity in Patients With Hepatic Pruritus

None of the analyzed endogenous opioids levels correlated with the reported itch intensity, assessed as the mean itch VAS score over the last week (Figure 4). We obtained comparable results when the numeric rating scale (NRS) score or Worst Itch (WI)-VAS score over the last week were chosen as itch intensity outcome measures.
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FIGURE 4. No correlation of endogenous opioid plasma levels with mean pruritus VAS scores of patients with hepatic pruritus. Symbols (circles) represent the opioid concentration and VAS score of the individual patients, respectively. Correlations were statistically calculated using Spearman's rank. Endogenous opioid levels did not correlate with the reported itch intensity assessed as the mean itch VAS score over the last week [(A) β-endorphin: rs = −0.15; (B) dynorphin A: rs = 0.01; (C) β-endorphin/dynorphin A ratio: rs = −0.19; (D) Leu-enkephalin: rs = 0.31; (E) Met-enkephalin: rs = −0.23].


We also did not observe correlations between the cholestasis markers γGT, AP, or total serum bilirubin and itch intensity (Supplementary Figure 1).

Levels of tested endogenous opioids were additionally evaluated for correlation with the parameters of γGT, AP, and total serum bilirubin. We could not detect a correlation between any cholestasis parameter and opioid subtype (Supplementary Figure 2).



Effective Antipruritic Treatment Does Not Affect Endogenous Opioid Levels

Twenty two patients were treated with rifampicin (150–300 mg qd) or bezafibrate (400 mg qd) for 2–6 weeks. We assessed the endogenous opioid levels before and after treatment. Itch intensity descreased on a VAS scale by 3.8 ± 0.9 and 3.5 ± 0.9 after treatment with rifampicin and bezafibrate, respectively (Figures 5A,B). Although patients experienced a clinically meaningful decrease in pruritus, opioid levels remained largely unaltered (Figures 5C–J and Table 3).
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FIGURE 5. Endogenous opioid plasma levels in patients with cholestatic liver diseases before and after anti-pruritic treatment. Endogenous opioid levels were assessed in 22 patients treated with the anti-pruritic drugs rifampicin (150–300 mg qd) or bezafibrate (400 mg qd). Black squares represent individual patient values before and after treatment. (A) and (B) indicate the mean change of VAS over the last week before and after treatment with the respective drugs. Levels of β-endorphin, dynorphin A, Leu- and Met-enkephalin did not significantly change during treatment with both drugs (C–J). Data were statistically analyzed by Wilcoxon test.



Table 3. Endogenous opioid concentrations in 22 patients before and after receiving anti-pruritic treatment with rifampicin (150–300 mg qd) or bezafibrate (400 mg qd).
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DISCUSSION

In our study, dynorphin A and β-endorphin levels were both lower in pruritic patients with immune-mediated cholestatic liver diseases, whereas the MOR/KOR ligand ratio did not significantly differ from the control group.

Endogenous opioid peptides including endorphins, dynorphins and enkephalins are processed from three precursor molecules: proopiomelanocortin, prodynorphin, and proenkephalin, respectively (20). After proteolytic cleavage, they act upon binding different established opioid receptors. While dynorphins are generally described as endogenous agonists of κ-opioid receptors (KOR), endorphins and enkephalins show more affinity for μ-opioid receptors (MOR) (21).

The main location of endogenous opioid peptides and receptors is of course the central nervous system, but they are present as an established part of the enteric nervous system and other cell types (22). mRNA encoding the three endogenous opioid precursor molecules was found in several peripheral tissues, including the reproductive system, pancreas and immune cells (20). Expression and elevation of endogenous opioids in liver tissue and systemically in patients with cholestatic liver disease is limited to Met-enkephalin and enkephalin precursor molecules (23).

Opioid peptides are degraded enzymatically by various peptidases such as aminopeptidases, serine peptidases and angiotensin-converting enzyme (ACE) (24), of which some are present at the blood-brain-barrier (BBB). β-endorphin, Leu-enkephalin and Met-enkephalin cross the BBB via carrier systems such as P-glycoprotein (25, 26), which has not been reported for dynorphin A so far. It is conceivable that cholestasis alters expression or enzymatic activity of these peptidases resulting in reduced systemic levels of opioids.

There is convincing evidence for a role of the endogenous opioid system in itch transmission, for example, on the spinal level, with the μ-opioid system involved in pro-pruritic and the κ-opioid system in anti-pruritic pathways (27). It is well-known that especially epidural and spinal application of medical opioids induces itch as a side effect (8). Recent data suggest that cross-activation of the human spinal cord μ-opioid receptor 1Y isoform and Gastrin-releasing Peptide Receptor (GRPR) might contribute to opioid-induced itching (28). It was also shown that different stimuli, including painful stimuli and menthol, can activate BHLHB5+ inhibitory interneurons in the spinal cord with dynorphin representing one of their released neurotransmitters. Dynorphin might subsequently inhibit GRPR+ or other downstream neurons in the itch pathway (27, 29).

For hepatic pruritus, data on the pathophysiological involvement of endogenous opioids is limited and includes findings of elevated plasma opioid levels in rats with surgically induced cholestasis (10) and Met-enkephalin immunoreactivity in liver tissue of a few patients with PBC and chronic hepatitis C virus infection (30). Other reports, however, indicated an inverse correlation with higher endogenous opioid levels at advanced histological stages of PBC, when pruritus may be alleviated despite worsening of cholestasis (18, 31).

Drugs influencing the opioid system are applied for the treatment of pruritus in systemic diseases such as chronic kidney disease-associated pruritus (CKDaP) and hepatic pruritus (1). The oral μ-opioid antagonist naltrexone induced a mild antipruritic effect in two smaller randomized placebo-controlled trials (32, 33) in cholestatic patients. A meta-analysis, comparing the itch-reducing effect of several drugs, clearly indicated inferiority of naloxone and naltrexone compared to rifampicin (17). Nalfurafine, a κ-opioid agonist, is licensed in Japan, but not in Europe or USA, for treatment of CKDaP and hepatic pruritus (1). In a randomized, placebo-controlled trial including a rather inhomogeneous group of 318 patients with different liver diseases, treatment with nalfurafine resulted in a statistically significant but clinically questionable reduction of pruritus (16). This trial and other studies on hepatic pruritus (19, 34) included patients suffering from very diverse underlying liver diseases, ranging from chronic viral hepatitis, immune-mediated cholestatic disorders including overlap syndromes, to liver cirrhosis of various causes. The selection and examination of these inhomogeneous patient collectives might have resulted in divergent laboratory findings and reactions to treatment, which we hoped to minimize here by choosing well-defined patient and control groups.

Recently, the KALM-study showed a clear benefit using intravenously applied difelikefalin, a peripherally acting κ-opioid agonist, in CKDaP (35). A current phase II trial is investigating the effects of an oral galenic of difelikefalin on pruritus in PBC patients. While influencing peripheral opioid receptors represents an interesting mechanism, especially in CKDaP, clinical data have to be awaited on its efficiency in pruritus in liver disease.

Rifampicin is a potent anti-pruritic drug in hepatic pruritus (17, 36), although its mode of action, potentially via a pregnane X receptor (PXR)-dependent mechanism, remains to be resolved. Bezafibrate, an agonist of peroxisome proliferator-activated receptors (PPAR), used to treat dyslipidemia, was shown to also exert anti-inflammatory and anti-cholestatic properties and to improve pruritus in PBC patients (37). While both drugs convincingly reduced mean and individual itch intensity in pruritic patients in our study, we could clearly show that this effective treatment did not affect systemic endogenous opioid levels.

Thornten and colleagues reported on elevelated concentrations of Leu-enkephalin in plasma of patients with liver cirrhosis due to several causes (38). Our data supports this finding with mildly increased levels of Leu-enkephalin in cirrhotic patients. However, this is likely attributed to impaired liver function rather than involvement in hepatic itch transmission as we observed no correlation between itch intensity and Leu-enkephalin concentrations in our cohort.

Our study is limited to analyses of endogenous opioid levels in plasma of patients with chronic liver diseases. It raises the question for the underlying cause of reduced levels of β-endorphin and dynorphin A in pruritic patients.

As we observed lower levels in patients with liver diseases in general compared to healthy controls, opioid concentrations might be influenced by the pathological cholestatic conditions. The lower concentrations of KOR and MOR agonists in cholestatic patients may result from increased hepatic metabolism or increased renal clearance, which warrants further investigations in animal models of intrahepatic cholestasis. Additionally, we can neither rule out that the blood brain barrier is significantly altered during cholestasis nor that a central upregulation in opioid signaling might be present in patients with chronic pruritus, which could result in decreased peripheral endogenous opioid concentrations in terms of a negative feedback loop. While other data suggest increased production and distribution of endogenous opioids in liver (39) and skin (40) in cholestatic conditions, it might be helpful to further investigate skin or liver biopsies, for example, for opioid immune reactivity and opioid receptor expression. These samples are unfortunately not available for this set of patients. With a similar plasma MOR/KOR ligand ratio in pruritic and control groups in this study, an imbalance between pro- and anti-pruritogenic subtypes of endogenous opioids is unlikely to substantially contribute to the pathophysiology of hepatic pruritus. Although an imbalance on the level of the central nervous system cannot be excluded, our data do not support a major role of peripheral endogenous opioids in the pathogenesis of hepatic pruritus.
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Supplementary Figure 1. No correlation of cholestatic parameters with itch intensity of patients with cholestatic liver diseases. The cholestatic parameters γGT (A), AP (B), and total serum bilirubin (C) did not correlate with the reported itch intensity assessed as the mean itch VAS score over the last week. Correlations were statistically calculated using Spearman's rank.

Supplementary Figure 2. No correlation of cholestatic parameters with endogenous opioid levels in patients with cholestatic liver diseases. Levels of all tested endogenous opioids were correlated with laboratory cholestasis markers γGT, AP, and total serum bilirubin of all included patients with cholestatic liver diseases (n = 56). No correlation between any opioid concentration and and cholestasis parameter was observed. Correlations were statistically calculated using Spearman's rank.
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Atopic dermatitis (AD) is among the most frequent inflammatory skin diseases in humans, affecting up to 20% of children and 10% of adults in higher income countries. Chronic pruritus is a disease-defining symptom of AD, representing the most burdensome symptom for patients. Severe chronic pruritus causes significant sleep disturbances and impaired quality of life, as well as increased anxiety, depression and suicidal behavior. Until recently, skin care, topical corticosteroids, and calcineurin-inhibitors were primarily used to treat mild to moderate AD, while phototherapy and immunosuppressive agents such as corticosteroids, cyclosporine, and methotrexate were used to treat patients with moderate to severe AD. The potential short- and long-term adverse events associated with these treatments or their insufficient therapeutic efficacy limited their use in controlling pruritus and eczema in AD patients over longer periods of time. As our understanding of AD pathophysiology has improved and new systemic and topical treatments have appeared on the market, targeting specific cytokines, receptors, or their intracellular signaling, a new era in atopic dermatitis and pruritus therapy has begun. This review highlights new developments in AD treatment, placing a specific focus on their anti-pruritic effects.
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INTRODUCTION

AD is one of the most frequent inflammatory skin diseases in humans, affecting up to 20% of children living in higher-income countries. The first signs of the disease usually develop between the 3rd and 6th months of life, and about 60% of cases occur within the first two years of life; 80% of affected children experience symptoms before the 6th year of life. AD is more common in adults than previously thought, with up to nearly 10% affected. These cases result from persistent or recurrent childhood AD or the new onset of AD later in life. Up to 30% of pediatric and 50% of adult AD patients suffer from moderate to severe forms of the disease (1–3). Overall, AD incidence is increasing worldwide, indicating that an environmental factor is contributing to the development of the disease (4).

No biologic marker has yet been defined for the disease; thus, AD is still diagnosed by examining clinical signs and symptoms and using various diagnostic criteria. The most widely used criteria, described by Hanifin and Rajka, define AD with essential, common and associated symptoms (5). These diagnostic criteria use pruritus, eczematous skin lesions, and the chronic or relapsing course of the disease as essential elements to define AD. Upon clinical inspection, eczematous skin lesions observed in patients with a typical age-related distribution may initially attract our attention, but pruritus is usually the “primary symptom” experienced by the affected patients. The point prevalence of chronic pruritus in AD ranges from 87 to 100%, but, in fact, all patients who actively suffer from the disease also suffer from chronic pruritus (6). In mild and moderate forms of AD, patients experience pruritus as the most burdensome symptom overall. But even in severe cases with widespread skin involvement and extensive oozing and crusting, pruritus is still the patients' major concern and a significant burden of the disease (7, 8). In addition to pruritus, patients frequently report experiencing skin pain. For this reason, this topic requires more attention and study in AD patients (9).

Pruritus strongly and negatively impacts the quality of life of affected patients, who complain most frequently about sleep disturbances due to itch. They report that they have difficulties to fall asleep and wake up repeatedly at night, which reduces the overall sleeping time and quality (8). This lack of physical and psychological regeneration at night can considerably reduce daytime attention levels and negatively affect school and work performance levels. The negative effects on the patient's private life and relationships with family and friends are equally significant. Thus, it is not surprising that AD patients with severe pruritus are at higher risk for psychological disorders such as anxiety, depression, and suicidal behavior (8).

Until recenly, topical corticosteroids (TCS) and calcineurin inhibitors (TCI) were the only topical treatments available to treat mild to moderate AD. To treat moderate to severe AD in patients, the only systemic treatments available were phototherapy or photochemotherapy (PUVA) as well as immunosuppressant drugs, such as cyclosporine, methotrexate, azathioprine, or mycophenolate mofetil (10, 11). Acute, severe exacerbations of AD have been and are still treated with systemic corticosteroids, which are associated with a risk of rebound exacerbations after their cessation.

The recent availability of dupilumab, an IL4Ra-antibody, has signaled the beginning of a new era in AD treatment. Based on the increased knowledge of AD pathophysiology, many new substances for topical or systemic treatments of AD are currently in development and being investigated in clinical trials. This will significantly increase our treatment options against both atopic eczematous lesions and chronic pruritus in the near future (12, 13).



PATHOPHYSIOLOGY OF ITCH IN AD

Genetic predisposition (e.g., filaggrin gene mutation), immune dysfunction and environmental factors (e.g., irritants, allergens, microbiome), and their interactions with each other, play significant roles in AD (1, 2). The cutaneous neurosensory system occupies a central position within this “pathophysiological triangle” of barrier disruptions, immune dysfunction, and external impacts on the skin (Figure 1). Barrier dysfunction within this triangle enables the intrusion of allergens, irritants, or microbial constituents, which eventually stimulate the innate and adaptive immune systems. The immune reactions and released mediators again affect the epidermal barrier, e.g., by reducing filaggrin production (1, 2). Sensory nerves are in close contact with resident and infiltrating skin cells; they can interact intensively with these cells and the mediators released during acute and chronic disease stages (14). Cellular and soluble factors that play a role in eczema development and perpetuation are also important factors in pruritus induction in AD (1, 2, 6). Inflammatory mediators of AD can also sensitize sensory nerves, inducing the phenomena of “hyperknesis” (i.e., increased sensitivity of nerves to pruritic stimuli) and “alloknesis” (i.e., non-pruritic stimuli are perceived as itch). These aspects may contribute to the chronic nature of pruritus in AD (6, 14).
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FIGURE 1. The cutaneous neurosensory system occupies a central position within the “pathophysiological triangle” of epidermal barrier disruption, immune dysfunction, and environmental impacts due to external stimuli. The cutaneous sensory nerves are in close contact with resident and infiltrating cells and are affected by a myriad of mediators from these cells. Upon stimulation, the signal is mediated via pruriceptive nerve fibers and the dorsal root ganglia extending to the dorsal horn of the spinal cord. From there, the signal is transferred via interneurons to fibers of the lateral spinothalamic tract, which cross over to the contralateral side, extend up to the thalamus and, finally, reach multiple brain regions, where the nervous signal is perceived as an itching sensation, and scratching is induced. Insert: Multiple itch transmitting receptors are located on sensory nerve fibers, some of which are associated with intracellular Janus kinases. Targeting these receptors or the intracellular Janus kinases with specific inhibitors has shown to have significant antipruritic effects. IL, interleukin; TSLP, Thymic stromal lymphopoetin; NK1-R,neurokinin-1 receptor; CGRP/-R, Calcitonin gene-related peptide /-receptor; MRGPRX2, Mas-related G-protein coupled receptor X2; IgE, Immunoglobulin E; PAR2, Protease activated receptor 2; TRPV1/A1, Transient receptor potential vanilloid 1/ankyrin 1 channel; LTC4, leukotriene C4; CysLTC4, LTC4 receptor; MOR, mu-opioid receptor; KOR, kappa-opioid receptor; Dyn, Dynorphin; ß-End, ß-Endorphin; SP, substance P; ST2, IL-33-receptor.


Cutaneous sensory nerves densely innervate all skin layers, including the epidermis, and extend to the stratum corneum. In the skin intercellular spaces, these sensory nerves come in close contact with resident (e.g., keratinocytes, dendritic cells), and infiltrating cells (e.g., lymphocytes, mast cells, eosinophils) and interact with these via a myriad of mediators and receptors (15). These cutaneous sensory nerves in the upper dermal layers include pruriceptive afferent sensory nerves, which convey an itch-signal upon stimulation via dorsal root ganglia cells and their central projections to the dorsal horn of the spinal cord. The itch signal is then transferred via interneurons to nerve fibers of the lateral spinothalamic tract, which cross to the contralateral side, and extend to the thalamus. From this point, the signal is distributed to multiple brain regions. In the brain, the signal induces an itching sensation and elicits scratching behavior (16). Researchers have measured an increased density of sensory nerve fibers in skin with AD; therefore, this skin is in a state of neural sensitization, primed to react to signals and interact with the cutaneous environment. An increased concentration of neurotrophins (e.g., the nerve growth factor (NGF) from keratinocytes or the brain-derived neurotrophic factor (BDNF) from neural projections and eosinophils), together with a decreased concentration of the epidermal axon repulsion factor semaphorin A, which is capable of antagonizing the effects of neurotrophins by enhancing nerve sprouting, resulting in hyper-innervation of the inflamed atopic skin (17, 18). This hyper-innervation may eventually lower the threshold for itch induction (i.e., hyperknesis) and favor the induction of itch by non-pruritic stimuli (i.e., alloknesis).

Studies have distinguished histamine-sensitive and histamine-insensitive pruriceptive sensory nerves in the cutaneous neuronal network (14). Antihistaminic drugs have displayed only minor or no effects against pruritus in AD, other than having a soporific effect on patients. This finding indicates that histamine plays only a minor role in AD-associated itch, at least via the stimulation of H1 receptors (14). However, histamine may still play a role in AD inflammation and pruritus. Blocking H4 receptors located on immune cells and sensory nerves with specific H4-antagonists had at least some anti-pruritic effects on experimental pruritus (19). Clinical trials, however, showed that no significant reductions in pruritus or eczema occurred in AD patients (20).

These findings show that pruritus in AD is primarily perceived via non-histaminergic sensory nerves. In addition, inflammatory mediators seem to play a central role in AD pathophysiology and can stimulate non-histaminergic sensory nerves, which eventually induces atopic pruritus (14).


Alarmins and Neuropeptides

These mediators include the so-called alarmins, such as thymic stromal lymphopoetin (TSLP), interleukin (IL)-33, and IL-25. They are released by keratinocytes when they come into contact with various irritants, allergens, or bacterial products (1). Alarmin induction is enhanced when the epidermal barrier is significantly disrupted. In AD, this can be due to an underlying filaggrin gene mutation, the cutaneous inflammation itself, which disturbs the production of epidermal barrier constituents, or by an altered microbiome. In addition, itch-induced scratching also damages the epidermal barrier by mechanically irritating the skin (1, 21).

Irritants, allergens and bacterial products that contact the skin often contain an array of proteolytic enzymes; these can activate protease-activated receptors (PAR) by the proteolytic cleavage of their extracellular N-termini (22). PAR-2 receptors are located on keratinocytes and sensory nerves, and researchers have argued that the stimulation of PAR-2 is a major pathway for non-histaminergic pruritus in AD and the induction of neurogenic inflammation, resulting in the release of neuropeptides such as substance P (SP) and calcitonin gene-related peptide (CGRP) (23). In AD patients, the skin is exposed to various proteolytic enzymes from exogenous (e.g., bacteria or house dust mites) or endogenous sources (e.g., tryptase, trypsin and kallikreins, mainly KLK5) that are released by epithelial or immune cells during inflammation processes, highlighting the importance of this pathway in the early disease phases (24, 25). Recent findings by Zhao et al. (26) revealed intriguingly that PAR-2 activation appears to be located upstream of TSLP and that stimulation of TRPV3 can induce TSLP release. TSLP activates other immune cells, but can also directly stimulate pruriceptive sensory nerve fibers to induce itch (27), a finding that has also been shown for the alarmin IL-33 (28). Thus, keratinocytes could boost and transform irritating stimuli from external or internal sources into itch signals via PAR-2 stimulation and the release of mediators such as TSLP. PAR-2 and TSLP could also be significant “neuro-epidermal communication” elements in AD; in a newly developed mouse model with epidermal overexpression, PAR-2 was recently shown to induce and exacerbate AD signs and symptoms, and especially pruritus (25).

PAR-2, via the stimulation of sensory nerves, also induces neurogenic inflammation and the release of neuropeptides such as SP and CGRP (29). SP affects sensory nerves and keratinocytes as well as inflammatory cells (e.g., lymphocytes, mast cells, eosinophils, and basophils) via high-affinity neurokinin (NK)-1 receptors and Mas-related G-protein coupled receptors (MrgprX2) (30). Stimulation of MrgprX2 is also involved in SP-induced mast cell degranulation, which stimulates mast cells to release of more inflammatory and pruritogenic mediators, such as histamine, leukotrienes, prostaglandins, TNF-a, proteases, and NGF (30). Interestingly, in a mouse model of acute contact dermatitis, Meixong et al. showed that Mrgprb2 (the murine form of MrgprX2) activation of mast cells differed from classical IgE-mediated stimulation in that it induced a preferential release of tryptase and the eventual induction of non-histaminergic itch, probably via PAR-2 activation. Whether MrgprX2 receptors are also mast cell-associated targets in pruritus of AD patients remains to be determined (31).

However, SP can also stimulate pruritus due to the effect of MRGPR-X2 on sensory nerves. This may represent an additional or even the preferred pathway by which SP stimulates pruritus in AD. In part, this may explain why a recent clinical trial in AD patients with the specific NK1R-antagonist serlopitant showed numerical but not significant reduction in pruritus (32), while tradipitant, another NK1-receptor antagonist, slightly but significantly reduced itch in these patients (33). In patients with chronic prurigo, serlopitant also significantly reduced pruritus in a phase-2 study; however, it numerically but not significantly reduced pruritus in two phase-3 studies (32). This indicates that both NK-1 and MrgprX2 receptors obviously play a role in SP-induced pruritus, but the extent to which these two receptors are involved in atopic pruritus in various disease stages requires further evaluation.

The neuropeptide CGRP also affects sensory nerves, blood vessels and immune cells (e.g., dendritic cells and T-cells), facilitates the infiltration of inflammatory cells and propagates a Th2 immune response (15). Similarly, CGRP stimulates the release of IL-13 from circulating CLA+ T-cells in AD; an increased IL-13 release from T-cells has been observed in more severely affected AD patients with more intense pruritus (34). Thus, the neurosensory system – with its antidromic axon reflex of neurogenic inflammation and local release of neuropeptides – occupies the frontline of defense against environmental impacts on the skin, even before the innate or adaptive immune systems are activated.



Interkeukins (IL)-4, IL-13, and IL-31

The release of the alarmins TSLP, IL-33, and IL-25, together with neuropeptides, not only trigger the induction and perception of itch; they also eventually stimulate the innate and adaptive immune systems. This stimulation initiates and further propagates the predominant Th2 immune response in AD. Subsequently, several pro-inflammatory mediators are released, either directly by type 2 innate lymphoid cells (ILC2) or Th2 effector lymphocytes or indirectly via the stimulation of mast cells, basophils, or eosinophils. Many of these mediators can either directly or indirectly stimulate pruritus in AD (1, 2).

The cytokines IL-4 and IL-13 play a central role in AD pathophysiology and also play a significant role in AD itch. These cytokines are produced and released mainly from ILC2 and Th2 cells. By activating specific receptors which share the IL-4Ra chain, they have multiple effects on epidermal and dermal cells as well as on sensory nerve fibers (1, 2). In vitro and in vivo experiments in mice have underlined the potential of IL-4 and IL-13 to sensitize sensory nerves to itch by lowering the sensitivity thresholds to other pruritogenic stimuli, such as histamine, IL-31 and TSLP (35). However, other studies have shown that both IL-4 and IL-13 also can directly stimulate pruritus in mice and that the application of combinations of these mediators even accelerated itch induction (36).

Involved sensory nerve fibers carry the transient receptor potential (TRP) V1 and TRPA1, which are unspecific cation channels (37). Once these nerves have been stimulated by IL-4, IL-13, or IL-31via their specific receptors, the activation of TRPV1 and/or TRPA1 induces calcium influx, which eventually induces the release of action potentials via the sodium channels NaV1.7, NaV1.8, or NaV1.9. TRPV1 and TRPA1 must be present for these pruritogens to induce itch or sensitize sensory nerves to other pruritogens (37, 38).

IL-4 and IL-13 also affect the skin barrier and disturb its function by downregulating essential skin barrier proteins such as filaggrin, involucrin, and loricrin (1, 2, 39). This downregulation causes the release of proteolytic enzymes, stimulating PAR-2, and the release of alarmins (IL-25, IL-33, TSLP). This series of events closes a feed-forward loop and fuels atopic inflammation as well as pruritus. IL-4 and IL-13 have also recently been shown to induce the selective expression of kallikrein (KLK)-7 in normal human epidermal keratinocytes. One recent study also implicated KLK-7 in itch induction, regardless of inflammation in AD, via an unknown epidermal-neural mechanism (40, 41). These cytokines, however, also affect key immunologic cells such as other lymphocytes, mast cells, eosinophils, and basophils that carry the IL-4 and/or IL-13 receptors. By triggering the release of preformed and newly produced mediators from these cells (e.g., histamine, tryptase, endothelin-1, eotaxin, IL-31), IL-4 and IL-13 further contribute to the stimulation of sensory nerves and the induction of itch in AD (42).

IL-31, the so-called “itch-cytokine” plays a major role in this respect, as it is primarily released by Th2 cells and can directly stimulate specific IL-31 receptors (IL-31R) on sensory nerves, inducing an itching sensation (35). In addition, stimulation of IL-31R, which consists of the IL-31 receptor alpha chain (IL-31Ra) and the Oncostatin M receptor-beta chain, also stimulates the sprouting and branching of these sensory nerves, increasing their sensitivity to IL-31, and other pruritogens (43). By both directly inducing itch and sensitizing nerves to further pruritic stimuli, IL-31 plays a significant role in AD pruritus. This process of neural sensitization by IL-31 may significantly contribute to the development of chronic itch. Specifically, it may play a critical role in the so-called “itch-scratch-cycle,” a phenomenon which strongly promotes the development of highly pruritic nodular chronic prurigo, i.e., prurigo nodularis. Interestingly, high levels of IL-31 have been found in these pruriginous skin lesions (44). Chronic prurigo is frequently associated with atopic diathesis or a history of previous AD, and it can sometimes be found in combination with atopic eczema in AD patients with severe chronic pruritus (45).



Janus kinase/Signal Transducer and Activator of Transcription

Several of the aforementioned mediators either directly stimulate pruritus or sensitize sensory nerves to other pruritogenic stimuli. Once these mediators have bound to their specific receptors, they transmit their signals via the Janus kinase (JAK)/Signal transducer and activator of transcription (STAT) pathway.

The JAK family has four members: JAK1, JAK2, JAK3, and TYK2 (46). Cytokines that are important for pruritus in AD (e.g., IL-31, IL-4, IL-13, and TSLP) transmit their signals via JAK-1 and JAK-2 into the cells. The deletion or inhibition of JAK-1/2 in animal models significantly reduced itch signaling induced by these mediators (35). In humans, JAKs were shown to play a critical role in pruritus when tofacitinib, an oral JAK 1/3 inhibitor, significantly reduced pruritus in elderly patients who suffered from chronic pruritus of unknown origin (35). IL-31, IL-4, IL-13, TSLP, and IL-5, as well as other cytokines influence inflammation and pruritus in AD. The potential to inhibit JAK-1 and JAK-2 with selective JAK-inhibitors opens a new treatment avenue, indicating that it may be possible to block several important itch mediators simultaneously. This avenue should enable us to treat chronic pruritus in AD and other chronically pruritic diseases more effectively (47).



Opioid System

The central and peripheral opioid system is involved in chronic pruritus. The μ-opioid (ß-endorphin/μ-opioid receptor) and k-opioid (dynorphin A/k-opioid receptor) systems are involved in pruritus modulation (48). Stimulating μ-opioid receptors (MOR) (e.g., with morphine for pain treatment) induces itch, while inhibiting MOR with naloxone or naltrexone or stimulating k-opioid receptors (KOR) with specific agonists can reduce itch (49). Researchers have identified a relative imbalance between the KOR and MOR system with a downregulation of KOR in the epidermis of AD patients. Photochemotherapy (PUVA) could be used to rebalance the deviant KOR/MOR systems by downregulating MOR (its ligand ß-endorphin remained unchanged) and upregulating the reduced dynorphin levels to normal (KOR remained unchanged), leading to itch reduction in AD patients (48). One study found a significant decrease in KOR in patients with end-stage renal disease (ESDR) under hemodialysis, who suffered from chronic itch, as compared to patients without chronic itch, while the expression of KOR correlated significantly and negatively with itch intensity (50). The KOR agonist dynorphin can be used to modulate itch perception by, for example, interacting with KOR on interneurons in the spinal cord (51). Treating ESRD patients who suffered from chronic itch with the KOR agonist nalfurafine had significant antipruritic effects (52). The topical application of nalfurafine also had an antipruritic effect in a murine model of AD (53). Phototherapy can be used to reduce itch in both EDSR and AD patients and may also have an antipruritic effect, at least in part, because it affects the peripheral opioid system in the skin; e.g., the resulting dynorphin release can eventually act on peripheral sites as well as central KOR (54).




SYSTEMIC TREATMENTS

In recent years, scientists have gained a significant amount of knowledge about the pathophysiology and key mediators of inflammation and itch in AD (2). While several agents have been newly developed to treat AD, the results seen in vitro and in animal studies still need to be translated from laboratory to the bedside. In the following sub-sections, descriptions of the new treatments are provided. Future studies will provide even further information about whether these agents really be used to improve eczema and chronic pruritus under real-world conditions in daily clinical practice.


IL-4/IL-13 Blockade

When dupilumab, the first biological agent to be developed to specifically target the IL-4 receptor alpha (IL-4Ra) chain, was licensed in 2017, we entered a new era in AD treatment. Dupilumab inhibits the interactions between IL-4 and IL-13 and their receptors, which share the same IL-4Ra subunit (55).

Two monotherapy studies (SOLO 1 and SOLO 2) clearly showed that dupilumab improved atopic eczematous skin lesions. The agent significantly reached the primary endpoint, reducing the investigator global assessment (IGA) to clear or almost clear and significantly reducing the Eczema Area and Severity Index (EASI) as compared to a placebo. Dupilumab also significantly reduced the weekly average of daily peak pruritus on the numerical rating scale (NRS) from 0 (= no itch) to 10 (= worst imaginable itch) by about 50% as compared to about 20% in controls (56). The significant anti-pruritic effect of dupilumab as compared to the controls was confirmed in subsequent studies (55), and the results of a post-hoc analysis of data from four randomized, controlled trials showed that dupilumab could significantly reduce itch by as early as the 2nd day of treatment in adults and the 5th day of treatment in adolescents. Thus, the agent displayed not only good but also rapid itch reduction in AD (57). Similar effects on eczema and pruritus were recently shown with dupilumab treatment in children aged 6–11 years (55, 58).

In addition, dupilumab could significantly reduce pruritus in difficult to treat, highly pruritic diseases such as chronic prurigo and bullous pemphigoid. This finding indicates that IL-4 and IL-13 play important roles in chronic pruritus and that blocking these cytokines could help to relieve pruritus in diseases other than AD (59). However, with dupilumab, it has not yet been possible to determine the relative contributions of IL-4 or IL-13 to these effects. In fact, other researchers have assumed that IL-13 is the primary mediator of AD in peripheral tissues, and some have speculated that dupilumab blocks IL-13 as a primary mechanism of effect in AD (60).

Tralokinumab and lebrikizumab, two biologics that specifically target IL-13, were recently developed, enabling researchers to evaluate the importance of IL-13 in eczema and pruritus in AD. Although, no direct comparisons with dupilumab have been made, both tralokinumab and lebrikizumab significantly reduce eczema and pruritus in AD. In three phase 3 trials, tralokinumab, as monotherapy or in combination with TCS, significantly improved eczema. Tralokinumab also reduced pruritus by ≥ 4 points on the NRS in a significantly higher proportion of patients than in controls, regardless of their concomitant treatment with TCS (45.4 vs. 34.1% in ECZTRA3) or without TCS (20.0 vs. 10.3% in ECZTRA1 and 25.0 vs. 9.5% in ECZTRA2) (61, 62).

Likewise, lebrikizumab also significantly reduced eczema scores in a phase 2b trial. Lebrikizumab was given subcutaneously in a dose of 125 or 250 mg every 4 weeks (with a double loading dose) or in a dose of 250 mg every 2 weeks (without a double loading dose). This treatment enabled significantly more patients to reach a clinically relevant peak-pruritus reduction of ≥4 points NRS as compared to controls (i.e., 41.8, 47.4, and 70.0% as compared to the placebo with 27.3%). Notably, a significant difference in itch reduction was seen as early as day 2 in the high-dose group (63).

Since the study designs differed, we cannot directly compare the effects of tralokinumab and lebrikizumab on pruritus with each other or with the effects of dupilumab. However, these studies clearly show that blocking IL-13 can significantly reduce pruritus in AD. Whether the effects of IL-13 blockade can be enhanced by also blocking IL-4 remains to be determined in a future head-to-head trial with dupilumab, although, it is unlikely that these direct comparisons will be performed very soon.



IL-31 Blockade

The IL-31Ra antagonist nemolizumab had a highly significant antipruritic effect in patients with moderate to severe AD (64). This study was remarkable, because “peak pruritus” on a numerical rating scale (PP-NRS) was chosen as the primary outcome parameter. Therefore, this challenged the idea that IL-31 was the “primary itch mediator” in AD. In this study, nemolizumab was subcutaneously applied in doses of 0.1, 0.5, or 2.0 mg/kg at baseline and every 4 weeks; significant reductions of 43.7, 59.8, and 63.1%, respectively, as compared to 20.9% by placebo, were seen in peak pruritus over the 12-week trial period (64). Two other placebo-controlled phase 2 trials using fixed regimens confirmed the excellent anti-pruritic effect of nemolizumab (65, 66). In an open-label, long-term extension study of the previous 12-week study, patients were further treated with 0.5 mg/kg of nemolizumab every 4 weeks; the pruritus could be reduced by 89.6% by week 64 (67). The improvement in eczema progressed more slowly than the itch reduction. Thus, EASI was reduced by 47.8% after 12 weeks, but could also be improved by 75.8% after 64 weeks (no control group for comparison) in this long-term extension study (67).

The significant antipruritic effect of nemolizumab could also recently be demonstrated in patients with nodular chronic prurigo (i.e., prurigo nodularis (PN)) (68). PN is a treatment-resistant, distinct disease characterized by severe chronic pruritus, chronic scratching, and pruriginous nodular skin lesions (45). Four weeks after receiving one subcutaneous injection of nemolizumab (0.5 mg/kg), pruritus was reduced by 4.5 points NRS from baseline (i.e., 53.0%) as compared to only 1.7 points (i.e., 20.2%) in placebo-treated prurigo patients. At 12 weeks (i.e., 4 weeks after receiving the last of 3 monthly subcutaneous injections), the itch was even reduced by 61.9% as compared to 25.7% in controls. In addition, the extent of healed nodular skin lesions was significantly better than that seen in controls (68). Phase 3 and long-term extension studies in AD and PN with nemolizumab are currently ongoing; the outcomes of these studies should improve our knowledge about treatment possibilities for these diseases (for AD, ClinicalTrials.gov Identifier: NCT03985943 and NCT03989349 and NCT03989206; and for PN, NCT04501666, NCT04501679, NCT04204616).

These data indicate that, firstly, pruritus in AD and chronic prurigo can be significantly reduced by specifically targeting IL-31, breaking the “itch-scratch-cycle” and eventually enabling nodular prurigo to heal and eczema to improve in AD (64, 68). Secondly, blocking IL-31 with nemolizumab appears more effectively reduce atopic pruritus than eczema (65), while blocking IL-4/IL-13 appears to have a stronger inhibitory effect on eczema than on pruritus (56). To clearly understand the true relative effects of different drugs in specific diseases, these must be compared in head-to-head studies. However, pruritus and eczema in AD have traditionally been believed to be tightly connected with each other, and AD was often described as an “itch that rashes” (69). As new treatments and agents that block specific mediators appear, the regulation of pruritus and eczema in AD may turn out to be more differentiated than previously thought. This knowledge may help us to further customize AD treatments to meet the primary needs of our patients in the future.



JAK Inhibitors

The findings of Oetjen et al. (35) highlighted the importance of the mediators IL-4, IL-13, and IL-31 for the induction and maintenance of itch in AD. In their experiments, the inhibition of the JAK/STAT pathway, which mediates the intracellular signaling of these cytokines, significantly reduced atopic itch in mice. JAK-1 inhibition displayed especially significant effects on pruritus. In their study, Oetjen et al. (35) also showed that the oral JAK1/3 inhibitor tofacitinib could successfully reduce itch in patients with chronic pruritus of unknown origin.

Baricitinib is the first oral JAK inhibitor to be recently approved by the European Medicines Agency (EMA) for the treatment of patients with moderate to severe AD. This agent selectively blocks JAK-1 and JAK-2. In two phase 3 monotherapy studies (70) and one phase 3 combination study with topical TCS (71), baricitinib significantly reduced pruritus in test patients as compared to controls (who received placebo or TCS alone) throughout the whole observation period of 16 weeks. Baricitinib monotherapy (4 mg) reduced pruritus by 36.6 and 46.9% (vs. 12 and 16.6% in controls) in BREEZE-AD1 and BREEZE-AD2, respectively, by week 16 (70). In BREEZE-AD7, in which the additional use of TCS was allowed, baricitinib (4 mg) reduced pruritus by ≥4-point NRS in 52 and 44% of the patients (vs. 11 and 20% in placebo) at 4 weeks and 16 weeks, respectively (71). The rapid onset of itch reduction after baricitinib provision was recognized as a remarkable feature of this agent, with this onset occurring as early as 2 days after initiating treatment (71). The primary outcome parameters in these studies (i.e., the reduction of IGA and EASI) were also significantly met. Baricitinib (4 mg) not only reduced itch, but also significantly reduced sleep disturbance and improved quality of life, both of which are important patient-oriented outcome measures that improve the overall quality of life in AD patients. As a final bonus, baricitinib also significantly reduced skin pain (70, 71).

Other JAK inhibitors are currently in the pipeline for AD treatment. The most advanced in their developmental programs are upadacitinib and abrocitinib, both of which are considered selective JAK-1 inhibitors. In a recent phase 2b trial, upadacitinib reduced pruritus significantly and rapidly in moderate to severe AD patients, with a maximal itch reduction of 70% at the highest dose (i.e., 30 mg) as compared to a 10% reduction in the placebo group. In this study, eczema was also significantly reduced (72). The data from phase 3 trials will be published soon. Similarly, in a recent phase 3 trial, abrocitinib significantly reduced itch in moderate to severe AD patients aged ≥12 years. At the highest dose, abrocitinib (200 mg) effected a ≥4-point reduction in pruritus in 57% of patients (vs. 15% in the placebo group) within 12 weeks; it also significantly improved atopic eczematous skin lesion. Abrocitinib (200 mg) had already significantly reduced pruritus by the first day after starting treatment (73, 74). It will be interesting to see the not-yet-published results of a recent trial that directly compares abrocitinib with dupilumab.

One outstanding phenomenon observed in all these studies with JAK-1 or JAK-1/2 inhibitors is the speed of onset in itch reduction, which the patients experienced already within the first days of treatment. This rapid improvement in pruritus is probably due to the inhibition of several pruritic mediators (e.g., IL-4, IL-13, IL-31, and TSLP) by inhibiting their intracellular signal transduction. Together with a rapid improvement in sleep quality and overall quality of life, the patients' motivation to continue the oral treatment with JAK inhibitors increases. This is an important consideration, as per-se daily oral treatments are subject to lower treatment compliance as compared with subcutaneous injections of biologics every 2–4 weeks.



Other Systemic Treatments
 
Alarmins

Although, the alarmins (e.g., TSLP and IL-33) are thought to influence AD pathophysiology, a clinical phase 2 trial in which TSLP was blocked with the specific antibody tezepelumab did not result in convincing improvements in eczema or pruritus (75). In addition, phase 2 trials with monoclonal antibodies against IL-33 were prematurely terminated due to their insufficient effects on AD. Simply because significant effects have not been observed when blocking these alarmins, however, may not necessarily mean that they do not play a role in AD itch. The study design (i.e., combination treatments with TCS, patients' characteristics and stages of the disease (acute vs. chronic AD)) can significantly influence the study outcomes. Since TSLP and IL-33 are mediators in the early phases of AD, blocking these mediators could be more important in early stages or flare-ups of the disease rather than in the chronic AD patients who are included in most AD studies. A recent finding by Wang et al. also supports a differential view of itch flare-ups as compared to chronic itch in AD patients. While previous AD trials using anti-IgE therapy had yielded mixed results in AD, the authors showed that allergen exposure is capable of inducing acute itch flare-ups via the stimulation of basophils that carry allergen-specific IgE, eventually releasing leukotriene (LT) C4, which then activates specific CysLTR2 receptors on sensory nerves and induces itch (76).



Opioid Receptor Antagonists/Agonists

With the new treatments in AD and their promising antipruritic effects, do we need more? In fact, the significant itch reduction rates of 40–70% or ≥4-point NRS reduction in about 50% of patients will already satisfy many patients. Still, many AD patients may still suffer from pruritus, and additional antipruritic “add-on treatments” for these patients may be desirable.

This goal could be reached by targeting the central and peripheral opioid system involved in chronic pruritus of AD and in end-stage renal disease (ESRD) (48). Pruritus in AD patients has been successfully reduced with the MOR antagonists naloxone or naltrexone, but the use of these agents is associated with undesirable adverse events like dizziness, drowsiness, or vomiting, hindering their broader use (49).

Newly developed KOR agonists, such as nalfurafine, or the combined MOR antagonist/KOR agonist nalbuphine have recently shown mild but significant efficacy in reducing pruritus in ESRD patients. These appear to be associated with a lower risk for central nervous adverse events (77). Currently, nalfurafine is only licensed for uremic and cholestatic pruritus in Japan. An oral extended-release formulation of nalbuphine is currently under investigation for its antipruritic effect in PN (ClinicalTrials.gov Identifier: NCT03497975). Difelikefalin (previously CR845), a peripheral KOR agonist that is intravenously applied in a dose of 0.5 μg per kg thrice weekly for 12 weeks, demonstrated significant antipruritic effects in ESRD patients under hemodialysis without displaying any dysphoria or hallucinations as adverse events (78). Oral difelikefalin, in doses of 0.25, 0.5, or 1.0 mg twice weekly, is currently under investigation for its effect on pruritus in moderate to severe AD (ClincialTrial.gov Identifier NCT04018027).

Once these drugs have been approved for the treatment of chronic pruritus in AD or chronic prurigo, it will be very interesting to see if these drugs can be used to further reduce pruritus in patients who are been given biologics or JAK inhibitors, but who are not yet free of pruritus.




Topical Antipruritic/Anti-Inflammatory Substances

Systemic therapies for moderate to severe AD appear to have developed appreciably in recent years. However, most AD patients do not have a severe form of the disease, and many with mild to moderate forms of the disease have only circumscribed eczema but still suffer from severe pruritus. In addition, many patients do not want to be systemically treated, regardless of the severity of their disease, for various reasons. Thus, in the future topical agents will still play roles in the anti-inflammatory and antipruritic treatment of AD.

Until recently, TCS and TCI were the only “specific” topical treatments for AD. Crisaborole, a phosphodiesterase four (PDE4) inhibitor, was licensed for topical treatment of AD in 2016. Inhibition of PDE4 increases cAMP in targeted cells and reduces inflammatory mediators, eventually reducing eczema and itch associated with AD lesions. In phase 3 clinical trials, crisaborole already reduced itch significantly within the first 8 days of treatment, and the reduction remained significant throughout the 4-week study period. In addition, a significant reduction in atopic skin lesions was observed (79, 80). Although, the difference between crisaborole and placebo in reducing itch was not overwhelming, crisaborole was only associated with minor adverse events (e.g., burning or stinging), and did not cause skin atrophy.

Other new agents to treat AD are in clinical trials or already licensed. Topical JAK inhibitors are especially promising candidates as anti-inflammatory and anti-pruritic topical treatments in inflammatory skin diseases, such as AD and psoriasis. Recent studies with topical formulations of tofacitinib (a JAK1/3 inhibitor), ruxolitinib (a JAK1/2 inhibitor), and delgocitinib (a pan-JAK inhibitor that blocks all members of the JAK family) have shown promising results in reducing both eczema and especially pruritus in AD lesions (81). Delgocitinib has recently been approved for the topical treatment of AD in Japan (82). Topical JAK inhibitors are advantageous for AD patients with circumscribed pruritic AD lesions, because they can be used to control itch and the disease effectively in patients with mild to moderate AD, but also avoid the possible adverse events associated with the use of systemic JAK inhibitors (81).

Another interesting newly developed agent is tapinarof, a selective agonist for the aryl hydrocarbon receptor (AhR), also known as the dioxin receptor. Stimulation of AhR results in a decreased expression of pro-inflammatory cytokines, enhancement of the skin barrier function and a reduction in oxidative stress (83). Medicinal coal tar and soybean tar Glyteer, which have been used as anti-inflammatory agents to treat AD and psoriasis, also activate this receptor (84). In a recent phase 2b study, tapinarof 1% cream significantly reduced itch in adolescent and adult AD patients and reduced eczema (85). Significantly more patients experienced ≥3 points of NRS reduction at weeks 4 and 12 after starting the treatment, and a clear differentiation between the tapinarof and vehicle groups was shown, starting at week 2. In adult psoriasis patients, tapinarof cream also improved psoriasis lesions and significantly reduced itch (86).




CONCLUSION

Chronic pruritus is the most burdensome symptom experienced by patients with AD of all grades of severity. Pruritus is the primary cause of significant impairments in the quality of life of affected patients, impacting their well-being in multiple ways. The chronic itching associated with the disease can disturb the patients' sleep and reduce their performance in their private and professional lives. It can even have significant, negative psychological consequences, such as increased anxiety and depression. The high out-of-pocket and healthcare costs associated with the treatment of pruritus and eczema puts an additional economic burden on AD patients and communities. The advent of new and effective treatments for AD promises significant improvements in care options for AD patients in the near future. Every new topical or systemic agent that has proven anti-eczematous and anti-pruritic effects will help us improve our understanding of AD pathophysiology. The improved understanding and further investigations into the anti-eczematous and anti-pruritic effects of AD treatments will also enable us to customize our therapy to meet the needs of our AD patients in the present and the future.
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INTRODUCTION: THE GLOBAL BURDEN OF ITCH

Chronic itch (CI) is defined as itch occurring for 6 weeks and longer (1). Both the frequency and the causes of CI depend on age, predisposition like atopy, underlying diseases, ethnicity, climate/humidity, and especially access to the regional healthcare system (2–5). Different living conditions and rituals in human beings as well as migration also contribute to acute and chronic itch (5, 6). The prevalence of itch appears to differ worldwide (2, 3, 5). Direct comparisons between continents or countries are unusual and rare. There are only a few epidemiological studies on itch outside Europe and North America (2, 3, 5). This may be mainly caused by the facts that there is a lack of dermatological care in many countries, no direct access to a dermatologist in most countries, and several countries do not allow access to health care without any insurance certificate or cash payment. Comparing studies from different countries all over the world is difficult because of different and/or unclear, especially non-standardized definitions of itch, lacking to differentiate acute and chronic itch and especially of a lack of defining prevalence estimates. A very recent meta-analysis in atopic dermatitis (AD) and its clinical characteristics stated itch to be almost universally reported and the most common feature in AD (7). Chronic urticaria affects about 1% of the world population, presents with severe itch, and constitutes a global burden (8). Dermatological diseases (frequently accompanied by itch) have a worldwide distribution, but their prevalence is related to the geographical location. For example, otomycoses is much more frequent in subtropical and tropical climate (9) and does hardly contribute to the differential diagnoses of CI in countries with Western lifestyle. Scabies is considered to be the most frequent cause of acute itch but rather rare in CI. Scabies was recently added to the World Health Organization's list of neglected tropical diseases (NTDs), and its occurrence has been increasing in poor countries, countries with low standard of living, and especially in times of wars, migration, and in reception centers for asylum seekers (10). As infections and infestations are more prevalent in subtropical and tropical countries, scabies is a major cause of acute itch in these countries but is considered to be a less frequent cause in Western countries that are more affected by CI. All this may explain why itch is mentioned as a global burden of skin diseases, also in the elderly (11, 12). A large-scale implementation of a mass drug administration campaign of scabies in Ethiopia was called “stop the itch” (13).

Itch, especially CI, strongly reduces health-related quality of life (HRQOL) (2, 3, 5, 14–16). CI can be an additional burden in chronically ill patients leading to an additional reduction in QOL and affecting mortality in patients (14–16). CI can be a symptom or precursor of another (frequently) severe disease (17), but diagnostics are limited and not accessible in most countries; for example, radiological diagnostics and allergy testing are not reimbursed in many countries or excluded in insurance policy (18, 19). Common treatments like antihistamines do not relive itch, even in combination (19, 20). All this makes the topic of itch so important.



ETIOLOGIES OF ITCH WORLDWIDE: EXAMPLES

Itch is highly prevalent in European dermatological outpatient clinics. The prevalence of itch among adult dermatological patients was 54.4 and 8% among the controls (21). The intensity was highest among patients with prurigo. It is also prevalent in dermatological practices. In a German private practice, the prevalence of itch in a 1-week period was 36.2% (87.6% of whom had chronic itch) (22).

Itch may reflect a malignant disease. A Danish cohort study investigated the association between hospital inpatient and outpatient diagnosis of itch and cancer incidence (23). The 1-year absolute cancer risk was 1.63%. Among patients with itch, a 13% higher than expected number of cases with hematological and various solid cancers were found (23). However, the study was unable to differentiate between acute and chronic itch. In a Danish acute outpatient dermatological clinic, “pruritus and prurigo” were among the most prevalent diagnoses, accounting for 2.5% of all referred patients, but when considering all diagnoses, one may assume that itch was an accompanying symptom in more than 50% of referred cases (24).

Xerosis cutis, systemic diseases, and drug intake are frequent in elderly patients and may all contribute to the occurrence of CI (2, 3, 25). Dry skin, itchy dermatoses, and diabetes all contribute to chronic itch in the elderly.

Itch is also prevalent in the general population and is not always addressed by a medical doctor (MD). The Heidelberg Pruritus Prevalence Study showed a point prevalence of 13.5%, a 12-month prevalence of 16.4%, and a lifetime prevalence of 22% of CI in the general population (26). In the follow-up study, the 12-month cumulative incidence of chronic itch was 7%, and the lifetime prevalence was 25.5% (27). Women were more affected than men, and female sex was associated with an increased but non-significant risk for incident CI during the past 12-months (27).

Itch is prevalent in chronic diseases, especially in Western societies. CI in patients with end-stage renal disease (ESRD) is a considerable problem, and regional differences need to be taken into account because in (developing) countries, patients have limited access to hemodialysis (HD) with differing dialysis quality standards. There are no epidemiological studies on itch HD in developing countries because this treatment is hardly available. A representative cross-sectional prospective prevalence study on chronic itch (CI) in HD patients [German Epidemiological Hemodialysis Itch Study (GEHIS)] showed CI to affect 25.2% (point prevalence) of HD patients (28). No significant differences in prevalence estimates were shown concerning ethnic origin, schooling, or patients' marital status (28).

HIV infection and AIDS contribute to acute and CI worldwide (2, 3, 5, 29). Some diseases vary according to country and its most frequent diseases. Pruritic papular eruption (PPE) is a substantial cause of HIV-related morbidity in Sub-Saharan Africa. Its prevalence varies from 12 to 46% depending on the geographical region. More than half of HIV-infected patients report the eruption of PPE as their initial disease manifestation. We could show that none of the Ugandan itch patients had an underlying systemic disease, and in all HIV patients, itching was caused by dermatoses (5). It is likely that Ugandan patients with severe systemic diseases do not have a survival period that allows the initiation of itch, such as uremic itch, or access to certain therapies such as hemodialysis. Various etiologies from skin disease and keloids to drugs and burns contribute to a high prevalence of itch in African countries (30–34) (Figure 1).
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FIGURE 1. Ritual behavior like cutting the skin in many African and Asian countries contribute to chronic itch caused by keloid manifestation in variable shape and extent.




DISCUSSION AND FUTURE THOUGHTS

Itch is a big challenge for clinicians and researchers all over the world, especially in regard to the structure of the regional healthcare system and the accessibility to medical care and specialists particularly in Non-Western countries. True epidemiological studies are lacking, especially in Asian and African countries as well as in South America. There is a lack of awareness, depending on, for example, the MD's speciality; other symptoms may be rated higher and/or itch is ignored. This is also caused by a lack of knowledge on itch. However, the rise in clinical and experimental research and findings resulting in an increased number of publications and networks like International Forum for the Study of Itch (IFSI) (1, 35, 36), the EDAV Task Force Pruritus (37, 38), and scientific meetings like The World Congress of Itch (WCI) have helped to increase itch being regarded as a global problem. Social networking platforms like, e.g., Instagram, connect patients looking for the support regarding itch (39). All this has increased the awareness of itch beyond dermatology. It has also improved the capacity to diagnose itch. More and specific clinical studies have enhanced the spectrum of treatments; local and systemic treatments were developed, which are also reflected in an updated S2k guideline on chronic pruritus (19). However, there is still a need for new and more specific treatments of itch including combination of treatments. The demographic situation in Western countries with an increasing number of aged patients, most of them chronically ill, will additionally increase the need for dermatological care including the treatment of itch. This also includes improving patients' motivation and the assistance to seek the specialist's help. Even if there is access, chronically ill patients tend to limit their visits to MDs especially when they already have chronic procedures/treatments like HD. This results in limited itch treatment, even in a Western country (40). In recent years, utilizing technology like telehealth services and teledermatology are useful to provide diagnoses like prurigo by consulting physicians (41). A global look makes one realize that all this is not accessible for most of the countries out of Europe and North America. The inequalities in health are also present in itch and its handling. There is a gross mismatch between the burden of itch and the skills and medications to treat them. To change this is basically not only a medical challenge but an economic and political one of all societies including the global economy. In the end, it is the task of any society to decide how to disseminate medical care and how to provide resources.



SOME OPEN QUESTIONS

How does the perception and the impact of itch differ according to continent and climate?

Will the climate change affect the frequency and etiologies of itch?

Does the awareness of itch and its health care depend on life expectancy and standard of living?

How can we improve education of MDs and healthcare providers to enhance the awareness for especially chronic itch?

Could we initiate a global network to better provide the care of chronic itch?
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Chronic prurigo is a debilitating skin disease characterized by the presence of chronic pruritus and scratching-related pruriginous lesions. The pruriginous lesions can differ in their clinics what has recently been categorized into different clinical phenotypes. The most common one is chronic nodular prurigo (syn. prurigo nodularis); other phenotypes are papular, plaque, umbilicated, and linear prurigo. A comparison between these phenotypes regarding similarities and differences has not yet been performed. In this explorative analysis, itch characteristics, scratching behavior, and disease burden of the nodular, papular, plaque, and umbilicated prurigo were investigated in 1,128 patients. Patients with nodular and plaque prurigo were younger than patients with papular and umbilicated prurigo. The shortest duration of the underlying pruritus was found in papular and umbilicated prurigo, the longest in plaque prurigo. Itch intensity, impairment of sleep, mood and the quality of life did not differ. These findings confirm that the clinical phenotypes of chronic prurigo belong to a spectrum of one disease with similar disease characteristics and can be categorized under the umbrella term of chronic prurigo. Future clinical trials should include all phenotypes of chronic prurigo.

Keywords: prurigo nodularis, pruritus, burden, quality of life, itch characteristics


INTRODUCTION

Chronic prurigo (CPG) is a rare but worldwide occurring disease (1, 2). It is characterized by the presence of chronic pruritus (CP), history, and/or evidence of repeated scratching (e.g., excoriations, scars) as well as localized or generalized pruriginous lesions (3). The clinical picture differs in the number, distribution and the type of the pruriginous lesions such as papules, nodules, and/or plaques (3, 9, 10). However, multiple types of pruriginous lesions can be present in the same patient. These lesions dot not allow a conclusion to the underlying etiology of CPG. Depending on the predominant pruriginous lesion in one patient (Figure 1), the CPG is divided into the following clinical phenotypes according to the disease definition (3): chronic nodular prurigo (nodules predominate), chronic papular prurigo (papules predominate), chronic plaque prurigo (plaques predominate), and chronic umbilicated prurigo (ulcerated pruriginous lesions predominate) (3). As these phenotypes fulfill the definition of CPG, it was proposed that CPG is an umbrella term for the various clinical presentations (3).


[image: Figure 1]
FIGURE 1. Different types of pruriginous lesions. (a) papules (<1cm), (b) nodules (≥1cm), (c) ulcerated pruriginous lesions, (d) plaques.


In the past, studies in CPG focused on analyzing itch characteristics and disease burden exclusively in chronic nodular prurigo. From these studies it is known that patients with chronic nodular prurigo have a high burden and a substantial impairment of the quality of life, even when compared to patients with CP on non-lesional skin (4, 5). Sleep quality can be severely limited in these patients and the presence of psychological comorbidities can frequently occur in patients with chronic nodular prurigo (5, 6). However, until now, no study included the other clinical phenotypes of CPG (papular, plaque, and umbilicated type) and it is unknown if the aggregation of these phenotypes under one disease is justified and if there are biological differences between the clinical phenotypes of CPG.

Therefore, this study aims detecting possible differences between the CPG phenotypes regarding clinical characteristics using a retrospective approach and to verify the suggestion that the clinical phenotypes can categorized under the umbrella term of CPG.



MATERIALS AND METHODS


Data Source

Data from routine care were used to perform this retrospective analysis. All data from patients of the Center for Chronic Pruritus were transferred into a biomedical data base. After written informed consent, data were collected by the physicians (i.e., medical history and physical examination), and from several patient reported outcome tools (e.g., pruritus questionnaire, quality of life). Afterwards the data were reviewed by the physician-in-chief and transferred to the research database of the Center for Chronic Pruritus at the University Hospital Münster, which is approved by the Ethics Committee of the Medical Faculty of the University of Münster (2007-413-f-S) (7). For this analysis, data of the first consultation of patients with CPG, who presented between October 2004 and February 2018, were included.



Etiology of CPG

According to the International Forum for the Study of Itch (IFSI) (8) the etiology of CPG was diagnosed and classified by a physician.



Patient Reported Outcome Tools

The numerical rating scale (NRS), ranging from 0 (no pruritus) to 10 (worst imaginable pruritus) was used to assess itch intensity of the previous 24 h (worst itch intensity in the last 24 h = WI-NRS/24 h; average itch intensity of the last 24 h = AI-NRS/24 h). The “Neuroderm” questionnaire, a pruritus questionnaire, was used to assess the scratching behavior and the impact on sleep (9). The impairment of the quality of life was assessed by using the “Dermatology Life Quality Index (DLQI)” (10) and the possible presence of an anxiety and/or a depression was investigated using the screening questionnaire “Hospital Anxiety and Depression Scale (HADS)” (11).



Statistical Analyses

For each metric endpoint, the Hodges-Lehmann estimate of the median with two-sided 95% confidence interval (CI) was calculated by using the R function wilcox.exact from the R package exactRankTests. For each binary endpoint, the absolute numbers and percentages per category were calculated for each group. For a chosen reference, an exact Clopper-Pearson 95% CI for the percentage was calculated by using the R function exactci from the R package PropCIs. All analyses are of explorative character. No adjustments for multiple testing were performed. If the CIs of the groups did not differ considerably, it was interpreted as an indication of equivalence. All statistical analyses were predetermined in a statistical analysis plan and were performed by R 3.4.4.




RESULTS

1,128 patients with CPG [692 (61.4%) female] were included in this study. Most of them suffered from chronic nodular prurigo [n = 908 (80.5%)] (Table 1). Patients with nodular prurigo and plaque prurigo were younger than patients with papular or umbilicated prurigo (Table 1). Nodular, popular, and plaque prurigo predominantly affected women (60.6-66.7%); in the group of patients suffering from umbilicated prurigo, men were more affected (66.7%).


Table 1. Demographics, duration and origin of chronic pruritus and burden of disease in the different clinical phenotypes.
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Duration and Cause of Chronic Prurigo

Overall, the patients suffered from CP for a median duration of 2.9 years (CI 2.6-3.1) before presenting in our center. A comparison of the groups showed that patients with papular prurigo and umbilicated prurigo had the shortest, patients with nodular prurigo an intermediate and patients with plaque prurigo the longest duration from CP (Table 1).

The etiology of pruritus classified according to the IFSI classification (8) was most frequently found to be of multifactorial origin in nodular and umbilicated prurigo. The patients with papular and plaque prurigo showed most common a dermatosis as the cause of CP (Table 1). Dermatological diseases were the second most frequently found origins in patients with nodular prurigo, while in umbilicated prurigo the second most frequent origin was a systemic disease.



Itch Intensity

The median AI-NRS/24h was 6.5/10, whereas the median WI-NRS/24h was 8.5 for the whole patient population. No differences between the phenotypes were found when comparing the pruritus intensity (Table 1).



Scratching Behavior

Almost all patients (over 90%) reported that they scratch themselves, and that they were aware that scratching injures the skin (60.7%). Interestingly, 42.4% of all patients stated scratching can cause itch aggravation. Divided into the phenotypes, some differences could be found: Patients with nodular prurigo stated more frequently “scratching causes itch relief,” “scratching is done unconsciously,” and “scratching causes itch aggravation” (Figure 2).


[image: Figure 2]
FIGURE 2. Comparison of scratching behavior in patients with different clinical phenotypes of chronic prurigo (in %).


There were no differences in the kind of scratching between patients with nodular and papular prurigo. Whereas in contrast to all other phenotypes patients with plaque prurigo reported more frequent to pinch and knead and patients with umbilicated prurigo do less rub and chafe their skin (Table 1).



Burden of CPG

Patients reported sleep problems independent of the clinical phenotype. The loss of sleeping hours did not differ between the phenotypes. All patients achieved comparable values in the total score of the DLQI and the subscores for anxiety and depression in the HADS (Table 1).




DISCUSSION

The aim of this explorative study was to investigate the demographic profile, itch intensity, scratching behavior, and burden of the different clinical phenotypes of CPG. We found more similarities in the analyzed parameter than differences between phenotypes. For example, pruritus characteristics, the impact on sleep, quality of life and mood did not differ between the groups. Regarding pruritus intensity at baseline, the median of the average pruritus intensity in the last 24 h was classified as moderate to severe; the median of the worst pruritus intensity in the last 24 h as severe in all phenotypes. These results confirm analyzes of previous studies examining the pruritus intensity of patients with chronic nodular prurigo (4, 5). It can be speculated that as soon as the CPG has developed due to neuronal sensitization processes and the development of a vicious circle of experiencing pruritus and continuously scratching independent of the origin, the severity of the itch intensity in the different phenotypes is similar.

Differences were identified regarding the categorized etiology of CPG. A multifactorial etiolgy was prominent in nodular and umbilicated prurigo whereas more dermatological diseases were found in papular and plaque prurigo. Despite these differences in the categories, no conclusion is justified based on these data to make a differential diagnosis regarding the individual etiology of CPG in affected patients.

Another descriptive difference was found regarding the duration of the underlying pruritus in CPG. Patients with plaque prurigo suffered the longest, followed by patients with nodular prurigo and then papular and umbilicated type. It can thus be assumed that the duration of the CPG and the associated prolonged scratching contributes to different clinical phenotypes. This supports the assumption that some clinical phenotypes of CPG are a continuous spectrum of the disease and can merge. Also another earlier study suggested that the various pruriginous lesions such as papules, nodules and plaques represent stages of the development in CPG (12).

All patients have in common a severe scratching behavior with some differences which might be relevant for development of the different phenotypes. More than half of the patients with nodular prurigo scratch themselves unconsciously, while only a third of patients suffering from the other CPG phenotypes made this statement. Patients with umbilicated prurigo less often chafe or rub compared to all other phenotypes. However, there are also patients in these group who do chafing or rubbing their skin. This observation does not disambiguate that the way of scratching leads to a particular phenotype of CPG.

It was also noticeable that scratching was reported to cause both pruritus relief and aggravation. These statements, contradicting at first glance, reflect the vicious circle of itching and scratching that is a typical characteristic of CPG. Satisfaction and pruritus control by scratching may directly occur while or shortly after scratching, but the pruritus recurs again afterwards.

Comparing the burden of patients, the phenotypes of CPG showed no differences in the impairment of the quality of life, in the scores for screening for anxiety and depression and in restriction of sleep. The median values from the DLQI for nodular prurigo, umbilicated prurigo, and plaque prurigo were in the range that indicate a strong impairment of the quality of life, for papular prurigo with one point below the cut-off value in the range for moderate impairment. However, all confidence intervals are comparable, therefore no important differences can be assumed here. In the past, the use of DLQI in patients with nodular prurigo showed also a strong impairment of the quality of life (13–15). Compared to these analyses of the quality of life in patients with nodular prurigo, our findings in patients of different clinical phenotypes are identical.



CONCLUSIONS

Overall, differences could be found in the age of the patients, in the duration and origin of the underlying CP and, though minimal, the scratching behavior. However, the itch intensity and the burden did not differ across the different clinical phenotypes of CPG. These findings confirm that clinical phenotypes of CPG are a spectrum and a part of the same disease, supporting the proposed term CPG as an umbrella term including all phenotypes of CPG. Based on these data and the assumed identical pathogenesis of the phenotypes, we suppose that the treatment response of patients with CPG is equal, regardless of the clinical phenotype. In the future, further studies should be carried out to confirm this statement and in order to find out whether new antipruritic treatments should be tested in each individual phenotype or in a cohort of CPG independent from its phenotype.



LIMITATIONS

Since data were not normally distributed, we did not perform comparisons of distributions to calculate p-values in this exploratory analysis. We rather examined if the 95% CI's differed from each other for each variable. If this was not the case, it was interpreted as an indication of equivalence. The differences to plaque prurigo should be interpreted carefully, as very few patients suffered from it.
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Itch draws our attention to allow imposing action against bodily harm (e.g., remove insects). At the same time, itch is found to interfere with ongoing tasks and daily life goals. Despite the key role of attention in itch processing, interventions that train individuals to automatically disengage attention from itch cues are lacking. The present proof-of-principle attention bias modification (ABM) training study was aimed at investigating whether attention to itch as well as sensitivity to mild itch can be changed. Healthy volunteers were randomized over three ABM-training conditions. Training was done via a modified pictorial dot-probe task. In particular, participants were trained to look away from itch stimuli (n = 38), toward itch stimuli (n = 40) or not trained toward or away from itch at all (sham training, n = 38). The effects of the ABM-training were tested primarily on attention to itch pictures. Secondarily, it was investigated whether training effects generalized to alterations in attention to itch words and mechanical itch sensitivity. The ABM-training did not alter attention toward the itch pictures, and there was no moderation by baseline levels of attention bias for itch. Also, attention bias to the itch words and itch sensitivity were not affected by the ABM-training. This study was a first step toward trainings to change attention toward itch. Further research is warranted to optimize ABM-training methodology, for example increasing motivation of participants. Eventually, an optimized training could be used in patient populations who suffer most from distraction by their symptoms of itch.

Clinical Trial Registration: Identifier: NL6134 (NTR6273). The website URL is: https://www.trialregister.nl/

Keywords: itch, attention, attention bias, attention bias modification (ABM), attention training, pruritus, psychodermatology, dot-probe paradigm


INTRODUCTION

Itch, and particularly chronic itch interferes with one's behavior and psychosocial functioning (1–3). In turn, reduced psychosocial well-being can intensify itch, resulting in a vicious cycle (4, 5). Unique for itch compared to pain is that it can be further amplified or even induced audiovisually (e.g., by hearing scratch sounds or looking at pictures of scratching people); i.e., itch is contagious and this is amplified in itch patients (6). A key mechanism of contagious itch is attention (7, 8). Focusing attention on potential threat is essential to sort its nocifensive function and protect skin integrity (9, 10). Since attention may play a central role in the vicious circle of itch amplification (11) and psychological burden (12–16), interventions targeting attention to itch seem promising.

Research indicates that patients with chronic itch may have increased attention (AB; attention bias) toward words related to itch compared to neutral words (17), and compared with healthy controls (18). Similarly, healthy individuals display an AB toward itch words and pictures (12, 14), although evidence is equivocal (16). Some techniques have been investigated to reduce itch temporarily (19, 20), but no strategies exist that reduce AB to itch; hence attention strategies effectuating longer-term itch relief are lacking. Attention bias modification (ABM) training for itch may offer a solution, as such a training has been shown effective in other fields (21).

In the domain of pain, closely related to itch (9, 22), ABM-trainings have been developed to alter AB for pain. Such ABM-trainings aim to train individuals to automatically focus attention at neutral stimuli while concurrently displaying pain-stimuli (pain-related words and/or painful faces). Initial studies in patients with chronic pain indicated that single- as well as multi-session ABM-trainings could reduce pain sensitivity (23–25). In healthy individuals, ABM-trainings affected pain thresholds, pain tolerance, or experienced pain (26–29), and some studies demonstrated altered AB for pain (26, 27). In addition, a study has shown that effects of an ABM-training with words generalized to effects on AB for painful faces after the training (27). Furthermore, individual characteristics, like catastrophizing or the ability to inhibit attention to irrelevant information (as feature of executive control), may play a role in (the retraining of) AB for pain (30–32). All in all, evidence on ABM-training effectiveness in pain as well as the role of individual characteristics is equivocal (28, 29, 33–35). Overall, based on theory and promising evidence in pain, it seems worthwhile to investigate whether an ABM-training for itch would be effective to reduce itch sensitivity and/or AB toward itch. However, to our knowledge, an ABM-training for itch has not yet been developed. As a first step of intervention-development, it should be verified whether AB toward itch can be trained—in either direction (i.e., in a proof-of-principle study) (36).

In this proof-of-principle study, we aimed to investigate whether AB to itch pictures can be altered by an ABM-training away from and toward pictorial itch stimuli. Furthermore, we investigated whether these effects would generalize to altered AB to itch words and actual itch sensitivity. It was hypothesized that, when compared to sham training, an ABM-training away from itch pictures would result in AB away from itch pictures and words as well as a lowered itch sensitivity, whereas an ABM-training toward itch would effectuate the opposite. Additionally, the possible role of individual characteristics, including general attentional inhibition, neuroticism, and itch catastrophizing, in the ABM-training effects was explored. Moreover, given some recent evidence (37), we explored post-hoc whether the training effects were moderated by the baseline AB for itch.



MATERIALS AND METHODS


Design

This study comprises a 2 (pre-training, post-training) × 3 (ABM-training away from itch, ABM-training toward itch, sham training: equal allocation ratio) mixed research design with AB to itch pictures, AB to itch words and sensitivity to mechanically induced itch as dependent variables. This study was pre-registered in the Netherlands Trial Registry under number: NL6134 (/NTR6273). The protocol was approved by the Psychology Research Ethics Committee of Leiden University (CEP17-0228/116).



Participants

Participants were recruited through advertisements on social media, at Leiden University, and via the Leiden University Research Participation system SONA systems Ltd. (Tallinn, Estonia). Recruitment and testing took place between March and May 2017. Inclusion criteria for participation were being aged between 18 and 30 years and being proficient in the Dutch language. Exclusion criteria were current itch or pain ≥3 on a numeric rating scale (NRS) from 0 (no itch/pain) to 10 (worst imaginable itch/pain), diagnosis of a chronic itch or pain condition (e.g., eczema or rheumatoid arthritis), psychiatric diagnosis (e.g., major depression or ADHD), color blindness, dyslexia, and impairment in visual acuity that is not corrected with glasses or contact lenses. All participants provided written informed consent for their participation in the study.



Procedure

Potential participants were informed about the study via written information and, when interested in participation, they were asked to fill out (online) self-report questionnaires, which also included questions regarding the in- and exclusion criteria (see section Self-Report Questionnaires). When found eligible for participation, participants were instructed to refrain from intake of alcohol and drugs 24 h before the test session and of caffeinated drinks within 1 h before the session started. Adherence to this guideline was checked in the lab (n = 1 missing), resulting in 15 participants who had taken alcohol the preceding 24 h (11 of them drank ≤2 units), 5 participants who had taken caffeinated drinks in the preceding hour (all ≤2 units), and none had used drugs. During each session, two experimenters were present, one conducting the practical tasks (e.g., starting computer tasks and itch stimulus application) and the other one guiding participants through the procedures, mainly by providing instructions. Upon arrival at the Leiden University lab (see Figure 1 for a timeline), participants were verbally informed about the study procedures and told that they were free to terminate the experiment at any time. Next, participants signed the informed consent and rated their current levels of spontaneous itch and pain on the NRSs. Participants were familiarized with the mechanical itch induction by applying Touch test evaluators as described in the section Mechanical Itch Sensitivity (ca. 4 min). Thereafter, the Flanker task (ca. 5 min) was conducted measuring general response inhibition (Flanker task). Consecutively, participants performed the pre-training AB assessments using the dot-probe task with pictures (ca. 5 min), the dot-probe task with words (Dot-Probe Tasks; ca. 5 min), and the mechanical itch induction (ca. 2 min). These tasks were provided in random order, i.e., an independent person had put the randomization information in opaque envelopes stratified by participant's sex and handedness. After these pre-training assessments, participants were randomized to one of the three ABM-training (ca. 15 min) conditions (participants were blind for receiving any intervention). Post-training assessments were carried out in the same order as the pre-training assessments of that specific participant. Upon completion of the tasks, participants were debriefed about the purposes of the study and reimbursed for their participation.


[image: Figure 1]
FIGURE 1. Timeline of the experimental session (total ca. 1 h:10 min).




Measures

All computer tasks were run on a desktop computer with Microsoft Windows 7 attached to a Philips Brilliance 220B TFT screen (Resolution 1,280px × 1,024px, 60 Hz). Both the Dot-probe task and the Flanker task were programmed and run in E-prime 2.0 (Psychology Software Tools Inc., Sharpsburg, PA, USA). Randomization to one of the ABM-training conditions was also done in E-prime based on participant number (this was unknown to the experimenters), with separate lists for males and females. E-prime automatically started the correct condition the participant was randomized to, so the participant was blinded. Responses were given using finger response buttons, one for each hand [Pushbutton Switch, SPDT, Off-(On)] connected to a serial response box model 200A (Psychology Software Tools Inc. Sharpsburg, PA, USA). During the tasks, participants kept their head in a chin rest to keep the distance to the screen at 54 cm.


Dot-Probe Tasks

A dot-probe paradigm was used to measure AB toward itch pictures and words. The dot-probe paradigm assumes that being attentive to a stimulus speeds up responding to targets at the focused location (congruent trials) when compared to the opposite location (incongruent trials). There were in total 60 stimulus pairs of an itch-related and a neutral stimulus (40 picture-pairs and 20 word-pairs with Dutch words). Itch stimuli depicted a hand scratching him-/herself on e.g., the head, limb and back. Neutral stimuli depicted objects, e.g., light bulb, doorbell, and spoon. The itch stimuli had been validated earlier [see (38)] on the basis of their applicability to itch (average itch scores per task ranged from 2.7 to 2.8 for the dot-probe tasks assessing AB and the ABM-training task rated on a Likert scale from 1 (not applicable to itch) to 5 (very applicable to itch), non-applicability to pain (average pain scores ranged from 1.0 to 1.4 on a 1 to 5 Likert scale for pain) and slightly negative valence [ranging from −1.2 to −1.1 on a Likert scale ranging from −5 (very negative) to 5 (very positive)], whereas the neutral stimuli were characterized as neither itchy nor painful (average itch and pain scores were 1.1 at maximum), and were of neutral valence (average score ranging from 0.1 to 0.2) (38). Based on the validation scores, the picture-pairs were randomized in advance over three pictorial dot-probe tasks, i.e., two regular dot-probe tasks (10 stimulus-pairs each) and one training dot-probe task (20 stimulus-pairs). The word-pairs were randomized in advance, across two regular dot-probe tasks. Randomization of the stimulus-pairs occurred on basis of the previously acquired validation ratings on itch in order to make sure that the itch ratings would overall be comparable across the dot-probe tasks used. For each participant, the order of the two dot-probe tasks was randomized (i.e., one was administered pre-training and the other post-training). The regular dot-probe tasks contained 40 trials each (14). Half of the trials were congruent (itch stimulus and target at same location) and half of the trials were incongruent (itch stimulus and target at opposite location). The proportion of itch stimuli displayed in the upper and lower half of the screen was equal over all trials. Right before the experimental trials in the pre-training dot-probe tasks only, there were 16 practice trials with neutral-neutral stimulus pairs. Feedback on the accuracy of responses to the targets was included. A trial was constructed as follows: First, a fixation point was shown in the middle of the screen for 500 ms. Upon disappearance, a stimulus pair was presented on the screen for 500 ms (27, 29, 34). One stimulus of each pair was presented centrally at the lower half of the screen (20% height), and the other was presented centrally at the upper half of the screen (80% height). The stimulus-pair was followed by a target stimulus that consisted of two dots aligned either horizontally or vertically. The target stimulus was presented at either one of the stimulus locations until the participant pressed a response button, with a maximum response window of 1,500 ms. Correct response-mapping was counterbalanced across participants, i.e., right button for horizontally oriented target stimuli and left button for vertically oriented target stimuli or vice versa (e.g., a participant responded with the right button to horizontally oriented targets in all dot-probe tasks). Reaction times and accuracy in responding to the targets were measured.

The ABM-training exclusively contained pictorial stimuli. The training task was comparable to the regular dot-probe tasks, but contained 320 trials (24) and the locations of the targets as opposed to the itch pictures was manipulated in the ABM-training conditions that were trained towards and away from itch. Specifically, in the training condition towards itch, 100% of the trials were congruent (i.e., at the itch picture location), whereas in the ABM-training away from itch condition, 100% of the trials were incongruent (i.e., at the neutral picture location). In the sham training condition, 50% of the targets were displayed congruently and 50% were shown incongruently to the itch picture location, akin the regular dot-probe tasks. One minute breaks were built-in after every 40 trials.



Mechanical Itch Sensitivity

Sensitivity to touch evoked itch (STI) was assessed, using three von Frey monofilaments (4.08 mN, 4.17 mN, and 4.31 mN; Stoelting, North Coast Medical, Gilroy, CA) as described in previous research (39). The monofilaments were applied to the non-dominant inner forearm. Each filament was applied for 1 s in triplicate after which the participants rated the evoked itch per filament on the NRS for itch.



Flanker Task

This task (40, 41) was used to measure general attentional inhibition. In each trial, 5 numbers were shown. The middle number was the target stimulus, which was flanked by non-target stimuli. The flankers could be congruent to the target stimulus, e.g., 44444 or incongruent, e.g., 44244. Half of the trials were congruent and half were incongruent and the use of 2's and 4's was balanced across the task. The task contained 120 experimental trials and 8 practice trials without feedback at the beginning of the task. The left response button was used to indicate “2” as target and the right button was used to indicate “4.” A short break was included half-way the task if desired. The average reaction time to the congruent vs. the incongruent target stimuli is the outcome measure.



Self-Report Questionnaires

Questions assessing demographic information (e.g., age) and information required to screen for in- and exclusion criteria (e.g., having medical or psychiatric conditions, experiencing spontaneous itch or pain) were included. In addition, attentional focus on bodily sensations was measured using both the Body Vigilance Scale (BVS with Cronbach alpha 0.70) as previously described (i.e., only including the sub items of question 4 that concern bodily sensations) (11) with two additional items assessing one's attention directed toward itch and pain and the Pain Vigilance and Awareness Questionnaire adjusted for itch (PVAQ-I with Cronbach alpha 0.88). Adjustments for itch were made by substituting the word “pain” by “itch” for all concerning items. This procedure was also applied to the following questionnaires originating from the pain field. Catastrophizing about itch was measured using the Pain Catastrophizing Scale adjusted for itch (PCS-I with Cronbach alpha 0.91) (39). Experience of Cognitive Intrusion of itch was assessed using the Experience of Cognitive Intrusion of pain scale adjusted for itch and, accidentally, with scales ranging from 1 to 6 for each item instead of 0 to 6 like the original version (ECIP-I with Cronbach alpha 0.96). Attentional disengagement from itch and pain was assessed using two Likert scales ranging from 1 (not at all able to disengage attention) to 5 (always able to disengage attention) (12). Finally, Neuroticism was measured with the Eysenck Personality Questionnaire revised short scale (EPQ-RSS with Cronbach alpha = 0.72) (42). All self-report questionnaires were administered in Dutch using the online system Qualtrics (Provo, Utah, USA).



Statistical Analyses

All statistical analyses were conducted using SPSS 25.0 software (IBM SPSS Statistics for Windows, Armonk, NY, USA) if not specified otherwise. All values displayed are means ± standard deviation (SD), if not stated otherwise. Effect sizes were reported as partial eta squared ([image: image]). A p < 0.05 was considered statistically significant.

For the dot-probe tasks, reaction times (RT) were extracted from E-prime for trials with RT ≥ 150 ms (0.2 and 0.08% of the RT were excluded for the picture and word tasks, respectively) and trials with correct responses (7.2 and 8.5% of the RT were excluded from the picture and word tasks, respectively). Cases for which no responses were recorded due to a programming error (see section Sample) were excluded from the respective analysis. Participants' data that had accuracy levels below 70% were excluded from the respective analyses; in the case that <70% of the trials in the training were incorrect, this participant was not included in any of the analyses. For the pre- and post-training dot-probe tasks, AB-indices were calculated by subtracting the RT of the congruent trials from the RT of the incongruent trials (RTincongruent-RTcongruent). A positive AB-index indicates an AB toward itch, whilst a negative AB-index indicates an AB away from itch. All variables to be included in the statistical analyses were checked for normality.

First, baseline between-group differences in demographics, current spontaneous itch and pain, total scores of the questionnaires, AB toward itch pictures and words, mechanically evoked itch, and general attentional inhibition (i.e., Flanker task) were assessed using Kruskal-Wallis-tests for interval variables (due to a violation of normality for most variables) and a Chi-square-test for the dichotomous variable sex. Second, the presence of ABs toward itch pictures and words at baseline was tested using one sample t-tests checking whether the AB-index significantly differed from 0. Additionally, effectiveness of participants' attentional inhibition (entire group) was checked by comparing the RT on the congruent and incongruent trials of the Flanker task as within-subjects factor in a repeated measures analysis of variance (RM-ANOVA).

For the primary aim to assess whether ABM-training resulted in altered attention to itch pictures, a 2 × 2 × 3 RM-ANOVA was conducted with the within-factors itch congruency (congruent vs. incongruent trials) and time (pre- vs. post-training assessments) and the between-factor condition (ABM-training away, ABM-training towards, sham training). Additionally, post-hoc moderation analyses were carried out using the Process Macro v3.3 (43) (model 1) in SPSS to investigate whether the effects of the training were different depending on the baseline level of AB toward the main outcome of itch pictures. Here, condition was the independent variable (X), the training effect on itch pictures (AB-indexpost−training-AB-indexpre−training) was the dependent variable (Y; centered) and the pre-training AB towards itch pictures was the moderator variable. Another post-hoc RM-ANOVA tested the change in AB-index for the itch pictures before vs. after the training in the entire sample.

For the secondary aim to assess the effect of the ABM-training on itch words, a RM-ANOVA akin the one with pictures was conducted with the RT of the word dot-probe tasks. For the mechanical itch sensitivity outcome, pre- and post-training levels of evoked itch, as subjectively rated on NRS, were compared using a RM-ANOVA with the within-factor time (mechanically evoked itch pre- vs. post-training) and the between-factor condition (ABM-training away, ABM-training towards, sham training). Finally, to test associations between the main study outcomes and the individual characteristics, Spearman correlation coefficients (ρ) were calculated for each condition separately. Specifically, the ABM-training effects on the AB toward itch pictures and AB toward itch words (both AB-index post-training–AB-index pre-training) as well as itch sensitivity (pre–post assessment) were correlated with both the Flanker index (RTincongruent-RTcongruent) and the total scores of the self-report questionnaires. The Sidak-Holm correction was applied for all RM-ANOVAs when performing post-hoc tests.

Reliability of the dot-probe tasks was assessed with split-half reliabilities. These were calculated with R (R version 4.0.3) (44) with the “splithalfr” package (45). Reliability of the AB index was calculated for all four versions of the dot-probe task (version 1 and version 2 with pictures as well as version 1 and version 2 with words) of all participants that were included in the analyses. The function used a Monte-Carlo splitting technique to estimate 5,000 split-half samples that were used to estimate Spearman-Brown correlations for all 5,000 samples. The resulting mean and median coefficients of all 5,000 samples accompanied by the minimum, maximum, and interquartile range were calculated per task.





RESULTS


Sample

We aimed to include 40 participants per condition as this would be sufficient to detect a small effect (in GPower 3.1.6, effect size f of 0.10; with an alpha of 0.05, power of 0.80 and an estimated correlation between the pre- and post- measurements between 0.75 and 0.80). On top, 5% participants extra were tested in order to be able to overcome potential data loss. Therefore, 126 participants had been included in the study. For the following reasons, data of several participants could not be used in data analyses: Seven participants responded differently to the orientation of the dots during the training task as opposed to the pre- and post-training dot-probe tasks due to incorrectly provided instructions (e.g., they were instructed to respond to horizontal oriented targets with the right button during the pre- and post-training dot-probe tasks and with the left button during training). Due to a programming error, data of the dot-probe picture and word tasks had not been recorded /could not be retrieved for two participants and for similar reasons data of another 12 participants was unavailable for the word tasks (amongst them, there was one participant of whom data of the mechanically evoked itch were missing, too). Moreover, one participant was excluded from the main analysis because of exceeding the pre-determined 30% error rate (specifically 33% errors) for the post-training dot-probe picture task. None of the participants had to be excluded based on their number of errors during the ABM-training; at maximum 18% of the trials were incorrect (n = 1). Finally, 116 participants could be included in the main analysis with the pictorial stimuli, 105 in the secondary analyses with the word stimuli, and 116 in the analyses for mechanically evoked itch. The sample of 116 participants was mostly female (74%), right-handed (89%) and most participants were following or had finished tertiary education (85%). Participants' baseline characteristics did not differ across training conditions (Table 1). Median levels of spontaneous itch and pain at baseline were 0.0.


Table 1. Baseline individual characteristics per attention bias modification (ABM) training condition.

[image: Table 1]



Dot-Probe Tasks

Reliability was good for all versions of the task with a mean Spearman-Brown coefficient between 0.61 and 0.71, based on 5,000 split-half samples, see Table 2. For the dot-probe task with pictures and the itch sensitivity analyses, one outlier (>3 interquartile range) was excluded (final n = 115 for both outcomes). Variables for the dot-probe task with pictures were log-transformed to obtain normal distribution.


Table 2. Reliability coefficients for the different versions of the dot-probe tasks.

[image: Table 2]


Pre-training AB Toward Itch Pictures and Words

The one-sample t-test with the pre-training AB-index differed significantly from zero [t(114) = −2.26, p = 0.026], indicating that participants overall were focused away from the itch pictures at baseline (see Table 3 for descriptive values). There was no pre-training AB for itch words [t(104) = 0.248, p = 0.805] (Table 4). The RM-ANOVA demonstrated that ABM-training conditions did not significantly differ in their pre-training AB-index for itch pictures [F(2,113) = 0.09, p = 0.911, ηp2 = 0.002] or words [F(2,102) = 0.559, p = 0.574, ηp2 = 0.011].



Training AB Toward Itch Pictures

The 2 (time: pre- vs. post- training) × 2 (itch congruency: itch-congruent vs. itch-incongruent) × 3 (training condition) RM-ANOVA, testing the main hypothesis whether training attention away and towards pictorial itch stimuli altered attention toward itch pictures (Figure 2 and Tables 3A,B) showed no significant time × itch congruency ×condition effect [F(2,112) = 0.41, p = 0.663, ηp2 = 0.007]. There was a significant main effect of time [F(1,112) = 199.87, p < 0.001, ηp2 = 0.641], showing that RT were shorter after the training than before (Tables 3A,B). There was neither a significant main effect of congruency [F(1,112) = 2.46, p = 0.120, [image: image] = 0.022] nor of condition [F(2,112) = 0.753, p = 0.473, [image: image] = 0.013].


[image: Figure 2]
FIGURE 2. Attentional Bias (AB)-index for the itch pictures pre- and post-ABM-training. Results are displayed for the ABM-training away from itch (black; n = 38), ABM-training toward itch (light gray dots; n = 40), and the sham training (intermediate gray stripes; n = 37). Positive values indicate an AB toward itch. Error bars represent standard errors of the mean.



Table 3A. Mean ± standard deviation of reaction times for the trials congruent and incongruent to the itch pictures of the dot-probe tasks administered pre- and post-attention bias modification (ABM)-training, displayed for the total sample and per training condition.
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Table 3B. Median (and interquartile range; IQR) of reaction times for the trials congruent and incongruent to the itch pictures of the dot-probe tasks administered pre- and post-attention bias modification (ABM)-training, displayed for the total sample, and per training condition.
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Training AB Toward Itch Words

The 2 × 2 × 3 RM-ANOVA testing the secondary hypothesis whether ABM-training away and towards pictorial itch stimuli would generalize to changes in AB toward itch words showed no significant time x itch congruency x condition effect [F(2,102) = 0.091, p = 0.913, [image: image] = 0.002]. The significant main effect of time [F(1,102) = 118.29, p < 0.0001, [image: image] = 0.537] showed RT to be shorter after the training than before (Table 4). No significant main effect of itch congruency [F(1,102) = 0.194, p = 0.661, [image: image] = 0.002], but a significant main effect of condition was found [F(2,102) = 5.842, p = 0.004, [image: image] = 0.103] with contrasts showing that RT for targets was faster in both, the condition trained away and towards itch, than in the sham training condition [mean difference (MD) = −39.4, standard error (SE) = 15.2, p = 0.032, and MD = −47.7, SE = 14.9, p = 0.005, respectively].


Table 4. Mean ± standard deviation of reaction times for the trials congruent and incongruent to the itch words of the dot-probe tasks administered pre- and post-training, displayed for the total sample and per attention bias modification (ABM)-training condition.
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Itch Sensitivity

On the pre-training assessment of mechanically evoked itch (log-transformed), training conditions did not significantly differ [F(2,112) = 0.458, p = 0.634, [image: image] = 0.008]. The 2 × 3 RM-ANOVA testing the secondary hypothesis whether ABM-training attention away and towards pictorial itch stimuli would generalize to changes in itch sensitivity (residuals were normally distributed after excluding the outlier, so variables were not transformed) obtained no significant time × condition effect [F(2,112) = 0.259, p = 0.772, [image: image] = 0.005]. There was neither a significant main effect of time [F(1,112) = 0.294, p = 0.588, [image: image] = 0.003] nor of condition [F(2,112) = 0.625, p = 0.537, [image: image] = 0.011]. See Table 5 for descriptive values.


Table 5. Mean ± standard deviation of mechanically evoked itch measured on a numeric rating scale from 0 (no itch) to 10 (worst itch imaginable) displayed for the total sample and per attention bias modification (ABM) training condition.
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Post-hoc Analyses

Post-hoc moderation analysis showed that the effect of the ABM-training on AB for itch pictures was not moderated by the pre-training level of AB for itch pictures (Table 6). Additionally, over the entire sample, AB for itch pictures increased significantly [F(1,114) = 5.16, p = 0.025, [image: image] = 0.043].


Table 6. Linear model of pre-training attention bias (AB)-index for itch pictures as predictor (moderator) of the attention bias modification (ABM) training effect [n = 115; 95% confidence intervals (CI) and standard errors based on 1,000 bootstrap samples].

[image: Table 6]



Flanker Effect

A significant Flanker effect [F(1,115) = 419.76, p < 0.001, [image: image] = 0.785], with faster RT for congruent (423.8 ± 78.7) than incongruent trials (472.2 ± 69.6) indicated attentional inhibition across the sample.



Associations With Individual Characteristics

Of all Spearman correlation coefficients between the individual characteristics and the ABM-training effect on the different outcomes, only a significant correlation was found between high levels of neuroticism and larger increases in mechanically induced itch in the ABM-training condition towards itch (ρS = 0.35, p = 0.03). Another significant correlation emerged in the sham training condition, which was between a better disengagement ability from itch and a larger decrease in mechanically induced itch (ρS = 0.46, p = 0.004).




DISCUSSION

We assessed the effects of attention bias modification (ABM)-training on healthy individuals' attentional bias (AB) toward itch pictures and itch words as well as on sensitivity to mild itch. This is the first proof-of-principle ABM-training study in the field of itch. Specifically, we also included a condition in which attention was trained toward itch, besides the training away from itch and a sham condition. In contrast to expectations, ABM-training did not alter attention to itch pictures. Furthermore, ABM-training using itch pictures did not affect AB toward itch words nor itch sensitivity. Additionally, of the individual characteristics, only neuroticism was associated with a larger training effect, specifically with an increase in mechanically evoked itch in the condition trained towards itch. In sum, although we expected ABM-training to be promising for itch, given the contagiousness and attention-capturing characteristics of itch (6, 13, 15), we can conclude that the hypotheses could not be confirmed.

Given the novelty of an ABM-training for itch, comparing current findings with findings of previous ABM-trainings for pain may provide some further insight. Largely inspired upon previous ABM research on pain (27, 29, 34), we opted for a 500-ms stimulus display time, the use of pictures, and a target discrimination instead of a localization task. Yet, we can conclude that although results are not in line with our hypotheses, current findings are also not completely unexpected when inspecting the ABM-training literature. Indeed, although initial results of ABM for pain-related information showed promising results (26, 27), more recent studies indicate that ABM-trainings for pain are ineffective in changing AB toward pain in healthy participants (28, 29, 35). For both, potential moderation of ABM-training effects by baseline levels of AB for itch and generalization to another type of AB (i.e., from pictures to words), only preliminary evidence from the pain literature is available (37). Moreover, generalization occurred only from words to pictures and not vice versa (27). That itch sensitivity was unaffected by the ABM-training is also partly in line with previous pain studies. Specifically, some studies favored effectiveness of ABM-training on experienced pain or pain thresholds (26, 27, 29), while others did not find effects on pain outcomes or only for some pain outcomes (28, 29, 35). Furthermore, in multiple studies changes in somatosensory pain outcomes were not accompanied by changes in AB for pain (27, 29). Comparable mixed results emerged in other fields, such as anxiety for which ABM-trainings were originally developed (21, 46). Overall, previous findings of the effects of ABM-training are mixed or preliminary.

Various explanations of current findings in relation to the inconsistent evidence for ABM-training studies for pain [see also (35)] can be considered. First, the present study included a sham training to inform about potential distinct effects of each training condition. Nonetheless, previous pain research often compared an ABM-training toward pain with an ABM-training away from pain, which likely obtains larger effects due to comparison of the most “extreme” conditions. Noteworthy, post-hoc analyses comparing our extreme conditions does not change the conclusions. Second, lack of effectiveness on AB for pictures and words may relate to the fact that after the active training conditions (including either congruent or incongruent trials), both congruent and incongruent trials were offered in the dot-probe tasks to assess AB for itch. This may have diluted potential training effects. Moreover, given the null-findings of an AB towards itch pictures, the lack of a generalization towards the itch words and sensitivity is not surprising. Third, participants did not have a baseline AB for itch stimuli, as would be expected (14, 17). This generally hampers the possibility to train attention away, although also no moderation by the baseline AB levels was found. Moreover, this does not explain the lack of training effects for those trained towards itch, particularly because at baseline average RT pointed in the opposite direction, which could be interpreted as attentional avoidance of itch pictures. Nevertheless, previous ABM-trainings away from pain have shown to be effective in reducing pain outcomes despite the absence of a baseline AB towards pain (26, 28, 29). However, the current study did not find effects on itch sensitivity either. This does not seem to be due to the levels of itch induced, which were comparably moderate in previous studies (39, 47), in which itch reduction was effectuated (by heterotopic stimulation) (39). Fourth, as elaborated on by Wiers et al. (36) a proof-of-principle study in healthy individuals entails that participants are not aware of receiving an intervention and have no motivation to change responses. Motivation to pursue certain goals, e.g., getting rid of itch, as well as having positive expectations about an intervention play an important role in the experience and treatment of various symptoms (13, 32, 48–50). Therefore, possible effects to be obtained are probably smaller in healthy individuals than in patients.

Interestingly, at baseline, participants were faster on itch incongruent than congruent trials for the itch pictures [also seen in (16); this may be related to the picture content, e.g., the itch pictures are of weak emotional valence (50) to the healthy individuals], which could be indicative of attentional avoidance of itch. This “avoidance bias” hampered the ability to train attention away, and simultaneously increased the opportunity to train attention towards itch. In fact, the “avoidance bias” was abolished, as demonstrated by the lack of a significant itch-congruency effect after the training irrespective of the condition participants were in (though seemingly mostly in the training towards itch; Figure 2). This unexpected finding of increased attention to itch in the entire sample is in the direction opposite to what is desirable. This may have been caused by participants becoming generally more familiar with the picture content over time. Additionally, particularly in the pre-training assessment, the stimuli were new to the participants and the neutral pictures apparently drew more attention than the itch pictures. This may be related to the more heterogeneous content of the neutral (various objects) than the itch pictures (scratching hand), making the neutral pictures more novel (51). It may be worthwhile to explore if the attention increase to the itch pictures would still occur when presenting stimuli subliminally. Noteworthy, participants' responses were significantly faster after the training than before, which can be attributed to a task learning effect.

Several limitations and directions for future research should be mentioned. First, although reliability of the dot-probe tasks in the current study was adequate, generally the use of dot-probe tasks to measure AB (not so much to train attention) has recently been questioned because attention may vary highly across trials which is not reflected by the calculated average reaction times (50, 52). However, the majority of, if not all, ABM-trainings used the dot-probe paradigm with comparable analyses, and some were successful. Nevertheless, future studies may benefit from using other tasks, e.g., the dual probe task variant (53), as well as eye-tracking methodology to fully capture the fluctuating process of attention over time (50, 54). Second, training effects could be assessed on more intense itch stimuli, e.g., cowhage (55). Third, including somatosensory itch stimuli as opposed to visual stimuli in the task would enhance ecological validity. However, because of the lack of spatial attention allocation effects toward somatosensory itch (12, 14, 16), translating the ABM-training paradigm into a somatosensory variant remains challenging. Fourth, current ABM-trainings may be improved by incorporating motivational components, e.g., by implementing reward, gamification, or creating a more representable context (32, 35). It is also worthwhile to explore how to extend and personalize cognitive bias trainings for itch in line with the innovative, promising, theory-driven ABC-training for addiction (49). Actually, the itch-scratch cycle behavior and addiction share common neurobiological mechanisms (56). Finally, when ABM-training for itch would eventually be successful, future studies should also include patients with chronic itch, who are generally motivated to diminish the itch, hence have a baseline AB toward itch that can be targeted [e.g., (50, 57, 58) for results in related fields].
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Medical history

Itch specific Intensity

history Sensory symptoms
Daily pattern

Localization at onset
Localization in the course of disease
Alleviating factors

Performed therapies

General medical ~ Comorbidities
history

Co-medication
Physical examination
Dermatological  Dermatoses

examination

Scratch lesions
Neurological Aloknesis, Hyperknesis
examination

Mapping of dysesthesias

Comment

Itch intensity informs about the disease severity and should be monitored during the course of the disease
Dysesthesias such as stinging, tingling or sensation like electroshocks are typical for neuropathic itch

Itch usually ocours in attacks in neuropathic itch

Localization of the itch at onset gives important hints regarding the affected site of the somatosensory system
Generalization of tch beyond the initial localization at onset may occur, suggesting neuronal sensitization
Alleviation of sensory symptoms with application of cool-packs or cold water is characteristic for neuropathic
itch (ice-pack sign)

Neuropathic itch is expected to improve with gabapentinoids o opioid modulators, whie antihistamines are
usually ineffective

Assessment of comorbidities including atopic conditions is important to rule out non-neuropathic conditions
leading to chronic pruritus. Additionaly, systemic conditions (e.g. renal insufficiency) may limit therapeutic
options

Co-medication shouid be assessed to exclude possible drug interactions when planning an antipruritic therapy

Primary skin conditions as a possible cause for chronic itch should be ruled out by clinical examination (and
eventually with skin biopsies). Importantly, dermatoses should be differentiated from secondary scratch lesions
The distribution of scratch lesions (along with the sensory symptorms) may inform on the affected site of the
somatosensory system. Additionally the amount of scratch lesions may serve as an indirect indicator of
disease severity

Pruritic response to a non-pruritic stimulus (.., cotton swab) and augmented pruritic response to a pruritic
stimulus (e.g., skin challenge with cowhage) suggest neuronal sensitization

Mapping areas of dysesthesia (and alloknesis/hyperknesis) is helpful in localized pruriic neuropathic
syndromes, as it may give hints on the affected neural structure
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* MRI (alternatively CT) to detect spinal disorders
(g degenerative alterations of the vertebral
column, disc prolapse or heniation, compression
of nerve roots or spinal nerves, neuroforaminal
stenosis) in patients with pruritic compression
syndromes

« Diagnosis of neurological conditions potentially
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multiple sclerosis)

* Quantitative sensory testing to assess gain or loss
of function of different populations of peripheral
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Disease

Peripheral nervous system
Small fiber neuropathy

Scars and burns
Radiculopathies
Postherpetic neuralgia

Trigeminal trophic syndrome

Central nervous system
Space ocoupying lesions

Stroke

Multiple sclerosis
Neuromyelitis optica
Infectious diseases

Traumatic brain or spinal
cord lesions

Etiology

Metabolic, drug-induced, infectious, or
genetic origin
latrogenic or traumatic

Compression of a peripheral nerve by
degenerative alterations or
space-ocoupying lesions

Damage of peripheral nerve by the varicella
zoster virus

Injury of the sensory fibers of the trigeminal
nerve

Tumors, abscesses, vascular lesions,
syringomyelia

Ischermic or hemorrhagic
Demyelinating disease
Demyelinating disease

Meningitis, encephaltis, prion disease

Accidents or latrogenic lesions

Clinical features

Iteh starts usually distally and may
generalize
Itch on lesional tissue

Itch and dysesthesias at the affected
dermatome

Itch and dysesthesias at the affected
dermatome

Unilateral dysesthesia and
hypoesthesia of the central face.
Self-induced ulceration of the nasal
ala, cheek, and upper lip

Glinical features according to affected
neural structures

Generalized or unilateral itch
Generalized itch or localized at the
head and upper back

Depending on injured spinal level

Depending on damaged neural
structures
Depending on damaged neural
structures

Main work-up

IENFD, QST

Cinical diagnosis
MR or CT scan, IENFD

Clinical diagnosis

Cinical diagnosis, MRI

Neuroimaging (MRI/CT scan)

Neuroimaging (CT scan)

MRI, analysis of cerebrospinal fluid
(IgG oligoclonal bands), evoked
potentials

MRI, autoantibodies against
aquaporin 4

Neuroimaging (MRVCT scan), analysis
of cerebrospinal fluid, blood tests

Neuroimaging (MRI/CT scan)

Etiological factors, clinical features and diagnostic work-up of neuropathic pruritic conditions are shown. CT, computed tomography; IENFD, intraepidermal nerve fiber density; QST,
quantitative sensory testing: MRI, magnet resonance imaging.
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Etiology Clinical examples

Dermatological Atopic dermatitis, cutaneous T-cell
lymphorna, psoriasis, urticaria
Systemic Cholestasis, diabetes, drug-induced,

myeloproifferative disorders, renal
insufficiency, solid tumors.

Neuropathic Brachioradial pruritus, notalgia
paresthetica, postherpetic neuralgia,
small-fiber neuropathy

Psychosomatic/psychiatric  Delusional parasitosis, somatoform

pruritus
Mixed If more than one etiology is found
Unknown If no underlying etiology is found after

diagnostic work-up

Adapted from Sténder et al. (1).

Clinical features
Primary skin alterations (e.g., eczema) can be found upon inspection

Temporal correlation between onset of systemic disease and begin of itch may hint toward a
systemic origin of tch

Onset of itch at the trunk is typical for diabetes, while begin of itch at the palms and soles.
suggests a liver disease as an underlying cause

Itch usually starts localized according to the affected nerves. Symptomatic alleviation with
application of cold or ice

Onset of itch may occur after a significant ffe event (e.g., death of the partner, job loss)

Ocours more frequently in older or multimorbid patients
Diagnostic work-up shouid be repeated yearly if the cause for chronic itch remains unknown
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itch relief
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Temperature
modeling
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acupuncture
intervention
Right premotor
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Right putamen
as seed

Left superior
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mid-cingulate
cortex as seed
Right caudate
as seed

Right globus
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Scratching
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Deactivation
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Sratching
another region

Stress-induced
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treatment)
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Scratching
Scratching
Scratching
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Itch modulation
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itch only
(temperature
modulating)
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modulation
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itch only
(temperature
modulating)
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(functional
connectivity
with right
ventral striatum)
CSU > HC
(functional
connectivity
with right
putamen)
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homogeneity)
After
intervention >
Before
intervention
(regional
homogeneity)
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(functional
connectivity
with
Cerebellum)

After
intervention >
Before
intervention
(functional
connectivity
with
Cerebellum)
After
intervention >
Before
intervention
(functional
connectivity
with
SUMI/SMA)

Acupuncture
(itch-baseline)>
Non-responder
(itch-baseline)
(functional
connectivity
with left
Putamen)

Acupuncture
(itch-baseline)>
Non-responder
(itch-baseline)
(functional
connectivity
with right
Putamen)

Acupuncture
(tch-baseline)>
Non-responder
(itch-baseline)
(functional
connectivity
with Pallidum)
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When only the peak locations were reported the sprout022 tool (Dept. of Radiology and Biomedical Imaging, Yale School of Medicine) was used to identify the regions.
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0: Itch Cat

1 Itch Inten 0.409**
2 CHIME 1 0.039
3 CHIME 2 —-0.088
4 CHIME3 ~ —0.373**
5 CHIME 4 —0.198*
6 CHIME 5 -0.260**
7 CHIME 6 0.084
8 CHIME 7 0.006
9 CHIME 8 -0.028
10 Age —-0.167
" Sex 0.004

1
~0.071
—0.044
—-0.130
-0.129
-0.083
-0.085
—-0.087
-0.074

—0.166*
-0.109

1
0.635***
0.190*
0.243*
0,383
—-0.003
0.426%**
0.401**
—0.034
0.069

1
0.250**
0.333***
0.503***
0.054
0.359"**
0.445%%
0.119
0.089

1
0.352***
0.375***

—-0.264***
0.000
0.014

0.189*
0.012

1
0.577***
—0.214*
0.138
0.261***
0.041
—0.040

1
-0.029
—258*

0.441%
0.154
0.005

1
0.189%
0.163*
-0.100
0.006

8 9 10
1
0.608*** 1
—-0.063 —0.006 1
0.062 0.089 0.031

Shown are correlations between itch catastrophizing, average itch intensity during the last 2 weeks, the eight mindfulness scales measured by CHIME and sex and age. Bold numbers

indlicate significant correlations.

CHIME 1: awareness toward internal experiences.
CHIME 2: awareness toward exteral experiences.

CHIME 3: acting with awareness.

CHIME 4: accepting and non-judgmental orientation.

CHIME 5: non-reactivity.

CHIME 6: openness to experiences.
CHIME 7: relativity of thoughts.
CHIME 8: insightful understanding.

“Indicate that the correlation is significant on the 0.001 niveau,
indicate that the corrlation is significant on the 0.01 niveau, “indlicates that the correlation is significant on the 0.05 niveau.
The number of patients included in the analyses varies between n = 149 and 155.

Itch Cat, tch Catastrophizing ltch Inten, Itch Intensity.





OPS/images/fmed-08-627611/fmed-08-627611-t001.jpg
Gender Female Male Missing data

97 (62.6%) 58(37.4%) /
Age (x & SD) 468115 46 130 /
Education No formal qualification: n = 1 No formal qualification: n = 2 /
Secondary school qualification: n = 70 Secondary school qualification: n = 41
College or university degree: n = 26 College or university degree: n = 15
Self-reported physical comorbidities Yes:n =48 Yes:n =38 /
CHIME 1 (x & SD) 4.49 +0.89 439086 /
CHIME 2 (x & SD) 484096 467 +0.81 /
CHIME 3 (x & SD) 397 % 1.00 395 +0.89 /
CHIME 4 (x & SD) 325+ 1.07 3342099 /
CHIME 5 (x & SD) 3.48 £0.98 347 £0.89 1
CHIME 6 (x & SD) 375+ 1.00 374%0.68 1
CHIME 7 (x & SD) 384+ 1.01 373072 1
CHIME 8 (x & SD) 3914089 375081 /
Itch Inten (x = SD) 532268 580227 2
Itch Cat (x & SD) 234087 233095 5
PO-SCORAD (x  SD) 46,69 +2055 49.74 + 18.96 20

Itch Cat, ltch Catastrophizing; Itch Inten, ltch Intensity; values for the CHIME-scales can range from 1 to 6 and values for ltch Cat can range from 0 to 4. x, mean; SD, standard devation.
CHIME 1: awareness toward interal experiences.

CHIME 2: awareness toward exteral experiences.

CHIME 3: acting with awareness.

CHIME 4: accepting and non-judgemental orientation.

CHIME 5 non-reactivity.

CHIME 6: openness to experiences.

CHIME 7: relativiy of thoughts.

CHIME 8: insightful understanding.
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Pruritus No pruritus Controls

Number of subjects 29 27 20
Male® 9 8 6
Fomale® 20 19 14
Age® 52 (42-59) 50 (34-60) 52 (44-58)
Disease entity®

PBC 13 7 -
PSC/SSC 12 14 -
Overlap syndromes 4 6 -
Cirrhosis® 7 6 -
Laboratory values®® p-value
ALT (GPT, [<50 U/LJ)* 63(37-99) 48 (25-76) 0.17
AST (GOT, [<50 ULJ)® 62 (39-84) 4181-79) 0.11
YGT (<40 UL 152 (63-286) 121 (28-224) 0.17
AP [40-130 UL 282(144-384) 204 (120-329) 0.17
Total bilitubin (<1.1 1.4 (08-2.5) 09(0.7-1.7) 0.19
mg/d))

Albumin (35-55 g/L) 38.1(363-429) 41,6 (33.8-42.9) 0.17
INR (0.85-1.15) 0.95(0.92-1.08) 1.0 (0.95-1.06) 0.12
Creatinine (0.67-1.17  0.78(0.64-0.83)  0.71 (0.63-0.82) 0861
mg/dl)

Data were statistically analyzed by Mann-Whitney-U-test.

“Data represent the respective number of subjects.

bData are shown as median (interquartile range).

“Reference values are shown in square brackets.

“Reference values according to gender, male: <50 U/L, female: <35 U/L.

®Reference values according to gender; male: <60 /L, female: <40 U/L.

'Reference values according to gender, male: 40~130 U/L, female: 35-105 U/L.

PBC, primary billary cholangitis; PSC/SSC, primary/secondary sclerosing cholangitis;
AST, aspartate aminotransferase; ALT, alanine aminotransferase, AR alkaline
phosphatase, yGT, gamma-glutamyltransferase; INR, intemational normalized ratio.
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B(C) SEB t P

Constant —10.40 (-16.21, —4.60) 293  -3.551 0.001
Condition 2.56 (—4.88, 10.01) 3.76 0.683 0.496
Pre-training 0.85(0.71,0.98) 0.07 12516  <0.001

AB-index foritch
pictures (Centered)

Pre-training 0.12 (~0.04,0.28) 008 1478  0.142
ABrindex for itch

pictures X

Condition effect

R2 = 0.61. The training effect is defined by the change in AB-index before minus after the
training (a positive value indicates a decreased AB after training).
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Pre-training
itch®

Post-training
itch

Total sample ABM- ABM-training
(1=115)  training  toward itch (n
away from =39)
itch (n = 37)
18£15  20%15 17£14
18+156 20&£ 98 16+1.4

Sham training
(n=239)

18£15

19156

%For the pre-training analysis, the variables were not-normally distributed, hence the
medians and interquartie ranges are reported here. Median (IQR) was for the total sample
1.5 (0.7; 2.7), for the ABM-training away from itch 1.7 (0.9; 2.8), for the ABM-training
toward itch 1.3 (0.5; 2.8), and for the sham training 1.7 (0.5; 2.7).
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Pre-training

Post-training

Congruent trials
Incongruent trials
AB-index
Congruent trials
Incongruent trials
AB-index

Total sample (n = 105)

5657.6 + 84.9
558.5 £ 85.0

09 +39.2
497.6 £ 629
494.1 £ 613
-3.5 £ 360

ABM-training away
from itch (n = 33)

544.6 + 87.9
550.2 + 90.7
554369
4831 £ 47.6
487.3 + 55.4
42 £349

ABM-training towards itch (n = 36)

535.9 £ 67.4
537.9 £ 69.5

20+£320
4816 £ 62.4
476.7 £ 56.3
—4.9 +38.1

Sham training (n = 36)

591.1 +£ 89.4
586.8 + 88.2
—-4.3 £ 481
527.0 + 66.5
517.8 + 66.2
-9.2+347





OPS/images/fmed-08-627593/fmed-08-627593-t004.jpg
Pre-training

Post-training

Trial type

Congruent
Incongruent
Congruent
Incongruent

Total sample (n = 115)

5213 (478.0; 579.8)
464.3(429.0; 507.5)
463.2 (426.4; 516.6)

ABM-training away
fromitch (n = 38)

535.0 (492.7; 579.7)
515.6 (480.2; 574.2)
453.7 (430.2; 510.5)
4606 (423.2; 513.6)

ABM-training towards itch (n = 40)

5293 (485.5; 567.1)
511.1 (468.6; 566.5)
458.8 (426.9; 501.8)
462.6 (424.4; 503.6)

Sham training (n = 37)

537.4 (491.3; 605.4)
531.6 (476.0; 613.0)
480.2 (424.5; 536.1)
480.9 (430.3; 533.6)





OPS/images/fmed-08-627593/fmed-08-627593-t003.jpg
Pre-training

Post-training

Congruent trials
Incongruent trials:
AB-index
Congruent trials.
Incongruent trials
ABrindex

Total sample (n = 115)

545.4 £ 77.5
5362+ 77.8
-9.1+434
474.0 £ 63.3
475.1 £ 68.9

12+315

ABM-training away
from itch (n = 38)

544.7 + 67.8
532.1 + 65.8
—12.6 £ 38.0
475.1 + 62.0
473.4 + 65.4

—1.7 £ 300

ABM-training
towards itch (n = 40)

537.1 £75.2
528.7 + 83.8
—8.4+415
462.7 £ 50.2
467.8 + 58.7

514318

Sham training (n = 37)

555.0 + 89.5
548.5 + 83.0
—65+51.0
485.0 £ 75.8
484.9 + 82.1
—-0.1+332
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Dot-probe tasks Version 1
with pictures.

Version 2
Dot-probe tasks Version 1
with words

Version 2

Mean (range)
0.68 (0.34-0.84)

0.71(0.41-0.70)
0.67 (0.23-0.86)

0.60 (0.20-0.84)

Median (IQR)
0.68(0.64; 0.72)

0.72(0.68; 0.75)
0.68(0.62;0.72)

0.61(0.55; 0.66)

Mean and the range of the Spearman-Brown coefficient of 5,000 spiit-haif samples are
reported, as well as the median and interquartile range (IQR).
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Total sample ABM-training away from ABM.-training towards Sham training (n = 38) Statistic for condition

h (n =238) itch (n = 40) difference
Prior to session
Sex (0 M/F) 30/88 11727 1030 9/29 X% = 0298, p = 0.861
Age 22(21;28) 22(21;28) 22(21;23) 21(21;28) He) = 0021, p = 0990
Body vigilance (BVS) 312142 32(1.6:4.0) 29(1.8,38) 3.1(1.9:39) He) = 0.044, p = 0978
Single item for attentional focus on 1.7 (0.3;3.8/25 (0.3;4.7) 1.3(0.2;39)/2.2 (1.5;5.0) 1.6(0.7;3.2/2.9 (0.6;5.0) 1.7 (0.1;3.8/1.8(05;5.0) Hep) = 0.418,p = 0.811/Hg =
itch/pain (0-10) 0.910,p = 0,635
Itch vigilance and awareness (PVAQ-) 25.0(17.5;32.5) 24.5(17.8;31.0) 225(15.3;32.0) 28,0 (16.8;32.8) He) = 1.067, p= 0587
Single item for attentional disengagement 4.0 (3.0; 5.0/4.0 (3.0; 4.0) 4.0 (3.0;5.0/4.0 (3.0; 4.0) 4.0(3.0;5.0/4.0 3.0; 4.0) 5.0(38;5.0/4.0 (3.0;5.0) He) = 3.888, p = 0.143/Hg =
from itctpain 2.770,p = 0.250
Itch catastrophizing (PCS-) 60(1.0;11.0) 7.5(35;12.0) 60(20;12.8) 55(20;12.3) He) = 0454, p = 0.797
Cognitive intrusions of itch (ECIP-) 13.5(80; 19) 14.0(11.0; 22.0) 15.0(11.0; 22.3) 13.0 (1.0, 22.9) Heg = 0372, p = 0830
Neuroticism (EPQ-RSS) 3.0(2.0:5.0) 30(2.0:50) 35(2.0;6.0) 30(1.0;6.0) He) = 1806, p = 0.405
During session
General response inhibition (Flanker index) 51.0(37.3; 64.7) 52.9(408; 66.0) 54.7 (39.4; 64.1) 47.2(31.8;60.8) He) = 1820, p = 0.403

Values displayed are medians (interquartie range: IQR) and absolute numbers for the variable sex.

EPQ-RSS, Eysenck Personality Questionnaire revised short scale (theoretical range 0~12 neuroticism subscale); Single items assessing attentional focusing onitch and pain (theoretical range 0~10); BVS, Body Vigilance Scale (theoretical
range 0~10); PVAQ-, Pain Vigitance and Awareness Scale, adjusted for itch (theoretical range 0-80); PCS-I, Pain Catastrophizing Scale, adjusted for itch (theoretical range 0-52); ECIP-1, Experience of Cognitive Intrusions of Pain,
adjusted for tch (theoretical range original version 0-60—in the current study 10-60); Single items about attentional disengagement (theoretical range 1-5). The flanker indlex was calculated by subtracting the RT for congruent trals
from the RT from incongruent trials. Because most questionnaires were not-normally distributed, the conditions were compared using non-parametric Kruskal-Wells-tests (H) on most outcomes, except for sex, which was compared in
a Chi-square-test.
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Number
N
%
Age (yrs)
Median
95% Cl
Sex
Male, n (%)
Female, n (%)
Duration of pruritus (yrs)
Median
95% Cl
Origin of pruritus (%)
Dermatologic
Systemic
Neurologic
Psychiatric
Multifactorial
Unknown
Intensity of pruritus
WI-NRS/24h
Median
95% CI
A-NRS/24h
Median
95% CI
Scratching behavior (%)

Scratching only when
itching

Scratching causes itch
relief

Scratching injures the skin

Scratching is done
unconsciously

Scratching causes itch
aggravation

Scratching provides
satisfaction

Rubbing
Chafing
Pinching
Kneading
Quality of life
oLl
Median
95% I
Anxiety and depressions
HADS-A
Median
95% CI
HADS-D
Median
95% ClI
Loss of slept hours/day
Median
Mean
D)

Nodular
Prurigo

908
80.5

64.3
62.8-65.8

343(37.9)
565 (62.2)

35
3.03-4.11

228
9.0
6.5
12

6.1

85
85-9.0

6.5
6.0-7.0

710

63.0

64.9
256
16.5
78

13.0
11.0-155

70
6.4-9.3

70
7092

32
2

Popular
prurigo

193
171

l
66-73.4

76 (39.4)
117 (60.6)

1.86
1.59-2.05

88

12.8
24
36.2
3.1

515
295

36.6

271

67.9
201
105
9.0

10.0
9.2-135

7.0
5987

6.0
6.0-8.1

3
3
1.8

Umbilicated
prurigo

24
241

73
66.8-77.8

16 (66.7)
8(333)

1.64
1.08-3.04

125
20.8
125
42

0

8.75
7590

7.76
5.0-85

82.4
47.1

64.7
294

235
17.6

411
59

176
59

12.0
9-12.7

8.0
6.6-9.0

85
8594

35

18

Plaque
prurigo

03

60.3
52.2-64.7

1(33.3)
2(66.7)

6.4-10.2

6.5-80

6.5
5.2-6.8

66.6

333

333
333

333

333

66.6
333

8.0
7.4-120

70
5884

5.0
5.0-7.4

26

Differences

Plaque < umbilicated < papular < nodular prurigo
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Whole group (n = 197)

545+ 136
121 (61.4)
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202123
257+£24
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Sex Men, n (%) 19 (45.2)
Women, n (%) 23(54.8)
WI-NRS after renal transplantation (mean = SD) 59+22
Previous 3-day W1 - NRS (mean = SD) (n = 21) 42+15
Previous 3-dayVRS (1=21)  Mid, n (%) 8(38.1)
Moderate n (%) 11 (52.4)
Severe, n (%) 2(95)
Very severe n (%) 0
Itch treatment Emollents, n (%) 17 (40.5)
Antihistarminic, n (%) 495
Localization Single, n (%) 18 (42.9)
Multiple, 1 (%) 20 (47.6)
Generalized 495
Back 21 (50)
Extremities 21(50)
Head 12 (286)
Thorax 7(167)
Anogenital area 5(11.9)
Abdomen 9(21.4)

n, number of patients; SD, standard deviation; WI-NRS, Worst ltch-Numeral Rating Scale;
VRS, Verbal Rating Scale.
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unpleasant sensations
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diffuse nervous system
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examination
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Treatment Etiological Gabapentinoids Antidepressants**
Symptomatic  Antidepressants™*

**There is & need for confirmation by clinical trials.
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pinpoint platinum wire 06-1mA  non-lesional (volar  polymodal C-fioers  APs/
/\ 04mm forearm) skin oulss
s transdermal; 200msand  5-2000Hz  2-140pA  severalseconds 5z 825 pA healthy + A->Cfibers 1A/ ©9)
3,14 om? disc 0.0005 ms untiliteh threshold AD/prurigo cycle
per oycle nodulars lesional
+ non-lesional
transdermal; 250 ms 4Hz  0.02502mA tmin 4Hz;0.1-02mA;  ADlesional+  polymodaland  1AP/ 8)
pinpoint platinum wire per cycle continuous non-lesional (volar silent oycle
0.4mm 30-60s forearm)skin ~ C-nociceptors

Summary and references of the electrical stimulation protocols. Note that with a rectangular stimulation paradigm of 0.25 Hz and 0.5 ms pulse duration the transcutaneous electrical thresholds were >9mA for C-nociceptor stimulation
(electrodle covering 30 mm?) (30). If higher current densities are provided! at the stimulation sites by using pointed (1 mm diameter) or bipolar (2mm length, 3mm distance) pin electrodes (stimulation frequency 1~10Hz) current intensities
exceeding 5mA are required for C-fiber activation (31, 32). Given the low intensities and high frequencies usedin the protocols summarized, most likely myelinated A-fibers had been stimulated.

n.d. not determined.
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VRS

Al patients 2409 (1-4)
Females 2.4+ 10(1-4)
Males 23:£09(1-4)
P 051

Psoriasis 23:£09(1-4)
AD 2.4+ 10(1-4)
Lichen planus 2.7 £1.0(1-4)
CLE 2209 (1-4)
Eczema 22 +1.0(1-4)
Other dermatoses 2708 (1-4)
p 005

NRs

59:+2.4(1-10)
6025 (1-10)
58:+23(1-10)
047
58+23(1-9)
6024 (1-10)
6.5+ 2.7 (1-10)
55:+23(2-10)
53:+25(1-9)
63:£2.4(1-10)
021

12-PSS

1.1 4.4 (0-30)
10.7 4.4 (0-30)
11.8 % 4.4 (0-28)
0.08
13.1+38(3-28)
143+ 4.4 (1-21)
10.2 % 4.0 (0-22)
85+32(0-30)
12.6 % 5.1 (1-18)
15.0 % 3.3 (2-25)
<0001

pLal

9.9+7.3(3-21)
9.347.2(3-20)
112 £7.5 (4-21)
008
163 £7.7 (6-20)
11.847.6 (5-21)
9259 (3-20)
7470317
11.046.2 (7-19)
1394 7.2 (6-20)
<0.001

AD, atopic dermatitis; CLE, cutaneous lupus erythematosus; DLQJ, Dermatology Life Quality Index; NRS, Numeric Rating Scale; 12-PSS, 12-item Pruritus Severity Scale; VRS, Verbal

Rating Scale; *p-values according to Student's T-test

-values according to analysis of variance; min-max values provided in brackets.





OPS/images/fmed-07-627617/crossmark.jpg
©

2

i

|





OPS/images/fmed-08-763667/crossmark.jpg
©

2

i

|





OPS/images/fmed-08-627593/inline_6.gif





OPS/images/fmed-08-627593/inline_5.gif





OPS/images/fmed-08-627593/inline_4.gif





OPS/images/fmed-08-627593/inline_3.gif





OPS/images/fmed-08-627593/inline_2.gif





OPS/images/fmed-08-627593/inline_13.gif





OPS/images/fmed-08-627593/inline_12.gif





OPS/images/fmed-08-627593/inline_11.gif





OPS/images/fmed-08-627593/inline_10.gif





OPS/images/fmed-08-627593/inline_1.gif





OPS/images/fmed-08-628020/fmed-08-628020-t002.jpg
Contrasts

2vs. 4min
2vs. 6min
2vs. 8min
2vs. 10min
2vs. 12min
2vs. 14min
2vs. 16min
2vs. 18min
2vs. 20min

F

4.66
9.19
214
131
125
0.08
0.34
129
0.78

Touch x Time point

For every contrast analysis, the degrees of freeclom are 1.60.

*p < 0.05; <0.01.

0.085*
0.004"*
0.148
0.267
0.268
0.773
0.564
0.261
0.380
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Affective touch
Baseline itch VAS score

2-min measurement itch VAS score
4-min measurement itch VAS score
6-min measurement itch VAS score
8-min measurement itch VAS score
10-min measurement itch VAS score
12-min measurement itch VAS score
14-min measurement itch VAS score
16-min measurement itch VAS score
18-min measurement itch VAS score
20-min measurement itch VAS score
Baseline pleasantness VAS score
Non-Affective touch

Baseline itch VAS score

2-min measurement itch VAS score
4-min measurement itch VAS score
6-min measurement itch VAS score
8-min measurement itch VAS score
10-min measurement itch VAS score
12-min measurement itch VAS score
14-min measurement itch VAS score
16-min measurement itch VAS score
18-min measurement itch VAS score
20-min measurement itch VAS score
Baseline pleasantness VAS score
PVAQ Score

Difference score of VAS scores for itch

Difference score of VAS scores for pleasantness

Data of Table 1 are partly visualized in Figures 2, 3.

Mean * SE

6.80 £0.16
3.83+0.29
3.57 £0.29
3.39+£0.32
3.60 +0.32
3.80 £0.34
3.82£0.35
4.06 +0.33
417 £035
4.16 £0.356
424+038
6.82 £0.22

6.756£0.21
4.00 £ 0.34
424 £0.34
437 £034
422 £0.35
4.40 £0.33
4.41 £0.36
434£035
4.56 £ 0.36
4.77 £0.37
4.77 £0.38
5.24+0.23
3725 +1.35
0.55+0.24
-1.58 £0.31

Range

3.00-9.00
0.00-8.50
0.00-8.00
0.00-9.00
0.00-9.00
0.00-9.00
0.00-9.00
0.00-9.00
0.00-9.00
0.00-9.00
0.00-9.00
0.00-10.00

2.00-10.00
0.00-9.00
0.00-9.00
0.00-9.00
0.00-9.00
0.00-9.00
0.00-9.00
0.00-9.00
0.00-9.00
0.00-9.50
0.00-9.50
1.00-9.00

13-62
—3.20-6.00
—6.00-8.50
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Receptors/channels

TRPV1/TRPA1

IL-31RAVOSMR

TSLPR

PAR-2

NK1R

HIR/H4R

MRGPRX2

TrkA

Non-neuronal cells

Dendiitic cels (only TRPV1)
Eosinophils (only TRPVA)
Keratinocytes

Macrophages and monocytes
Mast cells

Neutrophils

Teells

Basophils

Dendiitic cells

Eosinophils

Keratinocytes

Macrophages and monocytes
Mast cells

Teels

Basophils

Eosinophils

Dendritic cels.

Keratinocytes

Macrophages and monocytes
Mast cells

Tand B cells

Dendritic cells

Keratinocytes

Macrophages and monocytes
Meast cells

Neutrophils

Dendritic cells

Eosinophils

Keratinocytes

Macrophages and monocytes
Mast cells

Tand B cells

Basophils

Dendritic cels

Eosinophils

Keratinocytes

Monocytes

Mast cells

Teels

Basophils

Eosinophils

Mast cells

Basophils

Eosinophils

Keratinocytes

Macrophages and monocytes
Mast cells

Tand B cells

References

(46, 47)
(48)
(33,34)
(85-37)
(39, 40)
(@1,42)
(25, 43-45)
©2)
(68)
(61,64)
(69, 70)
(65-67)
(13)
(25,57, 71)
(©9)
(90)
©1
©2)
(94,95)
©3)
(96,97)
(125, 126)
(124)
(125-127)
(128, 129)
(130)
(148)
(149)
(154, 165)
(151)
(150)
(152, 163)
(185)
(186, 187)
(13)
(183, 184)
(187)
(188)
(28, 189-191)
(206)
(206)
(205)
(238)
(33)
(228)
(39
(231,232)
(240, 241)
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Receptors/channels Therapeutic agents Indications References

TRPV1/TRPAT Asivatrep/PAC-14028 (TRPV1 antagonist) Atopic dermatitis (64, 56)
IL-31RA/OSMR Nemolizumab/CIM331 (IL-31RA antagonist) Atopic dermatitis ©3)
Vixarelimab/KPL-716 (OSMR antagonist) Atopic dermatitis (84)
TSLPR Tezepelumaty/ANIG-157/MEDIS929 (anti-TSLP antibody) Atopic dermatitis (111)
Topical spray containing TTLE and GA (TSLP inhibitor) Atopic dermatitis (113)
PAR-2 currently not avaitable in humans - -
NK1R Aprepitant (NK1R antagonist) Atopic dermatitis (168, 169)
Serlopitant/VPD-737 (NK1R antagonist) Atopic dermatitis, Psoriasis (173)
Tradipitant/VLY-688 (NK1R antagonist) Atopic dermatitis (174)
HIRHAR Bilastine (H1R antagonist) Chronic spontaneous urticaria (195)
Adriforant/ZPL-3893787 (H4R antagonist) Atopic dermatitis (198)
JNJ-39758979 (H4R antagonist) Atopic dermatitis (02)
MRGPRs currently not available -

THA Pegcantratinib/CT327 (TrkA inhibitor) Psoriasis (255)






OPS/images/fmed-08-627725/fmed-08-627725-g006.gif
cos o ey e
|
|
N o e
o s o sun

o TOMAINAC (D) g oy HOMGAG PENGp)






OPS/images/fmed-08-627725/fmed-08-627725-g007.gif





OPS/images/fmed-08-627725/fmed-08-627725-g008.gif





OPS/images/fmed-08-627985/crossmark.jpg
©

2

i

|





OPS/images/fmed-08-627725/fmed-08-627725-g003.gif





OPS/images/fmed-08-627725/fmed-08-627725-g004.gif





OPS/images/fmed-08-627725/fmed-08-627725-g005.gif
H
| S|
L REERED LRI

§ N §58E°

o Cwowmspmum W cwoiss s

§E§RE°





OPS/images/fmed-08-632683/fmed-08-632683-t001.jpg
Al patients

Patients with  Patients without

(1=181)  pruritus (n = 25) pruritus (n = 156)
SEX, n (%)

Men 92 (50.8) 12 (48.0) 80(51.2)
Women 89 (40.2) 13 (52.0) 76 (48.7)
AGE

Mean 69 73 69
Median 72 76 72
Range 27-97 41-96 27-97
MEDICAL HISTORY, n (%)

Cholestasis 2(1.1) 1(4.0) 1(06)
Diabetes 16.8.7) 4(16.0) 12(7.7)
Dysthyroidism 20 (11.1) 7(28.0) 13(8.3)
Renal failure: 8(4.4) 3(12.0) 5@2)
Anxiety 738 1(4.0) 6(3.8)
Depression 16(8.8) 4(16.0) 12(2.7)
Haemopathy 6(33) 0 638
Skin diseases 16 (8.8) 4(16.0) 12(7.7)
Vitiigo 6(33) 4(16.0) 2(13)
Psoriasis 4@2) 0 426)
Eczema 2(1.1) 0 2(13)
Lichen 108) 0 1(06)
Rosacea 109 0 1(0.6)
Caustic 108) 0 1(06)
dermatitis

Pityriasis rubra 1(05) 0 1(06)
pilaris.

HISTOLOGICAL TYPE, n (%)

Melanoma 175 (96.7) 23(92.0) 152 (97.4)
SSM 53 (30.3) 11 (44.0) 42 (26.9)
MLM 18(7.4) 0 13(83)
Nodular 31(17.7) 6(24.0) 25(16.0)
ALM 5028 0 5@2)
v ) 149 638
Choroidal 508 0 5@2)
Desmoplastic 2(1.1) 0 2(13)
Spitzoid 108) 1(4.0) 0
MD 60 (37.2) 4(16.0) 56 (35.9)
Squamous cell 6(33) 2(8.0) 426)
carcinoma

TUMOR CHARACTERISTICS, n (%)

Presence of 52(28.7) 6(24) 46 (29.5)
ulceration

Bresiow 49 4.2 50
Mean

Median 36 40 35
Range 0-40 0.15-12 0-40
Sentinel node 8(4.4) 1(4.0) 7(45)
Positive

Negative 5@7) 1(4.0) 426)
Unmade 170 (93.9) 23(92.0) 147 (94.2)
LOCATION, n (%)

Head 35(19.3) 3(12.0) 32(205)
Trunk 35 (19.9) 7(28.0) 28(17.9)
Lower limbs 47 (25.9) 7(28.0) 40(25.6)
Upper limbs 25 (14.9) 5(20.0) 20(12.8)
Unknown 24 (132) 2(80) 22(14.1)
Neck 4@2) 1(4.0) 3(19
MD 11(6.1) 0 1(7.1)
METASTASIS, n (%)

Site number 110 (60.7) 13 (62.0) 97 (62.2)
=3

<3 63(35.3) 12 (48.0) 51(32.7)
Brain metastasis 35 (19.3) 5(20.0) 30(19.2)
Hepatic 46 (25.4) 1(4.0) 45(28.8)
metastasis

MUTATION STATUS (FOR MELANOMA), n (%)

BRAF 4425.1) 6(26.0) 38(243)
NRAS 38(21.7) 7(26.1) 31(199)
CcKIT 6(3.4) 0 638
MDandlackof 87 (49.7) 10 (43.0) 77 49.9)
mutation

MD, missing data.
*p < 0.05.

0.83
0.83

0.26
0.24
0.000
0.08

0.24

0.24
0.003*

0.64

0.52
0.65

0.41
0.27
0.80
0.33
054
0.45
0.36

0.26

0.08

0.43

0.39
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Ne  Firstline ICI’s  Staring  Closing 2nd line Starting  Closing ~ Occurrence Occurrence Regression Indays Pruritus at

patient date date of pruritus  in months last news
(MM/YY)
1 Nivolurmab 09.17 1019 07.19 2 Yes 21 No
2 Ipilimumalo 03.13 06.14  Pembrolizumab 10.14 04.15 04.15 25 Yes 10 No
3 Prembrolizumab 1115 01.17 04.16 5 Yes 252 No
4 Pembrolzumab  11.16 08.17 0247 8 Yes MD No
5 Pembroizumab 0917 02.18  Ipiimumab 02.18 05.18 03.18 6 Yes 56 No
6 Nivolumab 01.17 10.17  Pembrolizumab 117 03.18 04.17 3 Yes 28 No
7 Pembroizumab 0119 09.19 08.49 7 No Yes
8 Pembrolizumab 1115 117 09.17 22 Yes MD No
9 Nivolumab o1.18 10.18 o1.18 0 Yes 280 No
10 Pembrolizumab 07.17 1117 Ipilimumab 1217 02.18 1017 3 Yes 21 No
11 Pembrolizumab  07.15 09.16 02.16 7 Yes 56 No
12 Pembroizumab 0817 0019 12,17 9 Yes 14 No
13 Pembroizumab  07.47 01.19 03.48 8 Yes 280 No
14 Pembrolizumab 1115 08.16 02.16 3 Yes 42 No
15 Nivolumab 06.17 1147 Nivolumab 01.19 05.19 08.47 2 Yes 84 No
16 Cemiplimab 08.18 09.19 10.18 2 Yes MD No
17 Pembrolizumab 02.18 10.19 06.18 4 No Yes
18 Nivolumab 02.16 09.19 05.47 3 Yes 28 No
19 Pembrolizumab  09.47 07.19 05.19 20 Yes 15 No
20 Cemiplimab 08.18 09.19 03.19 7 No Yes
21 Pembrolzumab  04.18 09.19 05.48 1 Yes 15 No
22 Pembrolizumab  02.18 10.19 04.19 14 Yes 112 No
23 Pembrolizumab  01.19 1019 04.19 3 Yes 140 No
24 Ipiimumab 00.14 11,14 Pembrolizumab o118 06.18 10.14 1T Yes 28 No
25 Nvolumab 06.16 08.18 1247 18 Yes 28 No

MD, missing data; dates are expressed in months/years. Occurrence in months: the number of months after the onset of pruritus after the start of immunotherapy. Regression: regression
of pruritus in days and the persistence of the pruritus at the last follow-up.
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Agent

BMS-981164

Lokivetmab

Nemolizumab

Vixarelimab

Target

IL-31

131

IL-31RA

OSMR

Drug attributes

Monocional antibody,
administered SC and
v

Caninized monoclonal
antibody, administered
sc

Humanized
monocional antibody,
administered SC

Monoclonal antibody,
administered SC

Disease

Atopic
dermatitis

Canine atopic
dermatitis,
canine
mastitis
Atopic
dermatitis

Prurigo
nodularis

Prurigo
nodularis

Chronic
pruritic
diseases®

Highest development
stage

Phase 1

N/A (veterinary use only)

Phase 3 (administered
with concomitant
TCS/TC) (103)

Phase 2 (104)

Phase 2a (105)

Phase 2 (105)

Key outcomes

Unknown (completed 2015 but unpublished)

Reduces pruritus in dogs

Mean percent change in pruritus VAS from baseline to week
16: nemolizumab—42.8%, placebo~21.4% (diference,
~21.5%; p < 0.001)

Reduction in EAS! score: nemolizumab —45.9%, placebo
-33.2%

Score of < 4 on DLQI: nemolizumab 40%, placebo 22%
Score of < 7 on ISI: nemolizumab 55%, placebo 21%
Rates of adverse events were simiar between

treatment groups.

Percent change in the mean peak pruritus NRS score from
baseiine to week 4: nemolizumab—53.0%, placebo —20.2%
(difference ~32.8%; p < 0.001)

Similar trends observed for secondary outcomes

The overall tolerabilty profiles were comparable between
treatment groups

LSM change in weekly average WI-NRS from baseline at
Week 8: vixarelimab—50.6%, placebo—29.4% (difference
21.1%; p = 0.035)

No dose-limiting AEs, no serious AE, no atopic

dermatits flares

Plaque psoriasis: LSM change in WI-NRS from baseline to
Weok 8: vixarelimab —66.5%, placebo ~29.0% (o = 0.012)
Chronic idiopathic pruritus: LSM change in WI-NRS from
baseiine to Week 8: vixarelimab—52.4%, placebo —48.8%
(p=0813).

No formal statistical analysis in lichen simplex chronicus,
chronic idiopathic urticaria, and lichen planus due to small
patient numbers (<5 per group)

No dose-limiting AEs

“Inclucing plaque psoriasis, chronic idopathic pruritus, lichen simplex chronicus, chronic idiopathic urticaria, or lichen plenus.
AE, adverse event; DLQI, dermatology lfe quality index; EASI, eczema area and severity index; IL-31, interleukin-31; IL-31RA, interleukin 31 receptor A; ISI, insomnia severity index; IV,
intravenously; LSM, least squares mean; N/A, not applicable; NRS, numeric rating scale; OSMR, oncostatin M receptor; SC, subcutaneously; TCS/TCI, topical corticosteroids/topical
calcineurin inhibitors; VAS, visual analog scale; WI-NRS, worst-itch numeric rating scale.
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All Patients Patients P
patients,n  with without
(%) (1= pruritus,n  pruritus
181) (%) (=25 (n=156)

Hypothyroidism 28(155 6240  22(14.1) 023
Hyperthyroidism 15(83) 3(12.0) 1207.7) 0.44
Hypophysitis 4@2) 0 4(26) 1
Diabetes 2(1.9) 0 2(13) 1
Adrenal insufficiency 1 (0.5) 0 1(06) 1
Preumopathy 1(08) 0 1(086) 1
Sarcoidosis 1(05) 0 1(06) 1
Cholestasis 52(287)  8(320)  44(282) 081
Cytolysis 43(287)  10(400)  33(21.1) 007
Colitis 10(55) 2(80) 8(5.1) 063
Gastriis 2(1.9) 0 2(13) 1
Pancreatiis 1(05) o 1(06) 1
Renal failure 10(5.5) 4(16.0) 6(38) 003"
Nephropathy 2(1.9) 0 2(13) 1

Arthralgia 17 (9.4) 3(12.0) 14(89) 071

Myalgia 4@2) o 4(26) 1

Neuropathy 3(1.7) 0 3(1.9) 1

Hypereosinophila ~ 20(11.05)  9(36.0) 11(7.0) 0.0002*
Dry syndrome 8(4.4) 3(12.0) 5(2) 008
Uveitis 2(05) o 2(13) 1

*p < 0.05.
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Variable

Sex

Brain metastases

Hepatic metastases

Pruritus appearance

Male
Female

Hazard Ratio (95%Cl)

1.06(0.70, 1.59)
1
1.74(1.07, 2.89)
1
2.34 (158, 357)
1
0.47(0.19, 1.18)
1

p-Value

0.79

0.025

<0.0001

0.1

The HR for each variable corresponds to adjusted analysis for the other variables.
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Variable Hazard Ratio (95%Cl) p-Value

Sex Male 1.07 (0.71,1.60) 076
Female 1

Brain metastases Yes 1.76 (1.08, 2.86) 0023
No 1

Hepatic metastases ~ Yes. 235 (1.54, 3.60) <0.0001
No 1

Pruritus appearance  Induced 0.70(0.17, 2.89) 062
Systemic 0.38(0.12, 1.28) o.11
None 1

The HR for each variable corresponds to adjusted analysis for the other variables.
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All patients, Patients with Patients. P

n (%) pruritus,n  without pruritus
(n=181) (%) (n =156)
(n=25)

Vitiigo 20(11.1) 6(24.0) 14(8.9) 003
Eczema 16(8.3) 4(16.0) 12(7.7) 024
Maculopapular 8 (4.4) 0 8(5.1) 0.60
exanthema

Psoriasis 6(33) 1(4.0) 5@2) 059
Lichenichenoid 5 (2.7) 1(4.0) 4@7) 052
Folicultis 2(1.1) 1(4.0) 1(0.6) 025
Severe 1(05) 0 1(0.6) 1
toxidermia

Urticaria 1(0.5) 1(4.0) 0 0.13





