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Glucosylsphingosine evokes pruritus via activation of 5-HT2A 

receptor and TRPV4 in sensory neurons

Babina Sanjel1,2, Bo-Hyun Kim1,2, Myung-Hyun Song1, Earl Carstens3, Won-Sik Shim1,2

1College of Pharmacy, Gachon University, Incheon, South Korea

2Gachon Institute of Pharmaceutical Sciences, Incheon, South Korea

3Department of Neurobiology, Physiology and Behavior, University of California, Davis, California, 
USA

Abstract

Background and purpose: Glucosylsphingosine (GS), an endogenous sphingolipid, is highly 

accumulated in the epidermis of patients with atopic dermatitis (AD) due to abnormal ceramide 

metabolism. More importantly, GS can evoke scratching behaviours. However, the precise 

molecular mechanism by which GS induces pruritus has been elusive. Thus, the present study 

aimed to elucidate the molecular signalling pathway of GS, especially at the peripheral sensory 

neuronal levels.

Experimental approach: Calcium imaging was used to investigate the responses of HEK293T 

cells or mouse dorsal root ganglion (DRG) neurons to application of GS. Scratching behaviour 

tests were also performed with wild-type and Trpv4 knockout mice.

Key results: GS activated DRG neurons in a manner involving both the 5-HT2A receptor and 

TRPV4. Furthermore, GS-induced responses were significantly suppressed by various inhibitors, 

including ketanserin (5-HT2A receptor antagonist), YM254890 (Gαq/11 inhibitor), gallein (Gβγ 
complex inhibitor), U73122 (phospholipase C inhibitor), bisindolylmaleimide I (PKC inhibitor) 

and HC067047 (TRPV4 antagonist). Moreover, DRG neurons from Trpv4 knockout mice 

exhibited significantly reduced responses to GS. Additionally, GS-evoked scratching behaviours 

were greatly decreased by pretreatment with inhibitors of either 5-HT2A receptor or TRPV4. As 
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expected, GS-evoked scratching behaviour was also significantly decreased in Trpv4 knockout 

mice.

Conclusion and implications: Overall, the present study provides evidence for a novel 

molecular signalling pathway for GS-evoked pruritus, which utilizes both 5-HT2A receptor and 

TRPV4 in mouse sensory neurons. Considering the high accumulation of GS in the epidermis of 

patients with AD, GS could be another pruritogen in patients with AD.
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1 | INTRODUCTION

Itch, or pruritus, is an unpleasant, irritating sensation that evokes a desire to scratch. 

Typically, itch signals are initiated by the triggering action of pruritogens (itch-inducing 

compounds), which excite peripheral sensory neurons that innervate the skin. These itch-

inducing signals are mediated by various receptors and ion channels (Dong & Dong, 2018).

Pruritus hampers the quality of normal daily life, especially when it becomes chronic 

(Akiyama & Carstens, 2014). Chronic pruritus, defined as continuous pruritus that lasts for 

more than 6 weeks (Stander et al., 2007), is often associated with dermatological diseases, 

such as atopic dermatitis (AD). Indeed, chronic pruritus is a hallmark clinical feature of AD 

(Stander, 2021).

Pruritus in AD is mediated by various pruritogens. Intriguingly, histamine is not a major 

pruritogen in AD (Stander, 2021). Instead, roles for non-histamine pruritogens such as 

IL-4, IL-13, IL-31 and thymic stromal lymphopoietin (TSLP) have been elucidated in AD 

(Cevikbas et al., 2014; Oh et al., 2013; Wilson et al., 2013). Still, there may be as yet 

unexplored pruritogens and/or molecular pathways responsible for pruritus in AD.

In this context, the present study aimed to verify whether glucosylsphingosine (GS), an 

endogenous sphingolipid, could act as a putative pruritogen in AD, since GS is highly 

accumulated in the skin of patients with AD (Imokawa, 2021; Ishibashi et al., 2003) 

(detailed explanation can be found in the Supplementary information). Importantly, GS 

evokes itch-related scratching responses in mice (Kim et al., 2010). Furthermore, we have 

previously found that GS activates the heterologously expressed 5-HT2A receptor (Afzal & 

Shim, 2017).

Serotonin (5-hydroxytryptamine or 5-HT) is an inflammatory mediator that can evoke 

itch (Kushnir-Sukhov et al., 2007; Slominski et al., 2003). Indeed, intradermal injection 

of serotonin elicits robust scratching behaviour in rodents (Nojima & Carstens, 2003; 

Yamaguchi et al., 1999). Additionally, application of serotonin in humans elicits mild to 

moderate itch (Hosogi et al., 2006; Kushnir-Sukhov et al., 2007; Weisshaar et al., 1997, 

2004). Moreover, aberrant serotonin signalling in the skin is linked to itch in patients with 

AD (Huang et al., 2004; Soga et al., 2007).

Sanjel et al. Page 2

Br J Pharmacol. Author manuscript; available in PMC 2022 May 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Transient receptor potential vanilloid subtype 4 (TRPV4) is a non-selective cationic ion 

channel expressed in sensory neurons that sense various chemical, mechanical and thermal 

stimuli (White et al., 2016). Interestingly, TRPV4 is involved in serotonin-induced pruritus 

via 5-HT2 receptor in mice (Akiyama et al., 2016). Indeed, TRPV4 antagonists substantially 

reduced the serotonin-induced scratching in mice (Akiyama et al., 2016). Since GS can 

activate 5-HT2A receptor (Afzal & Shim, 2017), it is anticipated that GS-evoked pruritus 

may be mediated through 5-HT2A receptor and/or TRPV4.

Therefore, we aimed to elucidate the detailed molecular mechanisms underlying GS-induced 

pruritus in sensory neurons. Specifically, we examined whether GS triggers pruritus through 

the activation of 5-HT2A receptor and/or TRPV4 in peripheral sensory neurons in mice.

2 | METHODS

2.1 | Materials

Glucosylsphingosine (CAS# 52050-17-6; also known as glucosyl[β] sphingosine [d18:1] 

or D-glucosyl-β1-1-D-erythro-sphingosine), ketanserin, HC067047, U73122, gallein and 

bisindolylmaleimide I (BIM I) were purchased from Sigma-Aldrich (Incheon, South Korea). 

YM254890 was purchased from Weko (Osaka, Japan).

2.2 | Genes

Mouse 5-HT2A receptor (Htr2A), human TRPV1, mouse Trpv3, mouse Trpm3, human 

TRPA1 and human TRPV4 cDNAs were subcloned into the pcDNA3.1 (Invitrogen) vector. 

Additionally, TRPV4 cDNA was also subcloned into pIRES-EFGP (Invitrogen), allowing 

TRPV4 and EGFP to be translated from a single bicistronic mRNA, and further used 

in whole-cell patch-clamp experiments. All genes showed 100% identity with the genes 

deposited in the NCBI GenBank database. For measurement of cAMP, a gene that encodes 

a synthetic fluorescent peptide called ‘Pink flamindo’ (Kazuki Harada et al., 2017) was 

used. Pink Flamindo was a gift from Tetsuya Kitaguchi (Addgene plasmid #102356; 

RRID:Addgene_102356).

2.3 | Cell culture and transfection

HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 

10% heat-inactivated foetal bovine serum (FBS) and 1% penicillin. To transiently express 

the genes of interest, cells were transfected with FuGENE®HD Transfection reagent 

(Promega, Madison, WI, USA) according to the manufacturer’s instructions. Briefly, cDNAs 

were transfected with 2:1 ratio (reagent: cDNA), and calcium imaging was performed 24 h 

after the transfection.

2.4 | Animals

Animal studies are reported in compliance with the ARRIVE guidelines (Percie du Sert 

et al., 2020) and with the recommendations made by the British Journal of Pharmacology 
(Lilley et al., 2020). All experimental animal protocols were approved by the Institutional 

Animal Care and Use Committee of Gachon University (GIACUC-R2020002) and were 

performed in accordance with the guidelines for the Care and Use of Laboratory Animals. 
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Nine-week-old male ICR mice were purchased from Koatech (Pyeongtaek, Gyeonggi-do, 

Korea). The principle of 3Rs (Replacement, Refinement and Reduction of Animals) were 

taken into consideration for the sample sizes of animal experiments, using randomization 

and blinded analysis (Curtis, Ashton et al., 2018). Only male mice were used in the present 

study since female mice seem to scratch more than males (Green et al., 2006; Liu et al., 

2012).

For Trpv4 knockout mice (Trpv4 KO), breeding pairs of heterozygous B6.129X1-

Trpv4<tm1Msz> were purchased from RIKEN (Wako, Saitama Prefecture, Japan, 

RRID:SCR_001065) (Mizuno et al., 2003; Suzuki et al., 2003). Homozygous Trpv4 KO 

offspring were verified by genomic typing using the PCR protocol provided by RIKEN. 

All Trpv4 KO mice showed a homogeneous deletion of TRPV4. Six-to-ten-week old male 

homozygous Trpv4 KO mice were used in the study, and no noticeable behavioural changes 

were observed during the experiment.

2.5 | Scratching behaviour test

The experiment was initially designed to include balanced group sizes. However, due to 

some unexpected mistakes and errors (e.g., incomplete injection of compound and skin 

injuries found before experiment), the group size varied in some conditions. The compounds 

were dissolved in saline and injected intradermally into the nape (50 μl) or the cheek (10 

μl) of the mice. Alternatively, mice were pretreated intraperitoneally with the compounds 

30 min before the nape injection. For comparison, either 5-HT2A receptor antagonist 

(ketanserin) or TRPV4 antagonist (HC067047) was intraperitoneally administered to mice 

30 min before GS injection. Scratching behaviour was video-recorded for up to 30 min. 

By reviewing the recorded video, the scratching bouts of the animals were counted by 

experienced researchers in a blinded manner. One bout of scratching was defined as the 

movement of hind limb scratching near the injected area until it touched the floor.

2.6 | Primary culture of mouse DRG neurons

DRG neurons were primarily cultured as described previously (Sanjel et al., 2019). Briefly, 

mouse DRG neurons were collected and incubated for 60 min at 37°C with 1 mg/ml 

collagenase (Worthington Biochemical, Lakewood, NJ, USA), followed by an additional 

40 min incubation with 2.5 mg/ml trypsin (Gibco, Gangnam, Korea). After 10 min of 

centrifugation at 30×g, cells were dissolved in neurobasal medium containing 10% heat-

inactivated FBS, 5 ng/ml nerve growth factor (NGF; Invitrogen, Gaithersburg, MD, USA) 

and 100 U/ml ZellShield® (Minerva BioLabs, Berlin, Germany) and plated on a poly 

L-lysine-treated eight-well chamber (Lab-Tek, Naperville, IL, USA). Then, the cells were 

incubated for 2 days in 95% humidity and 5% CO2 at 37°C. DRG neurons were prepared 

from two mice per one experiment, and three independent experiments were conducted for 

the calcium imaging.

2.7 | Calcium imaging

Intracellular calcium levels were determined by calcium-specific fluorescent dye 

(Fluo-3/AM) using fluorescence microscopes (ECLIPSE Ti-U; Nikon, Tokyo, Japan and 

Leica DMi8 inverted microscope; Leica Microsystems Ltd., Wetzlar, Germany). Fluo-3/AM 
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(5 μM; Invitrogen, Carlsbad, CA, USA), and 0.1% F127 mixtures were loaded into the 

cells for 40 min at 37°C. After 40 min, supernatants were removed and washed with 1 × 

NBS (normal buffer solution: 140 mM NaCl, 5 mM KCl, 2 mM CaCl2/EDTA, 0.5 mM 

MgCl2, 10 mM glucose and 5.5 mM HEPES, adjusted to pH 7.4). The excitation wavelength 

was 488 nm, and the emitted fluorescence was measured at 515 nm. After treatment 

with the compounds, changes in the fluorescent images were recorded. Ca2+ influx was 

expressed as the F/F0 ratio, where Findicates the fluorescence intensity of the cell or region 

of interest (ROI) while F0 indicates the initial fluorescence intensity. Image analysis was 

completed with ImageJ (NIH, RRID:SCR_003070) with custom scripts for semiautomatic 

ROI count, F/F0 ratio calculation and image production. It should be emphasized that ROIs 

in microscopic images were not manually selected by researchers since this may cause 

bias. Instead, we used ImageJ for unbiased computer-assisted ROI recognition. This process 

resulted in approximately 1,000 to 2,000 total ROIs per group when all ROIs from three 

independent experiments (six separate wells) were combined. Since drawing scatter plots 

with more than 1,000 values was not possible in GraphPad Prism, we had to reduce the 

number by choosing only 10% of the total ROIs. To achieve this, we used the ‘random 

selection’ function in Kutools for Excel (ExtendOffice.com) to randomly choose 10% of 

ROI. It was confirmed that the 10% randomly selected ROIs are not different from the total 

ROIs since there was no difference of the average and distribution profile between the two 

groups. This process finally resulted in around 100 to 200 ROIs per group, allowing scatter 

plots to be drawn in GraphPad Prism. Since each F/F0 value represents a time course profile 

of separate cells, these individual values are not technical replicates. Group size refers to 

the total number of cells selected to calculate the F/F0 ratio. To calculate the percentage of 

GS-responsive cells, the criterion “F/F0 > 2” was used.

2.8 | Immunohistochemistry

DRG sections were cut using a cryostat (20 μm thick) and attached to the slides. The 

tissue sections were washed with phosphate-buffered saline (PBS) and fixed with 4% 

paraformaldehyde for 10 min. Hydrogen peroxide (1%) was used to suppress endogenous 

peroxidase activity, and 0.3% Triton X-100 with 1% FBS was used for blocking. The 

samples were then incubated overnight at 4°C with TRPV4 rabbit polyclonal antibody 

(Abcam, ab39260, RRID:AB_1143677) at 1:200 dilution and HTR2A goat polyclonal 

antibody (Abcam, ab140824) at 1:200 dilution. The next day, the samples were washed 

with PBS and incubated with goat anti-rabbit IgG H&L secondary antibody (Alexa Fluor® 

488; Abcam, ab150077, RRID:AB_2630365) at 1:1,000 dilution and donkey anti-goat IgG 

H&L secondary antibody (Alexa Fluor® 647; Abcam, ab150131, RRID:AB_2732857) at 

1:1,000 dilution for 2 h in the dark to avoid photobleaching. Primary and secondary 

antibodies were prepared in 0.3% Triton-X 100 containing 0.5% FBS. After washing the 

samples with PBS, freshly prepared DAPI staining solution in PBS was added, and the 

samples were incubated for 10 min in the dark. The samples were rinsed two to three 

times with PBS, mounted with VECTASHIELD® (Vector Laboratories, Burlingame, CA, 

USA) and covered with a coverslip. The slides were visualized, and images were obtained 

using a Leica DMi8 inverted microscope (Leica Microsystem Ltd., Wetzlar, Germany). The 

immuno-related procedures used comply with the recommendations made by the British 
Journal of Pharmacology (Alexander et al., 2018).
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2.9 | Whole-cell voltage-clamp recording

HEK293T cells cultured in DMEM with 10% heat-inactivated FBS and 1% ZellShield® 

were seeded appropriately in T75 flasks to achieve 60–80% confluency on the day of the 

experiment. The day after the seeding, cells were transfected using FuGENE®HD reagent 

with TRPV4 cDNA that was subcloned into the pIRES-eGFP vector (pIRESeFGP-TRPV4), 

so that the expression of TRPV4 can be verified by eGFP fluorescence. Twenty-four 

hours after transfection, eGFP fluorescence was detected after transfection of pIRES-eFGP-

TRPV4 (data not shown). With these cells, whole-cell voltage-clamp experiments were 

conducted using Nanion Port-a-Patch (Nanion Technologies GmbH, Munich, Germany) 

following the recommended protocol. Briefly, cells were harvested in 500 μl of external 

recording solution and resuspended regularly with a 1 ml pipette during experiments. The 

holding potential of the whole-cell configuration was set at −80 mV. For all experiments, 

NPC-1© chips (Nanion Technologies GmbH, Munich, Germany) were used. Data were 

acquired using HEKA software and analysed using Stimfit (Guzman et al., 2014).

2.10 | Data presentation and statistical analysis

All the data and statistical analyses comply with the recommendations of the British Journal 
of Pharmacology on experimental design and analysis in pharmacology (Curtis, Alexander, 

et al., 2018). Data were presented as the mean ± 95% confidence interval (CI). Statistical 

tests were performed using GraphPad Prism software (version 9, RRID: SCR_002798). 

As the data from the calcium imaging did not show the homogeneity of the variances, 

nonparametric comparisons in Figures 1f, 2d, 3b,d,f,h, 4c,d, and 5b,c were made either by 

Mann–Whitney test (between two groups) or by nonparametric Kruskal–Wallis test followed 

by Dunn’s test (among more than three groups). Other data, such as peak currents (Figure 

4h) and behaviour tests (Figure 6), showed a normal distribution and homogeneity of the 

variances. Comparisons in these cases were made using the unpaired student’s t test (two 

groups) or one-way analysis of variance (ANOVA) followed by Dunnett’s post hoc tests. 

In the case of Figure 2b, Fisher’s exact test was used to compare the percentage of DRG 

neurons positive for the 5-HT2A receptor between wild-type and Trpv4 KO mice. Only one 

statistical significance threshold (P < 0.05) was used in all analyses.

2.11 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corresponding entries in 

http://www.guidetopharmacology.org and are permanently archived in the Concise Guide to 

PHARMACOLOGY 2021/22 (Alexander et al., 2021).

3 | RESULTS

3.1 | GS activates sensory neurons through 5-HT2A receptor and TRPV4

We first examined whether or not GS can induce changes in peripheral sensory neurons. 

To this end, we made a primary culture of mouse DRG neurons and performed calcium 

imaging experiments to test the effect of GS. When 100 μM GS was applied, an increase 

in intracellular calcium levels was observed (Figure 1a, n = 92 cells). Among the total 

analysed cells, 34 cells (37%) were responsive to GS. Treatment with a high concentration 
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of KCl (100 mM) also evoked an increase in intracellular calcium levels, implying that the 

responding cells were neurons (Figure 1a,d). When GS was reapplied 5 min after the first 

GS treatment, the second GS application also evoked an increase in intracellular calcium 

levels (Figure S1). However, the response to the second GS was not different from that of the 

first GS.

We next investigated whether the response is mediated by 5-HT2A receptor. This is based 

on the previous report that GS can activate 5-HT2A receptor when transiently expressed in 

HEK293T cells (Afzal & Shim, 2017). Thus, ketanserin (‘Ket’), an antagonist of 5-HT2A 

receptor, was applied before GS treatment. The response to GS application was significantly 

decreased by pretreatment with 10 μM ketanserin (Figure 1b, n = 174 cells), while 15 

cells (8.6%) were still responsive to GS. Thus, it suggests that GS-induced responses are 

mediated in part by 5-HT2A receptor in the mouse sensory neurons.

It was previously reported that serotonin-evoked scratching in mice requires both the 

serotonin receptor (ketanserin-sensitive) and TRPV4 ion channel (Akiyama et al., 2016; 

Snyder et al., 2016). Thus, we further examined if the GS-induced response is also 

mediated through TRPV4. Similar to ketanserin, 10 μM HC067047 (‘HC’, a specific TRPV4 

antagonist) was applied before GS application. HC067047 pretreatment indeed suppressed 

the GS response (Figure 1c, n = 154 cells), while 22 cells (14.3%) still showed responses to 

GS. These results suggest that GS may also activate TRPV4. Moreover, pretreatment of both 

ketanserin and HC067047 (‘HC + Ket’) also strongly reduced the effect of GS (Figure 1d–f 

n = 159 cells), and only five cells (3.1%) were responsive to GS.

Therefore, these data clearly indicate that GS can activate mouse sensory neurons through 

5-HT2A receptor and TRPV4.

3.2 | GS-induced responses are attenuated in DRG neurons of Trpv4 KO mice

Because both 5-HT2A receptor and TRPV4 are involved in the GS-induced excitation of 

DRG, we investigated whether the two molecules are co-expressed by the same DRG 

population. As shown in Figure 2a (top row), both 5-HT2A receptor and TRPV4 were 

expressed in the wild-type DRG sections, whereas only 5-HT2A receptor was expressed in 

those from Trpv4 KO mice (bottom row). Among total 560 wild-type cells, 44 cells showed 

co-expression of both 5-HT2A receptor and TRPV4 (Figure 2b, left), implying that a putative 

intracellular interaction between the two could be possible. In total 377 Trpv4 KO cells, 

86 cells were positive to 5-HT2A receptor, and TRPV4 expression was not found at all 

(Figure 2b, middle). In addition, the percentages of 5-HT2A receptor-positive cells were not 

significantly different between wild-type and Trpv4 KO mice (Figure 2b, right-hand graph; 

Fisher’s exact test). This validates the use of Trpv4 KO mice.

To further investigate the role of TRPV4 in GS-induced responses, calcium imaging 

experiments were performed using DRG neurons from both wild-type and Trpv4 KO mice. 

As shown in Figure 2c,d, responses to 100 μM GS were significantly lower in DRG neurons 

from Trpv4 KO (n = 130 cells; 19.2% [25 cells] showed responses), when compared to 

those from wild-type mice (n = 111 cells; 39.6% [44 cells] showed responses). Moreover, 

10 and 100 μM GS treatment also showed reduced maximum F/F0 values in cells from 
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Trpv4 KO compared to wild types, while there was no difference in responses to the lowest 

concentration of GS (1 μM) (Figure 2d). Thus, these data demonstrate the involvement of 

TRPV4 for GS-evoked responses in mouse DRG neurons.

3.3 | GS utilizes both Gαq/11- and Gβγ-mediated signalling pathways in mouse DRG 
neurons

To investigate the downstream signalling pathway(s) of the GS-induced response, mouse 

DRG neurons were pretreated with various inhibitors that can block specific molecules 

prior to the application of 100 μM GS. Since 5-HT2A receptor is a GPCR linked to 

Gαq/11 (Filip & Bader, 2009), we first tested if pretreatment with YM254890 (a Gαq/11 

inhibitor) affected the rise in GS-induced intracellular calcium levels. We found that 10 μM 

YM254890 suppressed the intracellular calcium increase (n = 93 cells) when compared to 

the control (n = 121 cells), suggesting that Gαq/11 mediates GS-induced responses (Figure 

3a,b). Furthermore, we examined whether the remaining Gβγ complex was involved in 

the GS-induced response in DRG neurons. To verify this, 10 μM gallein (a Gβγ complex 

inhibitor) was pretreated similarly, which resulted in significantly decreased responses (n 
= 130 cells; Figure 3a, b). The effect of gallein was found to be stronger than YM254890 

(Figure 3b). Moreover, 10 μM co-pretreatment of YM254890 and 10 μM gallein strongly 

inhibited GS-induced responses (n = 108 cells; Figure 3a,b). Therefore, it was concluded 

that GS utilizes both Gαq/11 and to a greater extent Gβγ complex for activation of its 

downstream signalling pathway in mouse DRG neurons.

We further investigated if GS-induced responses involve Gαi/o and/or Gαs. As shown 

in Figure 3c,d, pretreatment of 250 ng/ml PTX (a Gαi/o inhibitor) in DRG neurons 

did not alter GS-induced responses (n = 130 cells) when compared to control (n = 85 

cells), suggesting that GS-induced responses do not take advantage of Gαi/o. Furthermore, 

measurement of cAMP in HEK293T cells expressing 5-HT2A receptor revealed that GS 

treatment did not induce any cAMP production, implying that Gαs is unlikely to be involved 

(Figure S2A). Thus, it is suggested that GS is unlikely to utilize Gαi/o and/or Gαs for its 

activation mechanism.

Because activation of Gαq/11 subunit and Gβγ complex commonly leads to stimulation of 

phospholipase C (PLC) (Philip et al., 2010; Smrcka & Sternweis, 1993), we investigated the 

effect of pretreatment with U73122 (a PLC inhibitor) on GS-induced DRG activation. As a 

result, it was found that 10 μM U73122 successfully inhibited the increase in intracellular 

calcium induced by GS (n = 130 cells) when compared to control (n = 126 cells), indicating 

that PLC activation mediates GS-induced responses in mouse DRG neurons (Figure 3e,f).

PLC activation catalyses the breakdown of phosphatidylinositol 4,5-bisphosphate (PIP2) into 

inositol triphosphate (IP3) and diacylglycerol (DAG), which can further activate protein 

kinase C (PKC). Interestingly, there are reports that TRPV4 activation is sensitized when 

PKC is activated (Mercado et al., 2014; Peng et al., 2010). For these reasons, we tested 

the effect of pretreatment with 10 nM BIM I (a PKC inhibitor) in mouse DRG neurons 

and found that GS-induced activation was significantly decreased (n = 142 cells) when 

compared to control (n = 92 cells) as well (Figure 3g,h). Decisively, the increase in calcium 

increase in mouse DRG neurons was completely eliminated when a calcium-free buffer was 
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used (Figure S2B), suggesting that the source of calcium is exclusively extracellular, not 

intracellular calcium store.

Overall, these data have revealed downstream mechanisms of the GS-induced signalling 

pathway in mouse DRG neurons. Specifically, it is found that GS-induced actions are 

mediated by Gαq/11 and Gβγ complex, which in turn activates downstream enzymes such 

as PLC and PKC to evoke calcium influx in mouse sensory neurons.

3.4 | GS can directly activate TRPV4

At this point, we have assumed that the GS-induced response is initiated by 5-HT2A 

receptor, which in turn activates downstream enzymes, leading to the opening of TRPV4 

as a final step. Thus, we initially hypothesized that GS-induced TRPV4 activation mandates 

5-HT2A receptor expression. To test this idea, HEK293T cells were transiently transfected 

with TRPV4, and the effect of GS was measured by calcium imaging.

HEK293T cells transfected with a mock vector (‘pcDNA’) showed virtually no response 

to 100 μM GS (Figure 4a). To our surprise, however, the application of 100 μM GS to 

HEK293T cells expressing TRPV4 elicited a significant increase in intracellular calcium 

even in the absence of 5-HT2A receptor (Figure 4b). Therefore, these data strongly imply 

that the GS-induced responses can be mediated solely by TRPV4. Furthermore, the GS-

evoked responses showed dose-dependency (Figure 4c). Most importantly, GS-induced 

responses were significantly inhibited when pretreated with a selective TRPV4 inhibitor, 

HC067047 (Figure 4d). Thus, it was assumed that TRPV4 is independently responsive to 

GS.

Then, it was examined whether other TRP channels can be activated by GS. TRP channels 

previously known to be involved in itch sensation were transiently expressed in HEK293T 

cells. Transfected cells were stimulated with 50 μM GS in calcium imaging experiments. As 

shown in Figures 4e and S3, GS was found to activate TRPV4 more strongly (n = 188 cells) 

than other TRP channels, showing that TRPV4 is the most sensitive TRP channel to GS.

To further confirm whether GS can directly activate TRPV4, whole-cell patch-clamp 

experiments were performed. When 100 μM GS was applied in control cells transfected 

with the mock vector, GS failed to induce inward currents (Figure 4f). However, robust 

inward currents were observed in cells transfected with TRPV4 after GS treatment (Figure 

4g), implying that GS-induced inward currents are mediated by TRPV4. As shown in Figure 

4h, the average peak currents induced by GS significantly increased in TRPV4-expressing 

cells (Control: 15.80 ± 5.920 pA vs. TRPV4: 428.9 ± 63.70 pA, n = 6/group). Therefore, 

these data clearly revealed that GS can directly activate TRPV4, as opposed to the initial 

hypothesis that GS may require 5-HT2A receptor to activate TRPV4.

3.5 | GS induces the strongest responses when both 5-HT2A receptor and TRPV4 are 
coexpressed

It was further tested whether GS can synergistically activate cells expressing both 5-HT2A 

receptor and TRPV4. Three different groups of HEK293T cells that transiently express 

5-HT2A receptor (5-HT2A), TRPV4 or both 5-HT2A and TRPV4 (‘5-HT2A + TRPV4’) were 
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prepared. All three groups showed evident responses to 25 μM GS (Figure 5a,b). In detail, 

the two groups expressing either 5-HT2A or TRPV4 alone showed similar responses to GS. 

However, the ‘5-HT2A + TRPV4’ group showed the most robust GS-induced responses. 

Thus, it was confirmed that cells that express both 5-HT2A receptor and TRPV4 can exhibit 

the strongest responses to GS application.

Furthermore, it was examined whether ‘5-HT2A + TRPV4’ group can mimic signalling 

pathways verified in DRG neurons. For this reason, identical downstream inhibitors used in 

Figure 3 were similarly applied to ‘5-HT2A + TRPV4’. Similar to data in Figure 3, each 

of the inhibitors significantly suppressed the responses to GS (Figure 5c), supporting the 

validity of data obtained from ‘5-HT2A + TRPV4’ in HEK293T cells.

In summary, these data imply that maximal GS-induced responses can be obtained in cells 

that express both 5-HT2A receptor and TRPV4.

3.6 | GS evokes scratching behaviour via 5-HT2A receptor and TRPV4 in mouse

To investigate whether GS can evoke scratching behaviours via 5-HT2A receptor and 

TRPV4, we initially injected GS (250 nmol per site) intradermally into the cheek because 

the cheek model can distinguish whether the compound is inducing itch (scratching) or pain 

(wiping) (Shimada & LaMotte, 2008). As shown in Figure 6a, the cheek injection of GS 

evoked increased scratching bouts (63.71 ± 18.05, n = 7) than the vehicle-injected control 

group (21.43 ± 5.843, n = 7), suggesting that GS is indeed a pruritogen. Furthermore, there 

was no difference in wiping behaviour between the two groups (Figure S4A).

It was further verified if GS-induced scratching is mediated by 5-HT2A receptor and TRPV4. 

As shown in Figure 6b, GS injection into the nape also evoked significantly increased 

scratching bouts (92.17 ± 24.32, n = 6), when compared to the control group (‘Veh’; vehicle 

injection, 20.50 ± 6.920, n = 8). More importantly, the number of scratching bouts was 

significantly reduced when mice were pretreated with either 3 mg/kg ketanserin (1.000 ± 

0.6814, n = 8) or 10 mg/kg HC067047 (26.73 ± 6.409, n = 11) (Figure 6a). Therefore, it was 

concluded that GS-evoked scratching behaviour is mediated by both 5-HT2A receptor and 

TRPV4 in mice.

In addition, we expanded the GS-induced behaviour experiments to Trpv4 KO mice. It 

was first confirmed that Trpv4 KO mice exhibited normal scratching behaviours toward 

chloroquine, a different type of pruritogen that activates MRGPRA3 irrelevant to TRPV4. 

As shown in Figure S4B, the data suggest that the scratching behaviours are not disturbed in 

Trpv4 KO mice.

GS was then intradermally injected into the nape of wild-type or Trpv4 KO mice. As shown 

in Figure 6c, wild-type mice scratched 101.1 ± 21.14 bouts (n = 7) after GS injection, while 

bouts of scratching in Trpv4 KO mice were significantly lower (41.83 ± 6.258 bouts, n = 

6). When the scratching bouts were further divided into 5 min intervals (Figure 6d), most 

GS-induced scratching behaviour started from 5 min after the injection.

In general, the mouse behaviour study has revealed that GS evokes scratching behaviour via 

5-HT2A receptor and TRPV4.
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4 | DISCUSSION

The present study has expanded our understanding of GS functions; GS is not just a 

disrupted-skin-barrier marker but also a functional sphingolipid that can elicit pruritus. As 

mentioned earlier, GS can evoke scratching behaviours when injected into mice (Kim et al., 

2010), and we also obtained the same data (Figure 6). Considering the high accumulation of 

GS in the epidermis of AD, GS can be regarded as a novel AD-specific pruritogen. However, 

the precise molecular mechanism(s) underlying the GS-induced pruritus has not been 

revealed until the present study. The only indication was that the GS-induced scratching 

behaviours were attenuated by cycloheptadine (a 5-HT2 receptor inhibitor) but not by 

ketotifen (an H1-antagonist) (Kim et al., 2010). These results implicate the involvement 

of serotonin receptors in the GS-induced signalling pathway, but not histamine receptors. 

Although we have previously revealed that GS can activate mouse 5-HT2A receptor (Afzal & 

Shim, 2017), the data were not sufficient because GS-induced activity was only verified in 

the reconstituted cell line. In this context, it should be noted that the present study has finally 

revealed a molecular signalling pathway for GS-induced pruritus, especially at the peripheral 

sensory neuronal levels.

The present study discovered new underlying mechanisms related to the GS-induced 

signalling pathways. First, we showed that 5-HT2A receptor plays an essential role in GS-

induced pruritus in peripheral sensory neurons. DRG neurons are known to express various 

subtypes of serotonin receptors (Ohta et al., 2006), but 5-HT2A and 5-HT7 receptors are 

potentially involved in various instances of acute and chronic pruritus. For example, HTR7 

was reported to mediate serotonin-evoked itch via TRPA1 in mice (Morita et al., 2015). 

Additionally, acute serotonin-evoked scratching behaviour is mediated by 5-HT2 receptors 

in rodents (Akiyama et al., 2016; Nojima & Carstens, 2003). Because of the importance of 

5-HT2 and 5-HT7 receptors in various itch conditions, we cannot rule out the possibility 

that 5-HT7 receptor might also be involved in GS-evoked pruritus. In fact, there is a report 

that ketanserin can also inhibit 5-HT7 receptor (Plassat et al., 1993), implying a plausible 

involvement of 5-HT7 receptor in the GS-induced pruritus. However, an earlier study has 

reported that 5-HT7 receptor is mainly linked to Gαs and causes calcium level increase 

from the intracellular calcium store (Baker et al., 1998). Importantly, GS-induced calcium 

responses were disappeared in the calcium-free buffer (Figure S2B), suggesting that the GS-

induced calcium level increase was not derived from the intracellular calcium store. Thus, 

it is expected that the involvement of the 5-HT7 receptor in GS-induced pruritus would be 

minimal, if any. Nevertheless, further investigation is required to clarify the relationship 

between GS and 5-HT7 receptor in the future.

Another novel finding deduced from the present study is the involvement of TRPV4 in 

GS-evoked pruritus. TRPV4 is a member of the TRP channel family, which is involved in 

the transmission of various stimuli, such as temperature, pain and itch, in the peripheral 

sensory neurons (Moore et al., 2018). For example, TRPV1 is a channel required for the 

transmission of histamine-dependent itch pathways (Shim et al., 2007). Likewise, TRPA1 

is another TRP channel involved in distinct histamine-independent pruritus (Kittaka & 

Tominaga, 2017). TRPV4 is also an important channel for pruritus via TRPV1-mediated 

facilitation (Kim et al., 2016). Similarly, a recent report also claimed the importance of 
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TRPV4 in cinnamaldehyde-evoked scratching in mice (Domocos et al., 2020). Besides, 

TRPV4-expressing macrophages and keratinocytes contribute to chronic itch (Luo et al., 

2018), and TRPV4 is upregulated in skins with post-burn itching conditions (Moore et al., 

2013; Yang et al., 2015). Considering these broad roles of TRPV4 in pruritus, it is not 

surprising that TRPV4 also mediates GS-induced pruritus.

Another interesting fact revealed in the present study is that there is a functional link 

between the 5-HT2A receptor and TRPV4. However, this coordinated activation mode 

between the serotonin receptor and TRPV4 is not entirely new. In fact, it was originally 

reported that serotonin induces itch sensation via the serotonin receptor and TRPV4 in 

mouse sensory neurons (Akiyama et al., 2016). It was also found that Trpv4 KO mice 

showed significantly decreased scratching bouts to serotonin, implying a potential link 

between the serotonin receptor and TRPV4. Based on this study, we have assumed that GS 

may utilize the same 5-HT2A receptor and TRPV4 molecular pathway to transmit pruritus.

The so-called GPCR-TRP axis is present in sensory neurons for the translation of various 

stimuli into electrical signals (Veldhuis et al., 2015). Generally, a stimulant first binds to 

the specific GPCR, which subsequently activates certain downstream molecules, resulting 

in the opening of a TRP ion channel at the end. To demonstrate that GS-induced pruritus 

is also mediated by the GPCR-TRP axis, the intermediate molecular pathways between the 

5-HT2A receptor and TRPV4 must be identified. Remarkably, results from DRG primary 

culture (Figure 3) and HEK293T cells expressing both 5-HT2A receptor and TRPV4 (Figure 

5) suggest a possible involvement of PLC and PKC in the GS-induced signalling pathway.

Interestingly, it was found that PLC activation is achieved by stimulation of both Gαq/11 

and Gβγ complex from the 5-HT2A receptor (Figures 3a,b and 5c). Previous reports have 

found that Gαq/11 strongly activates PLCβ1 and PLCβ3 (Philip et al., 2010; Smrcka & 

Sternweis, 1993), while Gβγ complex favourably stimulates PLCβ2 and PLCβ3 (Rebres 

et al., 2011; Smrcka & Sternweis, 1993). Based on these findings, we predict that PLCβ3 

might be a major subtype of PLC in the GS-induced signalling pathway because both the 

Gαq/11 and Gβγ complexes can commonly activate PLCβ3. Importantly, the involvement 

of PLC activation in the GS-induced signalling pathway is confirmed by pretreatment with 

a PLC inhibitor (U73122), which significantly inhibited the GS-induced responses (Figures 

3e,f and 5c). Therefore, it is apparent that GS-induced stimulation of the 5-HT2A receptor 

will lead to PLC activation.

Because PLC activation can further stimulate PKC in the presence of intracellular calcium, 

it is suggested that PKC could be involved in the GS-induced signalling pathway as well. 

Indeed, GS-induced responses were significantly inhibited by BIM I (Figures 3g,h and 5c), 

strongly supporting the role of PKC in the pathway. Although PKC can phosphorylate not 

only TRPV4 but other TRP channels as well (Yao et al., 2005), it is likely that TRPV4 

will be the most affected by PKC because TRPV4 showed the most potent responses to GS 

among other TRP channels (Figure 4e). This is in agreement with the previous reports that 

PKC activation sensitizes TRPV4 activity (Mercado et al., 2014; Peng et al., 2010).
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In summary, it is clear that (1) GS activates 5-HT2A receptor with subsequent stimulation 
of PLC and thereby PKC to sensitize TRPV4. Furthermore, it is also confirmed that (2) 

GS can directly activate TRPV4 without 5-HT2A receptor. Therefore, by combining these 

two observations, we propose a novel molecular signalling pathway for GS-induced pruritus 

in mouse sensory neurons. As summarized in Figure 7, GS can activate 5-HT2A receptor 

(5-HT2A) with subsequent stimulation of PLC via Gαq/11 and Gβγ complex. This, in 

turn, will break down PIP2 into IP3 and DAG, which can further activate PKC to sensitize 

TRPV4. On the other hand, activation of the sensitized TRPV4 is directly facilitated by 

GS. If activation of TRPV4 is sufficient to induce depolarization, an action potential will 

be produced in the peripheral sensory neurons. The action potential signal will be further 

transmitted through the spinal cord to the brain, eventually perceived as pruritus.

However, the present study was limited in several ways. First, there might be a potential 

variability in itch perception between two different mouse strains (ICR and C57BL/6). For 

example, scratching behaviours have been reported to be quite different between various 

strains (Inagaki et al., 2001). Because our data were acquired from both ICR and C57BL/6 

mice, there is a chance that unexpected difference might have occurred in the data. Another 

limitation could be that the current findings may not apply to female since only male mice 

were used in the experiments. It was by experimental design to reduce a factor that may 

complicate the interpretation, since female mice seem to scratch more than males (Green et 

al., 2006; Liu et al., 2012). Future studies are mandatory to examine whether there is a sex 

difference in terms of GS-induced itch sensation.

In conclusion, the present study provides evidence for a novel molecular signalling pathway 

for GS-evoked pruritus, which utilizes both 5-HT2A receptor and TRPV4 in sensory 

neurons. As GS is highly accumulated in the epidermis of patients with AD, the current 

findings may shed light on attempts to unravel the secrecies of intractable pruritus in patients 

with AD.
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Abbreviations:

AD atopic dermatitis

BIM I Bisindolylmaleimide

GS glucosylsphingosine

HC HC067047

TRPA1 Transient receptor potential ankyrin subtype 1

TRPM3 Transient receptor potential melastatin subtype 3

TRPV1/3/4 Transient receptor potential vanilloid subtype 1/3/4
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What is already known

• GS is highly accumulated in the epidermis of patients with AD.

• GS can evoke scratching behaviour.

What does this study adds

• GS-induced pruritus is mediated by 5-HT receptor and TRPV4 in peripheral 

sensory neurons.

What is the clinical significance

• GS can be a pruritogen in patients with AD.

• 5-HT2A receptor and TRPV4 represent novel targets for inhibition of pruritus 

in AD.
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FIGURE 1. 
Glucosylsphingosine (GS) induces intracellular calcium influx in mouse sensory neurons 

via 5-HT2A receptor and TRPV4. (a) Application of 100 μM GS induced an increase in 

intracellular calcium in mouse sensory neurons (n = 92 cells). The empty circles with the 

black line represent the averaged F/F0 values of all cells analysed. Five minutes after the GS 

treatment, a high concentration of KCl (100 mM) was applied. (b) Pretreatment with 10 μM 

ketanserin (‘Ket’, an antagonist of 5-HT2A receptor) significantly inhibited the GS response 

(n = 174 cells). Green circles with the black line represent the averaged F/F0 values of all 

cells analysed. (c) Pretreatment with 10 μM HC067047 (‘HC’, a specific TRPV4 antagonist) 

also suppressed the GS response (n = 154 cells). Red circles with the black line represent 

the averaged F/F0 values of all cells analysed. (d) Representative fluorescent images of four 

different groups are shown: ‘Con’ (first row); control group, ‘Ket’ (second row); Ket-treated 

group, ‘HC’ (third row); HC-treated group, ‘HC + Ket’ (fourth row); both 10 μM HC- and 

10 μM Ket-treated group (n = 159 cells). The left column represents the status before GS 

treatment. The middle columnrepresents the cellular responses after 100 μM GS application. 

The right column represents responses to 100 mM KCl treatment. Scale bar represents 100 

μm. (e) Summarized graph of the maximal GS responses ([F/F0]max) from four different 

groups. (f) Comparison of relative maximum responses ([F/F0]max) among four different 

groups. The highest averaged value of the control group is set to 100%, and other values 
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were normalized. Red horizontal bar indicates the average value of each group. *P < 0.05; 

ns, not significant
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FIGURE 2. 
DRG from Trpv4 knockout (KO) mice exhibit attenuated responses to GS. (a) 

Representative images of immunofluorescence staining with 5-HT2A receptor (5-HT2A)- and 

TRPV4-antibody in the dorsal root ganglia (DRG) of wild type (WT) and Trpv4 KO mice. 

(b) Venn diagrams showing numbers of DRG in wild type (left, total 560 cells) and Trpv4 
KO (middle, total 377 cells). Fisher’s exact test did not show differences in the percentages 

of 5-HT2A-positive DRG between wild type and Trpv4 KO mice (right, P > 0.05). (c) The 

increase in intracellular calcium induced by GS was significantly reduced in Trpv4 KO DRG 

cultures (n = 130 cells) compared to WT (n = 111 cells). (d) Comparison of the maximum 

responses to GS treatments (1, 10 and 100 μM) between WT (1 μM: n = 142 cells, 10 μM: 

n = 171 cells, 100 μM: n = 111 cells) and Trpv4 KO mice (1 μM: n = 125 cells, 10 μM: n 
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= 169 cells, 100 μM: n = 130 cells). Red horizontal bar indicates the average value of each 

group. *P < 0.05; ns, not significant
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FIGURE 3. 
GS utilizes various downstream signalling pathways in mouse sensory neurons. (a) 100 

μM GS-induced responses in control DRG neurons (n = 121 cells) were compared with 

groups pretreated with inhibitors such as 10 μM YM254890 (Gαq/11 inhibitor; n = 93 cells), 

10 μM gallein (Gβγ complex inhibitor; n = 130 cells) and both 10 μM YM254890 and 

10 μM gallein (‘YM&Gallein’; n = 108 cells). (b) Comparison of maximum responses ([F/

F0]max) of groups pretreated with inhibitors used in (a). (c) 100 μM GS-induced responses 

in control DRG neurons (n = 85 cells) were compared with a group pretreated with 250 
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ng/ml PTX (Gαi/o inhibitor; n = 130 cells). (d) Comparison of (F/F0)max between control 

and PTX-treated group. (e) 100 μM GS-induced responses in control DRG neurons (n = 126 

cells) were compared with a group pretreated with 10 μM U73122 (PLC inhibitor; n = 130 

cells). (f) Comparison of (F/F0)max between control and U73122-treated group. (g) 100 μM 

GS-induced responses in control DRG neurons (n = 92 cells) were compared with a group 

pretreated with 10 nM BIM I (PKC inhibitor; n = 142 cells). (h) Comparison of (F/F0)max 

between control and BIM I-treated group. Red horizontal bar indicates the average value of 

each group. *P < 0.05; ns, not significant
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FIGURE 4. 
GS can directly activate TRPV4. Representative calcium imaging results before and after 

100 μM GS treatment upon HEK293T cells transiently expressing either mock vector 

(pcDNA; a) or TRPV4 cDNA (b). (c) Summary of dose-dependent intracellular calcium 

responses induced by GS in HEK293T cells expressing TRPV4 (‘TRPV4-HEK293T’). A 

total of 100 μM GS was treated on pcDNA-transfected group (n = 110 cells). Various 

concentrations of GS were applied on TRPV4-expressing groups (GS in μM: 0.1 [n = 109 

cells], 0.5 [n = 112 cells], 1 [n = 108 cells], 10 [n = 82 cells], 50 [n = 127 cells], 100 [n 
= 134 cells], 500 [n = 122 cells] and 1,000 [n = 120 cells]). Red horizontal bar indicates 

the average value of each group. (d) A TRPV4-specific inhibitor HC067047 (1 μM [n = 

118 cells] and 10 μM [n = 89 cells]) significantly inhibited the GS-induced calcium influx 

in the TRPV4-HEK293T compared to control (‘GS 100’, n = 62 cells). Red horizontal 

bar indicates the average value of each group. (e) Comparison of 50 μM GS responses in 

HEK293T cells transfected with either pcDNA (n = 160 cells), TRPV1 (n = 170 cells), 

Trpv3 (n = 127 cells), TRPA1 (n = 139 cells), Trpm3 (n = 149 cells) or TRPV4 (n = 188 

cells). Notice the significantly higher maximum response in TRPV4 than in others. (f–h) 

A whole-cell patch clamp experiment was performed in HEK293T cells transfected with 

either pIRES-eFGP-TRPV4 (TRPV4) or mock vector (control). The holding potential was 

−80 mV. (f) Cells transfected with a mock vector did not show any inward currents to the GS 
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treatment. (g) An inward current was observed in cells expressing TRPV4. (h) Summary of 

the peak inward currents between control versus TRPV4-expressing cells (n = 6 per group). 

*P < 0.05
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FIGURE 5. 
Coexpression of both 5-HT2A receptor and TRPV4 induces a stronger intracellular calcium 

influx. (a) Representative calcium imaging results before and after 25 μM GS treatment 

in cells expressing either TRPV4 (top row), 5-HT2A receptor (5-HT2A) (middle row) or 

both 5-HT2A and TRPV4 (‘5-HT2A + TRPV4’, bottom row). (b) Comparison of maximum 

responses ([F/F0]max) among TRPV4 (n = 108 cells), 5-HT2A (n = 107 cells) and ‘5-HT2A + 

TRPV4’ (n = 110 cells) groups. (c) Maximum values of F/F0 evoked by 25 μM GS (n = 186 

cells) compared to pretreatment of inhibitors including 10 μM YM254890 (n = 177 cells), 10 
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μM U73122 (n = 174 cells), 10 nM BIM I (n = 146 cells) and 10 μM gallein (n = 182 cells) 

in ‘5-HT2A + TRPV4’. Red horizontal bar indicates the average value of each group. *P < 

0.05; ns, not significant
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FIGURE 6. 
GS evokes scratching behaviour via 5-HT2A receptor and TRPV4 in mouse. (a) GS injection 

(250 nmol/site) in the cheek evoked scratching behaviours in ICR mice (‘GS’, n = 7) 

when compared to vehicle-injected group (‘Veh’, n = 7). (b) GS injection (250 nmol/site) 

in the nape elicited scratching behaviour in ICR mice (‘Con’, n = 6) compared to vehicle 

injection (‘Veh’, n = 8), which was significantly inhibited by pretreatment of 5-HT2A 

receptor antagonist ketanserin (‘+Ket’, 3 mg/kg, n = 8) and TRPV4 antagonist HC067047 

(‘+HC’, 10 mg/kg, n = 11). Bouts of scratching were counted for 30 min. (c) Bouts of 

scratching behaviour (30 min) evoked by 250 nmol/site GS were reduced in Trpv4 KO 

mice (n = 6) than C57BL/6 wild-type mice (‘WT’, n = 7). (d) Heat map representation of 

scratching bouts of WT and Trpv4 KO mice. Bouts of scratching are shown in colour for 

each 5-min interval. *P < 0.05
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FIGURE 7. 
A proposed signalling pathway for GS-evoked pruritus. The highly accumulated GS 

in the epidermis of patients with AD will activate the peripheral sensory neuron to 

induce pruritus in the following way: (1) GS activates 5-HT2A receptor (5-HT2A) with 

subsequent stimulation of PLC via Gαq/11 and Gβγ complex, which in turn breaks 

down phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol triphosphate (IP3) and 

diacylglycerol (DAG). DAG will then activate phosphokinase C (PKC), which leads to 

sensitization of TRPV4. (2) Activation of the sensitized TRPV4 can be directly facilitated by 

GS, which will allow a massive influx of cations from the extracellular regions, increasing a 

chance to induce depolarization and possibly an action potential. This GS-induced electrical 

signal produced in the peripheral sensory neuron will be further transmitted through the 

spinal cord and to the brain, where the signal can finally be perceived as pruritus
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