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98 ABSTRACT

99

100 Ion channels have recently attracted attention as potential mediators of skin disease. 

101 Here, we explored the consequences of genetically encoded induction of the cell 

102 volume-regulating Ca2+-activated KCa3.1 channel (Kcnn4) for murine epidermal 

103 homeostasis. Doxycycline-treated mice harboring the KCa3.1+-transgene under the 

104 control of the reverse tetracycline-sensitive transactivator (rtTA) showed 800-fold 

105 channel overexpression above basal levels in the skin and solid KCa3.1-currents in 

106 keratinocytes. This overexpression resulted in epidermal spongiosis, progressive 

107 epidermal hyperplasia and hyperkeratosis, itch and ulcers. The condition was 

108 accompanied by production of the pro-proliferative and pro-inflammatory cytokines, 

109 IL-β1 (60-fold), IL-23 (34-fold), IL-6 (33-fold), and TNFα (26-fold) in the skin. 

110 Treatment of mice with the KCa3.1-selective blocker, Senicapoc, significantly 

111 suppressed spongiosis and hyperplasia, as well as induction of IL-β1 (-88%), IL-23 (-

112 77%), and IL-6 (-90%). In conclusion, KCa3.1-induction in the epidermis caused 

113 expression of pro-proliferative cytokines leading to spongiosis, hyperplasia and 

114 hyperkeratosis. This skin condition resembles pathological features of eczematous 

115 dermatitis and identifies KCa3.1 as a regulator of epidermal homeostasis and 

116 spongiosis, and as a potential therapeutic target. 

117

118 Key words: Eczema, hyperkeratosis, KCa3.1, KCNN4, itch, spongiosis. 
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119

120 INTRODUCTION 

121 Ion channels have long been known to contribute to the pathophysiology of 

122 inflammatory, autoimmune [1], and proliferative diseases [2-4]. More recently, 

123 several calcium-permeable channels of the transient receptor potential family (TRP) 

124 and potassium channels have been found to be involved in skin conditions, such as 

125 melanoma [5], psoriasis [6], atopic dermatitis [7], Olmsted syndrome [8], and rosácea 

126 [9-11], suggesting the respective channels as potential treatment targets.

127 One of the K+ channels considered a skin ion channel is the intermediate-

128 conductance Ca2+–activated K+ channel, KCa3.1, encoded by the KCNN4-gene [12- 

129 14]. Its calmodulin mediated activation produces K+ efflux and membrane 

130 hyperpolarization, thus serving its multiple biological functions such as erythrocyte 

131 volume decrease [15-16], hyperpolarization-driven Ca2+-influx, proliferation and 

132 cytokine production in T-cells [1, 17], migration and activation of 

133 macrophages/microglia [18-19], Cl– and H2O secretion in epithelia [20-21], as well as 

134 endothelium-derived hyperpolarization-mediated vasodilation [22-23]. 

135 KCa3.1 induction has been implicated in several diseases states characterized 

136 by excessive cell proliferation and inflammation (For recent in-depth reviews of 

137 KCa3.1 in health and as drug target in disease see [1-2, 24]. For instance, induction of 

138 KCa3.1 was shown to regulate the phenotypic switch of fibroblasts and smooth 

139 muscle cells towards a dedifferentiated proliferative phenotype that promoted 

140 pathological organ remodelling in the lung, heart, and kidneys [25-30], as well as 

141 arterial neointima formation [18, 31-32]. In addition, high expression of KCa3.1 has 

142 been considered a marker of tumor progression for some cancers [3, 33-34]. 
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143 KCa3.1, therefore, can be viewed as a possible driver of disease, and several 

144 small molecule inhibitors for this therapeutically attractive target have been 

145 developed and tested in pre-clinical animal models [35-36]. The inhibitor, ICA-17043 

146 (Senicapoc), initially intended for the treatment of sickle cell anemia, has been found 

147 clinically safe [37] and is currently being considered for drug repurposing for stroke 

148 and Alzheimer’s disease, two conditions in which KCa3.1 contributes to the 

149 pathophysiology [19, 38]. 

150 However, concerning the skin, the physiological role of KCa3.1 and its 

151 pathophysiological significance for human skin disease is largely unexplored. So far, 

152 KCa3.1 protein expression and/or mRNA message have been found in rat epidermis 

153 [39], in human keratinocytes and melonama [5], where pharmacological inhibition of 

154 KCa3.1 has anti-proliferative efficacy in vitro. Yet, the role of KCa3.1 in the healthy 

155 or diseased epidermis remains elusive. Here, we hypothesized that epidermal KCa3.1, 

156 as a channel that controls cell volume, proliferation and chloride and water-secretion, 

157 is a regulator of epidermal homeostasis. 

158 To test the hypothesis, we generated conditional KCa3.1-overexpressor mice 

159 (KCa3.1+) that harbor a murine Kcnn4-transgene under the control of a tetracycline 

160 response element (TRE) together with a rtTA-transgene [40] for DOX-inducible 

161 Kcnn4-transgene expression specifically in epithelia including the epidermis (Fig  1 

162 A) and found that KCa3.1-induction causes eczematous dermatitis characterized by 

163 intra-epidermal edema (spongiosis), epidermal hyperplasia and hyperkeratosis, severe 

164 itch, and ulcers.

165
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166 MATERIAL & METHODS

167 Transgenic Mice

168 Our TRE-TgKcnn4 mice were generated at Unitech Co., Ltd. (Chiba, Japan). 

169 Briefly, a tetracycline-regulated Kcnn4 expression construct was generated by 

170 subcloning PCR-amplified cDNA encoding the open reading frame of murine Kcnn4 

171 (gene ID16534)) into the pTRE-Tight expression vector (Clontech). The construct was 

172 verified by sequencing. The pTRE-Tight vector construct was cleaved with the 

173 restriction enzyme and injected into pronuclei of fertilized mouse oocytes of the 

174 C57BL/6J strain. The putative TRE-TgKcnn4 founders obtained were genotyped by 

175 PCR with primers specific for the murine Kcnn4 sequence. Two founders were crossed 

176 with wild type C57BL/6J mice to establish the F1 generation. One line was inbred over 

177 2-3 generations and then crossed with B6.Cg-Gt(ROSA)26Sortm1(rtTA*M2)Jae/J + 

178 [40]. Routine genotyping was performed by using DNA from tail tips and PCR primers 

179 (see table 1) and the SuperHotTaq Master mix (BIORON GMBH, Germany); cycle 

180 program: 94 ºC for 2 min, 35 cycles 94 ºC for 20 sec, 56ºC for 30 sec, 72 ºC for 30 sec, 

181 and cooling to 10ºC. PCR products were separated by gel electrophoresis (1.5% 

182 agarose). Pups being hemizygous for both trangenes were used for experimentation. 

183 All transgenic mice were generated and maintained within a specific pathogen free 

184 (SPF) barrier facility of Aragonese Center for Biomedical Research according to local 

185 and national regulations. 

186 For transgene-induction over 1 or 2 weeks, doxycycline (DOX, Sigma) was 

187 added to the drinking water (1mg/ml) and water intake was monitored. Senicapoc was 

188 synthesized in-house as previously described. Senicapoc-medicated chow was prepared 

189 to administer a dose of 30 mg/kg/day. Photo- and video-documentation was routinely 

190 performed at the day of or the day prior to sacrifice. Organs and blood were collected 
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191 after CO2 suffocation and stored on dry ice or fixed in neutral-buffered formaldehyde 

192 (4%) until further processing. All procedures were approved by the local Animal Ethics 

193 Committee (PI27/13; PI28/12; PI37/13/16; PI32/15) and in accordance with the 

194 ARRIVE guidelines.

195

196 Isolation of Epidermal Keratinocyte

197 Tails were sterilized by short immersion in 90% ethanol and then stored in 

198 MEM-Earle with 20 mM HEPES until further processing. For separation of the skin 

199 from the underlying tissue, the skin was carefully cut open and removed from the base 

200 to the tip of the tail and cut into approximately 0.5 cm2 large pieces. Thereafter, pieces 

201 floated on a 0.25% trypsin/phosphate-buffered solution (PBS) overnight. For 

202 keratinocyte isolation, epidermis and dermis were carefully separated and the epidermis 

203 was cut into small pieces using a scalpel. Keratinocytes were dispersed by repeated 

204 passing through the tip of a cell culture pipette, seeded on coverslips in MEM Earle 

205 supplemented with 10% calf serum, and used for patch-clamp experiments within the 

206 next 3 hrs. 

207

208 Patch-Clamp Electrophysiology

209 Ca2+-activated K+ currents in murine keratinocytes were measured in the whole-

210 cell configuration using an EPC10-USB amplifier (HEKA, Electronics, Lambrecht-

211 Pfalz, Germany) and a pipette solution (intracellular) containing 1 µM Ca2+ free for 

212 channel activation (in mM): 140 KCl, 1 MgCl2, 2 EGTA, 1.71 CaCl2 (1 µM [Ca2+]free) 

213 and 5 HEPES (adjusted to pH 7.2 with KOH). The bath solution contained (in mM): 

214 140 NaCl, 5 KCl, 1 MgSO4, 1 CaCl2, 10 glucose and 10 HEPES (adjusted to pH 7.4 

215 with NaOH). For KCa3.1 inhibition, we applied 1,3-Phenylenebis(methylene)bis(3-
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216 fluoro-4-hydroxybenzoate (RA-2) at a concentration of 1 µM (n=2, experiments). Data 

217 acquisition and analysis was done with the Patch-Master program (HEKA). Ohmic leak 

218 conductance of up to 1 nS was subtracted where appropriate. We quantified outward 

219 currents at a potential of 0 mV. Membrane capacitance was 6 +/- 1 pF (n=4) in 

220 keratinocytes from Dox-treated mice and 7 +/- 2 pF (n=5) in keratinocytes from non-

221 treated mice.

222

223 Histology

224 Samples were fixed in 4% formaldehyde for at least 24 hrs and then transferred 

225 to 60% ethanol. Thereafter samples were imbedded in paraffin and cut into 4 µm-thick 

226 sections. Sections were stained with hematoxylin and eosin. Scoring: For quantifying 

227 and comparing the skin pathology, skin sections were scored for grade of hyperplasia, 

228 and hyperkeratosis by a pathologist (MM) and for grade of intra-epidermal edema by 

229 two investigators (RK/KLH), independently and in a blinded fashion. We used the 

230 following in-house developed scoring system: Mild:  ≥0.5 <1; Moderate:  ≥1<2; Severe: 

231 ≥2. Individual scores for intra-epidermal edema did not vary by more than 0.5 and were 

232 averaged.

233

234 Immunohistochemistry and TUNEL Assay

235 For KCa3.1, tissue samples were fixed in 4% neutral buffered formaldehyde 

236 solution and embedded in paraffin. 2.5 µm-thick sections were cut with a rotation 

237 microtome (Leica RM2255). Slides were air dried at 37°C overnight, were de-

238 paraffinized in xylene for 10 min, and then rehydrated. After rehydration, epitope 

239 retrieval was carried out using the PT Link (Dako) at 95°C for 20 min in a high pH 

240 buffer (Dako Antigen retrieval, high pH). Endogenous peroxidase was blocked using 
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241 the EnVision FLEX Peroxidase-Blocking kit followed by two washes for 5 min each 

242 (Dako wash buffer). Sections were incubated for 60 min with a rabbit anti-KCNN4 

243 primary antibody (AV35098, Sigma-Aldrich) at 1/2000 dilution followed by two 

244 washes. Signal amplification was done using the ImmPRESS™ Excel Amplified HRP 

245 Polymer Staining Kit (Vector Laboratories). After 3 wash steps (Dako wash buffer, 5 

246 min each). Sections were incubated with 3,3'-diaminobenzidine (DAB) for 10 min and 

247 counterstained with hematoxylin.

248 Proliferating cell nuclear antigen (PCNA) and Caspase 3 (CASP3): 5 µm-thick 

249 tissue sections were placed on silanated slides. After de-paraffinization, endogenous 

250 peroxidase was quenched by immersing the samples in methanol containing 0.03% 

251 hydrogen peroxide. Heat antigen retrieval was performed in pH 6.5 10 μM citrate-based 

252 buffered solution (Dako). In order to prevent non-specific binding, samples were 

253 incubated for 2 h with Protein Block (Dako). Samples were incubated overnight at 4ºC 

254 with mouse and rabbit monoclonal antibodies against PCNA (Cell Signaling, 1:100) 

255 and Cleaved-CASP3 (Calbiochem, 1:100), respectively, followed by incubation with 

256 an anti-mouse or anti-rabbit polymer-based Ig coupled with peroxidase (Cell Signaling) 

257 for 30 min at RT. Then, sections were incubated with 3,3’-diaminobenzidine (DAB) 

258 and counterstained with hematoxylin, and studied under an Olympus BX-61 

259 microscope.

260

261 Apoptosis was determined by using the TUNEL (Terminal deoxynucleotide 

262 transferase mediated X-dUTP nick end labeling) assay. 5 µm-thick sections were de-

263 paraffinized and rehydrated. Then, sections were treated with Proteinase K (20 µg ml–

264 1, 15 min, at RT) and rinsed twice with phosphate buffered saline (PBS). For detection 

265 of apoptotic nuclei, sections were incubated for 1 hrs at 37ºC in the dark with the in situ 
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266 Cell Death Detection Kit (Roche) according to the manufacturer’s instructions. After 

267 two washes with PBS, sections were mounted in ProLong® with DAPI (Life 

268 technologies). Fluorescence-microscopy was performed with an Olympus BX-61 epi-

269 fluorescence microscope equipped with filter sets for fluorescence microscopy: 

270 ultraviolet (UV, 365 nm, exciting filter UG-1) and blue (450-490 nm, exciting filter BP 

271 490). Photographs were taken with a digital Olympus CCD DP70 camera.

272

273 RNA Isolation, Reverse Transcription, and Quantitative RT-PCR

274 Depilated skin of the neck and other organs were placed into 1 ml TriReagent 

275 (Sigma, Saint Louis, Missouri, USA) and stored at -80ºC. Samples were homogenized 

276 with a T10 basic ULTRA-TURRAX (IKA, Staufen, Germany) at 4ºC.

277 Total RNA was isolated with the TriReagent following the manufacturer’s protocol, 

278 and further purified using RNA Clean-up and Concentration-Micro-Elute kit (Norgen 

279 Biotek, Thorold, Canada). Genomic DNA was digested using the Ambion DNA-free 

280 kit (Invitrogen, Carlsbad, California, USA). Quantity and purity of extracted RNA were 

281 determined by spectrophotometry (NanoDrop1000, Thermofisher, Waltham, MA) and 

282 stored at −80ºC for later use. Integrity of RNA samples and successful digestion of 

283 genomic DNA were verified by gel electrophoresis. Reverse transcription was 

284 performed with 600 ng of total RNA by using the Super Script III reverse transcriptase 

285 (Invitrogen, Carlsbad, California, USA) and random hexamers following the 

286 manufacturer’s protocol.

287 cDNA obtained from 10 ng of total RNA was amplified in triplicates using the 

288 SYBR Select Master Mix and a StepOnePlus Real-Time PCR system (Applied 

289 Biosystems, Foster City, California, USA) using the following cycle protocol: 95ºC, 15 

290 s and 60ºC, 60 s repeated for 40 cycles. As final step, a melting curve analysis was 
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291 carried out to verify correct amplification. The primers are given in table 1. Data were 

292 analyzed with LinReg PCR software and gene expression levels relative to Gapdh 

293 expression as reference gene and normalized to control were calculated using the 

294 formula: % 𝑜𝑓 Gapdh =𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐yCq(Gapdh)−𝐶𝑞(𝐺𝑂𝐼)𝑥100. The values were used to 

295 calculate ratio values (DOX/-DOX; Senicapoc/Ctrl) given in graphs. 

296

297 LC-MS Analysis

298 A 10 mM stock solution of Senicapoc (from in-house organic synthesis) was 

299 prepared by dissolving 6.4 mg Senicapoc in 2 ml acetonitrile. Working standard 

300 solutions were obtained by diluting the stock solution with acetonitrile. 

301 Preparation of plasma samples: Commercial SPE cartridges (Hypersep C18, 

302 100 mg, 1 ml) were purchased from Thermo Scientific (Houston, TX, U.S.A). Before 

303 extraction, cartridges were conditioned with acetonitrile, 2 × 1 ml, followed by water, 

304 2-times × 1 ml. After loading the SPE cartridges with plasma samples, they were 

305 washed successively with 1 ml each of 20% and 40% acetonitrile in water followed by 

306 elution with 2 ml of acetonitrile. Elute fractions were collected and evaporated to 

307 dryness, under a constant flow of air, using a PIERCE Reacti-VapTM III evaporator 

308 (PIERCE, Il, USA). The residues were reconstituted using 200 μl acetonitrile and were 

309 used for LC-MS analysis. 

310 Preparation of skin samples: A 100 mg of depilated skin sample was 

311 homogenized thoroughly in 2.0 ml of acetonitrile in a gentleMACS™ M tube using a 

312 gentleMACS™ Dissociator (Miltenyi Biotec Inc., CA, USA). Each sample was 

313 subjected to three cycles of the preprogrammed homogenization protocol 

314 Protein_01.01 (a 55 s homogenization cycle with varying speeds and directions of 

315 rotation). Homogenized samples were centrifuged for 10 min at 4000 rpm. Each 
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316 supernatant was collected in a 4 ml glass vial and was evaporated to dryness, under a 

317 constant flow of air, as described above. The residues were reconstituted in 100 μl 

318 acetonitrile and were used for LC-MS analysis. 

319 LC/MS analysis was performed with a Waters Acquity UPLC (Waters, NY, 

320 USA) equipped with a Acquity UPLC BEH 1.7 μM C-18 column (Waters, New York, 

321 NY) interfaced to a TSQ Quantum Access Max mass spectrometer (MS) (Thermo 

322 Fisher Scientific, Waltham, MA, USA). The isocratic mobile phase consisted of 80% 

323 acetonitrile and 20% water, both containing 0.1% formic acid with a flow rate of 0.25 

324 ml per minute. Under these conditions, Senicapoc had a retention time of 0.80 minute.

325 Using Heated electrospray ionization source (HESI II) in positive ion mode, 

326 capillary temperature 250 °C, vaporizer temperature: 30°C, spray voltage 3500 V, 

327 sheath gas pressure (N2) 60 units, Senicapoc was analyzed by the selective reaction 

328 monitoring (SRM) transition of its molecular ion peak 324.09 (M+1) into 228.07, 

329 200.07,183.11 and 122.18 m/z. An 8-point calibration curve from 50 nM to 10 μM 

330 concentration range was used for quantification.

331

332 Statistics

333 Data in Text and graphs are means +/- standard error of the mean (SEM), if not 

334 stated otherwise. If not otherwise stated, we used the unpaired Student’s T Test (two-

335 tailed) for comparison of data sets. The significance level was set to a P value of <0.05.

336

337
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338 RESULTS

339

340 KCa3.1 Induction in Skin

341 Doxycycline(DOX)-treatment with 1 mg/ml in drinking water produced a 833-

342 fold KCa3.1-overexpression in the skin, 1378-fold KCa3.1-overexpression, 

343 particularly, in the epidermis, and a 46-fold overexpressing in the intestine (Fig 1 B). 

344 In bone marrow, brain, lung, skeletal muscle, spleen, KCa3.1-mRNA levels were 

345 similar to untreated mice. 

346 Patch-clamp electrophysiology studies in isolated keratinocytes revealed a 

347 strong induction of KCa3.1-function in DOX-treated KCa3.1+ mice. The KCa3.1-

348 currents demonstrated the typical fingerprint characteristics of KCa3.1, which were 

349 activation by 1 μM Ca2+, voltage-independent, and mildly inwardly-rectifying. RA-2 

350 (1 μM), a negative-gating modulator of KCa2/3 channels [41], blocked the KCa3.1 

351 current. KCa3.1-induction was not found in untreated mice and KCa3.1 outward-

352 currents were small or difficult to discriminate from background currents in most cells 

353 (Fig 1 C). In fact, we saw a clearly distinguishable KCa3.1 current in only 1 of 5 cells 

354 (Fig S1A). 

355 We examined the KCa3.1-protein expression by immune histology (Fig 1 D) 

356 and identified weak immune reactivity in the thin epidermal layer of untreated mice 

357 and appreciable immune reactivity in the thicker epidermal layer of DOX-treated 

358 mice (see following paragraphs).

359 Together, these findings demonstrate strong induction of KCa3.1-transgene 

360 expression and function in the skin and, particularly, in the epidermis.

361
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362 Skin Phenotype and Behavioral and Systemic Alterations in DOX-Treated 

363 KCa3.1+ Mice

364 The DOX-treated KCa3.1+ mice of both sexes appeared normal during the 1st 

365 week of the treatment and then developed progressive skin pathology with 

366 generalized piloerection, intense scratching behavior (S Movie 1), scaly skin patches, 

367 and ulcerative lesions, mainly visible in the neck areas, chest, and ears (Fig 2), all 

368 sites where mice groom frequently. 

369 Histology (Fig 3 A to D) of neck skin showed moderate to severe hyperplasia 

370 of the epidermis, affecting also the hair follicles, and substantial hyperkeratosis.  In 

371 the epidermis of the DOX-treated mice, we found foci of moderate intra-epidermal 

372 edema (Fig 3 D), similar to spongiosis, which is characteristic of eczematous 

373 dermatitis [42]. The phenotype was completely reversible within 6 weeks when DOX 

374 was removed after 9 days of treatment (see S1B Fig).

375 At an earlier time point (1-week DOX), we recorded the same degree of intra-

376 epidermal edema and an early stage of hyperplasia and hyperkeratosis (Fig 3 C and 

377 S1C Fig). Yet, at first sight, the mice appeared healthy. Concerning controls, a 2-

378 week DOX-treatment of the inducer strain (R26-rtTA-M2) or of Kcnn4-transgene-

379 harbouring mice lacking the rtTA induced no observable skin pathology (S1D Fig).

380

381 Immune histology on KCa3.1+ skins showed high-expression of the 

382 proliferating cell nuclear antigen (PCNA), a marker of cell proliferation, in the 

383 hyperplastic epidermal layer of 2-week DOX-treated mice (Fig 3 E and S1E Fig). In 

384 the untreated control animals, uniform immune reactivity was observed in the nuclei 

385 of keratinocytes lining the basal epidermal layer. We also stained for CASP3, another 

386 marker of apoptosis, and did not find induction of CASP3 in the hyperplastic 
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387 epidermal layer or in the dermis, with the exception of ulcerative sites (S1E Fig). No 

388 CASP3 immune reactivity was seen in keratinocytes of the epidermis of untreated 

389 controls (S1F Fig). Apoptosis as measured by TUNEL was not found at hyperplastic 

390 sites (Fig 3 F), but at wound areas with substantial tissue destruction (S1E Fig). 

391

392 Together, these data demonstrate that induction of KCa3.1 produces moderate 

393 intra-dermal edema (sub-acute spongiosis) and drives keratinocyte proliferation, but 

394 does not cause generalized cell toxicity and cell death. The localized epidermal 

395 damage and ulcers are likely the result of the intense scratching behavior.

396

397 Alterations of Cytokine Expression Profile in Skin

398 To shed light on the mechanisms, by which KCa3.1-induction in the 

399 keratinocytes produced spongiosis and epidermal hyperplasia, we measured the 

400 mRNA-expression of several pro-proliferative cytokines that are known to promote 

401 keratinocyte proliferation in an auto-stimulatory or autacoid fashion [43] (Fig 4). It is 

402 worth mentioning that KCa3.1-KO and/or inhibition have been shown to reduce IL-β1 

403 and TNFα levels in activated microglia after cerebral infarction [19].

404 We found strongly increased mRNA expression of IL-β1 (60-fold), IL-23 (34-

405 fold), IL-6 (33-fold), and TNFα (26-fold). Expression levels of HGF and TGFα as 

406 well as a series of other cytokines and growth factors, of which some are expressed by 

407 keratinocytes (amphiregulin, betacellulin, epiregulin, IL-2, IL-4, IL-25, IL-33, and 

408 keratinocyte growth factor, for review see [43], were not significantly altered (Fig 4 

409 A). T-cell specific IL-17A and IL-17F mRNA expression was not detectable (data not 

410 shown).
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411 The induction of IL-β1, IL-23, and TNFα expression was particularly high in 

412 the epidermal layer, although not statistically different from levels in the dermis. Yet, 

413 these data demonstrate strong cytokine induction in keratinocytes (Fig 4 B).

414

415 Systemic KCa3.1 Channel Blockade Reduces Skin Pathology

416 We next tested whether pharmacological blockade of KCa3.1 functions can 

417 suppress this phenotype and treated the mice with Senicapoc-containing chow at a 

418 dose of 30mg/kg/day [44] during the 2-weeks of DOX treatment. 

419 The Senicapoc treatment gave rise to total plasma concentrations of 254+/-61 nM 

420 (n=11) and tissue levels in the skin of 2.9+/-0.9 μM (n=4) at the time of sacrifice. At 

421 these total concentrations (and assuming a protein binding of 90%), pharmacological 

422 inhibition of the channel can be expected because concentrations of Senicapoc in the 

423 skin are at least 2 orders of magnitude above the reported IC50 of 10 nM  [12, 37]. 

424 As shown in Figure 5 A, we report that the Senicapoc treatment did not 

425 prevent the pathological skin alterations, but significantly reduced intra-epidermal 

426 edema by ≈60%, hyperplasia by ≈50%, as well as a trend in reduction of 

427 hyperkeratosis and fibrosis.

428 Overall, this Senicapoc trial suggests that the skin pathology was caused largely by 

429 the induced function of KCa3.1 and demonstrates that Senicapoc is able to reduce the 

430 earliest strong alteration, i.e. intra-epidermal edema (Fig 3 C and D), presumably by 

431 blocking KCa.3.1-induced disturbances of epidermal water-salt homeostasis. 

432

433 Considering cytokine levels in the skin (Fig 5 B), Senicapoc significantly 

434 reduced mRNA-expression levels of IL-β1 (≈-88%), IL-23 (≈-77%), as well as of IL-

435 6 (≈-90%) when compared to DOX-treated control animals, while TNFα mRNA-
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436 expression levels were unchanged. These lower levels of pro-proliferative cytokines 

437 could explain the lower degree of hyperplasia.

438

439

440 DISCUSSION

441

442 The present study introduces a genetic model of epidermal KCa3.1-induction 

443 to investigate the physiological and potential pathophysiological significance of this 

444 channel capable of controlling cell volume, growth, and cellular salt/water 

445 homeostasis in the epidermis. In fact, it is the first study describing the consequences 

446 of genetically encoded induction of an ion channel above basal levels in the skin. Our 

447 results demonstrate that KCa3.1 over-expression was capable of causing a severe 

448 disturbance of epidermal homeostasis.

449 This is based on the following lines of evidence:  1) KCa3.1-induction 

450 produced intra-epidermal edema (spongiosis). 2) KCa3.1-induction produced 

451 progressive epidermal hyperplasia and hyperkeratosis causing severe itch and ulcers. 

452 Finally, 3) KCa3.1-induction strongly up-regulated epidermal (i.e., keratinocyte) 

453 synthesis of the pro-proliferative, auto-stimulatory, and pro-inflammatory cytokines, 

454 in particular, IL-β1, IL-23, and TNFα. Taken together, KCa3.1-induction in the 

455 epidermis produced skin pathology in mice that resembled the pathological features of 

456 itchy eczematous dermatitis [42].

457

458 The physiological and pathophysiological significance of KCa3.1 in the skin 

459 has been elusive until now. So far, keratinocyte KCa3.1 has been studied – 

460 superficially though - by mRNA-expression experiments in cultured human 
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461 keratinocytes [5] and immune histochemistry in rat epidermis [39], which did not 

462 provide much information about the role of the channel in epidermal homeostasis in-

463 vivo. Here we intended to provide new knowledge by generating a murine model of 

464 genetic conditional induction of a murine KCa3.1-transgene in epidermis (Fig 1). 

465 The KCa3.1 induction in DOX-treated animals was specific for skin epidermis 

466 as concluded from 800-fold overexpression. Concerning other tissues, we found a 

467 much less pronounced 20-fold overexpression in the intestine (see below).  

468 We confirmed KCa3.1 transgene function after in-vivo DOX-treatment by 

469 patch-clamp electrophysiology on isolated keratinocyte, which unequivocally 

470 revealed large KCa3.1-currents being sensitive to a KCa3.1-inhibitor displaying the 

471 biophysical and pharmacological characteristics of KCa3.1 (Fig 1 C) [12]. In 

472 keratinocytes from untreated mice, KCa3.1 currents were very small or undetectable 

473 suggesting low basal channel expression or a few KCa3.1-expressing cells. IHC 

474 demonstrated appreciable immune reactivity in the hyperplastic epidermis of the 

475 DOX-treated mice. Immune reactivity was also found in the thin epidermis of 

476 untreated mice, suggesting some constitutive protein expression in addition to 

477 mRNA-expression of KCa3.1 (Fig 1 D).

478

479 A major outcome of our study was that KCa3.1-induction produced visibly 

480 piloerection, scaly skin patches, and intense scratching behavior that in turn gave rise 

481 to bloody ulcerative lesions (Fig 2 and S1 Movie). These symptoms are similar to 

482 those of itchy eczematous dermatitis in humans [42]. In analysis of histological 

483 sections, we observed intra-epidermal edema (sub-acute spongiosis) and ensuing 

484 progressive hyperplasia, and hyperkeratosis as histological features of chronic eczema 

485 [42].
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486 It is also worth mentioning that sub-chronic conditional gene deletion of 

487 KCa3.1 in the epidermis as well as life-long KCa3.1-deficiency [16] complete did not 

488 produce any skin alterations, indicating that basal KCa3.1 expression is apparently not 

489 crucial for epidermal homeostasis. In keeping with the induction of KCa3.1 in the 

490 small intestine, we also demonstrate a mild intestinal phenotype characterized by 

491 moderate chyme accumulation and lower propulsive spontaneous motility, which is 

492 the content of a separate report [45].

493

494 Concerning the cellular mechanisms, by which KCa3.1-induction produced 

495 this skin condition, the morphological and molecular biological alterations described 

496 here agree well with the known physiological functions of KCa3.1 [12]: 1) The intra-

497 epidermal edema can be explained by KCa3.1’s ability to move K+ and concomitantly 

498 water and Cl- into the extracellular compartment [13, 15, 20]. Overexpression of the 

499 channel could do this in an excessive manner leading to the observed expansion of the 

500 extracellular compartment and/or cell shrinkage producing intracellular gaps. In fact, 

501 intra-epidermal edema was already pronounced at the early time point (1 week), when 

502 hyperplasia and hyperkeratosis was still in an initial phase. Intra-epidermal edema 

503 was of similar grade later, when hyperplasia and hyperkeratosis progressed further. 

504 Therefore, intra-epidermal edema can be considered the starting point for the latter 

505 alterations. 

506 2) In addition to its function as a K+ secreting channel, KCa3.1 activity is known to 

507 produce strong membrane hyperpolarization, which in turn potentiates calcium-influx 

508 enabling long-lasting elevations in [Ca2+]I (for review see: [1, 36]). In several cell 

509 systems, this elevation of [Ca2+]I has been shown to be required for the sustained 

510 initiation of several cellular processes, including proliferation and migration [1, 46]. 
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511 KCa3.1-mediated hyperpolarization and ensuing amplification of [Ca2+]I signaling is 

512 known to regulate cytokine production in T cells, activated fibroblasts or smooth 

513 muscle cells (for review see:  [1]). Accordingly, inhibition or genetic knockdown of 

514 the channel has been reported to reduce IL-2 production by T cells [46-47] and IL-β1 

515 and TNFα levels by microglia in ischemic stroke [19]. Here, we showed that the 

516 reverse maneuver (induction) resulted in a higher expression of IL-β1, IL-23, and 

517 TNFα in keratinocytes of the epidermis (Fig 5). This keratinocyte cytokine production 

518 may drive hyperplasia and hyperkeratosis in an auto-stimulatory fashion. 

519 Considering the impressive magnitude of hyperplasia and hyperkeratosis 

520 (Figure 3), we speculate that this is a secondary and overshooting repair mechanism 

521 in response to intra-epidermal edema and epidermal destabilization. 

522 In summary, we provide first mechanistic evidence that KCa3.1 induction 

523 produced skin pathology in-vivo by causing extracellular fluid accumulation and 

524 epidermal destabilization as a primary event and secondary phenotypic switch to a 

525 proliferative keratinocyte phenotype (PCNA-high, Fig 3E), producing epidermal 

526 hyperplasia. 

527

528 It is worth mentioning that the selective KCa3.1-blocker Senicapoc 

529 significantly reduced both the primary intra-epidermal edema and the subsequent 

530 hyperplasia (Fig 5). The reduction in edema is somewhat reminiscent of the reported 

531 reduction in in-vitro cyst formation by kidney cells from patients with autosomal-

532 dominant polycystic kidney disease with a KCa3.1 blocker [25]. Moreover, Senicapoc 

533 treatment reduced IL-β1, IL-6, and IL-23, and TNFα mRNA-expression levels in the 

534 affected skin (Fig 5). These data strongly indicate that these morphological alterations 

535 and the higher expression pro-proliferative cytokines as mechanistic drivers of 
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536 epidermal hyperplasia are mediated by channel functions. Because the treatment did 

537 not fully suppress the phenotype, we cannot fully exclude additional local or systemic 

538 mechanisms.

539

540 Compared with human skin diseases, the phenotype in KCa3.1+ mice is 

541 strikingly similar to eczematous dermatitis with spongiosis, epidermal hyperplasia, 

542 and itch, as important pathological features [42]. Yet, the cellular mechanisms 

543 causing this condition and, particularly, spongiosis are poorly understood. In this 

544 regard, our findings suggest that epidermal KCa3.1 could be a mechanistic player. At 

545 present a pathomechanistic role of KCa3.1 has not been shown for human skin 

546 conditions with the exception of role in melanoma cell proliferation. Yet, our study 

547 provides the rationale to investigate KCa3.1-function in specifically eczematous 

548 dermatitis with keratinocyte hyperplasia and in other skin pathologies, characterized 

549 by excessive keratinocyte growth such as psoriasis, and test clinical efficacy of 

550 KCa3.1-inhibitors. 

551

552 In conclusion, epidermal KCa3.1 overexpression in murine skin produces 

553 itchy eczematous dermatitis. This can be dampened by pharmacological channel 

554 inhibition. Future target identification and validation studies in patients will show 

555 whether KCa3.1-inhibitors are of therapeutic utility in human skin pathologies.

556
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718 Table 1: Primers for PCR and qRT-PCR

719

720

721 FIGURE LEGENDS

722

723 Figure 1: A) Plasmid construct for generation of Kcnn4 transgenic mice and induction 

724 (gene product: KCa3.1) in epithelial tissues. B) Induction of KCa3.1 transgene 

725 expression by 2-weeks DOX-treatment over basal levels in various tissues as 
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726 measured by qRT-PCR. Data (% of control (-DOX)) are given as means +/- SEM; 

727 *P<0.01, Student T test; BM, bone marrow (DOX, n=2; -DOX, n=2); Br, brain 

728 (DOX, n=4; -DOX, n=2); Int, small intestine (DOX, n=7; -DOX, n=6);  skM, skeletal 

729 muscle (DOX, n=2; -DOX, n=2); Sk, skin (DOX, n=7; -DOX, n=6); Skin-Epi, skin 

730 epidermis (DOX, n=2; -DOX, n=2); Sp, spleen (DOX, n=4; -DOX, n=2); Lu, lung 

731 (DOX, n=11; -DOX, n=10). C) Whole-cell patch-clamp on freshly isolated 

732 keratinocytes from tail skin. Representative recordings of large KCa3.1 currents in 

733 keratinocytes (+DOX) from DOX-treated mice and currents in keratinocytes from 

734 untreated Ctrls (-DOX). Note: For an additional recording of small KCa3.1 currents in 

735 a keratinocyte from untreated Ctrl see Figure S1A. Inhibition of KCa3.1 currents by 

736 RA-2 at 1 μM. Inset: Summary data of KCa3.1-outward currents at a clamp potential 

737 of 0 mV. Data (pA/pF) are given as means +/- SEM (-DOX, n= 4; DOX n=5); 

738 *P<0.01, Student’s T test. D). Immune histochemical detection of KCa3.1 protein in 

739 the epidermis of DOX-treated and untreated mice (-DOX). 

740

741 Figure 2: Macroscopic skin pathology DOX-treated KCa3.1+ mice. Photographs of 

742 A) untreated Ctrl (-DOX), B) DOX-treated KCa3.1+, C) higher magnification of the 

743 neck shown in B, D) patchy erythematous and scaly skin with ulcerative areas of a 

744 DOX-treated mouse. Note: Videos of DOX-treated mice showing severe scratching 

745 behavior and of Ctrls are found in the supplement.

746

747 Figure 3: Histological evaluation of skin pathology in KCa3.1+ mice. H&E-stained 

748 sections of normal skin of an untreated mouse (A) and a skin of a DOX-treated 

749 KCa3.1+ (B) with severe hyperplasia and hyperkeratosis. C) Summary of pathology 

750 scores. Data are given as means +/- SEM, n=4 (1 week DOX), n=26 (2 weeks DOX), 
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751 n=15 (Ctrls); *P < 0.05 vs. 1 week DOX, Student’s T test. Note that the scores for 

752 Ctrl skin are 0. D) Higher magnification of the hyperplastic epidermis of DOX-treated 

753 KCa3.1+. Note the presence of intra-epidermal edema with enlarged intra-cellular 

754 space (indicated by white arrow). E) Immune histological stains of the proliferation 

755 marker, PCNA, in the hyperplastic epidermis of DOX-treated KCa3.1+. Note the 

756 intense staining of the basal layer (white arrow) that becomes weaker when 

757 approaching the stratum corneum (representative image from 3 mice). F). The 

758 TUNEL assay detected no apoptotic keratinocytes in the hyperplastic epidermis. 

759

760 Figure 4: Cytokine mRNA-expression profile. (A) Alterations of cytokine mRNA-

761 expression profile in DOX-treated KCa3.1+ mice (DOX/-DOX). (B) Cytokines with 

762 higher expression in the epidermis than dermis (epidermis/dermis). AREG, 

763 amphiregulin (DOX, n=2; -DOX, n=2); BTC, betacellulin (DOX, n=2; -DOX, n=2); 

764 EREG, epiregulin (dox, n=5; -DOX, n=5); HB-EGF, Heparin-binding EGF-like 

765 growth factor (DOXx, n=5; -DOX, n=5); HGF, Hepatocyte growth factor (DOX, n=5; 

766 -DOX, n=5), Interleukin(IL)-β1 (DOX, n=7; -DOX, n=7),IL-2 (DOX, n=2; -DOX, 

767 n=2), IL-4 (DOX, n=2; -DOX, n=2), IL-6 (DOX, n=7; -DOX, n=7), IL-23 (DOX, 

768 n=2; -DOX, n=6), IL-25 (DOX, n=2; -DOX, n=2), IL-33 (DOX, n=2; -DOX, n=2); 

769 KGF, keratinocyte growth factor (DOX, n=2; -DOX, n=2); TGFα, transforming 

770 growth factor α (DOX, n=5; -DOX, n=5); TNFα; tumor necrosis factor-α (DOX, n=5; 

771 -DOX, n=5). Data (DOX/-DOX; Epidermis/Dermis)) are given as means +/- SEM; 

772 *P<0.05, Student’s T test.

773
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774 Figure 5: A) Senicapoc suppressed skin pathology and induction of IL-β1, IL-6, IL-23 

775 in DOX-treated KCa3.1+ mice. B) Data (Senicapoc/Ctrl) are given as means +/- 

776 SEM, n=5 each, *P<0.05, **P<0.01 Student’s T test.

777

778
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779 Supporting Information

780

781 1) S1 Fig. Supplemental Data (multi-paneled figure) 

782

783 2) S1 Movie. Supplemental Media file 1; Description: Two sequences showing mice 

784 treated with DOX for two weeks and a sequence showing control mice receiving only 

785 sucrose. Of the last two sequences the first shows a mouse from the Senicapoc trial 

786 that did not receive Senicapoc. The second sequence shows a mouse that received 

787 Senicapoc.

788

789 3) Data files:

790 3.1 Data qRTPCR

791 3.2 Scores (skin pathology) and electrophysiological data
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