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Transient Receptor Potential (TRP) Vanilloid 1 and Ankyrin 1 (TRPV1, TRPA1) cation channels are expressed in nociceptive primary sensory neurons, and integratively regulate nociceptor and inflammatory functions. Lipid rafts are liquid-ordered plasma membrane microdomains rich in cholesterol, sphingomyelin and gangliosides. We earlier showed that lipid raft disruption inhibits TRPV1 and TRPA1 functions in primary sensory neuronal cultures. Here we investigated the effects of sphingomyelinase (SMase) cleaving membrane sphingomyelin and myriocin (Myr) prohibiting sphingolipid synthesis in mouse pain models of different mechanisms. SMase (50 mU) or Myr (1 mM) pretreatment significantly decreased TRPV1 activation (capsaicin)-induced nocifensive eye-wiping movements by 37 and 41%, respectively. Intraplantar pretreatment by both compounds significantly diminished TRPV1 stimulation (resiniferatoxin)-evoked thermal allodynia developing mainly by peripheral sensitization. SMase (50 mU) also decreased mechanical hyperalgesia related to both peripheral and central sensitizations. SMase (50 mU) significantly reduced TRPA1 activation (formalin)-induced acute nocifensive behaviors by 64% in the second, neurogenic inflammatory phase. Myr, but not SMase altered the plasma membrane polarity related to the cholesterol composition as shown by fluorescence spectroscopy. These are the first in vivo results showing that sphingolipids play a key role in lipid raft integrity around nociceptive TRP channels, their activation and pain sensation. It is concluded that local SMase administration might open novel perspective for analgesic therapy.
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INTRODUCTION
Cell physiology is influenced by lipid rafts, which are specialized cholesterol-, sphingomyelin- and ganglioside-rich plasma membrane microdomains, surrounding several receptors and ion channels (Simons and Ikonen, 1997). Membrane disintegration causes pathophysiological processes, such as neurodegeneration, neuropathy (Lee et al., 2014; Sonnino et al., 2014; Gambert et al., 2017) and synaptic transmission disruption (De Chiara et al., 2013). Modifying plasma membrane functions is a mechanism of action for pharmacological therapeutic interventions and/or side effects like the cytotoxic actions of anticancer drugs (Adinolfi et al., 2013), endocannabinoid-mediated analgesia (Rossi et al., 2012) and hyperalgesia (Dina et al., 2005). Our previous studies provided evidence that lipid raft disruption decreased the activation of Transient Receptor Potential (TRP) ion channels. These receptors are nonselective cation channels that open in response to temperature changes, binding of a broad range of exogenous and endogenous ligands, as well as other alterations of the channel protein (Gees et al., 2012; Vay et al., 2012). TRP “channelopathies” induce several diseases, such as skeletal muscle disorders, multiple kidney diseases and inherited pain syndrome (Moran et al., 2011; Nilius and Szallasi, 2014). Although pharmaceutical companies have put great efforts and investments into the development of TRP antagonists, only few drug candidates have reached the clinical stages of drug development (Szolcsányi and Sándor, 2012; Kaneko and Szallasi, 2014; Nilius and Szallasi, 2014).
TRP Vanilloid 1 (TRPV1) - expressed in the large population of polymodal nociceptors - is a nocisensor plasma protein gated by noxious heat (>43°C), protons (pH < 6.0), vanilloid-type agonists such as capsaicin (CAPS) and its synthetic analogs, resiniferatoxin (RTX), endogenous arachidonic acid or other fatty acid metabolites (Hwang et al., 2000; Smart et al., 2000; Welch et al., 2000; Raisinghani et al., 2005; Bianchi et al., 2006; Caterina and Park, 2006; Gavva, 2008; Myers et al., 2008; Szolcsányi, 2008; Cao et al., 2013; Aiello et al., 2016). Another similar TRP channel, TRP Ankyrin 1 (TRPA1), is often colocalized with TRPV1 on the CAPS-sensitive sensory nerves (Salas et al., 2009). Exogenous irritants, such as allyl-isothiocyanate (in mustard oil), cinnamaldehyde, allicin, 4-hydroxynonenal and mediators produced by inflammation or tissue injury, e.g., formaldehyde and methylglyoxal, as well as cold (below 17°C) and mechanical stimuli activate the TRPA1 receptor (Story et al., 2003; Bandell et al., 2004; Corey et al., 2004; Jordt et al., 2004; Macpherson et al., 2005, Macpherson et al., 2007; McNamara et al., 2007; Trevisani et al., 2007; Vilceanu and Stucky, 2010; Bautista et al., 2013; De Logu et al., 2019). Recent studies showed that both channels have some interactions with the endocannabinoid system and play an integrative role in regulating nociceptor and inflammatory functions (Akopian et al., 2008; Salas et al., 2009; Brizzi et al., 2014; Marrone et al., 2017). Pro-inflammatory neuropeptides, such as Substance P and calcitonin gene-related peptide (CGRP) released from the CAPS-sensitive fibres induce vasodilation, plasma protein extravasation and inflammatory cell activation (neurogenic inflammation) in the innervated area (Helyes et al., 2003, Helyes et al., 2009; Szolcsányi, 2004).
TRP channels are surrounded by lipid rafts of the plasma membrane modifying their functions (Liu et al., 2006; Morenilla-Palao et al., 2009; Szőke et al., 2010; Sághy et al., 2015). However, data are controversial about the outcomes of lipid raft disruption on TRP channel functions. Impaired TRP Canonical 1 (TRPC1) and TRP Canonical 3 (TRPC3) signaling was reported after methyl β-cyclodextrin (MCD) incubation depleting membrane cholesterol (Lockwich et al., 2000; Bergdahl et al., 2003; Graziani et al., 2006). In dorsal root ganglion neurons MCD treatment significantly reduced the CAPS-activated currents (Liu et al., 2006), but it had no effect on heat-evoked responses on TRPV1-transfected Xenopus laevis oocytes (Liu et al., 2003). MCD did not influence 3[H]RTX binding to TRPV1 receptors on rat C6 glioma cells (Bari et al., 2005). Sphingomyelinase (SMase) hydrolyzes sphingomyelin (SM) to phosphocholine and ceramide (Kiyokawa et al., 2005; Kobayashi et al., 2006), thus influences the signaling through the cell membrane (Chao et al., 2011). The third mechanism to disrupt the lipid rafts besides MCD and SMase is to block the sphingolipid synthesis by inhibiting of serine palmitoyltransferase by myriocin (Myr) (Miyake et al., 1995).
Our previous results suggested that disrupting lipid rafts by pharmacologically depleting their various constituents, such as SM, cholesterol or gangliosides inhibited the CAPS-, and RTX-induced opening properties of TRPV1 and TRPA1 both on native sensory neurons and receptor-expressing cell lines (Szőke et al., 2010; Sághy et al., 2015). Fluorescence spectroscopy and filipin staining clearly supported the ability of MCD to deplete cholesterol from the cell membrane (Sághy et al., 2015). Besides the sensory neuronal cell bodies we also showed the ability of SMase to diminish TRPV1 and TRPA1 activation on the nerve terminals by measuring the release of the neuropeptide CGRP (Sághy et al., 2015).
Despite all these in vitro data showing that lipid raft disruption inhibits TRP channel activation, there are only few very recent reports investigating this phenomenon in vivo. Hyperalgesia responses in the RTX-evoked mouse neuropathy model (Lin et al., 2019) and prostaglandin E2 (PGE2) (Ferrari and Levine, 2015) administration were significantly attenuated by MCD. We recently reported the antihyperalgesic actions of MCD and a novel carboxamido-steroid compound in TRPV1 and TRPA1 activation-related mouse pain models (Horváth et al., 2020). Furthermore Myr exerted antitumor activity in a mouse melanoma model (Lee et al., 2011, Lee et al., 2012).
The aim of the present study is to examine the effects of SMase and Myr in mouse pain models of different mechanisms related to TRPV1 and TRPA1 activation.
MATERIALS AND METHODS
Ethics and Animals
Twelve- to Sixteen-week-old male NMRI mice were used in the formalin and RTX tests and male C57BL/6 mice of the same age in the CAPS-evoked wiping test. The animals were kept in the Laboratory Animal House of the Department of Pharmacology and Pharmacotherapy, University of Pécs. All experimental procedures were carried out according to the 1998/XXVIII Act of the Hungarian Parliament on Animal Protection and Consideration Decree of Scientific Procedures of Animal Experiments (243/1988). The studies were approved by the Ethics Committee on Animal Research of Pécs University according to the Ethical Codex of Animal Experiments and license was given (license no. BAI/35/702-6/2018).
Capsaicin-Evoked Acute Chemonocifensive Reaction
To characterize the effect of SMase and Myr - compared to the saline or dimethyl sulfoxide (DMSO) controls - on acute chemonociception, 30 µg/ml CAPS (20 μl, TRPV1 agonist) was instilled in the right eye of mice. Local pretreatments (20 µl) with 50 mU SMase or 1 mM Myr were performed 30 min or 24 h before the examination, respectively. CAPS-induced eye-wiping movements with the forelegs were counted in a 1-min period, as previously described (Szolcsányi et al., 1975; Szöke et al., 2002; Horváth et al., 2020). Only the one-leg movements were counted, washing-, or two-hand movements were not considered. CAPS administration was repeated in the second and third hours of the test.
Resiniferatoxin-Induced Thermal Allodynia and Mechanical Hyperalgesia
The effects of SMase and Myr were compared to the saline or DMSO controls in the RTX-induced (ultrapotent TRPV1 agonist) thermal allodynia and mechanonociceptive hyperalgesia model. RTX (0.1 µg/ml, 20 µl) was injected into right hindpaw of the animals, which evokes acute neurogenic inflammatory response with thermal allodynia and mechanical hyperalgesia (Meyer and Campbell, 1981; Pan et al., 2003). Baseline thermal- and mechanical threshold values were determined on two consecutive days, and these data were used for self-control comparisons. Intraplantar pretreatments (20 µl) with 50 mU SMase or 1 mM Myr were performed 30 min or 24 h before the RTX injection, respectively. RTX injection evoked an acute nocifensive reaction of paw licking, biting, lifting or shaking, but these behavioral changes lasted for less than a couple of minutes. The thermonociceptive threshold was measured by an increasing temperature Hot Plate (IITC Life Science, Woodland Hills, CA, United States) in the 10th, 20th and 30th min (Almási et al., 2003; Kántás et al., 2019; Horváth et al., 2020), and the mechanonociceptive threshold by a Dynamic Plantar Aesthesiometer (DPA, Ugo Basile, Italy) in the 30th, 60th and 90th min, as described earlier (Payrits et al., 2017; Kántás et al., 2019; Horváth et al., 2020).
Formalin-Evoked Acute Nocifensive Behavior
The effect of SMase and Myr compared to the saline- or DMSO-pretreated controls, were investigated on formalin-evoked (20 μl, 2.5%; into the right hindpaw) nocifensive behaviors. Intraplantar pretreatments (20 µl) with 50 mU SMase or 1 mM Myr were performed 30 min and 24 h before the examination, respectively. The duration of the nocifensive behaviors (hind paw licking, biting, shaking and holding) was monitored in two phase (0–5 min and 20–45 min) (Bölcskei et al., 2005; Horváth et al., 2020). The first phase is related to the direct chemical stimulation of nociceptors, e.g., TRPA1. There is a period of 10–15 min, when the animals show lack of nocifensive reactions. The second phase starts 15–20 min after the formalin injection, and it is referring to neurogenic inflammatory mechanisms. For more details see work of Tjolsen and co-workers (Tjølsen et al., 1992).
Fluorescence Spectroscopy to Determine Membrane Polarity Related to Lipid Raft Integrity
Native Chinese Hamster Ovary (CHO) cells were incubated with 6-dodecanoyl-N,N-dimethyl-2-naphthylamine (Laurdan) in 40 µM final concentration for 40 min at 37°C in a humidified atmosphere with 5% CO2. The spectral shape and position of fluorescence emission and excitation spectra of Laurdan depend both on the speed of its dipolar relaxation and the polarity of its microenvironment in the membrane (Harris et al., 2002; Gaus et al., 2003). Cells were treated with 30 mU SMase or 100 nM Myr – dissolved in extracellular solution (ECS) - for 45 min at 37°C before Laurdan administration, then washed three times with phosphate-buffered saline (PBS) and scraped from the plates into 1 ml PBS.
Fluorescence excitation and emission spectra, excitation-emission matrices and anisotropy spectra, were measured by a HORIBA Jobin-Yvon Nanolog FL3-2iHR spectrofluorometer equipped with a 450-W xenon lamp. Samples were measured in a 4 mm path length quartz cuvette (Hellma 104F-QS) and kept at a constant 20°C using a Thermo Scientific circulating bath AC200-A25. Excitation-emission matrices consisting of a series of emission spectra recorded at different excitation wavelengths were measured to determine spectral changes. An excitation-emission matrix has one axis for the emission wavelengths, while the other includes the excitation wavelengths. At the intersection points, fluorescence intensity can be read as the value of the third axis. Steady-state emission anisotropy was measured in “L-format” arrangements to study the molecular mobility. Excitation was vertically polarized, while anisotropy was calculated from consecutively measured vertical and horizontally polarized emission intensities. Anisotropy <r> is defined as:
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where G is the spectrofluorometer’s sensitivity factor given by:
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where IHV and IHH are measured using horizontally polarized excitation and vertically and horizontally polarized emission, respectively. G value was automatically recalculated at each points of the anisotropy measurements.
Drugs and Chemicals
Myr from Mycelia sterilia (PubChem CID: 643894) (Sigma, St. Louis, MO, United States) was dissolved in DMSO (PubChem CID: 679) to obtain 5 mM stock solution. Further dilutions were made with ECS or DMSO to reach the final concentrations of 100 nM or 1 mM, respectively. SMase from Bacillus cereus (PubChem CID: 6476900) was purchased from Sigma in a glycerol buffered solution, and further dilutions were made with ECS or saline to reach the concentrations of 30 or 50 mU. CAPS (PubChem CID: 1548943) was purchased from Sigma and diluted with saline from a 10 mg/ml stock solution of 10% ethanol (PubChem CID: 702), 10% Tween 80 (PubChem CID: 5284448) in saline. RTX (PubChem CID: 5702546) was purchased from Sigma and was dissolved in ethanol to yield a 1 mg/ml stock solution. Further dilutions were made with saline to reach final concentrations of 30 and 0.1 µg/ml, respectively. Laurdan (PubChem CID: 104983) (Sigma) was dissolved in DMSO to obtain 10 mM stock solution, and further dilution was made with ECS to reach final concentration of 40 µM. Formalin (PubChem CID: 712) - dilution was made with PBS (PubChem CID: 24978514) to reach final concentration of 2.5% - was prepared from a 6% buffered formaldehyde stock solution (Molar Inc. Hungary).
Statistical Analysis
Fluorescence spectroscopy measurements were performed with four samples per group. All of the animal experiment data are presented as means ± SEM of six animals per group. Statistical analysis was performed by repeated measurement (RM) two-way ANOVA - the investigated factors were the pretreatment, time and their interaction (pretreatment x time) - with Bonferroni multiple comparisons post hoc test, in all cases p < 0.05 was considered statistically significant.
RESULTS
Sphingomyelinase and Myriocin Reduce the Number of Capsaicin-Evoked Eye-Wipings
The number CAPS-evoked eye-wiping movements within a 1-min period was 42.0 ± 1.8, 33.6 ± 1.7 and 28.0 ± 3.2 1, 2 and 3 h after local saline-pretreatment, respectively, in the control group showing desensitization in response to repeated CAPS administration. SMase pretreatment significantly decreased the number of wiping in the first hour, the corresponding values were 26.6 ± 2.5, 27.6 ± 2.2 and 24.6 ± 2.1 (Figure 1A).
[image: Figure 1]FIGURE 1 | Number of the eye-wiping movements in the CAPS-evoked acute chemonociceptive reaction. 50 mU SMase (A) and 1 mM Myr (B) also reduced the number of the eye-wiping movements. Data are means ± SEM of n = 6 animals/group. The corresponding F values of the pretreatment, time and their interaction were F(3,20) = 292.3; F(2,40) = 5.240; F(6,40) = 3.731 in case of SMase pretreatment and F(3,20) = 8.182; F(2,40) = 9.976; F(6,40) = 1.598 in case of Myr pretreatment, respectively. RM-Two-way ANOVA with Bonferroni post hoc test was used for statistical analysis (*p < 0.05; ***p < 0.001; ****p < 0.0001 SMase/Myr pretreatment vs. saline/DMSO pretreatment).
Since Myr was dissolved in DMSO, this vehicle control was used in this experimental series. We also tested the DMSO in saline-pretreated animals compared to the DMSO-pretreated ones and we did not find significant difference (data not shown). In DMSO-pretreated animals CAPS administration induced 27.5 ± 2.8; 27.8 ± 1.4; 27.8 ± 2.4 eye wiping movements in the first, second and third hour, respectively. Myr pretreatment significantly diminished the number of eye-wipings in the first and second hour, these values were 16.2 ± 1.1; 19.0 ± 1.5; 23.5 ± 2.3, respectively (Figure 1B).
Sphingomyelinase and Myriocin Decrease the Resiniferatoxin-Induced Thermal Allodynia, and Sphingomyelinase Abolish Mechanical Hyperalgesia
The baseline heat threshold values of untreated mice were between 44 and 49°C. RTX induced 27.0 ± 2.8%; 20.9 ± 3.0% and 7.1 ± 3.8% drop of the thermonociceptive thresholds 10th, 20th and the 30th min after its intraplantar injection in the saline-pretreated control group. SMase pretreatment abolished the thermal allodynia in all measurement points with a decrease by 6.2 ± 1.8%; 0.8 ± 1.8% and an increase by 1.2 ± 0.4%, respectively (Figure 2A). The basal mechanonociceptive thresholds of intact mice were in a range of 9 and 10 g. RTX-evoked drop of the mechanonociceptive threshold values were 58.1 ± 3.9%, 55.6 ± 4.2%, 42.6 ± 2.5% 30, 60, and 90 min after the injection in the saline-pretreated control. SMase significantly alleviated the mechanical hyperalgesia in the 30th min, the respective values were 30.7 ± 2.5%, 39.4 ± 3.3%, 34.5 ± 8.2% (Figure 2B).
[image: Figure 2]FIGURE 2 | Effect of 50 mU SMase in the RTX-induced thermal allodynia (A) and mechanical hyperalgesia (B). Data are means ± SEM of n = 6 animals/group. Dashed and solid curves represent the saline and SMase pretreatments after RTX injection, respectively. The corresponding F values of the pretreatment, time and their interaction were F(3,20) 94.61; F(3,60) 19.76; F(9,60) 12.17 in the thermal allodynia and F(3,20) 22.88; F(3,60) 64.75; F(9,60) 9.859 in themechanical hyperalgesia respectively. RM-Two-way ANOVA with Bonferroni post hoc test was used for statistical analysis (**p < 0.01; ***p < 0.001; ****p < 0.0001 SMase-pretreated group vs. saline-pretreated group).
In case of Myr, the thermo- and mechanonociceptive threshold values of intact mice were between 44 and 49°C, 8 and 10 g, respectively. DMSO, as solvent of Myr was tested in saline-pretreated animals in contrast with DMSO-pretreated animals and significant desensitization effect was not revealed (data not shown). After RTX injection the thermonociceptive threshold in the DMSO-pretreated group decreased by 27.5 ± 3.2%; 21.0 ± 3.2% and 4.9 ± 3.8% in the 10th, 20th and 30th min, respectively, while Myr-pretreated group values decreased by 10.7 ± 5.2%; 6.3 ± 3.0% after 10 and 20 min its injection and increased by 5.5 ± 1.4% after 30 min. Myr pretreatment diminished the thermal allodynia in the 10th and 20th but not in the 30th min (Figure 3A). RTX-evoked mechanical hyperalgesia in the DMSO-pretreated control group were 43.9 ± 4.8%; 34.7 ± 4.3%; 28.6 ± 4.7% on the measurement points, compared to the Myr-pretreated group, these values were similar: 45.2 ± 8.7%; 25.4 ± 3.2%; 15.9 ± 6.9%. Myr pretreatment did not altered the mechanical hyperalgesia at any time point (Figure 3B).
[image: Figure 3]FIGURE 3 | Effect of 1 mM Myr in the RTX-induced thermal allodynia (A) and mechanical hyperalgesia (B). Data are means ± SEM of n = 6 animals/group. Dotted and dashed curves represent the DMSO and Myr pretreatments after RTX injection, respectively. The corresponding F values of the pretreatment, time and their interaction were F(3,20) 20.80; F(3,60) 19.62; F(9,60) 6.617 in the thermal allodynia and F(3,20) 11.95; F(3,60) 35.96; F(9,60) 4.736 in the mechanical hyperalgesia respectively. RM-Two-way ANOVA with Bonferroni post hoc test was used for statistical analysis (**p < 0.01; ***p < 0.001 Myr-pretreated group vs. DMSO-pretreated group).
Sphingomyelinase Diminish Formalin-Evoked Acute Nocifensive Behaviors
The durations of formalin-induced paw lickings, liftings and shakings in the saline-pretreated control group were 127.2 ± 18.5 s and 371.1 ± 54.4 s in the first and second phases, respectively. SMase-pretreatment did not influence the acute chemonocifensive behavior in first phase due to direct activation of TRPA1 receptors on the sensory nerve endings, but induced significant inhibition in the second phase related to the acute neurogenic inflammatory reaction. The corresponding results were the following in the first and second phases, respectively: 125.9 ± 8.0 and 134.1 ± 20.1 s (Figure 4A).
[image: Figure 4]FIGURE 4 | Effects of 50 mU SMase (A) and 1 mM Myr (B) in the formalin-evoked acute nocifensive behaviors reaction. Data are means ± SEM of n = 6 animals/group. RM-Two-way ANOVA with Bonferroni post hoc test was used for statistical analysis (****p < 0.0001 SMase/Myr pretreatment vs. saline/DMSO pretreatment). The corresponding F values of the pretreatment, time and their interaction were F(3,20) = 37.02; F(1,20) = 39.06; F(3,20) = 24.68 in case of SMase pretreatment and F(3,20) = 4.318; F(1,20) = 3.032; F(3,20) = 0.8396 in case of Myr pretreatment, respectively.
In case of Myr, DMSO as its solvent was tested in saline-pretreated animals in contrast to DMSO-pretreated animals, and significant differences in the two groups was not found (data now shown). The formalin-evoked nocifensive behavior durations in the first phase were 183.1 ± 25.3 and 131.0 ± 15.2 s in the DMSO-pretreated control group and Myr-pretreated group, respectively. The durations of the second phase were 283.4 ± 69.4 and 188.7 ± 63.8 s in the DMSO control and Myr-pretreated animals. Myr had some biological effect, however this was not significant (Figure 4B).
Myriocin Changes the Membrane Polarity
SMase treatment did not influence the fluorescence spectroscopy picture as compared to the non-treated control. Spectral shift, broadening or changes in the shape of the spectra or intensity were not detected, as shown by no signal alterations of Laurdan. No changes were detected in the steady-state emission anisotropy measurements and transition from liquid-ordered to -disordered phase between the SMase-treated and non-treated cells (Figures 5A,B). In contrast to SMase, Myr treatment significantly modified the membrane microenvironment. The fluorescence emission was stronger in the Myr-treated samples than in the non-treated ones as shown by both excitation and emission spectra (Figures 5C,D). Excitation-emission matrices on the entire spectral region of Laurdan fluorescence also showed that the Myr-treated samples had higher fluorescence intensity than the non-treated control samples (Figures 6A,B). Emission anisotropy values of Myr-treated samples were significantly higher on the whole spectral range (Figure 6C).
[image: Figure 5]FIGURE 5 | Effects of 30 mU SMase or 100 nM Myr on normalized excitation- (A,C) or emission spectra (B,D) of Laurdan. Solid and dashed/dotted curves represent the values measured on the SMase/Myr-treated and non-treated control samples, respectively. Excitation wavelength: 350 nm, emission wavelength: 460 nm.
[image: Figure 6]FIGURE 6 | Excitation-emission matricies of non-treated control (A) and 100 nM Myr-treated (B) samples, respectively. Emission anisotropy spectra of 100 nM Myr-treated (solid) and non-treated control (dotted) samples.
DISCUSSION
We present here the first data on the analgesic effect of lipid raft disruption by SMase-induced SM hydrolization (Kiyokawa et al., 2005; Kobayashi et al., 2006) or Myr-induced glycosphingolipid synthesis blockade (Miyake et al., 1995). We proved that SMase and Myr decrease CAPS-evoked eye-wipings, as well as RTX-induced thermal allodynia, furthermore, SMase decreases the RTX-induced mechanical hyperalgesia and duration of the formalin-evoked -acute nocifensive behavior.
SMase and Myr significantly decreased TRPV1 activation-evoked eye-wiping movements by 37 and 41%, respectively. The decreasing response to repeated CAPS instillation was due to TRPV1 receptor desensitization (Sharma et al., 2013). Furthermore, SMase almost abolished TRPV1 stimulation-induced thermal allodynia and significantly reduced mechanical hyperalgesia. Myr had significant inhibitory effect on thermal allodynia induced predominantly by peripheral sensitization mechanisms, but not mechanical hyperalgesia involving central sensitization processes as well (Pan et al., 2003). TRPA1 activation-evoked acute neurogenic inflammatory nocifensive reactions were also significantly diminished by SMase (by 64%), while only non-significant decreasing tendency was induced by Myr.
These novel in vivo findings are well supported by our previous in vitro results demonstrating the ability of SMase and Myr to significantly and concentration-dependently inhibit TRPV1 receptor activation both on TRPV1 receptor-expressing cell line and primary cultures of trigeminal sensory neurons, similarly to MCD (Szőke et al., 2010). Furthermore, similar inhibitory actions of these lipid raft disruptors were described on the TRPA1, TRP Melastatin 8, but not the TRP Melastatin 3 cation channels (Sághy et al., 2015).
We provide the first direct evidence by fluorescence spectroscopy for the ability of Myr to induce transition from liquid-ordered to liquid-disordered phase indicating cholesterol depletion in the plasma membrane. Higher fluorescence intensity means less non-radiative processes of Laurdan and higher anisotropy reflects to more restricted motion of Laurdan after Myr treatment. These findings together indicate a more compact, closed membrane structure around Laurdan molecules. In contrast, SMase treatment did not influence the membrane polarity. We have previously proved that fluorescence spectroscopy is an appropriate technique to determine the plasma cholesterol content by comparing this method with the conventional filipin staining after MCD treatment in the same cell cultures (Sághy et al., 2015).
The formation of lipid rafts in the plasma membrane depends on the interaction of SM and cholesterol (Simons and Ikonen, 1997; Ridgway, 2000). Cholesterol content of the lipid membrane does not affect significantly the biosynthesis of SMs being involved in a variety of essential cellular functions (Ridgway, 2000). It has been reported that SM and cholesterol synthesis are independent processes in cultured human intestinal cells, but the amount of cholesterol and SM regulate their synthesis rates (Chen et al., 1993). It has been described that orally administered Myr decreases not only SM, but also cholesterol levels of the small intestinal epithelial cell plasma membrane (Li et al., 2009).
Although results of in vitro experiments provided evidence, that lipid raft disruption inhibited the activation mechanisms of TRP channels (Szőke et al., 2010; Sághy et al., 2015), there are only few recent animal experiments to prove this phenomenon in vivo. Cholesterol depletion by MCD induced antinociception in RTX-induced neuropathy in the mouse through phosphatidylinositol 4,5-bisphosphate hydrolysis (Lin et al., 2019). Furthermore, MCD and a novel carboxamido-steroid compound were able to exert antinociceptive effects by decreasing the activation of TRPV1 and TPRA1 ion channels in mice in distinct pain mechanisms (Horváth et al., 2020). The mechanical hyperalgesia induced by PGE2, but not cyclopentyladenosine was attenuated by MCD injection into the rat paw, suggesting that PGE2-evoked hyperalgesic effect is dependent on the lipid raft integrity (Ferrari and Levine, 2015). Complete Freund’s adjuvant-induced thermal and mechanical hyperalgesia was attenuated by both local and systemic administration of random methylated β-cyclodextrins (RAMEB) in rats. The authors suggest that RAMEB capture the prostaglandin content and then decrease the inflammatory pain which might be a novel anti-inflammatory and analgesic tool (Sauer et al., 2017). In a very recent paper, the role of another components of lipid rafts, the gangliosides have been discussed in pain mechanisms (Sántha et al., 2020). Intraplantar injection of the ganglioside GT1b induced nociceptive responses and augmented formalin-evoked nocifensive reactions. Nevertheless, sialidase injection cleaving sialyl residues from gangliosides is able to diminish the nociceptive responses (Watanabe et al., 2011; Sántha et al., 2020).
The role of sphingolipids in pain sensation via the modulation of TRP channel activation is poorly understood and we had only in vitro experimental results (Szőke et al., 2010; Sághy et al., 2015). The present results are the first in vivo data providing clear evidence that sphingolipids play an important role in both TRPV1 and TRPA1-evoked nocifensive behaviors and hyperalgesia. Intraplantar pretreatments by both SMase and Myr inhibited thermal allodynia in the acute neurogenic inflammation model that develop mainly by peripheral sensitization of the sensory nerves. Furthermore, SMase injection into the paw even decreased mechanical hyperalgesia induced by both peripheral and central sensitization mechanisms (Pan et al., 2003), demonstrating a stronger inhibitory effect on the pseudo unipolar primary sensory neuron as compared to Myr. This observation together with the fact that SMase does not influence the membrane cholesterol composition support our conclusion on the key importance of sphingolipids over cholesterol in lipid raft integrity around TRPV1 and TRPA1 and consequent sensory nerve activation.
These in vivo results strongly suggest that membrane sphingolipid modification particularly by SMase might open novel analgesic opportunities. This innovative approach potently inhibits the activation of the sensory nerves via targeting pain sensing structures including TRPV1 and TRPA1. This might be particularly promising since it is more likely to inhibit the pathological activation, but not the physiological functions of TRPV1 and TRPA1. Moreover, other main advantages are the opportunity for local administration and its rapid onset of action. Therefore, SMase seems to be a promising therapeutic tool with a good side effect profile (e.g. it could avoid the hyperthermic side effects of TRPV1 antagonists).
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by Ethics Committee on Animal Research of Pécs University.
AUTHOR CONTRIBUTIONS
Conceptualization ÉSz and JS; methodology ÁH, BK, TB-S, MP, ÉSá, GM, JE, AS; formal analysis ÁH; investigation ÁH, BK, TB-S, MP, ÉSá, GM, JE, AS; resources ZH, ÉSz; writing—original draft preparation, ÁH; writing—review and editing ÉSz, ZH; visualization ÁH; supervision ÉSz, ZH; project administration ÁH, TB-S; funding acquisition ZH, ÉSz.
FUNDING
This work was supported by the National Brain Research Program 2017-1.2.1-NKP -2017-00002 (NAP-2; Chronic Pain Research Group). We acknowledge the grant of the Hungarian Government (GINOP-2.3.2-15-2016-00050, EFOP-3.6.2-16-2017-00006 and EFOP-3.6.2-16-2017-00008). ÉSz and ÉSá were supported by the János Bolyai Research Scholarship of the Hungarian Academy of Sciences. The University of Pécs is acknowledged for a support by the 17886-4/23018/FEKUTSTRAT excellence grant. MP was supported by the New National Excellence Program of the Ministry of Human Capacities ÚNKP-18-4. ÉSz and ÉSá were supported by the New National Excellence Program of the Ministry of Human Capacities ÚNKP-18-4 and New National Excellence Program of the Ministry for Innovation and Technology ÚNKP-19-4 grant. ÁH was supported by the Gedeon Richter’s Talentum Foundation.
ACKNOWLEDGMENTS
The fluorescence spectroscopy measurements were performed at the fluorescence Spectroscopy Laboratory of Histology and Light Microscopy Core Facility of the Szentagothai Research Centre. The authors thank Mr. Péter Kolossa for his expert assistance in the fluorescence spectroscopy measurements, Dóra Ömböli for expert technical assistance in the animal experimental procedures and the Late Prof. János Szolcsányi for his expert advices during the experimental procedures. Prof. Szolcsányi passed away during the course of this study, and this paper is dedicated to his memory. 
ABBREVIATIONS
CAPS, capsaicin; CGRP, calcitonin gene-related peptide; CHO, Chinese hamster ovary; ECS, extracellular solution; Laurdan, 6-dodecanoyl-N,N-dimethyl-naphthylamine; MCD, methyl β-cyclodextrin; Myr, myriocin; PGE2, prostaglandin E2; RAMEB, random methylated β-cyclodextrins; RM, repeated measurement; RTX, resiniferatoxin; TRP, Transient Receptor Potential; TRPA1, Transient Receptor Potential Ankyrin 1; TRPC1, Transient Receptor Potential Canonical 1; TRPC3, Transient Receptor Potential Canonical 3; TRPV1, Transient Receptor Potential Vanilloid 1.
REFERENCES
 Adinolfi, B., Romanini, A., Vanni, A., Martinotti, E., Chicca, A., Fogli, S., et al. (2013). Anticancer activity of anandamide in human cutaneous melanoma cells. Eur. J. Pharmacol . 718, 154–159. doi:10.1016/j.ejphar.2013.08.039
 Aiello, F., Badolato, M., Pessina, F., Sticozzi, C., Maestrini, V., Aldinucci, C., et al. (2016). Design and synthesis of new transient receptor potential vanilloid type-1 (TRPV1) channel modulators: identification, molecular modeling analysis, and pharmacological characterization of the N-(4-Hydroxy-3-methoxybenzyl)-4-(thiophen-2-yl) butanamide, a small molecule endowed with agonist TRPV1 activity and protective effects against oxidative stress. ACS Chem. Neurosci . 7, 737–748. doi:10.1021/acschemneuro.5b00333
 Akopian, A. N., Ruparel, N. B., Patwardhan, A., and Hargreaves, K. M. (2008). Cannabinoids desensitize capsaicin and mustard oil responses in sensory neurons via TRPA1 activation. J. Neurosci . 28, 1064–1075. doi:10.1523/JNEUROSCI.1565-06.2008
 Almási, R., Pethö, G., Bölcskei, K., and Szolcsányi, J. (2003). Effect of resiniferatoxin on the noxious heat threshold temperature in the rat: a novel heat allodynia model sensitive to analgesics. Br. J. Pharmacol . 139, 49–58. doi:10.1038/sj.bjp.0705234
 Bandell, M., Story, G. M., Hwang, S. W., Viswanath, V., Eid, S. R., Petrus, M. J., et al. (2004). Noxious cold ion channel TRPA1 is activated by pungent compounds and bradykinin. Neuron . 41, 849–857. doi:10.1016/S0896-6273(04)00150-3
 Bari, M., Battista, N., Fezza, F., Finazzi-Agrò, A., and Maccarrone, M. (2005). Lipid rafts control signaling of type-1 cannabinoid receptors in neuronal cells. Implications for anandamide-induced apoptosis. J. Biol. Chem . 280, 12212–12220. doi:10.1074/jbc.M411642200
 Bautista, D. M., Pellegrino, M., and Tsunozaki, M. (2013). TRPA1: a gatekeeper for inflammation. Annu. Rev. Physiol . 75, 181–200. doi:10.1146/annurev-physiol-030212-183811
 Bergdahl, A., Gomez, M. F., Dreja, K., Xu, S.-Z., Adner, M., Beech, D. J., et al. (2003). Cholesterol depletion impairs vascular reactivity to endothelin-1 by reducing store-operated Ca2+ entry dependent on TRPC1. Circ. Res . 93, 839–847. doi:10.1161/01.RES.0000100367.45446.A3
 Bianchi, B. R., Lee, C.-H., Jarvis, M. F., El Kouhen, R., Moreland, R. B., Faltynek, C. R., et al. (2006). Modulation of human TRPV1 receptor activity by extracellular protons and host cell expression system. Eur. J. Pharmacol . 537, 20–30. doi:10.1016/j.ejphar.2006.03.003
 Bölcskei, K., Helyes, Z., Szabó, Á., Sándor, K., Elekes, K., Németh, J., et al. (2005). Investigation of the role of TRPV1 receptors in acute and chronic nociceptive processes using gene-deficient mice. Pain . 117, 368–376. doi:10.1016/j.pain.2005.06.024
 Brizzi, A., Aiello, F., Marini, P., Cascio, M. G., Corelli, F., Brizzi, V., et al. (2014). Structure-affinity relationships and pharmacological characterization of new alkyl-resorcinol cannabinoid receptor ligands: identification of a dual cannabinoid receptor/TRPA1 channel agonist. Bioorg. Med. Chem . 22, 4770–4783. doi:10.1016/j.bmc.2014.07.006
 Cao, E., Cordero-Morales, J. F., Liu, B., Qin, F., and Julius, D. (2013). TRPV1 channels are intrinsically heat sensitive and negatively regulated by phosphoinositide lipids. Neuron . 77, 667–679. doi:10.1016/j.neuron.2012.12.016
 Caterina, M. J., and Park, U. (2006). “TRPV1: a polymodal sensor in the nociceptor terminal,” in Current topics in membranes . (Amsterdam, Netherlands: Elsevier), 113–150. doi:10.1016/S1063-5823(06)57003-6
 Chao, L., Chen, F., Jensen, K. F., and Hatton, T. A. (2011). Two-dimensional solvent-mediated phase transformation in lipid membranes induced by sphingomyelinase. Langmuir . 27, 10050–10060. doi:10.1021/la2015836
 Chen, H., Born, E., Mathur, S. N., and Field, F. J. (1993). Cholesterol and sphingomyelin syntheses are regulated independently in cultured human intestinal cells, CaCo-2: role of membrane cholesterol and sphingomyelin content. J. Lipid Res . 34, 2159–2167.
 Corey, D. P., García-Añoveros, J., Holt, J. R., Kwan, K. Y., Lin, S.-Y., Vollrath, M. A., et al. (2004). TRPA1 is a candidate for the mechanosensitive transduction channel of vertebrate hair cells. Nature . 432, 723–730. doi:10.1038/nature03066
 De Chiara, V., Motta, C., Rossi, S., Studer, V., Barbieri, F., Lauro, D., et al. (2013). Interleukin-1β alters the sensitivity of cannabinoid CB1 receptors controlling glutamate transmission in the striatum. Neuroscience . 250, 232–239. doi:10.1016/j.neuroscience.2013.06.069
 De Logu, F., Li Puma, S., Landini, L., Portelli, F., Innocenti, A., de Araujo, D. S. M., et al. (2019). Schwann cells expressing nociceptive channel TRPA1 orchestrate ethanol-evoked neuropathic pain in mice. J. Clin. Invest . 129, 5424–5441. doi:10.1172/JCI128022
 Dina, O. A., Hucho, T., Yeh, J., Malik-Hall, M., Reichling, D. B., and Levine, J. D. (2005). Primary afferent second messenger cascades interact with specific integrin subunits in producing inflammatory hyperalgesia. Pain . 115, 191–203. doi:10.1016/j.pain.2005.02.028
 Ferrari, L. F., and Levine, J. D. (2015). Plasma membrane mechanisms in a preclinical rat model of chronic pain. J. Pain . 16, 60–66. doi:10.1016/j.jpain.2014.10.007
 Gambert, S., Gabrielle, P.-H., Masson, E., Leger-Charnay, E., Ferrerro, A., Vannier, A., et al. (2017). Cholesterol metabolism and glaucoma: modulation of Muller cell membrane organization by 24S-hydroxycholesterol. Chem. Phys. Lipids . 207, 179–191. doi:10.1016/j.chemphyslip.2017.05.007
 Gaus, K., Gratton, E., Kable, E. P. W., Jones, A. S., Gelissen, I., Kritharides, L., et al. (2003). Visualizing lipid structure and raft domains in living cells with two-photon microscopy. Proc. Natl. Acad. Sci. U.S.A . 100, 15554–15559. doi:10.1073/pnas.2534386100
 Gavva, N. R. (2008). Body-temperature maintenance as the predominant function of the vanilloid receptor TRPV1. Trends Pharmacol. Sci . 29, 550–557. doi:10.1016/j.tips.2008.08.003
 Gees, M., Owsianik, G., and Voets, T. (2012). “TRP channels,” in Comprehensive physiology ed .. Editor R. Terjung (Hoboken, NJ: John Wiley & Sons, Inc.), 563–608. doi:10.1002/cphy.c110026
 Graziani, A., Rosker, C., Kohlwein, S. D., Zhu, M. X., Romanin, C., Sattler, W., et al. (2006). Cellular cholesterol controls TRPC3 function: evidence from a novel dominant-negative knockdown strategy. Biochem. J . 396, 147–155. doi:10.1042/BJ20051246
 Harris, F. M., Best, K. B., and Bell, J. D. (2002). Use of laurdan fluorescence intensity and polarization to distinguish between changes in membrane fluidity and phospholipid order. Biochim. Biophys. Acta . 1565, 123–128. doi:10.1016/S0005-2736(02)00514-X
 Helyes, Z., Németh, J., Thán, M., Bölcskei, K., Pintér, E., and Szolcsányi, J. (2003). Inhibitory effect of anandamide on resiniferatoxin-induced sensory neuropeptide release in vivo and neuropathic hyperalgesia in the rat. Life Sci . 73, 2345–2353. doi:10.1016/S0024-3205(03)00651-9
 Helyes, Z., Pinter, E., Sandor, K., Elekes, K., Banvolgyi, A., Keszthelyi, D., et al. (2009). Impaired defense mechanism against inflammation, hyperalgesia, and airway hyperreactivity in somatostatin 4 receptor gene-deleted mice. Proc. Natl. Acad. Sci. U.S.A . 106, 13088–13093. doi:10.1073/pnas.0900681106
 Horváth, Á., Biró-Sütő, T., Kántás, B., Payrits, M., Skoda-Földes, R., Szánti-Pintér, E., et al. (2020). Antinociceptive effects of lipid raft disruptors, a novel carboxamido-steroid and methyl β-cyclodextrin, in mice by inhibiting transient receptor potential vanilloid 1 and Ankyrin 1 channel activation. Front. Physiol . 11, 559109. doi:10.3389/fphys.2020.559109
 Hwang, S. W., Cho, H., Kwak, J., Lee, S.-Y., Kang, C.-J., Jung, J., et al. (2000). Direct activation of capsaicin receptors by products of lipoxygenases: endogenous capsaicin-like substances. Proc. Natl. Acad. Sci. U.S.A . 97, 6155–6160. doi:10.1073/pnas.97.11.6155
 Jordt, S.-E., Bautista, D. M., Chuang, H., McKemy, D. D., Zygmunt, P. M., Högestätt, E. D., et al. (2004). Mustard oils and cannabinoids excite sensory nerve fibres through the TRP channel ANKTM1. Nature . 427, 260–265. doi:10.1038/nature02282
 Kaneko, Y., and Szallasi, A. (2014). Transient receptor potential (TRP) channels: a clinical perspective. Br. J. Pharmacol . 171, 2474–2507. doi:10.1111/bph.12414
 Kántás, B., Börzsei, R., Szőke, É., Bánhegyi, P., Horváth, Á., Hunyady, Á., et al. (2019). Novel drug-like somatostatin receptor 4 agonists are potential analgesics for neuropathic pain. Int. J. Mol. Sci . 20, 6245. doi:10.3390/ijms20246245
 Kiyokawa, E., Baba, T., Otsuka, N., Makino, A., Ohno, S., and Kobayashi, T. (2005). Spatial and functional heterogeneity of sphingolipid-rich membrane domains. J. Biol. Chem . 280, 24072–24084. doi:10.1074/jbc.M502244200
 Kobayashi, T., Takahashi, M., Nagatsuka, Y., and Hirabayashi, Y. (2006). Lipid rafts: new tools and a new component. Biol. Pharm. Bull . 29, 1526–1531. doi:10.1248/bpb.29.1526
 Lee, Y.-S., Choi, K.-M., Choi, M.-H., Ji, S.-Y., Lee, S., Sin, D.-M., et al. (2011). Serine palmitoyltransferase inhibitor myriocin induces growth inhibition of B16F10 melanoma cells through G(2)/M phase arrest. Cell Prolif . 44, 320–329. doi:10.1111/j.1365-2184.2011.00761.x
 Lee, Y.-S., Choi, K.-M., Lee, S., Sin, D.-M., Yoo, K.-S., Lim, Y., et al. (2012). Myriocin, a serine palmitoyltransferase inhibitor, suppresses tumor growth in a murine melanoma model by inhibiting de novo sphingolipid synthesis. Cancer Biol. Ther . 13, 92–100. doi:10.4161/cbt.13.2.18870
 Lee, S., Amici, S., Tavori, H., Zeng, W. M., Freeland, S., Fazio, S., et al. (2014). PMP22 is critical for actin-mediated cellular functions and for establishing lipid rafts. J. Neurosci . 34, 16140–16152. doi:10.1523/JNEUROSCI.1908-14.2014
 Li, Z., Park, T.-S., Li, Y., Pan, X., Iqbal, J., Lu, D., et al. (2009). Serine palmitoyltransferase (SPT) deficient mice absorb less cholesterol. Biochim. Biophys. Acta . 1791, 297–306. doi:10.1016/j.bbalip.2009.01.010
 Lin, C.-L., Chang, C.-H., Chang, Y.-S., Lu, S.-C., and Hsieh, Y.-L. (2019). Treatment with methyl-β-cyclodextrin prevents mechanical allodynia in resiniferatoxin neuropathy in a mouse model. Biol. Open . 8, bio039511. doi:10.1242/bio.039511
 Liu, B., Hui, K., and Qin, F. (2003). Thermodynamics of heat activation of single capsaicin ion channels VR1. Biophys. J . 85, 2988–3006. doi:10.1016/S0006-3495(03)74719-5
 Liu, M., Huang, W., Wu, D., and Priestley, J. V. (2006). TRPV1, but not P2X, requires cholesterol for its function and membrane expression in rat nociceptors. Eur. J. Neurosci . 24, 1–6. doi:10.1111/j.1460-9568.2006.04889.x
 Lockwich, T. P., Liu, X., Singh, B. B., Jadlowiec, J., Weiland, S., and Ambudkar, I. S. (2000). Assembly of Trp1 in a signaling complex associated with caveolin-scaffolding lipid raft domains. J. Biol. Chem . 275, 11934–11942. doi:10.1074/jbc.275.16.11934
 Macpherson, L. J., Geierstanger, B. H., Viswanath, V., Bandell, M., Eid, S. R., Hwang, S., et al. (2005). The pungency of garlic: activation of TRPA1 and TRPV1 in response to allicin. Curr. Biol . 15, 929–934. doi:10.1016/j.cub.2005.04.018
 Macpherson, L. J., Dubin, A. E., Evans, M. J., Marr, F., Schultz, P. G., Cravatt, B. F., et al. (2007). Noxious compounds activate TRPA1 ion channels through covalent modification of cysteines. Nature . 445, 541–545. doi:10.1038/nature05544
 Marrone, M. C., Morabito, A., Giustizieri, M., Chiurchiù, V., Leuti, A., Mattioli, M., et al. (2017). TRPV1 channels are critical brain inflammation detectors and neuropathic pain biomarkers in mice. Nat. Commun . 8, 15292. doi:10.1038/ncomms15292
 McNamara, C. R., Mandel-Brehm, J., Bautista, D. M., Siemens, J., Deranian, K. L., Zhao, M., et al. (2007). TRPA1 mediates formalin-induced pain. Proc. Natl. Acad. Sci. U.S.A . 104, 13525–13530. doi:10.1073/pnas.0705924104
 Meyer, R. A., and Campbell, J. N. (1981). Myelinated nociceptive afferents account for the hyperalgesia that follows a burn to the hand. Science . 213, 1527–1529. doi:10.1126/science.7280675
 Miyake, Y., Kozutsumi, Y., Nakamura, S., Fujita, T., and Kawasaki, T. (1995). Serine palmitoyltransferase is the primary target of a sphingosine-like immunosuppressant, ISP-1/Myriocin. Biochem. Biophys. Res. Commun . 211, 396–403. doi:10.1006/bbrc.1995.1827
 Moran, M. M., McAlexander, M. A., Bíró, T., and Szallasi, A. (2011). Transient receptor potential channels as therapeutic targets. Nat. Rev. Drug Discov . 10, 601–620. doi:10.1038/nrd3456
 Morenilla-Palao, C., Pertusa, M., Meseguer, V., Cabedo, H., and Viana, F. (2009). Lipid raft segregation modulates TRPM8 channel activity. J. Biol. Chem . 284, 9215–9224. doi:10.1074/jbc.M807228200
 Myers, B. R., Bohlen, C. J., and Julius, D. (2008). A yeast genetic screen reveals a critical role for the pore helix domain in TRP channel gating. Neuron . 58, 362–373. doi:10.1016/j.neuron.2008.04.012
 Nilius, B., and Szallasi, A. (2014). Transient receptor potential channels as drug targets: from the science of basic research to the art of medicine. Pharmacol. Rev . 66, 676–814. doi:10.1124/pr.113.008268
 Pan, H.-L., Khan, G. M., Alloway, K. D., and Chen, S.-R. (2003). Resiniferatoxin induces paradoxical changes in thermal and mechanical sensitivities in rats: mechanism of action. J. Neurosci . 23, 2911–2919. doi:10.1523/JNEUROSCI.23-07-02911.2003
 Payrits, M., Sághy, É., Cseko, K., Pohóczky, K., Bölcskei, K., Ernszt, D., et al. (2017). Estradiol sensitizes the transient receptor potential vanilloid 1 receptor in pain responses. Endocrinology . 158, 3249–3258. doi:10.1210/en.2017-00101
 Raisinghani, M., Pabbidi, R. M., and Premkumar, L. S. (2005). Activation of transient receptor potential vanilloid 1 (TRPV1) by resiniferatoxin. J. Physiol . 567, 771–786. doi:10.1113/jphysiol.2005.087874
 Ridgway, N. D. (2000). Interactions between metabolism and intracellular distribution of cholesterol and sphingomyelin. Biochim. Biophys. Acta . 1484, 129–141. doi:10.1016/S1388-1981(00)00006-8
 Rossi, S., Sacchetti, L., Napolitano, F., De Chiara, V., Motta, C., Studer, V., et al. (2012). Interleukin-1β causes anxiety by interacting with the endocannabinoid system. J. Neurosci . 32, 13896–13905. doi:10.1523/JNEUROSCI.1515-12.2012
 Sághy, É., Szőke, É., Payrits, M., Helyes, Z., Börzsei, R., Erostyák, J., et al. (2015). Evidence for the role of lipid rafts and sphingomyelin in Ca2+-gating of Transient Receptor Potential channels in trigeminal sensory neurons and peripheral nerve terminals. Pharmacol. Res . 100, 101–116. doi:10.1016/j.phrs.2015.07.028
 Salas, M. M., Hargreaves, K. M., and Akopian, A. N. (2009). TRPA1-mediated responses in trigeminal sensory neurons: interaction between TRPA1 and TRPV1. Eur. J. Neurosci . 29, 1568–1578. doi:10.1111/j.1460-9568.2009.06702.x
 Sántha, P., Dobos, I., Kis, G., and Jancsó, G. (2020). Role of gangliosides in peripheral pain mechanisms. Int. J. Mol. Sci . 21, 1005. doi:10.3390/ijms21031005
 Sauer, R.-S., Rittner, H. L., Roewer, N., Sohajda, T., Shityakov, S., Brack, A., et al. (2017). A novel approach for the control of inflammatory pain: prostaglandin E2 complexation by randomly methylated β-cyclodextrins. Anesth. Analg . 124, 675–685. doi:10.1213/ANE.0000000000001674
 Sharma, S. K., Vij, A. S., and Sharma, M. (2013). Mechanisms and clinical uses of capsaicin. Eur. J. Pharmacol . 720, 55–62. doi:10.1016/j.ejphar.2013.10.053
 Simons, K., and Ikonen, E. (1997). Functional rafts in cell membranes. Nature . 387, 569–572. doi:10.1038/42408
 Smart, D., Gunthorpe, M. J., Jerman, J. C., Nasir, S., Gray, J., Muir, A. I., et al. (2000). The endogenous lipid anandamide is a full agonist at the human vanilloid receptor (hVR1). Br. J. Pharmacol . 129, 227–230. doi:10.1038/sj.bjp.0703050
 Sonnino, S., Aureli, M., Grassi, S., Mauri, L., Prioni, S., and Prinetti, A. (2014). Lipid rafts in neurodegeneration and neuroprotection. Mol. Neurobiol . 50, 130–148. doi:10.1007/s12035-013-8614-4
 Story, G. M., Peier, A. M., Reeve, A. J., Eid, S. R., Mosbacher, J., Hricik, T. R., et al. (2003). ANKTM1, a TRP-like channel expressed in nociceptive neurons, is activated by cold temperatures. Cell . 112, 819–829. doi:10.1016/S0092-8674(03)00158-2
 Szőke, E., Seress, L., and Szolcsányi, J. (2002). Neonatal capsaicin treatment results in prolonged mitochondrial damage and delayed cell death of B cells in the rat trigeminal ganglia. Neuroscience . 113, 925–937. doi:10.1016/s0306-4522(02)00208-7
 Szolcsányi, J. (2004). Forty years in capsaicin research for sensory pharmacology and physiology. Neuropeptides . 38, 377–384. doi:10.1016/j.npep.2004.07.005
 Szolcsányi, J. (2008). Hot target on nociceptors: perspectives, caveats and unique features. Br. J. Pharmacol . 155, 1142–1144. doi:10.1038/bjp.2008.374
 Szolcsányi, J., Jancsó-Gábor, A., and Joó, F. (1975). Functional and fine structural characteristics of the sensory neuron blocking effect of capsaicin. Naunyn Schmiedebergs Arch. Pharmacol . 287, 157–169. doi:10.1007/BF00510447
 Szolcsányi, J., and Sándor, Z. (2012). Multisteric TRPV1 nocisensor: a target for analgesics. Trends Pharmacol. Sci . 33, 646–655. doi:10.1016/j.tips.2012.09.002
 Szőke, É., Börzsei, R., Tóth, D. M., Lengl, O., Helyes, Z., Sándor, Z., et al. (2010). Effect of lipid raft disruption on TRPV1 receptor activation of trigeminal sensory neurons and transfected cell line. Eur. J. Pharmacol . 628, 67–74. doi:10.1016/j.ejphar.2009.11.052
 Tjølsen, A., Berge, O. G., Hunskaar, S., Rosland, J. H., and Hole, K. (1992). The formalin test: an evaluation of the method. Pain . 51, 5–17. doi:10.1016/0304-3959(92)90003-t
 Trevisani, M., Siemens, J., Materazzi, S., Bautista, D. M., Nassini, R., Campi, B., et al. (2007). 4-Hydroxynonenal, an endogenous aldehyde, causes pain and neurogenic inflammation through activation of the irritant receptor TRPA1. Proc. Natl. Acad. Sci. U.S.A . 104, 13519–13524. doi:10.1073/pnas.0705923104
 Vay, L., Gu, C., and McNaughton, P. A. (2012). The thermo-TRP ion channel family: properties and therapeutic implications. Br. J. Pharmacol . 165, 787–801. doi:10.1111/j.1476-5381.2011.01601.x
 Vilceanu, D., and Stucky, C. L. (2010). TRPA1 mediates mechanical currents in the plasma membrane of mouse sensory neurons. PLoS One . 5, e12177. doi:10.1371/journal.pone.0012177
 Watanabe, S., Tan-No, K., Tadano, T., and Higashi, H. (2011). Intraplantar injection of gangliosides produces nociceptive behavior and hyperalgesia via a glutamate signaling mechanism. Pain . 152, 327–334. doi:10.1016/j.pain.2010.10.036
 Welch, J. M., Simon, S. A., and Reinhart, P. H. (2000). The activation mechanism of rat vanilloid receptor 1 by capsaicin involves the pore domain and differs from the activation by either acid or heat. Proc. Natl. Acad. Sci. U.S.A . 97, 13889–13894. doi:10.1073/pnas.230146497
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 Horváth, Payrits, Steib, Kántás, Biró-Sütó, Erostyák, Makkai, Sághy, Helyes and Szőke. 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.
OPS/images/fphar-11-593319-g005.gif





OPS/images/fphar-11-593319-g006.gif





OPS/images/fphar-11-593319-g003.gif





OPS/images/fphar-11-593319-g004.gif





OPS/images/math_1.gif
e 1 2G T





OPS/images/math_2.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Analgesic Effects of Lipid Raft Disruption by Sphingomyelinase and Myriocin via Transient Receptor Potential Vanilloid 1 and Transient Receptor Potential Ankyrin 1 Ion Channel Modulation		Introduction

		Materials and Methods		Ethics and Animals

		Capsaicin-Evoked Acute Chemonocifensive Reaction

		Resiniferatoxin-Induced Thermal Allodynia and Mechanical Hyperalgesia

		Formalin-Evoked Acute Nocifensive Behavior

		Fluorescence Spectroscopy to Determine Membrane Polarity Related to Lipid Raft Integrity

		Drugs and Chemicals

		Statistical Analysis





		Results		Sphingomyelinase and Myriocin Reduce the Number of Capsaicin-Evoked Eye-Wipings

		Sphingomyelinase and Myriocin Decrease the Resiniferatoxin-Induced Thermal Allodynia, and Sphingomyelinase Abolish Mechanical Hyperalgesia

		Sphingomyelinase Diminish Formalin-Evoked Acute Nocifensive Behaviors

		Myriocin Changes the Membrane Polarity





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Acknowledgments

		Abbreviations

		References









OPS/images/cover.jpg
‘ frontiers
in Pharmacology

Analgesic Effects of Lipid Raft
Disruption by Sphingomyelinase
and Myriocin via Transient
Receptor Potential Vanilloid 1 and
Transient Receptor Potential
Ankyrin 1 lon Channel Modulation





OPS/images/fphar-11-593319-g001.gif





OPS/images/fphar-11-593319-g002.gif
--------










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Materials





