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Value of Research 

Chronic itch is a surprisingly common issue: up to 1 in 5 people will experience it at some point in 

their lifetime (Weisshaar, 2016; Hay et al., 2014). Current estimates from the USA indicate that each 

chronic itch patient costs the state almost $300,000 over their lifetime – a societal burden of about 

$88.8 billion (Whang et al., 2021). Despite these shocking figures, current anti-itch drugs are largely 

ineffective. Our group works to develop targeted anti-itch compounds; the in vitro work described 

herein forms the basis of in vivo work and guides our drug development. 

Aims and Objectives 

The primary aim of this project is to further our understanding of the TRPV3 channel in epidermal 

keratinocytes of the skin. 

This aim encompasses several objectives: 

1. Delineate the signalling pathways acting downstream of TRPA1, TRPV1, and TRPV3 

channels. 

2. Outline the kinase and exocytotic pathways involved in TRPV3-evoked mediator release. 

3. Examine the functional properties of the TRPV3 channel, focusing on the role of SNARE 

proteins and receptor cycling. 

4. Assess the effect of B-type natriuretic peptide (BNP), a key itch-linked neuropeptide, on 

epidermal TRPV3 responses. 

Together, our research group endeavours to develop targeted anti-itch therapeutics. This project 

represents the in vitro component of our work: team members and international collaborators use 

these data to guide in vivo work and drug development. 
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Examining the Transient Receptor Potential Vanilloid 3 

(TRPV3) channel in a culture model of human 

epidermis 

Ciara Larkin 

 

Abstract 

Chronic itch affects about to 1 in 5 people worldwide (Hay et al., 2014; Weisshaar, 2016). Current 
anti-itch drugs and treatment options are highly nonspecific and largely ineffective. Thus, for most 
patients, chronic itch is intractable. Mounting evidence suggests that dysregulation or 
overactivation of transient receptor potential vanilloid 3 (TRPV3) could drive chronic itch; 
however, basic TRPV3 research is lacking. This project investigated how the TRPV3 channel 
functions in the epidermal layer of human skin and asks what role it plays in dermatitis and skin-
derived itch. 

Specifically, this work examines TRPV3 signalling, functional activity, sensitisation, and 
trafficking in normal human epidermal keratinocytes – a key culture model for human epidermis. 
A variety of methods including phospho-kinase arrays, cytokine arrays, live calcium imaging, and 
immunocytochemistry were employed. This work also utilised unsupervised clustering analyses to 
assess calcium imaging data. The data described herein confirm TRPV3 as a potent inducer of 
epidermal inflammation, with collaborators revealing a clear link between TRPV3-evoked PAI-1 
release and skin-derived itch. Unsupervised clustering analyses revealed the phasic nature of 
TRPV3- induced calcium flux and highlighted the role of SNARE-mediated receptor cycling in 
normal TRPV3 activity. Lastly, this work exposed a novel neuro-epidermal link: B-type natriuretic 
peptide (BNP) – a key neuropeptide driving human itch – sensitised TRPV3 activity and promoted 
kinase-dependent TRPV3 trafficking. 

This basic work demonstrated the impact of TRPV3 in human skin and, together with in vivo data 
from collaborators, identified several novel targets for anti-dermatitis and anti-itch therapeutics. 
Overall, we believe that interruption of the TRPV3-associated pathways outlined herein would 
alleviate both inflammation and itch in human patients with atopic dermatitis, psoriasis, and other 
pruritic dermatoses. 
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1. Introduction 
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1.1. The skin 

The skin is a complex, stratified, and highly dynamic tissue (Kabashima et al., 2019). The skin 

contains an interconnected network of cells, structural proteins, and signalling mediators. Together, 

the skin functions as both an inert structural barrier and an active component of the immune and 

nervous systems, with the dermis and epidermis representing key sites for neuro-immune 

communication. 

1.1.1. Structure of the skin 

The skin is organised into 3 distinct layers termed the hypodermis, dermis, and epidermis (Figure 

1.1.). These layers play crucial and specific roles in cutaneous physiology and pathophysiology. 

Diagram showing the 3 cutaneous layers: epidermis, dermis, and hypodermis. The epidermis and 

dermis also contain specialised nerve fibers. From S. Martin et al., 2022. 

1.1.1.1. Hypodermis 

The hypodermis – the innermost layer – enables movement of the skin, protects against mechanical 

insults and plays an important role in homeostasis, thermoregulation and energy storage (Kabashima, 

2016). The hypodermis is a subcutaneous fatty layer: this layer contains a loose lattice of fibrous 

bundles interspersed through adipose tissue. The hypodermis also contains a microvascular system 

and represents an essential source of endocrine and paracrine mediators (Mohamed-Ali et al., 1998). 

These mediators support the upper layers of the skin and are essential for wound healing (Schmidt 

and Horsley, 2013). 

  

Figure 1.1. Structure of mammalian skin. 
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1.1.1.2. Dermis 

The dermis confers the mechanical strength and elasticity to the skin. This layer is primarily fibrous, 

with collagen and elastic fibers producing a mesh of connective tissue. These fibers, in combination 

with extracellular matrix proteins, stabilise the skin and provide a scaffold for cell migration 

(Nyström and Bruckner-Tuderman, 2019). The dermis is also a dynamic and immune cell-rich tissue 

(Kabashima et al., 2019; Kabashima, 2016). Together, this cellular network coordinates homeostatic, 

inflammatory and repair processes in the skin. 

1.1.1.3. Epidermis 

The epidermis, the outermost section of the skin, acts as a physical barrier against exogenous insults 

and is often altered in patients with skin disease. This layer, and the keratinocytes within it, are the 

focus of this project. 

Structurally, the epidermis exists as continuous but stratified system of keratinocytes (Figure 1.2). 

These strata – stratum basale, stratum spinosum, stratum granulosum, and stratum corneum – are 

produced through a process of progressive differentiation: as basal keratinocytes proliferate, cells 

migrate outward and undergo terminal differentiation (Watt, 1989; Eckert, 1989). This process 

culminates in the generation of the outer stratum corneum. The stratum corneum is a cornified layer 

of enucleated keratinocytes held together by tight junctions and surrounded by a dense matrix of 

cross-linked proteins and insoluble lipids (Matsui and Amagai, 2017). This semi-permeable barrier 

protects against water loss and external agents and is often impaired in clinical skin conditions. 

Diagram also highlights three barrier elements within the epidermis: the stratum corneum; tight 

junctions; and Langerhans cells (LC) and the cutaneous immune response. From Matsui and Amagai, 

2017. 

Figure 1.2. Structure of mammalian epidermis. 
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During the differentiation process, epidermal keratinocytes express a number of layer-specific 

proteins (Figure 1.3). Keratins, a family of intermediate filaments, are tightly regulated and highly 

correlated with epidermal layer: keratin 5 and keratin 14 are expressed in the stratum basale, while 

keratin 1 and keratin 10 are expressed in the stratum spinosum. Keratins assemble into heterodimers 

and form an intracellular cytoskeletal network. At the cell boundary, keratin filament bundles bind 

to desmosomes and anchor the cell-to-cell junctions. Keratinocytes of the middle stratum granulosum 

(SG2) also form tight junctions with adjacent keratinocytes (Hashimoto, 1971). These cell-to-cell 

junctions are dependent on tight junction proteins such as claudins, occludins, and junctional 

adhesion molecules; these proteins also show a layer-specific expression profile (Bäsler et al., 2016). 

The SG2-tight junction layer represents additional barrier underneath the stratum corneum. 

Abbreviations: CE, cornified envelope; CER, ceramide; CHOL, cholesterol; Evpl, envoplakin; FFA, 

free fatty acid; Lor, loricrin; Ppl, periplakin; SG, stratum granulosum; SPRR, small proline-rich 

proteins; SS, stratum spinosum; TGase, transglutaminase. From Matsui and Amagai, 2017. 

  

Figure 1.3. Keratinocyte differentiation and stratum corneum formation. 
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Cornification ‒ the conversion of keratinocytes from live to enucleated cells (corneocytes) ‒ is a key 

step in stratum corneum formation. Keratinocytes of the stratum granulosum (and the outer layer of 

the stratum spinosum) produce keratohyalin granules; these cytoplasmic structures contain a mixture 

of keratin and keratin-binding proteins such as profilaggrin, loricrin, and trichohyalin (Freeman and 

Sonthalia, 2019). As keratinocytes differentiate, keratohyalin granules expand and mature; as 

granules mature, keratin and keratin-binding proteins aggregate and crosslink to form a homogenous 

keratin matrix (Freeman and Sonthalia, 2019). Following a similar pattern to keratohyalin granules, 

mature lamellar bodies are located in the outer layers of the stratum granulosum (SG1); these 

cytoplasmic structures contain a mixture of antimicrobial peptides, enzymes, and lipid precursors 

(ceramides, cholesterol, and free fatty acids) (Feingold, 2007; Elias and Choi, 2005). During 

cornification, SG1 keratinocytes lose their organelles and nuclei; secrete the contents of their lamellar 

bodies; and, using the transglutaminase enzyme (TGase), crosslink extracellular lipids and 

intracellular proteins to form the cornified envelope of the stratum corneum barrier. 

In healthy skin, the outermost corneocyte layer (or stratum corneum) is shed through a protease-

dependent process called desquamation (Figure 1.4). These corneocytes are then replaced by 

underlying cells, as described above. Kallikrein proteases, KLK5 and KLK7, cleave 

corneodesmosomes and are particularly important for desquamation (Egelrud and Lundström, 1991). 

KLK are secreted from lamellar bodies at the SG-SC interface; however, lamellar bodies also contain 

a serine proteinase inhibitor, LEKTI (lympho-epithelial Kazal type inhibitor), which tightly controls 

the proteolytic activity of the KLK desquamation enzymes (Deraison et al., 2007). This KLK-LEKTI 

interaction is pH dependent and modulated by the pH gradient of the stratum corneum: as the 

extracellular matrix acidifies, LEKTI dissociates from KLK, and desquamation can occur. This 

system allows for constant renewal and repair of the exposed epidermal tissue, ensuring the integrity 

of the stratum corneum barrier and the underlying cutaneous tissue. 

Diagram highlights effect 

of pH on the KLK-LEKTI 

interaction. Abbreviations: 

KLK, kallikreins; LEKTI, 

lympho-epithelial Kazal 

type inhibitor; stratum 

corneum, SC. From 

Deraison et al., 2007. 

Figure 1.4. Model of 

epidermal desquamation.
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1.1.2. Immunology of the skin 

The skin is primarily a barrier organ, protecting the body from exogenous agents, chemicals, and 

pathogens. The stratum corneum ‒ the outermost layer of the epidermis ‒ acts as an inert physical 

barrier. Damage to the stratum corneum activates the cutaneous immune response, with layer-

specific cells facilitating both innate and adaptive immunity (Figure 1.5) (Kabashima et al., 2019). 

Epidermal immune responses are largely mediated by keratinocytes, Langerhans cells (LC), and 

tissue resident memory T (TRM) cells. The murine epidermis also contains γδ T cells. Early dermal 

immune responses are mediated by resident fibroblasts, dermal dendritic cells, and mast cells. The 

dermal vascular network allows circulating neutrophils and lymphocytes to enter the cutaneous 

tissue; this network also represents a key site for T cell activation. Together, these cutaneous cells 

coordinate the local response, eliminating exogenous insults, and restoring homeostasis. This system 

is essential for wound healing and is often dysregulated in skin disease. 

 

In the epidermis, tight junctions are formed underneath the stratum corneum (in the stratum 

granulosum). The epidermal layer contains keratinocytes, Langerhans cells (LCs), γδ T cells, and 

resident memory T (TRM) cells). From Kabashima et al., 2019. 

1.1.2.1. Keratinocytes: more than just a physical barrier 

This project focuses on epidermal keratinocytes. In addition to their barrier function, mounting 

evidence suggests that keratinocytes also play a role in epidermal immunity and clinical dermatitis. 

Keratinocytes promote the cutaneous immune response and pathological inflammation (Figure 1.6). 

Keratinocytes detect exogenous pathogens and endogenous alarm signals. These cells express a 

broad array of pattern recognition receptors, including toll-like receptors, nucleotide-binding 

oligomerisation domain-like receptors, RIG-I-like receptors, and C-type lectin receptors (van den 

Berg et al., 2014; Lebre et al., 2007; Feldmeyer et al., 2007; Kalali et al., 2008; Jiang et al., 2020; 

Terhorst et al., 2010; Köllisch et al., 2005; Baker et al., 2003). Keratinocytes also interact with a 

Figure 1.5. Immunological anatomy of the epidermis. 
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variety of immune cells, releasing and responding to a plethora of inflammatory mediators and 

antimicrobial peptides (Jiang et al., 2020). In a similar manner, keratinocytes can also interact with 

peripheral neurons, driving neuronal activation and neurogenic inflammation. Keratinocytes may 

even process and display major histocompatibility complexes on their surface, promoting the 

induction of adaptive immune responses (Black et al., 2007; Kennedy-Crispin et al., 2012). These 

reports highlight the active and nuanced role of keratinocytes in the skin. 

This project examines the inflammatory capacity of primary human keratinocytes, with collaborators 

comparing these in vitro results to data from clinical skin disease. Together, this work aims to 

delineate the role of keratinocytes in cutaneous immunity and inflammatory skin disease. 

Immune responses are highly varied across the epidermal layers: antiviral responses are highest in 

the basal region, while antifungal and antibacterial responses are highest in the upper regions. 

Keratinocytes express and secrete a variety of chemokines, cytokines, and growth factors that affect 

nearby immune cells, cutaneous cells, and neurons. From Jiang et al., 2020. 

  

Figure 1.6. The diverse contribution of keratinocytes to immune responses in skin. 
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1.1.3. Cutaneous neural networks 

The skin contains a complex network of autonomic and somatosensory neurons. Bidirectional 

communication between the nervous system and the skin forms an integral part of any cutaneous 

response. This neuro-cutaneous and neuro-immune link is often altered in clinical skin conditions 

and is a key focus for ongoing itch and dermatitis research. 

1.1.3.1. Autonomic system 

Cholinergic and noradrenergic autonomic fibers regulate cutaneous secretions, control vascular tone, 

and underpin the local physiological changes required for immune cell infiltration (Roosterman et 

al., 2006; Glatte et al., 2019). Currently, little is known regarding the role of autonomic nerves in 

skin disease, though this is a particularly interesting avenue for future investigations. 

1.1.3.2. Somatosensory system 

The cutaneous somatosensory system allows the skin to function as a type of sensory organ: 

peripheral sensory neurons detect and translate multimodal external stimuli into a collection of 

discernible properties. These primary sensory neurons extend from the skin to the spinal cord, with 

their cell bodies located in the dorsal root or trigeminal ganglia. Cutaneous sensory neurons are often 

polymodal and are classified into 3 broad categories: Aβ fibers, Aδ fibers and C fibers. The 

distribution of these sensory afferents is highly dependent on the skin type: hairy vs. glabrous 

(hairless) skin (Figure 1.7). 

Aβ fibers are heavily myelinated, with large diameter axons and cell bodies; these neurons transmit 

mechanical touch and are termed low-threshold mechanoreceptors (LTMR). Activation of LTMR is 

mediated by highly specialised nerve endings such as Pacinian corpuscles, Merkel disks, Ruffini 

corpuscles, and Meisner corpuscles. These nerve endings are located in the dermal layer, with Aβ 

fibers unable to enter the epidermis. Aδ fibers are lightly myelinated, with medium diameter axons 

and cell bodies; these fibers lose their myelination before entering the dermal layer (Provitera et al., 

2007). C fibers are unmyelinated, with small diameter axons and cell bodies. Both Aδ and C fibers 

innervate the dermal and epidermal layers. These fibers terminate as free nerve endings, directly 

interacting with the surrounding keratinocytes and other cutaneous or immune cells. A subpopulation 

of mechano-sensitive Aδ and C fibers also act as LTMR: Aδ-LTMR and C-LTMR, respectively 

(Abraira and Ginty, 2013). Polymodal Aδ and C fibers respond to multiple distinct stimuli including 

temperature (thermosensitive neurons); pain (nociceptors); and/or itch (pruriceptors). Adding to this 

complexity, mounting evidence indicates that nociceptors and pruriceptors represent distinct, but 

overlapping, subsets of sensory neurons (Lay and Dong, 2020; Chen and Sun, 2020; Usoskin et al., 

2015). Putative pruriceptors and itch-sensitive pathways represent key targets for anti-itch 

therapeutics and are discussed in more detail in Section 1.3. 
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Diagram highlights the complexity of the cutaneous somatosensory system. Abbreviations: CN, 

cuneate nucleus; DRG, dorsal root ganglion; ECN, external cuneate nucleus; GN, gracile nucleus; 

LTMR, low-threshold mechanoreceptors. From Crawford and Caterina, 2020. 

  

Figure 1.7. Sensory afferents in hairy and glabrous skin. 
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1.2. Skin disease and itch 

The skin is a barrier tissue and an essential component of both the immune and nervous systems. 

Conditions that affect the skin have a profoundly negative impact on patients’ quality of life: skin 

disease is the 4th leading cause of nonfatal disability worldwide (Hay et al., 2014; Karimkhani et al., 

2017). Skin disease is also widespread, affecting nearly 1-in-3 people in the USA every day (Johnson 

and Roberts, 1978; Johnson, 2004). The term skin disease encompasses a plethora of disorders 

including abscess, acne vulgaris, alopecia areata, atopic dermatitis, cellulitis, impetigo, prurigo 

nodularis, psoriasis, scabies, and urticaria. Although the aetiologies of these diseases are complex, 

each can be categorised as either inflammatory or noninflammatory. 

1.2.1. Inflammatory skin disease 

Atopic dermatitis and psoriasis are examples of common inflammatory skin diseases. As with most 

conditions, inflammatory skin diseases are driven by both genetic and environmental factors. Though 

their aetiologies are distinct, many inflammatory skin diseases display similar clinical and 

histological features, suggesting overlap in the pathophysiological mechanisms. Current evidence 

suggests 3 broad and highly interlinked mechanisms underpin inflammatory skin disease: epidermal 

barrier alteration; abnormal immune cell infiltration; and exaggerated pro-inflammatory mediator 

expression (Figure 1.8) (Pezzolo and Naldi, 2020). 

Specific subsets of T lymphocytes play particularly important roles in atopic dermatitis and psoriasis, 

with disease-specific inflammation resulting in clear cutaneous lesions (Guttman-Yassky and 

Krueger, 2017). These patients often exhibit systemic inflammation and develop non-cutaneous 

comorbidities such as metabolic and cardiovascular diseases (Guttman-Yassky et al., 2018). 

Together, these features highlight the importance of balance within the cutaneous tissue: 

communication between cutaneous cells, immune cells and peripheral neurons must be tightly 

controlled. 

 

 



 

 

Diagram also highlights the key differences between atopic dermatitis (AD) subtypes (Intrinsic, Asian, and Paediatric AD vs. European-American AD). 

Abbreviations: FCER, Fc epsilon receptor (also known as IgE receptor); IDEC, inflammatory dendritic epidermal cells; IgE, immunoglobulin E; IL, interleukin; 

iNOS, inducible nitric oxide synthase; OX40L, OX40-Ligand; STAT, signal transducer and activator of transcription; Th, T helper cell; TSLPR, thymic stromal 

lymphopoietin receptor. From Guttman-Yassky and Krueger, 2017.

Figure 1.8. Comparison of inflammation and immune cell responses in psoriasis and atopic dermatitis. 
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1.2.2. Chronic itch (pruritus) 

Chronic itch is broadly classified as itch lasting longer than 6 weeks. Clinically, this itch is termed 

pruritus. Although progress is being made, anti-itch agents are largely nonspecific and ineffective. 

Pruritus is a surprisingly common phenomenon: up to 1-in-5 people will experience chronic pruritus 

at some point in their lifetime (Weisshaar, 2016; Hay et al., 2014). This high prevalence may be 

explained by the broad array of conditions associated with chronic pruritus: dermatologic, systemic, 

neuropathic, and psychogenic (Figure 1.9) (Ständer and Grundmann, 2012). Pruritus is particularly 

common in inflammatory skin conditions. In a recent multi-centre study, chronic pruritus was 

reported in more than 60% of atopic dermatitis patients and almost 50% of psoriasis patients (Schut 

et al., 2019). However, irrespective of the inducing stimuli or condition, itch is perceived to exist on 

the external surface and promotes scratching of this external site. In patients with chronic pruritus, 

this recurrent itch-scratch cycle damages the epidermal barrier, promotes cutaneous inflammation, 

and significantly impairs overall quality of life (Kini et al., 2011; Matterne et al., 2011). 

From Yosipovitch and Bernhard, 2013. 

  

Figure 1.9. Conditions and disorders associated with chronic pruritus. 
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Chronic pruritus is caused by abnormal activation of normal itch pathways. This activation may be 

triggered by issues at any stage of itch signalling, transduction, or perception. Thus, pathological itch 

sensations are also classified with regard to the mechanism or site of dysfunction: pruritoceptive 

(skin), systemic, neuropathic, and/or psychogenic (Kahremany et al., 2020). Pruritoceptive itch 

originates in the skin, mucosal membranes, or cornea, and represents the primary system for 

induction of normal acute itch responses. Briefly, pruritogens (itch-inducers) activate itch-sensitive 

sensory neurons in the skin; these fibers transmit the signal to the spinal cord, activating spinal 

circuits and ascending pathways, and culminating in the perception of itch. Overactivation of 

pruritoceptive itch is common in patients with inflammatory skin conditions. Systemic, neuropathic, 

and psychogenic itch involve dysfunctional or maladaptive activation of pruritoceptive itch 

pathways. Systemic itch is induced by pruritic compounds in the bloodstream (Krajnik and Zylicz, 

2001). Neuropathic itch is caused by damage to neuronal and/or glial cells resulting in neurogenic 

inflammation and sensitisation of itch circuitry (Misery et al., 2014; Yosipovitch and Samuel, 2008). 

Psychogenic itch has no known origin and may be caused by psychological disturbances, psychiatric 

disease and/or substance abuse (Yosipovitch and Samuel, 2008). Pruritic disorders may involve more 

than one system of itch induction and, thus, may require several distinct therapeutic interventions. 

Itch involves a complex interplay between epidermal keratinocytes, immune cells, and cutaneous 

sensory neurons (Figure 1.10) (Dong and Dong, 2018). In inflammatory skin conditions, this 

communication is facilitated and exacerbated by disease-specific inflammation and dysregulated 

peripheral signalling. Mapping of these pathways has revealed several endogenous pruritogenic 

factors including 5-HT, CXCL1, IL-31, IL-33, and TSLP; each of these factors provoke scratching 

behaviour in healthy mice (Wilson, Thé, et al., 2013; Yamaguchi et al., 1999; Walsh et al., 2019; 

Cevikbas et al., 2014; Liu et al., 2016). Several of these factors are specifically elevated in pruritic 

lesions from atopic dermatitis and/or psoriasis patients (Nattkemper et al., 2018). Although complex 

and interconnected, these dysregulated signalling pathways underpin disease progression and the 

recurrent itch/scratch cycle. Thus, our work attempts to identify novel disease-relevant pathways and 

the mechanisms driving their dysregulation. 
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Keratinocytes, mast cells, CD4 T cells, and other cutaneous immune cells release mediators that 

activate peripheral itch-sensitive neurons in the skin. From Dong and Dong, 2018. 

In addition to dysregulated intracellular signalling, the peripheral nervous system is also altered in 

samples from pruritic inflammatory skin conditions. Functional changes include sensitisation of 

central and peripheral itch pathways, and reduction of descending inhibition (Pogatzki-Zahn et al., 

2020; Dong and Dong, 2018; Nattkemper et al., 2018). Under certain conditions, peripheral sensory 

neurons can promote neurogenic inflammation, secreting neuropeptides that act on adjacent 

keratinocytes, fibroblasts, and immune cells. These neuropeptides include B-type natriuretic peptide 

(BNP), calcitonin gene-related peptide (CGRP), and substance P (SP) (De Logu et al., 2019; 

Roosterman et al., 2006; Usoskin et al., 2015; Story et al., 2003; Boillat et al., 2014). In pruritic 

inflammatory skin conditions, neuropeptides stimulate epidermal cells and exacerbate inflammation. 

BNP is a key factor in both central and peripheral itch transduction (Figure 1.11). BNP is produced 

in itch-selective sensory neurons where it co-localises with TRPV1, MrgprA3, and MrgprC11 

(Mishra and Hoon, 2013; Usoskin et al., 2015). Following release, BNP binds to its cognate 

receptors: NPRA, NPRB, or NPRC. In the murine spinal cord, BNP is both necessary and sufficient 

for itch transduction; intrathecal BNP produces scratching behaviour via activation of NPRA+ 

neurons (Mishra and Hoon, 2013). In the skin, BNP is localised to a subset of IL-31-responsive 

Figure 1.10. Schematic representation of cells and mediators involved in peripheral itch. 
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peptidergic neurons, while NPRA and NPRB are expressed in cells of the dermal and epidermal 

layers (Meng et al., 2018; Usoskin et al., 2015; Changlin Li et al., 2018). IL-31 activates sensory 

neurons to release BNP – a pathway that is elevated in mouse models of peripheral itch and in pruritic 

skin conditions such as atopic dermatitis and psoriasis (Meng et al., 2018; Ewald et al., 2015; Liu et 

al., 2016; Nattkemper et al., 2018). A recent review by members of our group detailed the role of 

BNP in itch transduction and the possible effect of anti-BNP agents for the treatment of human itch 

(Meng et al., 2020). The project herein builds on this theory, examining the impact of BNP on 

epidermal keratinocytes. 

Mast cell activation promotes release of leucotrine C4 (LTC4), serotonin (5-HT), and sphinosine 1-

phosphate (S1P). These mast cell-derived mediators activate Nppb-positive (Nppb+) neurons, 

promoting mast cell-induced non-histamine itch. Acidic citrate (model for noxious acidosis) activate 

Nppb+ neurons, promoting noxious acidosis itch. IL-31 activates keratinocytes, promoting BNP 

release. Epidermal BNP activates keratinocytes and dendritic cells (DC), potentiating epidermal 

inflammation. These inflammatory mediators activate Nppb+ neurons, promoting atopic dermatitis 

(AD) itch. Lastly, BNP is expressed in spinal itch-sensitive neurons; in the spine, BNP activates 

gastrin-releasing peptide expressing neurons (GRP+) and facillitates central itch transduction. From 

Meng, Chen and Wang, 2020. 

  

Figure 1.11. BNP and itch transduction. 
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1.3. Acute itch pathways and their role in pruritus 

Acute itch is a common sensation that provokes a desire to scratch (Savin, 1998). When acute, the 

itch-scratch response is a beneficial and protective reflex; this reflex ensures the removal of insects, 

irritants, and other external hazards. Scratching of the affected area stimulates a local immune 

reaction, priming and enhancing the protective capacity of the underlying epidermal population 

(Furue et al., 2020). In patients with clinical pruritus, these acute responses become overactivated or 

dysregulated. Thus, to develop targeted anti-itch agents, researchers work to delineate the neural and 

intercellular pathways involved in itch transduction. 

1.3.1. Acute itch vs. pain 

Both itch and pain are transmitted by subsets of sensory neurons. Historically, itch was regarded as 

a submodality of pain, with early investigations suggesting that itch could arise from low intensity 

activation of nociceptors (Bishop, 1943; McMahon and Koltzenburg, 1992). Scientists have since 

proposed alternative theories suggesting that discrimination of itch and pain is based on specific 

neuronal pathways (labelled-line theory); is due to population coding (selectivity theory); and/or is 

reflective of the pattern of the neural activation (spatial contrast theory) (Hu et al., 2021). These 

theories remain incomplete and disputed (Ikoma et al., 2006; Ma, 2010; Braz et al., 2014; Prescott 

et al., 2014; Koch et al., 2018; Chen and Sun, 2020). As mentioned previously, researchers now 

believe that acute itch and pain are transmitted via distinct, but overlapping, populations of sensory 

neurons (Chen and Sun, 2020; Lay and Dong, 2020; Usoskin et al., 2015). In recent years, researchers 

have identified several itch-selective receptors, peptides and neuronal pathways (Chen and Sun, 

2020; Lay and Dong, 2020). Thus, though our understanding is far from complete, acute itch and 

pain are likely transduced by distinct, but overlapping, populations of sensory neurons (Usoskin et 

al., 2015). However, as nociceptive and pruriceptive systems share many of the same components, 

oversimplification and segregation of itch and pain research should be avoided. 

1.3.2. Types of acute itch 

Acute itch begins in the skin: certain stimuli or itch-inducers (pruritogens) activate specialised 

sensory neurons in the skin; these peripheral neurons enter the spinal cord, relaying the itch message 

to specific second-order neurons; these spinal neurons ascend via the contralateral spinothalamic 

tract to the thalamus. Researchers have now identified 2 discrete subtypes of acute itch sensation ‒ 

mechanical itch and chemical itch ‒ with each being coordinated by distinct mediators, receptors, 

and neural pathways.  These pathways are discussed below and outlined in Figure 1.12. 
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A, Mechanical itch pathways. B, Chemical itch pathways. Abbreviations: DYN, dynorphin; gastrin-

releasing peptide, GRP; gastrin-releasing peptide receptor, GRPR; glutamate, Glu; LTMR, low-

threshold mechanoreceptors; NK1R, neurokinin 1 receptor; Nppb, natriuretic peptide B (also known 

as BNP); NPRA, natriuretic peptide receptor A; NPY, neuropeptide Y; PN, projection neuron; 

spinothalamic tract, STT; Ucn3, urocortin 3. From Chen and Sun, 2020. 

Figure 1.12. Neural pathways underpinning acute mechanical and chemical itch transduction.
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1.3.2.1. Mechanical itch 

Fine touch, weak electrical stimulation and other mechanical stimuli can provoke mechanical itch 

sensations (Ikoma et al., 2005; Rothman, 1922; Shelley and Arthur, 1957; Fukuoka et al., 2013; Pan 

et al., 2019). Mechanical itch is thought to represent a type of innocuous touch initiated by cutaneous 

mechanotransducers and transduced by mechano-sensitive sensory neurons (Feng et al., 2018; Woo 

et al., 2014). Both gentle and noxious touch are transmitted by low-threshold mechanoreceptors 

(LTMRs), including myelinated Aβ and Aδ fibers and unmyelinated C fibers (Zimmerman et al., 

2014).Touch-evoked itch may be mediated by a subgroup of Aβ-LTMRs expressing toll-like receptor 

5 (TLR5). Pharmacological inhibition of these peripheral TLR5+ neurons reduced scratching 

responses associated with weak von Frey filament stimulation (Pan et al., 2019). Furthermore, 

specific spinal interneuron populations have been linked to mechanical itch: neuropeptide Y-positive 

(NPY+) interneurons and a subset of urocortin 3-positive (Ucn3+) interneurons (Acton et al., 2019; 

Bourane, Duan, et al., 2015; Pan et al., 2019). More recently, researchers identified the Piezo 

channels as key detectors and transducers of mechanical stimuli (Ernfors et al., 2021; Coste et al., 

2010). Despite these advances, the exact neural pathways underpinning mechanical itch remain 

elusive. 

Alterations to mechanical itch pathways, termed alloknesis and hyperknesis, are common in patients 

with chronic pruritus (Andersen et al., 2017; Sakai and Akiyama, 2020; Andersen et al., 2018). 

Briefly, alloknesis refers to itch induced by a non-pruritic stimulus, while hyperknesis denotes a 

heightened intensity of itch evoked by a normally pruritic stimulus. Mechanical alloknesis is 

mediated by TLR5+ sensory neurons, with targeted blockage reducing touch-evoked itch in 

histamine-treated mice and a murine model of dermatitis (Pan et al., 2019). Surprisingly, blockade 

of Merkel cell mechanotransducers promotes sensitisation of mechanical itch pathways and may 

underpin aging-associated and dry skin-induced alloknesis (Feng et al., 2018). 

Although mechanical itch likely plays an important role in chronic pruritus, itch-associated LTMRs 

remain poorly defined and are largely unaffected by current anti-itch strategies. 

1.3.2.2. Chemical itch 

Chemical itch is induced by various endogenous mediators and exogenous agents (Kahremany et al., 

2020). Following binding to their cognate receptors, these pruritogens activate itch-sensitive neural 

pathways, often promoting opening of transient receptor potential (TRP) and other cation channels 

and culminating in the generation of NaV1.7-dependent action potentials (Dong and Dong, 2018; 

Kahremany et al., 2020). 

Histamine represents the archetypal pruritogen: chemical itch is often defined as either histamine-

dependent or histamine-independent (Andersen et al., 2015). When activated by allergens or 

inflammation, mast cells rapidly release histamine (Benditt et al., 1955; Tal and Liberman, 1997). 

Histamine stimulates and primes the local immune response, activating various innate and adaptive 
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immune cells (Damaj et al., 2007; Ling et al., 2004; László et al., 2001; Jutel et al., 2001). Histamine 

directly evokes acute itch sensations, activating peripheral C fibers via the H1R and H4R histamine 

receptors (Tani and Ishikawa, 1990; Schmelz et al., 1997; Rossbach et al., 2011). However, chronic 

itch is largely refractory to antihistamine treatment and is broadly histamine-independent (Ikoma et 

al., 2006). 

To date, several non-histaminergic pruritogens been identified. These include endogenous and 

exogenous compounds: serotonin (5-HT); cathepsin S, mucunain and other proteases; leukotriene 

C4, sphingosine 1-phosphate and other bioactive lipid mediators; and various inflammatory 

compounds (interleukin-4 [IL-4], IL-13, IL-31, IL-33, and thymic stromal lymphopoietin [TSLP]) 

(Voisin et al., 2021; Hill et al., 2018; Morita et al., 2015; Kim et al., 2012; Reddy et al., 2008; Ui et 

al., 2006; Campion et al., 2019; Cevikbas et al., 2014; Wilson, Thé, et al., 2013; Liu et al., 2016). 

These pruritogens, and their associated signalling pathways, are often dysregulated in pruritic skin. 

In both healthy and diseased skin, pruritogens activate itch-sensitive sensory neurons. Some bind 

directly to neuronal receptors, while others act indirectly: binding to receptors on cutaneous cell and 

evoking secretion of direct pruritogens and/or inflammatory factors. These direct and indirect 

pathways are discussed in detail below. 
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1.3.3. Chemical itch pathways in the periphery 

A number of recent breakthroughs have transformed our understanding of pruritoceptive itch 

processing (Chiu et al., 2014; Usoskin et al., 2015; Goswami et al., 2014; Reynders and Moqrich, 

2015; Thakur et al., 2014). These advances were enabled by the development of next generation 

RNA sequencing (RNAseq): expression-based classification of murine neurons led to the discovery 

of functional subpopulations within the sensory network. Mounting evidence now indicates that, in 

mice, chemical pruritoceptive itch is transduced by a specific populations of small diameter sensory 

neurons. These neurons express key itch-linked receptors and neuropeptides (Figure 1.13). 

Abbreviations: IL, interleukin; Mrgpr, Mas-related G protein-coupled receptors; NP, nonpeptidergic; 

TRPA1, transient receptor potential ankyrin 1; TRPV1, transient receptor potential vanilloid 1. Taken 

and modified without permission from Dong and Dong, 2018. 

  

Figure 1.13. Schematic of proposed peripheral itch circuits in mice. 
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1.3.3.1. Nonpeptidergic (NP) neurons 

One pivotal study categorised itch-sensitive neurons into 3 overlapping groups; these neurons are NP 

nociceptors: NP1, NP2, and NP3 (Usoskin et al., 2015). All 3 NP groups express IL-4 and IL-13 

receptors, supporting the assertion that inflammatory factors exacerbate itch signalling (Usoskin et 

al., 2015; Oetjen et al., 2017; Chiu et al., 2014). Each of the NP groups express distinct itch-linked 

receptors, indicating a high level of functional specificity within the murine pruriceptor population. 

NP3 neurons express receptors for proteases, 5-HT, leukotrienes, IL-31, and endothelin-1 (ET-1); 

thus, NP3 neurons are thought to mediate inflammatory itch (Usoskin et al., 2015; Kardon et al., 

2014). Both NP2 and NP3 neurons express varying but notable levels of histamine and IL-33 

receptors (Usoskin et al., 2015). NP3 neurons express BNP, a key itch-linked neuropeptide and driver 

of dysregulated epidermal signalling (Mishra and Hoon, 2013; Usoskin et al., 2015; Meng et al., 

2018; Meng et al., 2020). Thus, NP3 neurons facilitate inflammatory itch transduction and potentiate 

AD-associated neurogenic inflammation. 

1.3.3.2. Mas-related G protein-coupled receptors 

Researchers identified certain mas-related G protein-coupled receptors (Mrgpr) as key itch-linked 

receptors and markers of murine itch-sensitive peripheral neurons (Dong et al., 2001; Zylka et al., 

2003; Liu et al., 2009). The Mrgpr family consists of more than 50 distinct G protein-coupled 

receptors (GPCRs): MrgprA1-A22, MrgprB1-B13, MrgprC1-C14, and MrgprD-G. Expression of 

MrgprA3, MrgprC11, and MrgprD is restricted to small diameter sensory neurons – putative itch-

sensitive neurons (Dong et al., 2001; Zylka et al., 2003). MrgprA3 is expressed in the NP2 subgroup; 

these MrgprA3+ neurons exclusively innervate the epidermal layer (Usoskin et al., 2015; Dong et al., 

2001; Liu et al., 2009; Zylka et al., 2003; Liu et al., 2008; Han et al., 2013; Sharif et al., 2020). 

Injection of chloroquine, an antimalarial drug and MrgprA3 agonist, directly activates itch-sensitive 

neurons and promotes scratching bouts in mice (Ru et al., 2017; Liu et al., 2009; Akiyama et al., 

2012). MrgprC11 is expressed in both NP2 and NP3 (Usoskin et al., 2015; Zylka et al., 2003; Liu et 

al., 2009). MrgprC11 agonists, including endogenous BAM8-22 and exogenous tick peptides, act 

directly on MrgprC11+ neurons and induce significant acute scratching behaviour (Qin Liu et al., 

2011; Xueke Li et al., 2021; Liu et al., 2009). The MrgprC11 receptor is now thought to be involved 

in both acute and chronic itch, with recent findings suggesting that MrgprC11+ fibers are particularly 

important for itch in glabrous skin (Steele et al., 2021; Qin Liu et al., 2011). Lastly, MrgprD is 

expressed in murine NP1 neurons (Usoskin et al., 2015). Intracutaneous injection of β-alanine, a 

specific agonist for MrgprD, evokes scratching behaviour in mice and induces itch sensations in 

humans (Wooten et al., 2014; Rau et al., 2009; Shinohara et al., 2004; Liu et al., 2012). 

  



 

22 
 

1.3.3.3. Human Mrgpr-like proteins: MRGPRX 

In humans, our understanding of neural pruritoceptive pathways is incomplete. The human MRGPR 

family consists of 4 Mrgpr-like proteins (MRGPRX1-4), with MRGPRX1 showing high sequence 

and functional homology with mouse MrgprA and MrgprC proteins (Lembo et al., 2002). Expression 

of this MRGPRX1 protein is restricted to small diameter C fibers where it underpins both chloroquine 

and BAM8-22-evoked itch in humans (Sikand et al., 2011; Lembo et al., 2002; Liu et al., 2009; 

Xueke Li et al., 2021; Sanjel et al., 2019). Thus, the murine labelled-line theory may also be 

applicable to human systems; however, further research is required. 

1.3.3.4. Transient receptor potential channels 

Transient receptor potential (TRP) channels function as membrane-associated cation pores. TRPV1 

and TRPA1 channels are expressed on subsets of peripheral sensory neurons. In mice, approximately 

12% of sensory neurons are TRPV1-positive (TRPV1+); although just 30% of TRPV1+ neurons 

express TRPA1, almost 97% of TRPA1+ cells are also TRPV1+ (Story et al., 2003; Jordt et al., 2004; 

Kobayashi et al., 2005). Of the NP neurons, TRPV1 is detected in NP2 and NP3 but TRPA1 is 

restricted to NP2 (Usoskin et al., 2015). 

TRPV1+ neurons are polymodal, with a subset being itch-sensitive: selective ablation of TRPV1+ 

neurons impairs thermal sensitivity, pain, and itch-like behaviour (Woodbury et al., 2004; Mishra 

and Hoon, 2010; Mishra et al., 2011; Imamachi et al., 2009; Solinski, Kriegbaum, et al., 2019; 

Cavanaugh et al., 2009). The TRPV1+/TRPA1+ NP3 neurons express BNP, CGRP SP (De Logu et 

al., 2019; Roosterman et al., 2006; Usoskin et al., 2015; Story et al., 2003; Boillat et al., 2014). In 

these neurons, direct activation of the TRPV1 channel promotes neuropeptide release (Boillat et al., 

2014) highlighting the role of TRPV1 and TRPV1+/TRPA1+ neurons in neuro-epidermal 

communication and itch. Thus, TRPV1 and TRPA1 channels represent important markers for both 

nociceptors and putative pruriceptors. 
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1.3.4. Nonneuronal cells in itch transduction 

Sensory neurons are essential for the transmission of itch signals; however, nonneuronal cutaneous 

cells are required for induction of indirect itch pathways. This neuro-immune and neuro-epidermal 

communication underpins both normal pruritoceptive itch transduction and pathological pruritus 

(Wang and Kim, 2020). Certain stimuli activate nonneuronal cells in the skin; these cells then secrete 

direct pruritogens and/or inflammatory mediators leading to the activation of adjacent itch-sensitive 

sensory neurons (Figure 1.14). When activated, mast cells, basophils, and keratinocytes release high 

levels of endogenous pruritogens – many of which are now implicated in pruritic inflammatory skin 

conditions. Thus, modulation of these complex and disease-specific pathways represents a key aim 

of ongoing research. 
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Diagram highlights the role of mast cells, basophils, T helper cell (Th), group 2 innate lymphoid cells 

(ILC2) and keratinocytes in pruritogenic itch. Abbreviations: αvβ3, alpha v beta 3 (integrin); GPRs, 

G-protein-coupled receptors; IL, interleukin; ILC2, group 2 innate lymphoid cells; JAK, Janus 

kinase; KLK, kallikrein; LTC4, Leukotriene C4; MrgprC11, Mas-related G protein-coupled receptor 

C11; ST2, suppression of tumorigenicity 2 (IL-33R); S1P, sphingosine-1-phosphate; TSLP, thymic 

stromal lymphopoietin. From Wang and Kim, 2020. 

  

Figure 1.14. Direct pruritogens secreted from nonneuronal cutaneous cells. 
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1.3.4.1. Mast cells 

To date, much of our understanding of indirect itch induction or endogenous pruritogen release has 

centred on mast cells and their role in histamine-dependent itch. Basic secretagogues activate mast 

cells, binding to murine Mrgprb2 or human MRGPRX2 to induce degranulation (Figure 1.15) (Ferry 

et al., 2002; McNeil et al., 2015; Wang et al., 2020). Immunoglobulin E antibodies also induce 

degranulation. Mast cell granules contain a plethora of inflammatory factors and direct pruritogens: 

histamine, 5-HT, prostaglandins, leukotrienes, proteases, and various cytokines (Metcalfe et al., 

1997; Lagunoff et al., 1983; Wang et al., 2020). In addition to these atopy-related mediators, 

MRGPRX2 is upregulated in pruritic atopic dermatitis and psoriasis skin (Nattkemper et al., 2018). 

Thus, mast cells mediate indirect itch pathways, facilitating both acute and atopic itch. 

Diagram illustrates IgE- and Mrgprb2-evoked degranulation and itch. Abbreviations: HDPs, host 

defence peptides; IgE, immunoglobulin E; Mrgpr/MRGPR, Mas-related G protein-coupled receptor; 

NPs, neuropeptides; PAMP 9-20, pro-adrenomedullin peptide 9–20. From Wang, Yang and Kim, 

2020. 

  

Figure 1.15. Mast cell-evoked itch. 
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1.3.4.2. Basophils 

Basophils evoke indirect itch in a similar manner to mast cells: IgE activates basophils to induce 

degranulation. Basophil granules contain histamine, IL-31, TSLP, proteases, prostaglandins, and 

other direct activators of itch-sensitive neurons (Hashimoto et al., 2019). Basophil populations are 

elevated and highly active in atopic dermatitis lesions and chronic itch conditions (Mashiko et al., 

2017; Kim et al., 2014; Hashimoto et al., 2019). In atopic patients, basophil-derived leukotriene C4 

promotes acute allergen-induced itch flares (Figure 1.16) (Fang Wang et al., 2021). Thus, basophils 

are key drivers of indirect pruritogenic itch. 

Chronic itch in atopic patients is characterised by barrier disruption and lymphocyte-derived 

signalling. Acute itch flares in atopic patients are driven by external allergens and basophil cell-

derived signalling. Allergens stimulate IgE-dependent degranulation of basophils; released 

leukotriene C4 (LC4) activates adjacent CysLTR2-positive sensory neurons inducing acute itch 

transduction. From Wang et al., 2021.  

Figure 1.16. Basophils promote allergen-induced acute itch flares in atopic patients. 
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1.3.4.3. Keratinocytes 

As mentioned previously, keratinocytes represent an active component of the cutaneous immune 

response. Following epidermal damage, keratinocytes secrete a wide variety of inflammatory 

mediators, growth factors and antimicrobial peptides (Figure 1.17). In addition to promoting and 

potentiating cutaneous inflammation, several of these keratinocyte-derived mediators function as 

direct pruritogens: TSLP, IL-33, cathepsin S, and various kallikreins (Wilson, Thé, et al., 2013; Liu 

et al., 2016; Reddy et al., 2010; Hagermark, 1974; Guo et al., 2020). 

Abbreviations: IL, interleukin; KLK, kallikrein; MrgprC11, Mas-related G protein-coupled receptor 

C11; PAR2, protease activated receptor 2; TSLP, thymic stromal lymphopoietin. From Mack and 

Kim, 2018. 

  

Figure 1.17. Keratinocyte-evoked itch. 
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TSLP activates dendritic cells, promotes Th2 differentiation, and stimulates Th2-type inflammatory 

responses (Soumelis et al., 2002; Watanabe et al., 2004; Wallmeyer et al., 2017). Binding to the 

neuronal TSLP receptor (TSLPR), TSLP activates sensory neurons and evokes striking scratching 

behaviours in mice (Wilson, Thé, et al., 2013). Specific overexpression of TSLP in epidermal 

keratinocytes promotes significant spontaneous scratching and AD-like dermatitis in mice (Li et al., 

2005). Consistent with this finding, TSLP is highly overexpressed in keratinocytes from atopic 

dermatitis patients and likely is involved in atopic itch (Soumelis et al., 2002). 

IL-33 also promotes Th2-type inflammation, induces mast cell degranulation, and stimulates neurons 

to produce itch (Liu et al., 2016; Komai-Koma et al., 2012; Kondo et al., 2008; Moro et al., 2010). 

IL-33 is also increased in lesional atopic dermatitis and, when over expressed in the skin, can promote 

AD-like alterations and spontaneous scratching in mice (Savinko et al., 2012; Imai et al., 2013; 

Nakamura et al., 2019). 

Cathepsin S, an endogenous cysteine protease, promotes rapid itch sensation in humans (Reddy et 

al., 2010). Overexpression of cathepsin S upregulates protease activated receptor (PAR) 2 expression 

on dendritic cells, enhances cutaneous Th2-type inflammatory mediators, and promotes itchy mast 

cell-associated dermatitis in mice (Kim et al., 2012). Cathepsin S activates several itch-associated 

receptors, namely PAR2, PAR4, and MrgprC11; thus, the exact pathway for cathepsin S-evoked itch 

remains unclear (Reddy et al., 2010; Reddy et al., 2015; Chung et al., 2019). 

Kallikreins (KLK) – a group of serine protease involved in desquamation – have been linked to 

keratinocyte-driven itch (Nauroy and Nyström, 2020). Several KLKs are upregulated in pruritic 

lesional atopic dermatitis and AD-like murine models, with KLK7 proving particularly important 

(Komatsu et al., 2007; Morizane et al., 2012; Nattkemper et al., 2018). Th2-type cytokines promote 

KLK7 expression and drive KLK7-mediated barrier dysfunction (Morizane et al., 2012). Though 

KLK7 is unable to directly promote itch sensations, KLK7 knockdown attenuates scratching 

behaviour in a murine model of atopic dermatitis (Guo et al., 2020), suggesting that KLK7 may 

facilitate itch transduction through cleavage and processing of cutaneous pruritogens. 

Though these reports suggest a clear role for epidermal keratinocytes in pruritus, the development of 

specific keratinocyte-targeting compounds remains slow. This project aims to further our 

understanding of keratinocyte signalling and identify novel neuro-epidermal pathways. 
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1.4. TRP channels and pruritus 

The TRP channel superfamily is highly conserved: some members have been identified in insects, 

helminths, and even protozoa (Wolstenholme et al., 2011; Tsagareli and Nozadze, 2020). In humans, 

the TRP family contains 28 members split into 6 subgroups on the basis of sequence homology: 

TRPV (vanilloid), TRPC (canonical), TRPM (melastatin), TRPA (ankyrin), TRPP (polycystin), and 

TRPML (mucolipin) (Figure 1.18) (Tsagareli and Nozadze, 2020; Montell et al., 2002). Although 

all TRP channels act as functional membrane-associated cation pores, each displays a distinct 

expression pattern, ion selectivity, and activation mechanism (Montell et al., 2002). 

From Tsagareli and Nozadze, 2020. 

Previous sections described TRPV1 and TRPA1 as markers of neural itch pathways. Here, we discuss 

the function of these TRP channels and their role in pruritus. We also outline emerging TRP channels 

in itch research. 

  

Figure 1.18. Phylogeny of TRP channels. 
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1.4.1. TRPV1 in histaminergic itch and pruritic conditions 

TRPV1 channels are activated by capsaicin, pH or protons, and noxious heat (>43°C) (Caterina et 

al., 1997; Caterina et al., 2000). Here, capsaicin is used as the experimental TRPV1 agonist. 

In sensory neurons, TRPV1 channels function as cellular sensors, integrating cellular signals and 

promoting action potential generation. TRPV1 is functionally coupled to both H1R and H4R 

histamine receptors (Shim et al., 2007; Jian et al., 2016; Imamachi et al., 2009). Knockout of TRPV1 

channels and ablation of TRPV1+ neurons attenuate histamine-evoked scratching in mice. This itch-

like behaviour is dependent on phospholipase A2, phospholipase β3, lipoxygenase signalling (Shim 

et al., 2007; Imamachi et al., 2009). H4R-mediated itch is also dependent on phospholipase C (Jian 

et al., 2016). In addition to histamine, TRPV1 channels have been linked to bradykinin, nerve growth 

factor (NGF), 5-HT, and prostaglandins (Sugiura et al., 2004; Chuang et al., 2001; Moriyama et al., 

2005). 

Several cutaneous cells express TRPV1 proteins: mast cells, sebocytes and keratinocytes (Bíró et al., 

1998; Bodó et al., 2005; Southall et al., 2003; Inoue et al., 2002; Denda et al., 2001; Bodó et al., 

2004; Ständer et al., 2004). In keratinocytes, TRPV1 agonists modulate differentiation, proliferation 

and apoptosis, and mediator release; capsaicin stimulated HaCaTs release prostaglandin E2 and IL-8 

(Bodó et al., 2005; Southall et al., 2003). However, the effects of nonneuronal TRPV1 remain poorly 

characterised. 

The TRPV1 channel has also been linked to several dermatological disorders. Cutaneous TRPV1 

transcripts are increased in erythematotelangiectatic and phymatous rosacea, but not in 

papulopustular rosacea (Sulk et al., 2012). Patients with prurigo nodularis, an intensely pruritic 

dermatological disease, also show elevated numbers TRPV1+ keratinocytes (Ständer et al., 2004). 

Moreover, TRPV1 expression is elevated in both pruritic atopic dermatitis and pruritic psoriasis, with 

skin staining revealing notable increases when compared with nonpruritic/nonlesional disease-

matched samples (Nattkemper et al., 2018). 

To date, targeting of TRPV1 has been shown to alleviate itch in both murine AD-like disease and 

human atopic dermatitis patients. Thus, dysregulation of TRPV1 expression and activity may be 

involved in the development of pruritic skin conditions. 
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1.4.2. TRPA1 in nonhistaminergic itch and pruritic conditions 

TRPA1 channels are activated by allyl isothiocyanate (AITC), cinnamaldehyde, hydrogen peroxide, 

and other noxious electrophilic chemicals and endogenous reactive oxygen (Jordt et al., 2004; 

Sawada et al., 2008; Alpizar et al., 2013). Here, AITC is used as the experimental TRPA1 agonist. 

In sensory neurons, TRPA1 channels function in a similar manner to TRPV1, responding to cellular 

signals and promoting action potential generation. Mounting evidence suggests that TRPA1 may 

integrate and transmit nonhistaminergic itch-inducing signals. Neuronal TRPA1 channel is 

functionally coupled to TSLPR and MrgprC11, facilitating TSLP- and BAM8-22-induced itch, 

respectively (Wilson, Thé, et al., 2013; Wilson et al., 2011). TRPA1 may mediate chloroquine and 

5-HT-evoked itch, though reports are conflicting at present (Wilson et al., 2011; Ru et al., 2017; 

Morita et al., 2015; Akiyama et al., 2016). In addition to dermatologic itch, TRPA1 also plays an 

important role in cholestatic itch. Bile acids (BA) promote itch-like behaviour in mice and underpin 

the intractable pruritus associated with clinical cholestasis; BA-induced itch is mediated by activation 

of the BA receptor, TGR5, with TRPA1 facilitating neuronal activation and itch transduction (Lieu 

et al., 2014). 

Several cutaneous cells express TRPA1: melanocytes, fibroblasts and keratinocytes; albeit at very 

low levels (Atoyan et al., 2009; Bellono et al., 2013). A recent study indicated that nonneuronal 

TRPA1 may be affected by inflammation, with tumour necrosis factor (TNF) significantly increasing 

TRPA1 expression and activity in a keratinocyte cell-line (HaCaTs) (Luostarinen et al., 2021). In 

keratinocytes, TRPA1 agonists enhance expression of pro-inflammatory cytokines (Atoyan et al., 

2009). Similar to TRPV1, the effects of nonneuronal TRPA1 remain poorly characterised. 

Pruritus is largely mediated by histamine-independent mechanisms; the TRPA1 channel has been 

linked to pruritic inflammatory skin conditions such as AD, allergic contact dermatitis, dry skin-

associated itch, and inflammatory itch models (Liu et al., 2013; Kang et al., 2017; Oh et al., 2013; 

Cevikbas et al., 2014; Wilson, Nelson, et al., 2013). TRPA1 is specifically upregulated in pruritic 

AD, but not pruritic psoriasis (Nattkemper et al., 2018). Genetic and pharmacological blockade of 

TRPA1 exacerbates imiquimod-induced alterations in mice (Kemény et al., 2018), suggesting that 

TRPA1 may be protective in psoriasis. However, as much of our understanding is based on broad 

TRPA1 antagonists or TRPA1-/- mice, the cells responsible for these effects remain elusive. Thus, 

cell-specific TRPA1 knockdowns may reveal important insights into these disease-specific TRPA1 

pathways. 
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1.4.3. Emerging TRP channels in itch research 

Several members of the TRP family have been associated with acute itch transmission and chronic 

pruritus (Moore et al., 2018; Dong and Dong, 2018; Feng et al., 2017; Luo et al., 2015; Kittaka and 

Tominaga, 2017; Caterina and Pang, 2016; Sun and Dong, 2016; Foster et al., 2017; Xie and Hu, 

2018). In addition to TRPV1 and TRPA1, several other TRP channels have now been linked to both 

the physiology and pathophysiology of the skin (Caterina and Pang, 2016). These include TRPC4, 

TRPV4 and TRPV3 (Xie and Hu, 2018). Briefly, TRPC4 channels are involved in pruritic reactions 

induced by selective serotonin reuptake inhibitor treatment (Lee et al., 2018; Warnock and Morris, 

2002). TRPV4 has been linked to a variety of pruritogens and may play a role in both allergic and 

non-allergic chronic itch (Luo et al., 2018; Chen et al., 2016; Akiyama et al., 2016; Kim et al., 2016). 

TRPV3 plays a crucial role in skin physiology and pathophysiology, with current evidence 

suggesting a link between TRPV3 and pruritic dermatitis. This project aims to further investigate 

TRPV3-associated processes and their role in human skin conditions. 

TRPV1 and TRPA1 remain the most extensively studied of the itch-associated TRP channels. 

However, several other channels have now been linked to both the physiology and pathophysiology 

of the skin (Caterina and Pang, 2016). These include TRPC4, TRPV4, and TRPV3 (Xie and Hu, 

2018). Briefly, TRPC4 channels are involved in pruritic reactions induced by selective serotonin 

reuptake inhibitor treatment (Lee et al., 2018; Warnock and Morris, 2002). TRPV4 has been linked 

to a variety of pruritogens and may play a role in both allergic and non-allergic chronic itch (Luo et 

al., 2018; Chen et al., 2016; Akiyama et al., 2016; Kim et al., 2016). TRPV3 plays a crucial role in 

skin physiology and pathophysiology, with current evidence suggesting a link between TRPV3 and 

pruritic skin conditions. 
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1.5. The TRPV3 cation channel 

This project aims to further investigate TRPV3 and its role in human skin conditions. 

1.5.1. TRPV3 expression and protein structure 

TRPV3 expression is largely restricted to the skin, with the Genotype-Tissue Expression (GTEx) 

project describing the skin as the primary location of TRPV3 transcripts in humans (Xu et al., 2006; 

Peier et al., 2002; Moqrich et al., 2005; Lonsdale et al., 2013). TRPV3 is abundantly expressed in 

epidermal keratinocytes (Figure 1.19), with strong staining localised to the basal keratinocyte layer 

(Peier et al., 2002; Facer et al., 2007; Asakawa et al., 2006). TRPV3 is also expressed in hair follicle 

and mucosal epithelial cells (Xu et al., 2006; Aijima et al., 2015; Peier et al., 2002; Xu et al., 2002; 

Borbíró et al., 2011). 

A, Northern blot analysis of adult rat tissues showing TRPV3, TRPV1 and glyceraldehyde phosphate 

dehydrogenase (GAPDH) transcript expression. B, Immunostaining showing TRPV3 in the 

keratinocytes (Ker) and hair follicle (HF) of newborn mice. C, Immunostaining showing TRPV3 and 

basal pan-cytokeratin in epidermal layer of adult rat skin. Scale bars =50 µm. From Peier et al., 2002. 

Reports of neuronal TRPV3 remain controversial. TRPV3 transcripts have been detected in spinal 

cord, DRG and brain tissue from human and non-human primates (Xu et al., 2002; Smith et al., 2002; 

Peier et al., 2002) but are minimal in rodent neuronal samples (Peier et al., 2002; Moqrich et al., 

2005; Smith et al., 2002). Surprisingly, hippocampal slices from TRPV3 knockout mice show 

impaired induction of synaptic plasticity, suggesting a role for TRPV3 in the neuronal circuits of the 

hippocampus (Brown et al., 2013). Whether these extra-epidermal TRPV3 channels will impede the 

utility of TRPV3-targeting agents remains unclear. 

Figure 1.19. TRPV3 is expressed in epidermal keratinocytes. 
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In humans, the TRPV3 sequence is mapped to chromosome 17p13, with the complete open reading 

frame measuring 2,370 base pairs and coding for a protein of 790 amino acids (Figure 1.20) (Smith 

et al., 2002; Xu et al., 2002). This TRPV3 protein contains 6 putative transmembrane regions (S1 - 

S6), with the S1 - S4 helices representing a voltage sensor-like domain and S5- S6 lining the cation 

pore. These S1- S6 regions are flanked by a TRP helix at the C-terminus and ankyrin repeat domain 

(ARD) at the N-terminus (Zubcevic et al., 2018; Singh et al., 2018). The TRP helix is a short but 

highly conserved sequence, which acts as an intracellular sensor for phosphatidylinositol 4,5-

bisphosphate (PIP2) and represents an important site for PIP2-mediated modulation of TRPV3 

activity (Doerner et al., 2011). Similar to other TRPV proteins, the TRPV3-ARD contains 6 ankyrin 

repeats and acts to facilitate protein-protein interactions. This region controls the assembly of TRPV3 

subunits, trafficking of functional TRPV3 channels, and induction of downstream TRPV3 signalling. 

Both the TRP domain and ARD represent characteristic features of the TRPV family, underpinning 

the regulation, gating, and trafficking of these channels. However, research into the specific residues 

required for both normal and pathological TRPV3 functioning is ongoing. 

Amino acid residues 

number shown in margin 

(1 – 790). Solid lines 

indicate predicted 

transmembrane regions 

(S1 – S6). Dashed lines 

indicate predicted ankyrin 

repeat domain (ARD). 

Consensus sites for protein 

kinase A (filled diamonds) 

and protein kinase C 

(filled circles) are also 

shown. From Smith et al., 

2002. 

  

Figure 1.20. Polypeptide 

sequence of human 

TRPV3. 
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1.5.2. Biophysical and molecular features of the TRPV3 channel 

TRPV3 proteins assemble to form a symmetric homotetrameric complex (Figure 1.21) (Zubcevic et 

al., 2018). TRPV3 may also complex with TRPV1, though the functional relevance of these 

heterotetramers remains unknown (Smith et al., 2002; Cheng et al., 2007; Cheng et al., 2012; Hellwig 

et al., 2005). Following assembly and insertion, the TRPV3 complex functions as a nonselective, 

plasma membrane-spanning cation channel (Zubcevic et al., 2018; Peier et al., 2002; Xu et al., 2002). 

Human TRPV3 channels contain 2 clear constriction sites, with G638 residues forming the outer ion 

selectivity filter (4.5 Å) and I674 side chains creating a hydrophobic intracellular gate (5.3 Å) 

(Figure 1.22) (Deng et al., 2020). Channel opening is dependent on subtle but global structural 

rearrangements, ultimately resulting in separation of the pore-lining S6 helices, lipid rearrangement 

and cation influx (Deng et al., 2020). While TRPV3 is cation nonselective, this channel is highly 

permeable to calcium (Ca2+) ions (Ca2+ > Na+≈K+≈Cs+) (Xu et al., 2002) and facilitates global 

calcium fluctuations. 

A, 3D cryo-EM reconstruction of apo human TRPV3 tetramer, coloured by protomer. The C-terminal 

domain is shown in red. B, Overview of structural elements within single TRPV3 protomer: Ankyrin 

repeat domain (ARD) is shown in yellow; Coupling domain, consisting of linker domain, pre-S1 and 

the C-terminal domain, is shown in red; Voltage sensing-like domain (VSLD), consisting of helices 

S1−S4, is shown in blue, the pore domain, consisting of helices S5−S6 and the pore helix, is coloured 

in purple; the TRP domain is shown in green. From Zubcevic et al., 2018.   

Figure 1.21. Structural characterisation of human TRPV3. 
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A, Ion-conduction pore of TRPV3 in a lipid bilayer, shown as a light blue surface calculated with 

the program HOLE. The front and back subunits are removed for clarity. Two narrow constrictions 

at the selectivity filter and the intracellular S6 bundle-crossing regions are illustrated. B, Dimensions 

of the ion-conduction pore. From Deng et al., 2020. 

Like many other TRPs, TRPV3 channels are thermosensitive. With a temperature threshold of 

between 33°C and 42°C, TRPV3 opens in response to innocuous physiologically-relevant 

temperatures (Peier et al., 2002; Xu et al., 2002; Smith et al., 2002). Mutagenesis screening identified 

the pore-spanning S6 region as the key site mediating thermal activation of TRPV3 (Grandl et al., 

2008). Findings from co-culture systems suggest that keratinocyte-expressed TRPV3 channels may 

facilitate thermo-transduction: keratinocytes detect warm temperatures via TRPV3 and coordinate 

thermosensation through release of ATP and subsequent activation of adjacent sensory neurons 

(Mandadi et al., 2009). However, though early reports from TRPV3 knockout mice supported a role 

for TRPV3 in thermo-transduction (Moqrich et al., 2005), a later group failed to replicate these in 

vivo findings (Huang et al., 2011). 

  

Figure 1.22. Two physical constrictions along the ion pore of TRPV3 in a lipid bilayer. 



 

37 
 

In a similar manner to TRPV1 and TRPA1, TRPV3 channels function as signal integrators. 

Consistent with this theory, several agonists and intracellular signalling pathways potentiate TRPV3 

activity (Figure 1.23). TRPV3 currents are sensitised by protein kinase C (PKC) and activation of 

Gq/11-coupled receptors, with phospholipase C (PLC) facilitating the GPCR-induced potentiation 

(Cheng et al., 2010; Xu et al., 2006; Hu et al., 2006). PLC-mediated sensitisation is dependent on 

hydrolysis of phosphatidylinositol (4,5) bisphosphate (PI(4,5)P2), indicating that resting levels of 

plasma membrane PIP2 function to negatively regulate TRPV3 activity (Doerner et al., 2011). 

TRPV3 activity is also potentiated by unsaturated fatty acids such as arachidonic acid, an important 

component in cutaneous inflammatory pathways (Hu et al., 2006). Reports suggest that TRPV3 

channels show enhanced activity upon repeated stimulation (Chung et al., 2004; Chung et al., 2005). 

This unusual feature remains poorly understood, though it may be mediated by binding of calmodulin 

to the N-terminal and pore regions of the TRPV3 channel (Xiao, Tang, et al., 2008; Phelps et al., 

2010). In addition to these signalling pathways, TRPV3 has also been linked with histamine (H1R), 

bradykinin (B2R), muscarinic (HM1) and PAR2 receptors (Xu et al., 2006; Park et al., 2017; Zhao 

et al., 2020). Thus, though the exact in vivo activation and sensitisation mechanisms remain unclear, 

TRPV3 represents a potent polymodal thermosensitive sensor. 
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Abbreviations: 2-APB, 2-Aminoethoxydiphenyl borate; DPBA, diphenylboronic anhydride; EGF 

receptor (EGFR), extracellular growth factor receptor; GPCR, G-protein coupled receptor; PKC, 

protein kinase C; and PLC, phospholipase C. Figure modified from Broad et al., 2016. 

  

Figure 1.23. Activators, inhibitors, and modulators of TRPV3. 
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1.5.3. TRPV3 as a coordinator of epidermal patterning 

As described previously, generation of the stratified epidermal barrier is dependent on proliferation 

and differentiation of keratinocytes. These essential processes are primarily mediated by the 

epidermal growth factor (EGF) pathway, with the skin displaying extraordinary sensitivity to under- 

and/or overactivation of this system. Briefly, release of transforming growth factor alpha (TGFα) 

leads to activation of the EGF receptor (EGFR) and induction of the tightly controlled system of 

keratinocyte proliferation and differentiation. TGFα and EGFR loss-of-function murine models 

highlight the importance of this pathway in epidermal morphogenesis, hair patterning and wound 

healing (Threadgill et al., 1995; Sibilia and Wagner, 1995; Murillas et al., 1995; Mann et al., 1993; 

Luetteke et al., 1993; Luetteke et al., 1994). 

Surprisingly, TRPV3 knockout mice resemble TGFα and EGFR mutants (Figure 1.24) (Schneider 

et al., 2008), suggesting that TRPV3 may be linked to the TGFα/EGFR pathway. Though the overall 

architecture of the skin is unaffected, TRPV3 knockout (TRPV3-/-) mice exhibit clear abnormalities 

in keratinocyte differentiation, epidermal barrier, and hair morphology and follicle patterning (Cheng 

et al., 2010). TRPV3-/- mice are characterised by a thin SC, a wavy coat, and curly whiskers (Cheng 

et al., 2010; Moqrich et al., 2005). Keratinocyte-specific deletion of TRPV3 is sufficient for 

induction of this phenotype (Cheng et al., 2010). TRPV3-deficient mutants also display reduced 

expression of TGFα mRNA and impaired EGFR phosphorylation (Cheng et al., 2010). 
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A, Whiskers of wildtype (WT) and TRPV3 knockout mice (V3 cKO; fl/fl: K14 Cre). Whiskers of 

wildtype (WT) mice were straight, while whiskers of TRPV3 knockout mice (V3 cKO) were curly 

and hooked. B, H&E staining of dorsal skin reveals abnormalities in V3 cKO mice: thin stratum 

corneum layer (blue rectangle) and misaligned hair follicles. From Cheng et al., 2010. 

The TRPV3 channel may directly interact with EGFR and drive epidermal hyperplasia. TGF-α 

enhances TRPV3 channel activity and promotes phosphorylation of a TRPV3 tyrosine residue 

(Cheng et al., 2010). TRPV3 activation stimulates ADAM17-dependent cleavage and release of 

TGFα, activating EGFR and enhancing keratinocyte proliferation, differentiation and apoptosis 

(Cheng et al., 2010; Yujing Wang et al., 2021; Aijima et al., 2015; Szöllősi et al., 2018). Similarly, 

application of carvacrol, a TRPV3 agonist, promotes epidermal thickening in mice (Figure 1.25) 

(Yujing Wang et al., 2021; Yan et al., 2019). These reports suggest that TRPV3 plays a direct role 

in TGF-α/EGFR signalling and epidermal hyperplasia. 

  

Figure 1.24. TRPV3 deficient mice exhibit curly whiskers, misaligned hair follicles, and a thin 

stratum corneum. 
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Wild type (WT) and TRPV3 knockout (KO) mice were treated with vehicle or 1% carvacrol. Images 

show H&E staining (A); and quantification of epidermis thickness (B). Scale =100 µm. **, ## P < 

0.01, N =5. From Wang et al., 2020.  

Figure 1.25. Carvacrol induces hyperplasia in wild type but not TRPV3 knockout mice. 
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1.5.4. TRPV3 mutations and Olmsted syndrome 

Olmsted syndrome, a rare and debilitating genodermatosis, is primarily caused by point mutations in 

the TRPV3 channel (Cambiaghi et al., 1995; Larregue et al., 2000; Rivers et al., 1985; Lin et al., 

2012). Patients present with thick skin on the palms of hands and/or soles of feet, and dry pruritic 

lesions around the eyes, mouth, nose, ears, genitals or naval (Olmsted, 1927; Duchatelet and 

Hovnanian, 2015; Tao et al., 2008; Mevorah et al., 2005). Although the severity of the syndrome 

varies, pain and itch are common (Nofal et al., 2010; Tao et al., 2008; Mevorah et al., 2005; 

Duchatelet and Hovnanian, 2015). 

Patients with Olmsted syndrome display point mutations at several distinct regions within the TRPV3 

gene (Figure 1.26) (Eytan et al., 2014; Lai-Cheong et al., 2012; Danso-Abeam et al., 2013; Sabine 

Duchatelet et al., 2014; S. Duchatelet et al., 2014; He et al., 2015; Kariminejad et al., 2014). Similar 

TRPV3 mutations have also been identified in rodents, with affected mice and rats displaying 

significant dermatitis and itch-like behaviours (Asakawa et al., 2006; Imura et al., 2009; Yamamoto-

Kasai et al., 2013). Findings from heterologous expression systems suggest that these point mutations 

increase the likelihood of channel opening, promoting cell death, and interrupting the normal 

physiological functions of TRPV3 (Lin et al., 2012; Xiao, Tian, et al., 2008). Thus, overactivation 

or sensitisation of TRPV3 dysregulates epidermal signalling and promotes pruritus. Though research 

is ongoing, the TRPV3/TGFα/EGFR pathway represents an important target for hyperplastic skin 

conditions such as Olmsted syndrome, atopic dermatitis, and psoriasis. 

All Olmsted syndrome-linked TRPV3 mutations effect the cytoplasmic region. Green represents 

recessive mutations. Red represents dominant mutations. Pink indicates the transient receptor 

potential (TRP) domain, while light red indicates the ankyrin repeat domain (ARD). From Wang et 

al., 2020. 

  

Figure 1.26. Schematic structure of TRPV3 showing location of reported mutations in people 

with Olmsted syndrome. 



 

43 
 

1.5.5. TRPV3 as an inducer of inflammation, itch, and dermatitis 

Keratinocytes coordinate cutaneous inflammation, itch, and skin disease. However, our 

understanding of the role of TRPV3 in these pathological processes remains incomplete. 

TRPV3 activation enhances keratinocyte-derived inflammation, promoting secretion of IL-1α, IL-6, 

IL-8, and TNFα (Szöllősi et al., 2018; Xu et al., 2006). TRPV3 activation may also promotes 

secretion of prostaglandin E2 (PGE2), adenosine triphosphate (ATP), nitric oxide (NO), nerve 

growth factor, and TSLP, each representing potent inducers of itch, pain or dermatitis (Seo et al., 

2020; Yamamoto-Kasai et al., 2013; Cals-Grierson and Ormerod, 2004; Miyamoto et al., 2011; Zhao 

et al., 2020; Mandadi et al., 2009; Huang et al., 2008). In both humans and mice, genetic TRPV3 

overactivation elevates epidermal inflammation and inflammatory cell infiltration (Yoshioka et al., 

2009; Danso-Abeam et al., 2013). These rodents exhibit high serological levels of AD-linked 

inflammatory factors such as IgE, IL-1α, IL-13, IL-17, CCL11, CCL17, and MCP-1 (Yoshioka et 

al., 2009; Imura et al., 2009). Blockade of TRPV3 reduces cutaneous inflammation in experimental 

AD-like models, including 2,4-Dinitrofluorobenzene (DNFB)-treated and calcipotriol (MC903)-

treated mice (Zhao et al., 2020; Seo et al., 2020; Qu et al., 2019). These data highlight the 

inflammatory capacity of the TRPV3 channel in epidermal keratinocytes. 

As discussed previously, indirect pruritoceptive itch is dependent on cutaneous cells including 

keratinocytes. These cells secrete inflammatory factors and direct pruritogens to activate adjacent 

itch-sensitive neurons. Reports now suggest that keratinocyte-expressed TRPV3 may a role in this 

indirect pathway. Intradermal injection of a TRPV3 agonist promotes acute TRPV3-dependent 

scratching behaviour in mice (Figure 1.27) (Cui et al., 2018; Zhang et al., 2019; Seo et al., 2020). 

This itch-like response is characterised by 2 distinct phases, an initial phase (0 - 20min post-injection) 

and a sustained phase (20 - 60min post-injection) (Cui et al., 2018). TRPV3 has also been linked to 

PAR2-mediated itch (Zhao et al., 2020; Park et al., 2017), suggesting that TRPV3 may coordinate 

inflammatory itch induction. Inhibition of NO, a TRPV3-linked pruritogen, reduces scratching in a 

variety of acute and prolonged murine itch models (Ostadhadi et al., 2016; Andoh and Kuraishi, 

2003; Foroutan et al., 2015; Ostadhadi et al., 2015; Haddadi et al., 2017). TRPV3 expression is 

specifically upregulated in pruritic burns, relative to nonpruritic burn tissue (Park et al., 2017; Yang 

et al., 2015). Together, these reports suggest that keratinocyte TRPV3 may be involved in indirect 

itch induction in the skin. 
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A, Time course of scratching bouts. B – D, Quantification of scratching bouts: overall- 60 minutes 

(B); first 20 minutes (C); last 40 minutes (D). *** P ≤ 0.001, **** P ≤ 0.0001, Student's t-test, 

TRPV3 knockout (TRPV3−/−) compared with wild type (TRPV3+/+). From Cui et al., 2018. 

Mounting evidence now suggests that TRPV3 is involved in pruritic inflammatory skin conditions. 

TRPV3 transcription and expression is increased in AD, psoriasis, acute contact dermatitis, rosacea 

and several animal models of dermatitis (Figure 1.28 and Figure 1.29) (Seo et al., 2020; Zhao et al., 

2020; Nattkemper et al., 2018; Qu et al., 2019; Sulk et al., 2012; Larkin et al., 2021). TRPV3 activity 

is sensitised in keratinocytes isolated from atopic dermatitis patients (Seo et al., 2020). Experimental 

TRPV3 activation promotes epidermal hyperplasia and induces AD-like lesions in mice (Qu et al., 

2019; Yujing Wang et al., 2021). Genetic and pharmacological TRPV3 blockade alleviates 

inflammation and histological alterations in a murine dermatitis model (MC903) (Zhao et al., 2020). 

Together, these findings support the notion that TRPV3 is involved in human dermatitis and suggest 

that modulation of TRPV3 activity may represent an effective strategy for the treatment of pruritic 

skin conditions. 

 

Figure 1.27. Knockout of TRPV3 suppresses carvacrol-induced scratching in C57BL/6J mice. 
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Representative immunostaining of TRPV3 (green) in healthy skin and atopic dermatitis (AD) lesions 

from human donors. Dotted line indicates the dermal-epidermal junction. Scale =20 µm. Images 

included in Larkin et al., 2021. 

Representative immunostaining of TRPV3 (brown) in samples from healthy controls, allergic contact 

dermatitis (ACD), psoriasis, and atopic dermatitis (AD). Each image represents a different human 

donor. Scale =100 µm. From Seo et al., 2020.  

Figure 1.28. TRPV3 proteins are upregulated in the epidermis of atopic dermatitis lesions. 

Figure 1.29. Several skin conditions are associated with elevated epidermal TRPV3. 
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1.5.6. Targeting TRPV3 

1.5.6.1. TRPV3 agonists 

Several TRPV3 agonists and modulators have been described; however, many show high levels of 

promiscuity and low levels of potency. 

Although neither act specifically on the TRPV3 channel, 2-aminoethyl diphenylborinate (2-APB) 

and carvacrol are commonly used as experimental TRPV3 agonists. 2-APB also acts on a multitude 

of other receptors and channels including several members of the TRP family; inositol 1,4,5-

trisphosphate receptors (IP3R); and certain gap junction channels (Bai et al., 2006; Maruyama et al., 

1997; Hu et al., 2004; Chung et al., 2004). Carvacrol, camphor, thymol, eugenol, and other skin-

sensitising organic monoterpenes also activate TRPV3 (Xu et al., 2006; Vogt-Eisele et al., 2007; 

Moqrich et al., 2005). Again, many of these organic compounds are highly promiscuous and do not 

represent specific TRPV3 agonists. Unfortunately, much of our knowledge of in vitro TRPV3 

signalling is based on 2-APB and/or carvacrol stimulations. 

Drofenine, 2-APB analogue, was discovered during a screen of the Microsource Spectrum Collection 

(Deering-Rice et al., 2014). Drofenine shows comparable potency to 2-APB and carvacrol, but higher 

TRPV3 selectivity: drofenine exhibits minimal activity at TRPV1 and TRPA1; thus, drofenine was 

chosen as the TRPV3 agonist for the studies described herein. Drofenine is also reported to inhibit 

the Kv2.1 voltage-gated potassium channel, the enzyme butyrylcholinesterase (BChE) and the 

muscarinic M1 receptor (Xu et al., 2020; Kunysz et al., 1988; Bodur et al., 2001). 

1.5.6.2. TRPV3 antagonists 

Although some TRPV3 antagonists have been discovered, specific inhibitors are lacking. Thus, 

researchers often use the nonselective TRP channel blocker, ruthenium red, to block TRPV3 activity. 

Forsythoside B is a plant derived compound that is commonly used in traditional Chinese medicine. 

In TRPV3-expressing HEK293, Forsythoside B reduces TRPV3 activity – even minimising the 

deleterious effect of the OS-associated mutation (Zhang et al., 2019). Carvacrol promotes hair loss 

in mouse skin, a common process in Olmsted syndrome and lesional skin; Forsythoside B alleviates 

this effect, minimising cell death within the outer root sheath (Yan et al., 2019). Forsythoside B also 

reduces scratching behaviour in murine itch models: TRPV3-induced; histamine-indued; and dry 

skin-induced (Zhang et al., 2019). Recent data suggests that Forsythoside B may be anti-pruritic in 

humans, with topical application reducing carvacrol-evoked itch sensations (Jin Cheol Kim et al., 

2021). Verbascoside, a structurally similar compound, also inhibits TRPV3 activity (Sun et al., 

2020). This compound reduces TRPV3-evoked scratching and has proven effective in experimental 

atopic dermatitis models and atopic dermatitis in dogs (Biasibetti et al., 2018; Yongxi Li et al., 2018; 

Sun et al., 2020). 



 

47 
 

Osthole – another plant derived compound commonly used in traditional Chinese medicine – binds 

directly to TRPV3 to block agonist-induced channel opening and calcium influx (Neuberger et al., 

2021; Sun et al., 2018). In mice, Osthole reduces scratching in models of TRPV3-induced itch; dry 

skin-induced itch; and irritant-induced itch (Qu et al., 2019; Sun et al., 2018). 

Dyclonine, a clinical anaesthetic, alleviates inflammatory itch in mucous membranes and the skin 

(Morginson et al., 1956). Dyclonine modulates activity TRPV3, suppressing activation of normal 

and OS-mutant channels (Liu et al., 2021). This group also found that Dyclonine alleviates carvacrol-

induced acute scratching behaviour in mice. 

Despite the clear link between TRPV3 and itch conditions, clinical and preclinical data are lacking. 

Small molecule selective TRPV3 inhibitors have been developed and tested by Hydra Bioscience, 

Glenmark Pharmaceuticals and AbbVie, however, they have yet to be assessed in the context of itch 

(Broad et al., 2016). 

1.5.6.3. Therapeutic development 

New anti-itch therapies attempt to target specific inflammatory pathways and neural circuits (Fowler 

and Yosipovitch, 2020); thus, these compounds must be tailored to the pruritic condition and 

underlying signalling. TRPV3 is overexpressed and overactivated in pruritic inflammatory skin 

conditions (Larkin et al., 2021; Seo et al., 2020). However, specific TRPV3-targeting agents are 

lacking. 

Anti-inflammatory compounds are currently being trialled for the treatment of pruritic inflammatory 

skin conditions such as atopic dermatitis and psoriasis. Drugs targeting IL-4 (Dupilumab), IL-13 

(Lebrikizumab), and IL-31 (Nemolizumab) are being developed for the treatment of atopic itch (Loh 

et al., 2020; Ruzicka et al., 2017; Han et al., 2017; Yosipovitch et al., 2019). Drugs targeting IL-17A 

(Secukinumab) are being developed for psoriatic-itch (Langley et al., 2014; Théréné et al., 2018). 

Other anti-itch agents target intracellular signalling pathways. The Janus kinase (JAK)/signal 

transducer and activation of transcription (STAT) pathway coordinates the release of various 

cytokines and growth factors. A topical JAK inhibitor, Tofacitinib, alleviates itch in both atopic 

dermatitis and psoriasis patients (Théréné et al., 2018; Mamolo et al., 2013; Bissonnette et al., 2016; 

Ständer et al., 2018; Feldman et al., 2016). Another kinase inhibitor, Cerdulatinib, targets both JAK 

and spleen tyrosine kinase (SYK) to reduce inflammation in patients with mild-to-moderate atopic 

dermatitis (Piscitelli et al., 2021). 

Another particularly interesting group of emerging anti-itch agents are the botulinum neurotoxins 

(BoNT). Briefly, BoNT cleave specific cellular SNARE proteins, blocking vesicle fusion and thus 

reducing cytokine release and modulating receptor upregulation (Pirazzini et al., 2017). To date, 

BoNT have been used for a variety of clinical and aesthetic purposes, including both pain and itch, 

with BoNT proving to be broadly antipruritic (Gazerani, 2018). However, usage and development of 
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BoNT-based therapeutics requires a thorough understanding of the specific SNARE proteins and 

their role in diseased patients and healthy controls. BoNT block membrane insertion of TRPV1 and 

TRPA1 in cultured sensory neurons (Meng et al., 2016). VAMP3, a SNARE protein, has proven to 

be particularly important for keratinocyte-derived inflammation, suggesting that VAMP3-targeting 

BoNT may alleviate dermatitis (Meng et al., 2019). 

This project aims to identify the inflammatory mediators, kinase pathways and SNARE proteins 

acting downstream of TRPV3. We believe that these insights will aid the development of TRPV3-

targeting agents and advance the treatment of pruritic inflammatory skin conditions. 
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2. Materials and 

Methods 
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2.1. Materials 

2.1.1. Primary epidermal keratinocytes from human donors 

Cryopreserved normal human epidermal keratinocytes from a single adult donor (NHEK-Ad) were 

purchased from Lonza (Switzerland). The experiments described herein used a number of different 

donor batches. The basic characteristics of each adult donor are detailed in Table 2.1. 

Note: All batches were purchased from Lonza. Abbreviations: B, Black; C, Caucasian; F, female; H, 

Hispanic; M, male; PAI-1, Plasminogen activator inhibitor-1. 

2.1.2. Reagents, compounds, kits, and consumables 

General materials were purchased from: Acros Organics (Belgium); Axon Medchem BV 

(Netherlands); Calbiochem (via Merck Millipore, Ireland); Fisher BioReagents (via Thermo Fisher 

Scientific, Ireland); ibidi (Germany); Invitrogen (via Bio-Sciences, Ireland); Li-Cor (Germany); 

Lonza (Switzerland); Merck Millipore (Ireland); R&D Systems (via Bio-Techne, Ireland); Sigma- 

Aldrich (Ireland); Thermo Fisher Scientific (Ireland); and Tocris Bioscience (via Bio-Techne, 

Ireland). Catalogue numbers of each item are listed in Table 2.2.  

Batch
Number

Material 
Number

Age
(years)

Sex
(M/F)

Race
(B/C/H)

Experimental Notes

18TL180364 00192627 33 F H

18TL053546 00192627 75 F C Issues with PAI-1 
release

18TL099145 00192627 38 F B

0000549412 00192627 32 F H

18TL073811 00192627 55 F B

0000530069 00192627 20 M C Issues with PAI-1 
release

0000249305 00192627 32 F B/C

Table 2.1. Basic characteristics of each adult donor. 
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Table 2.2. Reagents, compounds, kits, and consumables. 

Name Category Supplier
Catalogue 
Number

µ-Dish 35 mm
Cell Culture Reagent or 

Consumable
ibidi 81156

µ-Slide 8 well ibiTreat
Cell Culture Reagent or 

Consumable
ibidi 80826

4x Protein Sample 
Loading Buffer

General Reagent or 
Chemical

Li-Cor 928-40004

AL8697 (AL.)
Pharmacological Agonist 

or Inhibitor
R&D Systems 4753

Allyl Isothiocyanate 
(AITC)

Pharmacological Agonist 
or Inhibitor

Sigma-Aldrich 377430

BCA assay Kit Merck Millipore 71285-3

Bolt 4 - 12%, Bis-Tris 
Gels

SDS-PAGE and Western 
Blotting

Invitrogen NM04125BOX

Bovine Serum Albumin 
(BSA)

General Reagent or 
Chemical

Sigma-Aldrich A7030

Brain Natriuretic Peptide 
(BNP) (1-32) (human)

Pharmacological Agonist 
or Inhibitor

Tocris 3522

Calcitonin Gene Related 
Peptide (CGRP) (human)

Pharmacological Agonist 
or Inhibitor

Sigma-Aldrich C0167

Capsaicin
Pharmacological Agonist 

or Inhibitor
Sigma-Aldrich M2028

Chameleon Duo Pre-
stained Protein Ladder

SDS-PAGE and Western 
Blotting

Li-Cor 928-60001

CHIR99021 (CHIR.)
Pharmacological Agonist 

or Inhibitor
Sigma-Aldrich SML1046

Cytiva Amersham ECL 
Prime Western Blotting 

Detection Reagent

General Reagent or 
Chemical

Thermo Fisher 
Scientific

45-002-401

Dimethyl sulfoxide 
(DMSO)

General Reagent or 
Chemical

Sigma-Aldrich D2650

Drofenine hydrochloride
Pharmacological Agonist 

or Inhibitor
Sigma-Aldrich D7402

Dulbecco′s Phosphate 
Buffered Saline (DPBS)

General Reagent or 
Chemical

Sigma-Aldrich D8537

Duolink In Situ Mounting 
Medium with DAPI

Immunocytochemistry Sigma-Aldrich DUO82040

Fluo-4 AM
General Reagent or 

Chemical
Invitrogen F14201

Formaldehyde solution 
(37 wt. % in H2O)

General Reagent or 
Chemical

Sigma-Aldrich F1635

Glycine
General Reagent or 

Chemical
Fisher 

BioReagents
BP381-1

Continued overleaf
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Table 2.2 continued. Reagents, compounds, kits, and consumables. 

  

Name Category Supplier
Catalogue 
Number

Immobilon-FL transfer 
membrane 0.45 µm

SDS-PAGE and Western 
Blotting

Merck Millipore IPFL00010

Intercept® Blocking 
Buffer

General Reagent or 
Chemical

Li-Cor 927-60001

JNK-IN-8 (JNK.)
Pharmacological Agonist 

or Inhibitor
Axon Medchem 

BV
2361

KBM-Gold Keratinocyte 
Basal Medium

Cell Culture Reagent or 
Consumable

Lonza 00192151

KGM-Gold Keratinocyte 
SingleQuots Kit

Cell Culture Reagent or 
Consumable

Lonza 00192152

Lentiviral Transduction 
Particles: non-targeted

(NT)

Cell Culture Reagent or 
Consumable

Sigma-Aldrich SHC016

Lentiviral Transduction 
Particles: VAMP3-

targeted (V3T)

Cell Culture Reagent or 
Consumable

Sigma-Aldrich

TRCN000330914
(sequence:

GCAGCCAAGTTG
AAGAGGAAA)

Lysis Buffer 6
General Reagent or 

Chemical
R&D Systems 895561

Methanol
General Reagent or 

Chemical
Acros Organics 444310050

Pitstop2
Pharmacological Agonist 

or Inhibitor
Sigma-Aldrich SML1169

ProLong Diamond 
Antifade Mountant

Immunocytochemistry Invitrogen P36961

Protease Inhibitor 
Cocktail Set II

General Reagent or 
Chemical

Calbiochem 539134

Proteome Profiler Human 
Phospho-Kinase Array 

Kit 
Kit R&D Systems ARY003B

Proteome Profiler Human 
XL Cytokine Array Kit

Kit R&D Systems ARY022B

Puromycin
General Reagent or 

Chemical
Sigma-Aldrich P8833

ReagentPack Subculture 
Reagents

Cell Culture Reagent or 
Consumable

Lonza CC-5034

Revert 700 Total Protein 
Stain and Wash Kit

SDS-PAGE and Western 
Blotting

Li-Cor 926-11015

Sodium Chloride
General Reagent or 

Chemical
Acros Organics 42290010

SP600125 (SP.)
Pharmacological Agonist 

or Inhibitor
Sigma-Aldrich S5567

Continued overleaf
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Table 2.2 continued. Reagents, compounds, kits, and consumables. 

  

Name Category Supplier
Catalogue 
Number

Substance P 
Pharmacological Agonist 

or Inhibitor
Sigma-Aldrich S6883

Tris
General Reagent or 

Chemical
Fisher 

BioReagents
BP152

Sodium Chloride
General Reagent or 

Chemical
Acros Organics 42290010

SP600125 (SP.)
Pharmacological Agonist 

or Inhibitor
Sigma-Aldrich S5567

Substance P 
Pharmacological Agonist 

or Inhibitor
Sigma-Aldrich S6883

Tris
General Reagent or 

Chemical
Fisher 

BioReagents
BP152

Triton X-100
General Reagent or 

Chemical
Sigma-Aldrich T8787

Tween 20
General Reagent or 

Chemical
Sigma-Aldrich P1379

β-mercaptoethanol
General Reagent or 

Chemical
Sigma-Aldrich M3148
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2.1.3. Primary antibodies 

Primary antibodies were purchased from: Abcam (U.K.); Alomone Labs (Israel); BioLegend (U.K.); 

Novus Biologicals (via Bio-Techne, Ireland); and Synaptic Systems (Germany). Details of each 

antibody are listed in Table 2.3. 

Abbreviations: ICC, immunocytochemistry; NPRA, natriuretic peptide receptor type A; NPRB, 

natriuretic peptide receptor type B; SNAP, soluble NSF attachment protein; TRPV3, transient 

receptor potential vanilloid 3; VAMP, vesicle-associated membrane protein; WB, western blot. 

  

Target Protein Host/Isotype Supplier
Catalogue
Number

Dilution

Cytokeratin 14 Mouse Abcam ab7800 1:1000 (ICC)

NPRA Rabbit Abcam ab14356 1:250 (ICC)

NPRB Mouse Abcam ab55724 1:25 (ICC)

SNAP23 Mouse
Novus

Biologicals
H00008773

-M01
1:500 (ICC)

SNAP29 Mouse
Novus

Biologicals
H00009342

-M01
1:50 (ICC); 1:250 (WB)

Syntaxin 3 Rabbit
Synaptic
Systems

110 032 1:250 (ICC)

Syntaxin 4 Mouse
Novus

Biologicals
H00006810

-M04
1:50 (ICC)

Syntaxin 16 Rabbit
Synaptic
Systems

110 162
1:250 (ICC); 1:1000 

(WB)

TRPV3 Mouse Abcam ab85022 1:1000 (ICC)

TRPV3
(extracellular)

Rabbit
Alomone

Labs
ACC 033 1:100 (modified ICC)

VAMP1/2/3 Rabbit
Synaptic
Systems

104 102
1:500 (ICC); 1:1000 

(WB)

VAMP7 Mouse
Synaptic
Systems

232 011 1:25 (ICC)

Vimentin
(594–conjugated)

Mouse BioLegend 677804 1:200 (ICC)

Table 2.3. Primary antibodies. 
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2.1.4. Secondary antibodies 

Secondary antibodies were purchased from: Abcam (U.K.); Invitrogen (via Bio-Sciences, Ireland); 

Jackson ImmunoResearch (U.K.); and Li-Cor (Germany). Details of each antibody are listed in 

Table 2.4. 

Abbreviations: H, heavy; HRP, horseradish peroxidase; IgG, immunoglobulin G; L, light. 

  

Species
Reactivity

Host / 
Isotype

Clonality Conjugate Supplier
Catalogue
Number

Mouse
Goat /

IgG (H + L)
Monoclonal

Alexa Fluor
488

Abcam ab150113

Mouse
Goat /

IgG (H + L)
Polyclonal

Alexa Fluor
594

Invitrogen A-11005

Mouse
Goat /

IgG (H + L)
Polyclonal

IRDye
690RD

Li-Cor 926-68070

Rabbit
Donkey /

IgG (H + L)
Polyclonal HRP

Jackson
ImmunoResearch

711-035-152

Rabbit
Goat /

IgG (H + L)
Polyclonal

Alexa Fluor
555

Abcam ab150078

Rabbit
Goat /

IgG (H + L)
Polyclonal

Alexa Fluor
488

Invitrogen A-11008

Rabbit
Goat /

IgG (H + L)
Polyclonal

IRDye
800CW

Li-Cor 926-32211

Table 2.4. Secondary antibodies. 
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2.1.5. Equipment and software 

Key equipment and software are listed in Table 2.5. 

 

. 

  

Name Company Function

G:BOX Chemi XT4 System
Syngene,

Cambridge, UK

Western Blot and 
Membrane Imaging 
(chemiluminescent)

ImageJ (plus FIJI)
National Institutes of Health, 

Bethesda, MD, USA
Software

LSM710 Confocal
Zeiss,

Oberkochen, Germany
Confocal Microscopy

Mini Gel Tank
Invitrogen,

Waltham, MA, USA
SDS-PAGE Electrophoresis

Odyssey Imaging System
Li-Cor,

Lincoln, NE, USA
Western Blot Imaging 

(fluorescent)

Prism 6
GraphPad,

La Jolla, CA, USA
Software

RStudio 2019
RStudio, 

Boston, MA, USA
Software

TCS SP8 Confocal 
Leica,

Wetzlar, Germany
Confocal Microscopy

TE22 Mighty Small Transfer 
Tank

Hoefer,
Holliston, MA, USA

Western Blot Transfer

Zen 2012 (black edition)
Zeiss,

Oberkochen, Germany
Software

Table 2.5. Key equipment and software. 
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2.2. Methods 

2.2.1. Culturing normal human epidermal keratinocytes (NHEK) 

Cryopreserved normal human epidermal keratinocytes (NHEK) were purchased from Lonza 

(Switzerland) (see Section 2.1.1). Upon arrival, keratinocytes place in liquid nitrogen storage for 

future use. 

Passage zero cells were seeded as per manufacturer’s instructions. Briefly, the cryovial was thawed 

in a 37°C water bath; in a sterile field, cells were gently resuspended and added to a T-75 culture 

flask containing pre-equilibrated growth medium (37°C, 5% CO2, 30 minutes [min]). Growth 

medium consisted of KBM-Gold Keratinocyte Basal Medium supplemented with KGM-Gold 

Keratinocyte SingleQuots. Seeded keratinocytes were incubated and grown to a confluency of 70% 

(37°C, 5% CO2, 2 – 3 days) (Figure 2.1). If a confluency of >80% was reached, keratinocytes were 

appropriately discarded. This monolayer culture system was used as a model of human epidermis. 

Image shows cultured normal human epidermal keratinocytes (NHEK) from a single adult donor. 

Image from Lonza website (product code: 00192627). 

  

Figure 2.1. Culturing normal human epidermal keratinocytes. 
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Keratinocytes were subcultured as per manufacturer’s instructions using the recommended 

subculture reagents: ReagentPack Subculture Reagents. Briefly, at about 70% confluency, growth 

medium was removed and trypsin/EDTA was added to the cells (room temperature). The flask was 

incubated, warming the trypsin solution (37°C, 5% CO2, 2 min). Keratinocytes were then examined 

under the microscope, rapping the flask at intervals of 30 seconds until about 90% of cells were round 

in shape and/or floating. The trypsin solution was neutralised with trypsin neutralising solution; cell 

solution was transferred to a sterile microcentrifuge tube. The flask was rinsed with HEPES buffered 

saline solution (HEPES-BSS); this rinse was added to the cell solution. Harvested cells were 

centrifuged and pelleted (220 x g, 5 min). Pellets were resuspended in growth medium and added to 

pre-prepared culture flasks for further culturing or dishes and chambers for experiments. 

For experiments, keratinocytes were seeded at 1 x 104 cells/cm2 in experiment-specific cell culture 

dishes or chambers. Seeded keratinocytes were cultured in growth medium, incubated, and grown to 

a confluency of <70% (37°C, 5% CO2, 1 – 3 days). Growth medium was removed at least 24 hours 

prior to stimulation and replaced with basal medium: growth medium minus hydrocortisone. All 

experiments were carried out using keratinocytes ≤ passage 4. 
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2.2.2. Lentivirus-mediated protein knockdown: reducing VAMP3 

expression 

Lentiviral particles were used to interrupt expression of the Vesicle-associated membrane protein 3 

(VAMP3) SNARE protein in cultured keratinocytes (NHEK) (Figure 2.2). This infection and 

selection work was primarily managed by Dr. Meng, as described previously (Meng et al., 2019). 

Image depicts the predicted 3D structure of the VAMP3 protein (amino acid residues 1 and 100 are 

shown). The AlphaFold model produces a per-residue confidence score (pLDDT) of between 0 and 

100, with values above 90 denoting very high confidence. From the AlphaFold protein structure 

database (Varadi et al., 2022; Jumper et al., 2021). 

Seeded keratinocytes were cultured in growth medium (37°C, 5% CO2, 2 days). Keratinocytes were 

treated with medium containing either nontargeted (NT) control PLK0.1-puro lentiviral particles or 

short-hairpin RNA lentiviral particles that specifically target VAMP3 (V3T) (400 transducing 

units/well). Treated keratinocytes were incubated for 48 hours (h) (replicate 1) or 72 h (replicate 2). 

Infected cells were selected by addition of puromycin (1 µg/ml, 72 h). NT and V3T keratinocytes 

were used in TRPV3 stimulation and cytokine release assays (see Section 2.2.3.4 and Section 2.2.5), 

and live calcium imaging experiments (see Section 2.2.6). VAMP3 expression was examined in NT 

and V3T keratinocytes by SDS-PAGE and western blotting (see Section 2.2.8). 

Targeted gene/protein ID and validated sequence for shRNA lentiviral transduction particles is as 

follows: NM_004781, V3: 

CCGGGCAGCCAAGTTGAAGAGGAAACTCGAGTTTCCTCTTCAACTTGGCTGCTTTTTG 

  

Figure 2.2. VAMP3 AlphaFold structure prediction.  
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2.2.3. Pre-treatments, inhibitors, and stimulations 

This section details the relevant pre-treatments, inhibitors, and stimulations. Molecular formulas and 

2D chemical structures are shown in Figure 2.3. All treatments were carried out in a sterile field and 

diluted in basal medium: growth medium minus hydrocortisone. Incubation times are specific to the 

treatment (37°C, 5% CO2). 
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Images show the molecular formulas and 2D chemical structures of each named compound. Figures 

in brackets indicate the PubChem compound identification number. Produced using information and 

figures from PubChem Compounds: National Center for Biotechnology Information (2022). 

  

Figure 2.3. Chemical information on pre-treatments, inhibitors, and stimulations. 
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2.2.3.1. Pre-treating with B-type natriuretic peptide (BNP) 

To examine the effect of BNP on TRPV3-evoked mediator release, keratinocytes were pre-treated 

with basal medium ± BNP (1 µM, 4 h) (control vs. BNP). Pre-treated keratinocytes were stimulated 

with basal medium ± drofenine (TRPV3 agonist; 500 µM) ± BNP (1 µM) (1 h). Cell culture 

supernatants were removed and pooled; released mediators were measured using cytokine array (see 

Section 2.2.5). 

To examine the effect of BNP on TRPV3-linked calcium responses, keratinocytes cultured in µ-Slide 

8 well imaging chambers were pre-treated with basal medium ± BNP (1 µM, 4 h): control vs. BNP. 

TRPV3 agonist-induced fluctuations were then monitored using live calcium imaging and analysed 

(see Section 2.2.6). 

To examine the effect of BNP on TRPV3 trafficking, keratinocytes cultured in µ-Slide 8 well 

imaging chambers were stimulated with basal medium + BNP (1 µM) for 0 h, 3 h or 24 h. Surface 

TRPV3 channels were then detected using a modified immunocytochemistry method (see Section 

2.2.9.2). 

2.2.3.2. Pre-treating with kinase inhibitors 

To examine the effect of JNK inhibition on TRPV3-evoked mediator release, keratinocytes were pre-

treated with basal medium ± JNK-IN-8 (1 µM, 1 h). Pre-treated keratinocytes were stimulated with 

basal medium ± drofenine (TRPV3 agonist; 500 µM) ± JNK-IN-8 (1 µM) (1 h). Cell culture 

supernatants were removed and pooled; released mediators were measured using cytokine array (see 

Section 2.2.5). 

To examine the effect of kinase inhibition on BNP-induced TRPV3 trafficking, keratinocytes were 

pre-treated with basal medium ± kinase inhibitor (all 1 µM, 1 h): 

o p38α inhibitor: AL8697 (Al.) 

o GSK3 inhibitor: CHIR99021 (CHIR.) 

o JNK-pan inhibitor: JNK-IN-8 (JNK.), or 

o c-Jun inhibitor: SP600125 (SP.).  

Keratinocytes pre-treated with kinase inhibitors were stimulated with basal medium ± BNP (1 µM) 

± kinase inhibitor (3 h). Surface TRPV3 channels were then detected using a modified 

immunocytochemistry method (see Section 2.2.9.2). 

2.2.3.3. Pre-treating with endocytosis inhibitor 

To examine the effect of endocytosis inhibition on TRPV3-linked calcium responses, keratinocytes 

cultured in µ-Dish 35 mm imaging chamber were pre-treated with basal medium ± Pitstop2 (25 µM, 

30 min): control vs. Pitstop2. TRPV3-linked fluctuations were then monitored using live calcium 

imaging and analysed (see Section 2.2.6). For information on time data equalisation: see Section 

2.2.6.1. 
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2.2.3.4. Stimulating TRP channels 

To examine the effect of TRP agonists on intracellular signalling, keratinocytes were treated with 

basal medium ± TRP agonists: AITC (TRPA1 agonist, 100 µM); capsaicin (TRPV1 agonist, 1 µM); 

or drofenine (TRPV3 agonist, 500 µM) (15 min). Keratinocytes were scraped, lysate was pooled, 

and protein phosphorylation was measured using the phospho-kinase array (see Section 2.2.4). 

To examine the effect of TRP agonists on intercellular signalling, keratinocytes were treated with 

basal medium ± TRP agonists: AITC (TRPA1 agonist, 100 µM); capsaicin (TRPV1 agonist, 1 µM); 

or drofenine (TRPV3 agonist, 500 µM) (1 h). In some experiments, keratinocytes also received a 

pre-treatment or inhibitor (BNP or JNK-IN-8; detailed above). In other experiments, keratinocytes 

were cultured with control nontargeted (NT) or VAMP3-targeted (V3T) lentiviral particles to 

produce NT and V3T cultures (detailed above). Following TRP agonist stimulation, cell culture 

supernatants were removed and pooled; released mediators were measured using cytokine array (see 

Section 2.2.5). 
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2.2.4. Phospho-kinase array: comparing activation of kinase proteins 

The Proteome Profiler Human Phospho-Kinase Array Kit was used to compare kinase protein 

activation. This kit uses “sandwich” immunoassay technology to simultaneously detect 

phosphorylation of 43 protein residues (protein [residue]): AKT1/2/3 [S473]; AKT 1/2/3 [T308]; 

AMPKα1 [T183]; AMPKα2 [T172]; β-Catenin [–]; Chk-2 [T68]; CREB [S133]; c-Jun [S63]; EGFR 

[Y1086]; eNOS [S1177]; ERK1/2 [T202/Y204, T185/Y187]; FAK [Y397]; Fgr [Y412]; Fyn [Y420]; 

GSK3αβ [S21/S9]; Hck [Y411]; HSP27 [S78/S82]; HSP60 [–]; JNK 1/2/3 [T183/Y185, 

T221/Y223]; Lck [Y394]; Lyn [Y397]; MSK1/2 [S376/S360]; PDGF Rβ [Y751]; PLC-γ1 [Y783]; 

PRAS40 [T246]; PYK2 [Y402]; p27 [T198]; p38α [T180/Y182]; p53 [S15]; p53 [S392]; p53 [S46]; 

p70S6K [T389]; p70S6K [T421/S424]; RSK1/2/3 [S380/S386/S377]; Src [Y419]; STAT2 [Y689]; 

STAT3 [S727]; STAT3 [Y705]; STAT5A [Y694]; STAT5A/B [Y694/Y699]; STAT5B [Y699]; 

STAT6 [Y641]; TOR [S2448]; WNK1 [T60]; Yes [Y426]. 

Following TRP agonist treatments, keratinocytes were scraped, lysate was pooled, and protein 

phosphorylation was measured as per the manufacturer’s instructions. Lysate was added to 

specialised nitrocellulose membranes. These membranes are dotted with highly specific capture 

antibodies which bind to the phosphorylated proteins within the samples. Membranes were then 

probed with biotinylated detection antibody and relative phosphorylation was visualised using 

chemiluminescent detection reagents and the G:BOX imaging system (Figure 2.4). The densitometry 

of each positive signal was measured using ImageJ software. Each phospho-residue is represented 

by a pair of duplicated spots; average signal for each phospho-residue was calculated. Data were 

expressed as the fold change (FCH) of phosphorylation relative to unstimulated basal controls. FCH 

is given as (DS – DB) / DB, where DB represents densitometry values from basal samples and DS 

represents densitometry values from stimulated samples. Presented data indicate all proteins which 

show significant (or close to significant) increases in relative phosphorylation following stimulation 

vs. basal levels. Several proteins were unaffected by stimulation; p38α [Y180/Y182] was included 

as an example of one such protein. 

Image shows one set of membranes from the phospho-kinase array kit following chemiluminescent 

detection. Each named kinase is represented by 2 adjacent spots (red box highlights one duplicate). 

Duplicate spots are quantified using densitometry; these values are then averaged: this average is the 

value used for each replicate (i.e. DS or DB in the equation above).   

Figure 2.4. Example of phosho-kinase array membrane. 
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2.2.5. Cytokine array: comparing mediator release 

The Proteome Profiler Human XL Cytokine Array Kit was used to compare mediator release. This 

kit uses “sandwich” immunoassay technology to simultaneously detect 105 different mediators: 

Adiponectin; Apolipoprotein A-I; Angiogenin; Angiopoietin-1; Angiopoietin-2; BAFF; BDNF; 

BSG; Complement Component C5/C5a; CD14; CD30; CD40 ligand; Chitinase 3-like 1; 

Complement Factor D; C-Reactive Protein; Cripto-1; CXCL1; Cystatin C; Dkk-1; DPPIV; EGF; 

ENA-78; Endoglin; Fas Ligand; FGF-2; FGF-7; FGF-19; Flt-3 Ligand; G-CSF; GDF-15; GM-CSF; 

Growth Hormone; HGF; ICAM-1; IFNγ; IGFBP-2; IGFBP-3; IL-1α; IL-1β; IL-1ra; IL-2; IL-3; IL-

4; IL-5; IL-6; IL-8; IL-10; IL-11; IL-12 p70; IL-13; IL-15; IL-16; IL-17A; IL-18Bpa; IL-19; IL-22; 

IL-23; IL-24; IL-27; IL-31; IL-32; IL-33; IL-34; IP-10; I-TAC; KLK3; Leptin; LIF; MCP-1; MCP-

3; M-CSF; MIF; MIG; MIP-1α/MIP-1β; MIP-3α; MIP-3β; MMP-9; Myeloperoxidase; NGAL; 

Osteopontin; PAI-1; PDGFA; PDGF-AB/BB; PTX3; PF4; RAGE; RANTES; RBP-4; Relaxin-2; 

Resistin; SDF-1α; SHBG; ST2; TARC; TFF3; TfR; TGF-α; TSP-1; TNF-α; uPAR; VEGF; VDBP; 

CD31; TIM-3; VCAM-1. 

Following pre-treatments and treatments, cell culture supernatants were removed and pooled; 

released mediators were measured as per the manufacturer’s instructions. Supernatants were added 

to specialised nitrocellulose membranes. These membranes are dotted with highly specific capture 

antibodies which bind to the mediators within the samples. Membranes were then probed with 

biotinylated detection antibody and relative release was visualised using chemiluminescent detection 

reagents and the G:BOX imaging system (Figure 2.5). The densitometry of each positive signal was 

measured using ImageJ software. Each phospho-residue is represented by a pair of duplicated spots; 

average signal for each phospho-residue was calculated. Data were expressed as the fold change 

(FCH) of phosphorylation relative to unstimulated basal controls. FCH is given as (DS – DB) / DB, 

where DB and DS represent densitometry values from basal and stimulated samples, respectively. 

Presented data indicate all proteins which were consistently detected. To specifically examine the 

impact of pre-treatments on TRPV3-evoked release, data were also expressed as a percentage of 

normal drofenine-induced release (i.e. allowing the control TRPV3 group to equal 100%, matched). 

Image shows one set of membranes from the cytokine array kit following chemiluminescent 

detection. Each named cytokine is represented by 2 adjacent spots (blue box highlights one 

duplicate). Duplicate spots are quantified using densitometry; these values are then averaged: this 

average is the value used for each replicate (i.e. DS or DB in the equation above).  

Figure 2.5. Example of cytokine array membrane. 
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2.2.6. Calcium imaging: monitoring calcium in live keratinocytes 

Live calcium imaging was used to monitor the effect of TRP stimulation on intracellular calcium 

levels. Here, keratinocytes were cultured in either µ-Slide 8 well or µ-Dish 35 mm imaging chambers. 

In some experiments, keratinocytes were pre-treated with BNP or endocytosis inhibitor (Pitstop2) 

(detailed above). Keratinocytes were treated with calcium dye and incubated (37°C, 5% CO2, 30 

min). Visualisation of this dye (Fluo-4 AM) is dependent on removal the acetoxymethyl (AM) ester 

which only occurs when inside the cell. When bound to calcium, the fluorescence intensity of Fluo-

4 increases by more than 100-fold. Thus, enhanced fluorescent signal indicates elevated cytosolic 

calcium. 

Following incubation, the calcium dye solution was removed, keratinocytes were washed, and fresh 

basal medium (± pre-treatment/inhibitor solution) was added. Loaded keratinocytes were 

equilibrated to room temperature prior to imaging (more than 10 min). Loaded keratinocytes were 

excited and fluorescence was recorded using a Leica TCS SP8 or Zeiss LSM710 confocal 

microscope, with images acquired at 5 or 10 s intervals. After a baseline recording (≥100 s), TRP 

agonists were added and fluorescence was recorded. Agonists were diluted in basal medium: AITC 

(TRPA1, 50 µM); capsaicin (TRPV1, 1 µM); drofenine (TRPV3, 250 or 500 µm) (all room 

temperture). 

Raw image data were examined using Zen 2012 (black edition) or ImageJ software. Manual region 

of interest (ROI) selection was used to outline each cell. The software than quantified the 

fluorescence within each ROI at each time point. These fluorescence data were then imported to 

Excel for management and manipulation. For each ROI, fluorescence data were normalised to F∆/F0, 

where F∆ denotes the change in fluorescence and F0 the baseline fluorescence. The activation 

threshold was set at 30% (F∆/F0 ≥0.3), a figure which is commonly used in the literature. F∆/F0 

values were graphed relative to time; these time course graphs show either single-cell calcium traces 

or average F∆/F0 in a population of cells. 

Calcium response parameters were measured: mean fluorescence change (F∆/F0); area under the 

curve (AUC, arbitrary units [a.u.]); total peak area (TPA, a.u.); peak amplitude (F∆/F0); peak latency 

(s). Comparison of overall calcium responses focused on AUC values. Comparison of peak calcium 

responses focused on the amplitude and latency of the peaks. Response profiles were generated for 

TRPV3 experiments: peak latency vs. peak amplitude. These plots were examined for clusters using 

k-means clustering (see Section 2.2.7). 
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ImageJ software also allowed for measurement of cellular parameters such as area, perimeter, and 

various shape descriptors (circularity and roundness). The definitions and formulas below are taken 

from the ImageJ user guide: 

Circularity 4π × 
[ ]

[ ]
, with a value of 1.0 indicating a perfect circle. 

Values closer to 0.0 indicate an increasingly elongated shape. 

Roundness  4 × 
[ ]

 × [  ]
; also known as the inverse of aspect ratio. 

2.2.6.1. Equalising time data from endocytosis inhibition experiment 

The endocytosis inhibition experiment showed notable variation. We noticed striking differences in 

the time data when compared with previous work. To investigate whether these differences were 

indicative of inhibitor-induced effects or experimental noise, correlation analyses were carried out 

(Pearson r correlation). 

ROI fluorescence data was examined and converted to F∆/F0 over time (as above). The initiation 

point in each stimulation was identified. Initiation point refers to the time (in seconds) between 

addition of stimulation and the earliest incidence of cellular activation (F∆/F0 ≥0.3). Correlation 

analyses were carried out, comparing initiation point data to pre-treatment (control vs. Pitstop2) and 

to the stage position on the x-axis (µm). Initiation time only correlated with the stage position: the 

variation was indicative of noise. Thus, time values were equalised across stimulations. The initiation 

point of each stimulation was defined as time zero. Time data were then converted to seconds 

pre/post- initiation point (s.p.i.) and analysed as normal. 
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2.2.7. Classifying calcium responses using k-means clustering 

An unsupervised machine-learning algorithm – k-means clustering – was used to assess TRPV3 

response profiles to determine whether functional subgroups existed within the TRPV3-positive 

population. A similar framework was used to compare compounds targeting GPCRs (Gupta et al., 

2017). 

Response profiles were imported to RStudio: each cell was represented by its peak latency (Timemax) 

and peak amplitude (F∆/F0max). Data were filtered to include only responsive cells (F∆/F0 ≥0.3). 

Responsive datasets were then examined for subgroups using k-means clustering (RStudio). 

In early analyses, the optimum number of clusters (k) was determined using both direct (silhouette 

and elbow) and statistical testing methods (gap statistic). The gap statistic testing method (Tibshirani 

et al., 2001) was deemed sufficient and was the sole method used in later analyses. This testing 

method compares the total within-cluster variation for different values of k with their predicted values 

under null reference distribution of the data. The estimate of the optimal clusters is defined as the k 

value at which the gap statistic is maximised, indicating that the clustering structure is distinct from 

the random uniform distribution of points. The gap statistic plot shows the gap statistic associated 

with each value of k (± SEM) and the optimal k is marked with a vertical dashed blue line. 

Responsive datasets were partitioned using the k-means algorithm (RStudio) to produce a given 

number of clusters (k). This approach groups similar data points together, minimising the within 

group variation. When examining the impact of the endocytosis inhibitor (Pitstop2), experimental 

groups were partitioned using the cluster limits from control data. When examining the impact of 

BNP pre-treatment, groups were partitioned independently. Partitioned data were compared using 

nonparametric statistics and contingency analyses. 
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2.2.8. SDS-PAGE and western blotting: comparing protein expression 

SDS-PAGE and western blotting were used to examine protein expression in keratinocyte lysate. 

Keratinocytes were lysed in ice-cold lysis buffer (Lysis Buffer 6) plus protease inhibitors (1% [v/v]). 

Lysate was clarified by centrifugation (14,000 x g, 4°C, 10 min). Protein concentration was 

quantified (bicinchoninic acid assay [BCA] assay). Samples were equalised and diluted in loading 

buffer (4x Protein Loading Buffer) plus β-mercaptoethanol (5% [v/v]). Samples were denatured 

(95°C, 5 min) and allowed to cool to room temperature. 

Denatured protein samples were loaded into precast polyacrylamide gels (Bolt 4 - 12%, Bis-Tris). 

Gels were run at 120 volts (room temperature, 90 min) in MOPS/SDS running buffer: 50 mM MOPS, 

50 mM Tris, 3.5 mM SDS, 1 mM EDTA. Separated proteins were transferred by wet transfer (28 

mA, 4°C, 4 h) in Towbin buffer: 25 mM Tris, 192 mM glycine, pH 8.3, plus 20% methanol [v/v]. 

Membranes were rinsed with Tris Buffered Saline (TBS): 50 mM Tris, 150 mM Sodium Chloride, 

pH 7.5. Membranes were blocked with Intercept Blocking Buffer or Marvel solution: 5% Marvel 

[w/v] in TBS. Blocked membranes were then probed with primary antibody diluted in blocking 

buffer (4°C, 16 h). Unbound primary antibody was removed by washing with TBS plus Tween 20 

(TBS-T; 0.1% Tween 20 [v/v] in TBS). Primary antibodies were detected with either HRP-

conjugated or IRDye (800CW / 680RD) secondary antibodies diluted in TBS-T (room temperature, 

1 h). Unbound secondary antibody was removed by washing with TBS-T. Residual Tween 20 was 

removed by washing with TBS. HRP-conjugates were imaged with chemiluminescent detection 

reagents and the G:BOX imaging system. IRDye antibodies were visualised on an Odyssey 9120 

imaging system. 
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2.2.9.  Immunocytochemistry 

2.2.9.1. Detecting total protein expression 

Standard immunocytochemistry was used to visualise protein expression. Here, keratinocytes were 

cultured in µ-Slide 8 well imaging chambers. Medium was removed by washing with Dulbecco′s 

Phosphate Buffered Saline (DPBS). Cells were fixed using 3.7% formaldehyde solution: 10% 

formaldehyde (37% in H2O) [v/v] in DPBS (15 min, room temperture). Fixation solution was 

removed by washing (DPBS). Cells were permeabilised using Triton X solution: 0.1% Triton X [v/v] 

in DPBS (room temperature, 9 min). Permeabilisation solution was removed by washing (DPBS). 

Samples were incubated with blocking solution: 1% bovine serum albumin (BSA) [w/v]; 0.1% 

Tween 20 [v/v]; 22.52 mg/ml glycine [w/v]; in DPBS. Samples were probed with primary antibody 

diluted in blocking solution (4°C, 16 h). Unbound primary antibody was removed by washing 

(DPBS). Primary antibodies were detected with suitable fluorescent secondary antibodies diluted in 

DPBS (room temperature, 1 h). Unbound secondary antibody was removed by washing (DPBS; 

followed by d.H2O). Samples were mounted and dried before imaging. All images were acquired 

using a Leica TCS SP8 confocal microscope. 

2.2.9.2. Detecting surface TRPV3 protein expression 

A modified immunocytochemistry protocol was used to visualise surface TRPV3 expression. Here, 

keratinocytes were cultured in µ-Slide 8 well imaging chambers. Following pre-treatments and/or 

stimulations (described above), live keratinocytes were probed with a TRPV3-ecto antibody. This 

highly specific antibody binds the extracellular region of the TRPV3 channel. TRPV3-ecto was 

added to the basal medium ± stimulation at a concentration of 85 µg/ml. Keratinocytes were 

incubated (5% CO2, 37°C, 15 min). Unbound TRPV3-ecto was removed by washing with basal 

medium. Fluorescent secondary antibody solution was then added: Alexa Fluor 555, anti-rabbit at 10 

µg/ml in basal medium (5% CO2, 37°C, 1 h). Unbound secondary antibody and medium was removed 

by washing with DPBS. Samples were fixed using 3.7% formaldehyde solution (room temperature, 

4 min). Fixation solution was removed by washing (DPBS; followed by d.H2O). Samples were 

mounted and dried before imaging. All images were acquired using a Leica TCS SP8 Confocal Laser 

Scanning Microscope. All images were acquired using a Leica TCS SP8 confocal microscope. 
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2.2.9.2.1. Quantification and comparison 

Prior to measurement and analysis of surface TRPV3 proteins, images were coded to minimise 

subjective bias. Coded images were examined using ImageJ software. Image analyses were carried 

out using ImageJ software. Manual ROI selection was used to outline each cell. Fluorescent signal 

per ROI was quantified using the “Find Maxima” tool (prominence > 60.00, strict, exclude edge 

maxima). Cellular characteristics were also noted for each ROI: area, perimeter, circularity, and 

roundness. Once fluorescence was quantified, blinding was removed. 

To minimise the impact of cell size on fluorescent signal count, maxima data were equalised to the 

number of intracellular particles per 1500 um2. This measure was used to indicate TRPV3 expression 

and nonspecific fluorescence. These experiments also compared the percentage of TRPV3-positive 

(TRPV3+) keratinocytes within each group, where TRPV3+ cells express ≥5 intracellular particles 

per 1500 um2. 
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2.2.10. Data analyses 

Prior to analyses, all data were examined for normality (Shapiro-Wilk normality test). Broadly, these 

data did not follow the normal distribution. Thus, nonparametric statistical analyses were employed. 

Nonparametric numerical data are described as median and range (25th percentile [Q1] – 75th 

percentile [Q3]), unless otherwise stated. Nonparametric data were analysed using Wilcoxon signed 

rank test, Mann-Whitney U-test or Kruskal-Wallis test (plus Dunn with Bonferroni adjustment). 

Categorical data were analysed using Fisher's exact or Chi-squared tests. For all analyses, 0.5 was 

chosen as the significance threshold: ns P >.05; * P ≤ .05; ** P ≤ .01; *** P ≤ .001. Statistical 

analyses were performed with Prism software and RStudio. 
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3. Examining the 

Signalling 

Pathways Acting 

Downstream of the 

TRPV3 Channel 
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3.1. Overview 

TRP channels are expressed in a variety of cell types, including both neuronal and nonneuronal cells. 

To date, itch research has focused on the role of TRPA1 and TRPV1 channels in sensory neurons. 

Although accepted as key transducers of histamine-dependent and histamine-independent itch, the 

effect of TRPV1 and TRPA1 channels in nonneuronal skin cells remained elusive. TRPV3 is 

primarily expressed in the basal keratinocytes of the epidermal layer (Peier et al., 2002; Lonsdale et 

al., 2013). In healthy skin, TRPV3 modulates keratinocyte proliferation, barrier formation and 

healing, and hair morphogenesis (Cheng et al., 2010). Recently, findings from our group showed that 

TRPV3 is highly and specifically upregulated in lesional regions of human atopic dermatitis, human 

psoriasis and a murine model of dermatitis (Larkin et al., 2021). Herein, we examine the signalling 

pathways associated with TRPA1, TRPV1, and TRPV3 channels in human epidermal keratinocytes. 

Specifically, this work aims to delineate the intracellular kinases and intercellular mediators 

associated with these epidermal channels, with a particular focus on TRPV3-associated signalling. 

Cultured normal human epidermal keratinocytes (NHEK) represent a common model for various 

dermatological studies, including wound healing, skin modelling, and oncology. These primary 

keratinocytes are known to express native and functional TRPV3 channels (Szöllősi et al., 2018) and 

represent a useful culture model for investigating TRP signalling in vitro. These experiments utilised 

several methods including fluorescent immunocytochemistry, cytokine array, phospho-kinase array, 

pharmacological inhibition, and shRNA-mediated knockdown. 

This chapter outlines TRP-associated intracellular and intercellular signalling in epidermal 

keratinocytes. The studies described herein identified novel TRP-associated kinase pathways, 

SNARE proteins, and signalling mediators. These in vitro findings formed the basis of further work 

carried out by our collaborators, culminating in the identification a novel itch-inducer. Together, 

these data underline the role of TRPV3 signalling in wound healing and dermatitis-linked signalling. 
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3.2. Results 

3.2.1. Keratinocytes in our NHEK model express key cytoskeletal and 

TRPV3 proteins 

This project aims to further our understanding of the TRPV3 channel in the human epidermis. To do 

this, normal human epidermal keratinocytes (NHEK) donated by healthy adults were grown in 

culture; this keratinocyte monolayer represents a commonly utilised model of the epidermis. Prior to 

signalling analyses, fluorescent immunocytochemistry was used to confirm the expression of 

cytoskeletal proteins (vimentin and cytokeratin 14) and TRPV3. 

Keratinocytes (NHEK) were labelled with antibodies targeting vimentin and cytokeratin 14, and/or 

TRPV3 (see Table 2.3 for details). Vimentin staining revealed a cytosolic and filamentous signal, 

both of which are characteristic features of the vimentin protein (Figure 3.1A). Cytokeratin 14 

staining revealed a cytosolic, mesh-like pattern (Figure 3.1B). TRPV3 staining displayed a 

widespread nuclear or perinuclear expression pattern (Figure 3.1C, upper panel). Importantly, some 

keratinocytes also showed clear cytosolic or membrane-like TRPV3 expression, suggesting that these 

cells may be responsive to TRPV3 agonists. Comparable fluorescence was not detected in the 

negative control staining (Figure 3.1C, lower panel), indicating that the visible signal represents 

TRPV3 and cytokeratin 14 proteins. 

These findings suggest that our NHEK culture model expresses the TRPV3 protein. These data are 

supported by the literature and unpublished qPCR data from our lab. This NHEK culture model is 

used throughout this project. 
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A – B, Immunostaining of keratinocytes (NHEK) indicating expression of named proteins: vimentin 

and DAPI (A); cytokeratin 14 and DAPI (B). Original magnification 63x. C, Immunostaining of 

keratinocytes indicating expression of cytokeratin 14 and TRPV3 (upper panel) vs. negative control 

(lower panel). Original magnification 20x. All scale bars =50 µm. 

  

Figure 3.1. Keratinocytes in our NHEK model express key cytoskeletal and TRPV3 proteins. 
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3.2.2. TRP channel agonists activate distinct intracellular signalling 

To date, much of transient receptor potential (TRP) research has centred on neuronal TRPA1 and 

TRPV1 channels. This project examines TRPA1, TRPV1, and TRPV3 in normal human epidermal 

keratinocytes (NHEK), a common culture model of the epidermis. This section focuses on the kinase 

proteins acting downstream of these TRP channels. Kinase proteins coordinate intracellular 

signalling and promote specific biological effects. Kinase proteins also represent important targets 

for modulation of inflammation: several Janus kinase (JAK) inhibitors are currently under 

development and in clinical trials for the treatment of skin disease (Sideris et al., 2020; Cohen, 2002). 

Thus, downstream kinase pathways could represent effective targets for TRP-associated 

inflammation and skin disease. 

Kinase proteins are activated by phosphorylation at specific residues. This feature allows us to assess 

kinase activation. Here, NHEK were stimulated with basal medium ± TRP agonists: AITC (TRPA1, 

100 µM); capsaicin (TRPV1, 1 µM); or drofenine (TRPV3, 500 µM) [15 min, 37°C]. Following 

stimulation, cells were lysed and samples clarified. Levels of intracellular kinase phosphorylation 

were compared using the phospho-kinase array. This array simultaneously detects residue-specific 

phosphorylation of 39 human proteins (43 residues): AKT1/2/3; AMPKα1; AMPKα2; β-Catenin; 

Chk2; CREB; c-Jun; EGFR; eNOS; ERK1/2; FAK; Fgr; Fyn; GSK-3αβ; Hck; HSP27; HSP60; 

JNK1/2/3; Lck; Lyn; MSK1/2; PDGF Rβ; PLCγ1 PRAS40; PYK2; p38α; p53; p70S6K; RSK1/2/3; 

Src; STAT2; STAT3; STAT5A; STAT5B; STAT5A/B; STAT6; TOR; WNK1; and Yes. Briefly, 

when phosphorylated (at a specific residue), the named protein binds to capture antibodies located at 

duplicate spots on a nitrocellulose membrane. Chemiluminescent development reveals the relative 

levels of each phosphorylated protein. Here, 11 kinase proteins displayed varied levels of 

phosphorylation following experimental stimulation: Chk2, c-Jun, eNOS, Fyn, Hck, p53, p70S6K, 

PLCγ1, STAT5A, WNK1, and Yes (Table 3.1). Several kinase proteins were detected but unaffected 

by TRP agonist stimulation: p38α is included as an example of one such protein. 
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Note: Table includes images of duplicate spots; antibodies at each spot bind to the phosphorylated 

version of the named kinase protein. p38α is included as an example of a kinase protein that is 

unaffected by TRP agonist stimulation. Abbreviations: Chk2, checkpoint kinase 2; c-Jun, activator 

protein 1 transcription factor subunit; eNOS, endothelial nitric oxide synthase; Fyn, Fyn proto-

oncogene; Hck, hematopoietic cell kinase; p38α, mitogen-activated protein kinase 14; p53, cellular 

tumour antigen p53; p70S6K, ribosomal protein S6 kinase; PLCγ1, phospholipase C-gamma-1; S, 

serine; STAT5A, signal transducer and activator of transcription 5A; T, threonine; TRPA1, transient 

receptor potential ankyrin 1; TRPV1, transient receptor potential vanilloid 1; TRPV3, transient 

receptor potential vanilloid 3; WNK1, lysine deficient protein kinase 1; Y, tyrosine; and Yes, 

Yamaguchi sarcoma virus oncogene.   

Table 3.1. Representative images of duplicate antibody spots from phospho-kinase array 
showing effect of TRP agonists on intracellular protein phosphorylation. 
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Duplicate antibody spots were then measured using densitometry. Average pixel density of each 

duplicate pair represents one experimental replicate. Average pixel density data were expressed as 

fold change (FCH) relative to basal medium-treated samples (n =3). FCH data were presented as 

median FCH and interquartile range (Q1 – Q3) and were analysed using the nonparametric Kruskal-

Wallis test plus Dunn’s multiple comparison post-test (all vs. basal). The graphs below reveal the 

relative change in phosphorylation of each named protein, highlighting the link between TRP 

stimulation and kinase activation. 

Check point kinase 2 (Chk2) is a multifunctional enzyme which initiates cell cycle arrest and 

apoptosis following DNA damage. Phosphorylation of Chk2 at threonine 68 [T68] was detected but, 

although approaching significance, was not significantly affected by TRP agonist stimulation: H (2) 

=6.787, P =.0568 (Figure 3.2). Median Chk2 phosphorylation was increased in TRPV1 samples; 

however, this trend did not reach significance (FCH =0.613 vs. 0; P =.050). Though increased 

phosphorylation was detected in one TRPV3 replicate, levels were statistically unchanged in TRPA1 

and TRPV3 groups (P =.1205 and P =.2618, respectively). Thus, Chk2 may act downstream of the 

TRPV1 receptor in human epidermal keratinocytes. 

Graph compares phosphorylation of check point kinase 2 (Chk2) at threonine 68 [T68] in 

keratinocytes (NHEK) following application of basal medium ± TRP agonists [15 min]: AITC 

(TRPA1 agonist [A1], 100 µM); capsaicin (TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 agonist 

[V3], 500 µM). Data expressed as fold change (FCH) over basal level (represented by — and dotted 

line). Plots indicate median of 3 independent experiments, with bars outlining min and max values. 

P-values calculated using Kruskal-Wallis test: ns P >.05. 

Activator protein 1 transcription factor subunit (c-Jun) functions downstream of Jun N-terminal 

kinase (JNK), acting as a transcription factor and positive regulator of cellular proliferation (Johnson 

and Nakamura, 2007). Phosphorylation of c-Jun at serine 63 [S63] was detected and was significantly 

affected by TRP agonist stimulation: H (2) =7.931, P =.0198 (Figure 3.3). c-Jun phosphorylation 

was significantly increased in TRPV3 samples, with median levels reaching more than 200% above 

baseline (FCH =2.60 vs. 0; P =.0187). Though increased phosphorylation was detected in 2 TRPA1 

0.0500
ns

ns

Figure 3.2. Effect of TRP agonists on activation of Chk2. 
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replicates, levels were statistically unchanged in TRPA1 and TRPV1 groups (P =.1579 and P =.4149, 

respectively). Thus, c-Jun acts downstream of the TRPV3 receptor in human epidermal 

keratinocytes. 

Graph compares phosphorylation of activator protein 1 transcription factor subunit (c-Jun) at serine 

63 [S63] in keratinocytes (NHEK) following application of basal medium ± TRP agonists [15 min]: 

AITC (TRPA1 agonist [A1], 100 µM); capsaicin (TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 

agonist [V3], 500 µM). Data expressed as fold change (FCH) over basal level (represented by — and 

dotted line). Plots indicate median of 3 independent experiments, with bars outlining min and max 

values. P-values calculated using Kruskal-Wallis test: ns P >.05; * P ≤ .05. 

Endothelial nitric oxide synthase (eNOS) is a key inducer of NO production in the skin and driver of 

NO-mediated wound healing. Phosphorylation of eNOS at serine 1177 [S1177] was detected and 

was significantly affected by TRP agonist stimulation: H (2) =6.995, P =.0469 (Figure 3.4). Each of 

the groups show elevated levels of eNOS phosphorylation: median FCH values reached 1.052 

(TRPA1); 0.6495 (TRPV1); and 1.013 (TRPV3). This trend reached significance in the TRPA1 

group (P =.0365); phosphorylation was statistically unchanged in TRPV1 and TRPV3 groups (P 

=.2618 and P =.1579, respectively). Thus, eNOS acts downstream of the TRPA1 receptor in human 

epidermal keratinocytes. 
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Figure 3.3. Effect of TRP agonists on activation of c-Jun. 
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Graph compares phosphorylation of endothelial nitric oxide synthase (eNOS) at serine 1177 (S1177) 

in keratinocytes (NHEK) following application of basal medium ± TRP agonists [15 min]: AITC 

(TRPA1 agonist [A1], 100 µM); capsaicin (TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 agonist 

[V3], 500 µM). Data expressed as fold change (FCH) over basal level (represented by — and dotted 

line). Plots indicate median of 3 independent experiments, with bars outlining min and max values. 

P-values calculated using Kruskal-Wallis test: ns P >.05; * P ≤ .05. 

Fyn proto-oncogene (Fyn), a member of the Src family, represents a key regulator of keratinocyte 

growth and differentiation. Phosphorylation of Fyn at tyrosine 420 [Y420] was detected and was 

significantly affected by TRP agonist stimulation: H (2) =8.191, P =.0159 (Figure 3.5). Fyn 

phosphorylation was significantly increased in TRPV3 samples (FCH =0.4993 vs. 0; P =.0187). 

Though increased phosphorylation was detected in one TRPV1 replicate, levels were statistically 

unchanged in TRPA1 and TRPV1 groups (P =.5138 and P =.1205, respectively). Thus, Fyn acts 

downstream of the TRPV3 receptor in human epidermal keratinocytes. 

Graph compares phosphorylation of Fyn proto-oncogene (Fyn) at tyrosine 420 [Y420] in 

keratinocytes (NHEK) following application of basal medium ± TRP agonists [15 min]: AITC 

(TRPA1 agonist [A1], 100 µM); capsaicin (TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 agonist 

[V3], 500 µM). Data expressed as fold change (FCH) over basal level (represented by — and dotted 

eN
O

S
 [

S
11

77
]

(F
C

H
vs

. b
as

al
)

ns* ns

Figure 3.4. Effect of TRP agonists on activation of eNOS. 
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Figure 3.5. Effect of TRP agonists on activation of Fyn. 
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line). Plots indicate median of 3 independent experiments, with bars outlining min and max values. 

P-values calculated using Kruskal-Wallis test: ns P >.05; * P ≤ .05. 

Hematopoietic cell kinase (Hck), also a member of the Src family, is associated with a cellular 

proliferation and survival, chemokine signalling, and immune cell activation. Phosphorylation of 

Hck at tyrosine 411 [Y411] was detected and was significantly affected by TRP agonist stimulation: 

H (2) =8.243, P =.0144 (Figure 3.6). Hck phosphorylation was significantly increased in TRPV3 

samples, with median levels reaching more than 150% above baseline (FCH =1.541 vs. 0; P =.0131). 

Though increased phosphorylation was detected in one TRPV1 replicate, levels were statistically 

unchanged in TRPA1 and TRPV1 groups (P =.3314 and P =.2618, respectively). Thus, Hck acts 

downstream of the TRPV3 receptor in human epidermal keratinocytes. 

Graph compares phosphorylation of hematopoietic cell kinase (Hck) at tyrosine 411 [Y411] in 

keratinocytes (NHEK) following application of basal medium ± TRP agonists [15 min]: AITC 

(TRPA1 agonist [A1], 100 µM); capsaicin (TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 agonist 

[V3], 500 µM). Data expressed as fold change (FCH) over basal level (represented by — and dotted 

line). Plots indicate median of 3 independent experiments, with bars outlining min and max values. 

P-values calculated using Kruskal-Wallis test: ns P >.05; * P ≤ .05. 

Cellular tumour antigen p53 (p53) is a pleotropic transcription factor which interacts with tumour 

suppressor genes and modulates cell cycle arrest. Phosphorylation of p53 at serine 15 [S15] was 

detected and was significantly affected by TRP agonist stimulation: H (2) =7.931, P =.0198 (Figure 

3.7). p53 phosphorylation was significantly increased in TRPA1 samples, with median levels 

measuring more than 100% above baseline (FCH =1.048 vs. 0; P =.0187). Though increased 

phosphorylation was detected in one TRPV3 replicate, levels were statistically unchanged in TRPV1 

and TRPV3 groups (P =.4149 and P =.1579, respectively). Thus, p53 acts downstream of the TRPA1 

receptor in human epidermal keratinocytes. 
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Figure 3.6. Effect of TRP agonists on activation of Hck. 
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Graph compares phosphorylation of cellular tumour antigen p53 (p53) at serine 15 [S15] in 

keratinocytes (NHEK) following application of basal medium ± TRP agonists [15 min]: AITC 

(TRPA1 agonist [A1], 100 µM); capsaicin (TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 agonist 

[V3], 500 µM). Data expressed as fold change (FCH) over basal level (represented by — and dotted 

line). Plots indicate median of 3 independent experiments, with bars outlining min and max values. 

P-values calculated using Kruskal-Wallis test: ns P >.05; * P ≤ .05. 

Ribosomal protein S6 kinase (p70S6K) is a mitogen-activated serine/threonine protein kinase, 

driving cell growth and stimulating G1 cell cycle progression. Phosphorylation of p70S6K at 

threonine 389 [T389] was detected and was significantly affected by TRP agonist stimulation: H (2) 

=7.775, P =.0223 (Figure 3.8). p70S6K phosphorylation was significantly increased in TRPA1 

samples, with median levels measuring more almost 150% above baseline (FCH =1.461 vs. 0; P 

=.0187). Though increased phosphorylation was detected in one TRPV3 replicate, levels were 

statistically unchanged in TRPV1 and TRPV3 groups (P =.3314 and P =.2044, respectively). Thus, 

p70S6K acts downstream of the TRPA1 receptor in human epidermal keratinocytes. 

Graph compares phosphorylation of ribosomal protein S6 kinase (p70S6K) at threonine 389 [T389] 

in keratinocytes (NHEK) following application of basal medium ± TRP agonists [15 min]: AITC 

(TRPA1 agonist [A1], 100 µM); capsaicin (TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 agonist 
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Figure 3.8. Effect of TRP agonists on activation of p70S6K. 
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[V3], 500 µM). Data expressed as fold change (FCH) over basal level (represented by — and dotted 

line). Plots indicate median of 3 independent experiments, with bars outlining min and max values. 

P-values calculated using Kruskal-Wallis test: ns P >.05; * P ≤ .05. 

Phospholipase C-gamma-1 (PLCγ1) functions downstream of epidermal growth factors, promoting 

keratinocyte migration and wound healing (Kim et al., 2019). Phosphorylation of PLCγ1 at tyrosine 

783 [Y783] was detected but, although approaching significance, was not significantly affected by 

TRP agonist stimulation: H (2) =6.527, P =.0707 (Figure 3.9). Each of the groups show elevated 

levels of PLCγ1 phosphorylation: median FCH values reached 0.9415 (TRPA1); 0.7462 (TRPV1); 

and 0.6692 (TRPV3). Though phosphorylation was statistically unchanged in TRPA1 and TRPV3 

groups (P =.1205 and P =.2044, respectively), this trend was approaching significance in the TRPV1 

group (P =.0678). Thus, PLCγ1 may act downstream of the TRPV1 receptor in human epidermal 

keratinocytes. 

Graph compares phosphorylation of phospholipase C-gamma-1 (PLCγ1) at tyrosine 783 [Y783] in 

keratinocytes (NHEK) following application of basal medium ± TRP agonists [15 min]: AITC 

(TRPA1 agonist [A1], 100 µM); capsaicin (TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 agonist 

[V3], 500 µM). Data expressed as fold change (FCH) over basal level (represented by — and dotted 

line). Plots indicate median of 3 independent experiments, with bars outlining min and max values. 

P-values calculated using Kruskal-Wallis test: ns P >.05. 

Figure 3.9. Effect of TRP agonists on activation of PLCγ1. 
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Signal transducer and activator of transcription 5A (STAT5A) is a member of the JAK/STAT 

(Janus kinase/signal transducers and activators of transcription) pathway and a key coordinator of 

inflammatory signalling. Phosphorylation of STAT5A at tyrosine 694 [Y694] was detected but, 

although approaching significance, was not significantly affected by TRP agonist stimulation: H (2) 

=6.787, P =.0515 (Figure 3.10). Median STAT5A phosphorylation was increased in TRPV3 

samples; however, this trend did not reach significance (FCH =0.5078 vs. 0; P =.050). 

Phosphorylation was statistically unchanged in TRPA1 and TRPV1 groups (P >.9999 for both, 

respectively). Thus, STAT5A may act downstream of the TRPV3 receptor in human epidermal 

keratinocytes. 

Graph compares phosphorylation of signal transducer and activator of transcription 5A (STAT5A) 

at tyrosine 694 [Y694] in keratinocytes (NHEK) following application of basal medium ± TRP 

agonists [15 min]: AITC (TRPA1 agonist [A1], 100 µM); capsaicin (TRPV1 agonist [V1], 1 µM); 

drofenine (TRPV3 agonist [V3], 500 µM). Data expressed as fold change (FCH) over basal level 

(represented by — and dotted line). Plots indicate median of 3 independent experiments, with bars 

outlining min and max values. P-values calculated using Kruskal-Wallis test: ns P >.05. 

Lysine deficient protein kinase 1 (WNK1) is a pleotropic serine/threonine kinase which regulates 

cross-membrane ion transport. Phosphorylation of WNK1 at threonine 60 [T60] was detected but, 

although approaching significance, was not significantly affected by TRP agonist stimulation: H (2) 

=6.527, P =.0673 (Figure 3.11). WNK1 phosphorylation was significantly increased in TRPA1 

samples, with median levels reaching more than 100% above baseline (FCH =1.192 vs. 0; P =.0365). 

Though increased phosphorylation was detected in one TRPV3 replicate, levels were statistically 

unchanged in TRPV1 and TRPV3 groups (P =.5138 and P >.9999, respectively). Thus, WNK1 acts 

downstream of the TRPA1 receptor in human epidermal keratinocytes. 
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Figure 3.10. Effect of TRP agonists on activation of STAT5A. 
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Graph compares phosphorylation of lysine deficient protein kinase 1 (WNK1) at threonine 60 [T60] 

in keratinocytes (NHEK) following application of basal medium ± TRP agonists [15 min]: AITC 

(TRPA1 agonist [A1], 100 µM); capsaicin (TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 agonist 

[V3], 500 µM). Data expressed as fold change (FCH) over basal level (represented by — and dotted 

line). Plots indicate median of 3 independent experiments, with bars outlining min and max values. 

P-values calculated using Kruskal-Wallis test: ns P >.05; * P ≤ .05. 

Yamaguchi sarcoma virus oncogene (Yes), a member of the Src family, has recently been implicated 

in IL-17A signalling in epidermal keratinocytes (Tohyama et al., 2021). Phosphorylation of Yes at 

tyrosine 426 [Y426] was detected but, although approaching significance, was not significantly 

affected by TRP agonist stimulation: H (2) =6.683, P =.0642 (Figure 3.12). Median Yes 

phosphorylation was increased in TRPV1 samples; however, this trend did not reach significance 

(FCH =0.287 vs. 0; P =.0500). Though increased phosphorylation was detected in one TRPV3 

replicate, levels were statistically unchanged in TRPA1 and TRPV3 groups (P =.1579 and P =.2044, 

respectively). Thus, Yes may act downstream of the TRPV1 receptor in human epidermal 

keratinocytes. 
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Figure 3.11. Effect of TRP agonists on activation of WNK1. 
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Figure 3.12. Effect of TRP agonists on activation of Yes. 
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Graph compares phosphorylation of Yamaguchi sarcoma virus oncogene (Yes) at tyrosine 426 

[Y426] in keratinocytes (NHEK) following application of basal medium ± TRP agonists [15 min]: 

AITC (TRPA1 agonist [A1], 100 µM); capsaicin (TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 

agonist [V3], 500 µM). Data expressed as fold change (FCH) over basal level (represented by — and 

dotted line). Plots indicate median of 3 independent experiments, with bars outlining min and max 

values. P-values calculated using Kruskal-Wallis test: ns P >.05. 

Mitogen-activated protein kinase 14 (p38α), a member of the p38 mitogen-activated protein kinase 

(MAPK) family, facilitates UVB-induced chemokine release from primary murine keratinocytes 

(Kim et al., 2008). Phosphorylation of p38α at threonine 180 or tyrosine 182 was detected but was 

not significantly affected by TRP agonist stimulation: H (2) =0.058, P =.9922 (Figure 3.13). Median 

p38α phosphorylation was unaffected by TRP agonist application (FCH =0 for all; P >.9999).These 

data underline the specificity of this assay and strengthen the positive results. 

Graph compares phosphorylation of mitogen-activated protein kinase 14 (p38α) at tyrosine 180 or 

tyrosine 182 [T180/Y182] in keratinocytes (NHEK) following application of basal medium ± TRP 

agonists [15 min]: AITC (TRPA1 agonist [A1], 100 µM); capsaicin (TRPV1 agonist [V1], 1 µM); 

drofenine (TRPV3 agonist [V3], 500 µM). Data expressed as fold change (FCH) over basal level 

(represented by — and dotted line). Plots indicate median of 3 independent experiments, with bars 

outlining min and max values. P-values calculated using Kruskal-Wallis test: ns P >.05. 

  

Figure 3.13. Effect of TRP agonists on activation of p38α. 
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Where noted above, variation was largely grouped into specific replicates: for TRPA1, outliers were 

in replicate 3; for TRPV1, outliers were in replicate 1; and for TRPV3, outliers were in replicate 2. 

Phosphorylation and dephosphorylation is a rapid process; this pattern suggests that some of the 

variation may be caused by differences in stimulation time. 

In summary, agonists targeting TRPA1, TRPV1, and TRPV3 channels induce measurable changes 

in intracellular signalling. This finding indicates that these TRP channels are functional in our NHEK 

culture model. Stimulation of TRPA1 increased phosphorylation of p53, p70S6K, eNOS, and 

WNK1, with all reaching significance. Stimulation of TRPV1 increased phosphorylation of Yes, 

Chk2, and PLCγ1, though none reached significance. Stimulation of TRPV3 increased 

phosphorylation of c-Jun, STAT5A, Fyn, and Hck, though STAT5A failed to reach significance. 

Together, these results highlight the distinct signalling pathways acting downstream of TRPA1, 

TRPV1, and TRPV3 channels in a culture model of human epidermis. 

  



 

89 
 

3.2.3. TRPA1 and TRPV1 agonists fail to promote consistent mediator 

release 

Neuronal TRPA1 and TRPV1 have been extensively studied: current evidence implicates these 

channels in the transduction of histamine-independent and -dependent itch, respectively. While both 

channels have been detected in the skin, their role in epidermal inflammation remains poorly 

understood. These experiments aim to address this knowledge gap, comparing the effect of TRPA1, 

TRPV1, and TRPV3 agonists on mediator release from normal human epidermal keratinocytes 

(NHEK), a common culture model of the epidermis. 

 NHEK were stimulated with basal medium ± TRP agonists: AITC (TRPA1, 100 µM); capsaicin 

(TRPV1, 1 µM); or drofenine (TRPV3, 500 µM) [1 h, 37°C]. Following stimulation, cell supernatant 

was collected and pooled. Mediator release was compared using the cytokine array. Briefly, when 

present in the supernatant sample, the named protein binds to capture antibodies located at duplicate 

spots on a nitrocellulose membrane. Chemiluminescent development reveals the relative levels of 

each released protein. Here, a number of proteins were consistently detected: BSG, CXCL1, Dkk-1, 

EGF, FGF-2, FGF-19, IFNγ, IL-1α, IL-1ra, IL-8, IL-17A, KLK3, M-CSF, MIF, NGAL, PAI-1, 

PDGFA, PTX3, TfR, TGF-α, TSP-1, and VDBP (Table 3.2). 

Table 3.2. Representative images of duplicate antibody spots from cytokine array showing 
effect of TRP agonists on mediator release. 
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Table 3.2 continued. Representative images of duplicate antibody spots from cytokine array 
showing effect of TRP agonists on mediator release. 

Note: Table includes images of duplicate spots; antibodies at each spot bind to the named mediator. 

Abbreviations: BSG, basigin; CXCL1, chemokine C-X-C motif ligand 1; Dkk-1, dickkopf-1; EGF, 

epidermal growth factor; FGF-2, fibroblast growth factor 2; FGF-19, fibroblast growth factor 19; 

IFNγ, interferon gamma; IL-1α, interleukin-1 alpha; IL-1ra, interleukin 1 receptor antagonist; IL-8, 

interleukin-8; IL-17A, interleukin-17A; KLK3, kallikrein-3; M-CSF, macrophage colony-

stimulating factor 1; MIF, macrophage migration inhibitory factor; NGAL, neutrophil gelatinase-

associated lipocalin; PAI-1, plasminogen activator inhibitor 1; PDGFA, platelet derived growth 

factor subunit A; PTX3, pentraxin-related protein PTX3; TfR, transferrin receptor protein 1; TGF-α, 

transforming growth factor alpha; TRPA1, transient receptor potential ankyrin 1; TRPV1, transient 

receptor potential vanilloid 1; TRPV3, transient receptor potential vanilloid 3; TSP-1, 

thrombospondin-1; and VDBP, vitamin D binding protein. 
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Duplicate antibody spots were then measured using densitometry. Average pixel density of each 

duplicate pair represents one experimental replicate. Average pixel density data were expressed as 

fold change (FCH) relative to basal medium-treated samples (n=4). FCH data were presented as 

median FCH and interquartile range (Q1 – Q3) and were analysed using the nonparametric Kruskal-

Wallis test plus Dunn’s multiple comparison post-test (all vs. basal). The graphs below reveal the 

relative change of each named protein, highlighting the link between TRP stimulation and mediator 

release. 

Basigin (BSG) is also known as extracellular matrix metalloproteinase inducer (EMMPRIN) or 

CD147. In the skin, BSG is involved in wound healing and tissue remodelling, enhancing fibroblast 

production of matrix metalloproteinases (Guo et al., 1997). Here, BSG was detected in cellular 

supernatant; relative levels were significantly affected by agonist stimulation: H (3) =8.597, P =.0184 

(Figure 3.14). TRPA1 and TRPV1 agonists failed to increase median BSG levels. These data were 

statistically comparable to baseline (P >.9999 for both). The TRPV3 agonist increased median BSG 

levels by more than 400% above baseline. This increase was approaching significance (FCH =4.470; 

P =.0501). Thus, activation of the TRPV3 channel may promote BSG release from human epidermal 

keratinocytes. 

Graph compares release of basigin (BSG) from keratinocytes (NHEK) following application of basal 

medium ± TRP agonists [1 h]: AITC (TRPA1 agonist [A1], 100 µM); capsaicin (TRPV1 agonist 

[V1], 1 µM); drofenine (TRPV3 agonist [V3], 500 µM). Data expressed as fold change (FCH) over 

basal level (represented by — and dotted line). Boxplots indicate median (Q1 – Q3) of 4 independent 

experiments, with bars outlining min and max values. P-values calculated using Kruskal-Wallis test: 

ns P >.05. 

  

ns ns

Figure 3.14. Effect of TRP agonists on BSG release. 
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Chemokine C-X-C motif ligand 1 (CXCL1) promotes chemotaxis of neutrophils and facilitates 

UVB-induced inflammatory responses (Kunisada et al., 2017). Here, CXCL1 was detected in cellular 

supernatant; however, relative levels were statistically unchanged by agonist stimulation: H (3) 

=1.909, P =.6275 (Figure 3.15). The post-hoc comparison failed to detect significant differences 

between agonist groups and baseline levels (P >.9999 [TRPA1]; P =.5247 [TRPV1]; P >.9999 

[TRPV3]). Although TRPA1 and TRPV1 agonists affected CXCL1 secretion – with later replicates 

showing increases of around 600% (FCH =5.970 and 7.675, respectively) – this effect was highly 

varied. As TRP agonists fail to evoke consistent CXCL1 release, further experiments are required to 

investigate the potential link between TRPA1, TRPV1, or TRPV3 activation and CXCL1 release 

from human epidermal keratinocytes. 

Graph compares release of chemokine C-X-C motif ligand 1 (CXCL1) from keratinocytes (NHEK) 

following application of basal medium ± TRP agonists [1 h]: AITC (TRPA1 agonist [A1], 100 µM); 

capsaicin (TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 agonist [V3], 500 µM). Data expressed 

as fold change (FCH) over basal level (represented by — and dotted line). Boxplots indicate median 

(Q1 – Q3) of 4 independent experiments, with bars outlining min and max values. P-values calculated 

using Kruskal-Wallis test: ns P >.05. 

Dickkopf-1 (Dkk-1) inhibits the Wnt/β-catenin pathway, regulating skin pigmentation, epidermal 

thickness, and the hair cycle (Kwack et al., 2012; Yamaguchi et al., 2008). Here, Dkk-1 was detected 

in cellular supernatant; relative levels were significantly affected by agonist stimulation: H (3) 

=10.50, P =.0028 (Figure 3.16). TRPA1 and TRPV1 agonists failed to increase median Dkk-1 levels. 

These data were statistically comparable to baseline (P =.4039 and P =.6105, respectively). The 

TRPV3 agonist significantly increased median Dkk-1 levels, with relative values peaking at almost 

1500% above baseline (FCH =14.836; P =.0039). Thus, activation of the TRPV3 channel promotes 

Dkk-1 release from human epidermal keratinocytes.  

Figure 3.15. Effect of TRP agonists on CXCL1 release. 



 

93 
 

Graph compares release of dickkopf-1 (Dkk-1) from keratinocytes (NHEK) following application of 

basal medium ± TRP agonists [1 h]: AITC (TRPA1 agonist [A1], 100 µM); capsaicin (TRPV1 

agonist [V1], 1 µM); drofenine (TRPV3 agonist [V3], 500 µM). Data expressed as fold change (FCH) 

over basal level (represented by — and dotted line). Boxplots indicate median (Q1 – Q3) of 4 

independent experiments, with bars outlining min and max values. P-values calculated using 

Kruskal-Wallis test: ns P >.05; ** P ≤ .01. 

Epidermal growth factor (EGF) promotes migration and proliferation of cutaneous cells – key steps 

in wound healing (Wells, 1999). Here, EGF was detected in cellular supernatant; relative levels were 

significantly affected by agonist stimulation: H (3) =18.477, P =.0210 (Figure 3.17). Although 

increased release was noted in one TRPA1 replicate, TRPA1 and TRPV1 agonists failed to 

consistently increase median EGF levels. These data were statistically comparable to baseline (P 

=.1046 and P =.2491, respectively). The TRPV3 agonist significantly increased median EGF 

secretion (P =.0159). Thus, activation of the TRPV3 channel promotes EGF release from human 

epidermal keratinocytes. 

Graph compares release of extracellular growth factor (EGF) from keratinocytes (NHEK) following 

application of basal medium ± TRP agonists [1 h]: AITC (TRPA1 agonist [A1], 100 µM); capsaicin 

(TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 agonist [V3], 500 µM). Data expressed as fold 

ns
ns

*

ns ns

**

Figure 3.16. Effect of TRP agonists on Dkk-1 release. 

Figure 3.17. Effect of TRP agonists on EGF release. 
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change (FCH) over basal level (represented by — and dotted line). Boxplots indicate median (Q1 – 

Q3) of 4 independent experiments, with bars outlining min and max values. P-values calculated using 

Kruskal-Wallis test: ns P >.05; * P ≤ .05. 

Fibroblast growth factor 2 (FGF-2) is a potent angiogenic and mitogenic factor involved in a wide 

variety of biological processes including wound healing (Koike et al., 2020). Here, FGF-2 was 

detected in cellular supernatant; however, relative levels were statistically unchanged by agonist 

stimulation: H (3) =2.575, P =.4933 (Figure 3.18). The post-hoc comparison failed to detect 

significant differences between agonist groups and baseline levels (P >.9999 [TRPA1]; P >.9999 

[TRPV1]; P =.4657 [TRPV3]). Thus, TRPA1, TRPV1, and TRPV3 agonists fail to evoke FGF-2 

release from human epidermal keratinocytes. 

Graph compares release of fibroblast growth factor 2 (FGF-2) from keratinocytes (NHEK) following 

application of basal medium ± TRP agonists [1 h]: AITC (TRPA1 agonist [A1], 100 µM); capsaicin 

(TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 agonist [V3], 500 µM). Data expressed as fold 

change (FCH) over basal level (represented by — and dotted line). Boxplots indicate median (Q1 – 

Q3) of 4 independent experiments, with bars outlining min and max values. P-values calculated using 

Kruskal-Wallis test: ns P >.05. 

Fibroblast growth factor 19 (FGF-19) is involved in a variety of physiological and pathological 

processes. In the skin, FGF-19 binds to its cognate receptor (FGFR4) to promote Wnt/β-catenin 

signalling and drive keratinocyte proliferation (Yu et al., 2019). Here, FGF-19 was detected in 

cellular supernatant; relative levels were significantly affected by agonist stimulation: H (3) =8.037, 

P =.0289 (Figure 3.19). TRPA1 and TRPV1 agonists failed to increase median FGF-19 levels. These 

data were statistically comparable to baseline (P =.5345 and P =.1845, respectively). The TRPV3 

agonist evoked a small but significant increase in FGF-19 secretion, with median levels reaching 

about 70% above baseline (FCH =0.699; P =.0170). Thus, activation of the TRPV3 channel may 

promote FGF-19 release from human epidermal keratinocytes. 

ns

Figure 3.18. Effect of TRP agonists on FGF-2 release. 



 

95 
 

Graph compares release of fibroblast growth factor 19 (FGF-19) from keratinocytes (NHEK) 

following application of basal medium ± TRP agonists [1 h]: AITC (TRPA1 agonist [A1], 100 µM); 

capsaicin (TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 agonist [V3], 500 µM). Data expressed 

as fold change (FCH) over basal level (represented by — and dotted line). Boxplots indicate median 

(Q1 – Q3) of 4 independent experiments, with bars outlining min and max values. P-values calculated 

using Kruskal-Wallis test: ns P >.05; * P ≤ .05. 

Interferon gamma (IFNγ), or type II interferon, is primarily produced by natural killer and T cells; 

this Th1 cytokine coordinates both innate and adaptive immune responses (Schoenborn and Wilson, 

2007). Here, FGF-2 was detected in cellular supernatant; however, relative levels were statistically 

unchanged by agonist stimulation: H (3) =2.843, P =.4445 (Figure 3.20). The post-hoc comparison 

failed to detect significant differences between agonist groups and baseline levels (P =.2995 

[TRPA1]; P >.9999 [TRPV1]; P =.7855 [TRPV3]). Thus, TRPA1, TRPV1, and TRPV3 agonists fail 

to evoke IFNγ release from human epidermal keratinocytes. 

Graph compares release of interferon gamma (IFNγ) from keratinocytes (NHEK) following 

application of basal medium ± TRP agonists [1 h]: AITC (TRPA1 agonist [A1], 100 µM); capsaicin 

(TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 agonist [V3], 500 µM). Data expressed as fold 

change (FCH) over basal level (represented by — and dotted line). Boxplots indicate median (Q1 – 

ns ns
*
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Figure 3.19. Effect of TRP agonists on FGF-19 release. 

Figure 3.20. Effect of TRP agonists on IFNγ release. 
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Q3) of 4 independent experiments, with bars outlining min and max values. P-values calculated using 

Kruskal-Wallis test: ns P >.05. 

Interleukin-1 alpha (IL-1α) acts as an “alarmin”, a key initiator of early inflammation following 

infection, cell stress, or tissue damage (Di Paolo and Shayakhmetov, 2016; Garlanda et al., 2013). 

Here, IL-1α was detected in cellular supernatant; however, although approaching significance, 

relative levels were statistically unchanged by agonist stimulation: H (3) =6.457, P =.0801 (Figure 

3.21). TRPA1 and TRPV1 agonists failed to increase median IL-1α levels. These data were 

statistically comparable to baseline levels (P >.9999 for both). The TRPV3 agonist evoked a 

significant but varied increase in IL-1α secretion, with the median change values ranging from 50% 

to 730% above baseline (FCH =0.497 and 7.282) (P =.0499). Thus, activation of the TRPV3 channel 

promotes IL-1α release from human epidermal keratinocytes. 

Graph compares release of interleukin-1 alpha (IL-1α) from keratinocytes (NHEK) following 

application of basal medium ± TRP agonists [1 h]: AITC (TRPA1 agonist [A1], 100 µM); capsaicin 

(TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 agonist [V3], 500 µM). Data expressed as fold 

change (FCH) over basal level (represented by — and dotted line). Boxplots indicate median (Q1 – 

Q3) of 4 independent experiments, with bars outlining min and max values. P-values calculated using 

Kruskal-Wallis test: ns P >.05; * P ≤ .05. 

Interleukin 1 receptor antagonist (IL-1ra) binds to the IL-1 receptor (IL-1R1), blocking the action of 

both IL-1α and IL-1β (Garlanda et al., 2013). Here, IL-1ra was detected in cellular supernatant; 

however, relative levels were statistically unchanged by agonist stimulation: H (3) =5.821, P =.1141 

(Figure 3.22). TRPA1 and TRPV1 agonists failed to increase median IL-1ra levels. These data were 

statistically comparable to baseline (P =.8849 and P =.5345, respectively). The TRPV3 agonist 

promoted a slight increase in IL-1ra secretion; this difference was approaching significance (P 

=.0501). Thus, activation of the TRPV3 channel may promote IL-1ra release from human epidermal 

keratinocytes. 

 

ns ns

*

Figure 3.21. Effect of TRP agonists on IL-1α release. 
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Graph compares release of interleukin 1 receptor antagonist (IL-1ra) from keratinocytes (NHEK) 

following application of basal medium ± TRP agonists [1 h]: AITC (TRPA1 agonist [A1], 100 µM); 

capsaicin (TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 agonist [V3], 500 µM). Data expressed 

as fold change (FCH) over basal level (represented by — and dotted line). Boxplots indicate median 

(Q1 – Q3) of 4 independent experiments, with bars outlining min and max values. P-values calculated 

using Kruskal-Wallis test: ns P >.05. 

Interleukin-8 (IL-8), also known as CXCL8, promotes neutrophil activation and chemotaxis 

(Bernhard et al., 2021). Here, IL-8 was detected in cellular supernatant; however, relative levels were 

statistically unchanged by agonist stimulation: H (3) =1.097, P =.8039 (Figure 3.23). The post-hoc 

comparison failed to detect significant differences between agonist groups and baseline levels (P 

>.9999 for all). Thus, TRPA1, TRPV1, and TRPV3 agonists fail to evoke IL-8 release from human 

epidermal keratinocytes. 

Graph compares release of interleukin-8 (IL-8) from keratinocytes (NHEK) following application of 

basal medium ± TRP agonists [1 h]: AITC (TRPA1 agonist [A1], 100 µM); capsaicin (TRPV1 

agonist [V1], 1 µM); drofenine (TRPV3 agonist [V3], 500 µM). Data expressed as fold change (FCH) 

over basal level (represented by — and dotted line). Boxplots indicate median (Q1 – Q3) of 4 

ns ns
0.0501

ns

Figure 3.22. Effect of TRP agonists on IL-1ra release. 

Figure 3.23. Effect of TRP agonists on IL-8 release. 
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independent experiments, with bars outlining min and max values. P-values calculated using 

Kruskal-Wallis test: ns P >.05. 

Interleukin-17A (IL-17A) is primarily produced by innate lymphoid and Th17 cells, a specific subset 

of CD4+ T helper cells (Liu et al., 2020). IL-17A activates cutaneous cells such as keratinocytes, 

neutrophils, and fibroblasts, and is associated with psoriasis, hidradenitis suppurativa, and other 

inflammatory skin diseases. Here, IL-17A was detected in cellular supernatant; however, relative 

levels were statistically unchanged by agonist stimulation: H (3) =4.590, P =.2087 (Figure 3.24). 

FCH data suggests that TRP agonists may alter IL-17A release; however, raw array images highlight 

the low level of IL-17A present in each sample (Table 3.2). The post-hoc comparison failed to detect 

significant differences between the agonist groups and baseline levels (P =.6105 [TRPA1]; P =.4657 

[TRPV1]; P =.1087 [TRPV3]). Thus, TRPA1, TRPV1, and TRPV3 agonists fail to evoke IL-17A 

release from human epidermal keratinocytes. 

Graph compares release of interleukin-17A (IL-17A) from keratinocytes (NHEK) following 

application of basal medium ± TRP agonists [1 h]: AITC (TRPA1 agonist [A1], 100 µM); capsaicin 

(TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 agonist [V3], 500 µM). Data expressed as fold 

change (FCH) over basal level (represented by — and dotted line). Boxplots indicate median (Q1 – 

Q3) of 4 independent experiments, with bars outlining min and max values. P-values calculated using 

Kruskal-Wallis test: ns P >.05. 

Kallikrein-3 (KLK3) is a serine protease which is primarily expressed in seminal plasma (Shaw and 

Diamandis, 2007). Here, KLK3 was detected in cellular supernatant; however, relative levels were 

statistically unchanged by agonist stimulation: H (3) =1.545, P =.7060 (Figure 3.25). The post-hoc 

comparison failed to detect significant differences between agonist groups and baseline levels (P 

=.7855 [TRPA1]; P >.9999 [TRPV1]; P >.9999 [TRPV3]). Thus, TRPA1, TRPV1, and TRPV3 

agonists fail to evoke KLK3 release from human epidermal keratinocytes. 

ns

Figure 3.24. Effect of TRP agonists on IL-17A release. 
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Graph compares release of kallikrein-3 (KLK3) from keratinocytes (NHEK) following application 

of basal medium ± TRP agonists [1 h]: AITC (TRPA1 agonist [A1], 100 µM); capsaicin (TRPV1 

agonist [V1], 1 µM); drofenine (TRPV3 agonist [V3], 500 µM). Data expressed as fold change (FCH) 

over basal level (represented by — and dotted line). Boxplots indicate median (Q1 – Q3) of 4 

independent experiments, with bars outlining min and max values. P-values calculated using 

Kruskal-Wallis test: ns P >.05. 

Macrophage colony-stimulating factor (M-CSF), also known as colony-stimulating factor-1 (CSF-

1), functions as a hematopoietic growth factor (Stanley et al., 1997). Here, M-CSF was detected in 

cellular supernatant; however, relative levels were statistically unchanged by agonist stimulation: H 

(3) =4.052, P =.2685 (Figure 3.26). The post-hoc comparison failed to detect significant differences 

between agonist groups and baseline levels (P =.1845 [TRPA1]; P =.4657 [TRPV1]; P =.4039 

[TRPV3]). Thus, TRPA1, TRPV1, and TRPV3 agonists fail to evoke M-CSF release from human 

epidermal keratinocytes. 

Graph compares release of macrophage colony-stimulating factor (M-CSF) from keratinocytes 

(NHEK) following application of basal medium ± TRP agonists [1 h]: AITC (TRPA1 agonist [A1], 

100 µM); capsaicin (TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 agonist [V3], 500 µM). Data 

expressed as fold change (FCH) over basal level (represented by — and dotted line). Boxplots 

ns

ns

Figure 3.25. Effect of TRP agonists on KLK3 release. 

Figure 3.26. Effect of TRP agonists on M-CSF release. 
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indicate median (Q1 – Q3) of 4 independent experiments, with bars outlining min and max values. P-

values calculated using Kruskal-Wallis test: ns P >.05. 

Macrophage migration inhibitory factor (MIF) is a highly pleiotropic mediator that primarily evokes 

innate immune responses and inflammation (Calandra and Roger, 2003). Here, MIF was detected in 

cellular supernatant; however, relative levels were statistically unchanged by agonist stimulation: H 

(3) =5.642, P =.1257 (Figure 3.27). TRPA1 and TRPV1 agonists failed to increase median MIF 

levels. These data were statistically comparable to baseline (P >.9999 for both). The TRPV3 agonist 

altered MIF secretion, however, this change was highly varied. FCH values ranged from 16% to 

444% above baseline (FCH =0.160 and 4.439). This trend was approaching significance (P =.0746). 

Thus, activation of the TRPV3 channel may promote MIF release from human epidermal 

keratinocytes. 

Graph compares release of macrophage migration inhibitory factor (MIF) from keratinocytes 

(NHEK) following application of basal medium ± TRP agonists [1 h]: AITC (TRPA1 agonist [A1], 

100 µM); capsaicin (TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 agonist [V3], 500 µM). Data 

expressed as fold change (FCH) over basal level (represented by — and dotted line). Boxplots 

indicate median (Q1 – Q3) of 4 independent experiments, with bars outlining min and max values. P-

values calculated using Kruskal-Wallis test: ns P >.05. 

Neutrophil gelatinase-associated lipocalin (NGAL) is potent bacteriostatic agent, which is released 

from neutrophil granules at the site of infection or inflammation (Goetz et al., 2002). Here, NGAL 

was detected in cellular supernatant; however, relative levels were statistically unchanged by agonist 

stimulation: H (3) =1.545, P =.7060 (Figure 3.28). The post-hoc comparison failed to detect 

significant differences between agonist groups and baseline levels (P =.7855 [TRPA1]; P >.9999 

[TRPV1]; P >.9999 [TRPV3]). Thus, TRPA1, TRPV1, and TRPV3 agonists fail to evoke NGAL 

release from human epidermal keratinocytes. 

ns
ns

0.0746

Figure 3.27. Effect of TRP agonists on MIF release. 
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Graph compares release of neutrophil gelatinase-associated lipocalin (NGAL) from keratinocytes 

(NHEK) following application of basal medium ± TRP agonists [1 h]: AITC (TRPA1 agonist [A1], 

100 µM); capsaicin (TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 agonist [V3], 500 µM). Data 

expressed as fold change (FCH) over basal level (represented by — and dotted line). Boxplots 

indicate median (Q1 – Q3) of 4 independent experiments, with bars outlining min and max values. P-

values calculated using Kruskal-Wallis test: ns P >.05. 

Plasminogen activator inhibitor 1 (PAI-1), also known as serine protease inhibitor E1 (Serpin E1), 

regulates fibrinolysis ‒ a key step in wound healing ‒ through inhibition of tissue-type plasminogen 

activator (t-PA) and urokinase-type plasminogen activator (u-PA) (Lijnen, 2005). Here, PAI-1 was 

detected in cellular supernatant; however, although approaching significance, relative levels were 

statistically unchanged by agonist stimulation: H (3) =6.336, P =.0861 (Figure 3.29). Relative PAI-

1 levels showed high levels of variation, with later TRPA1 and TRPV3 replicates showing increases 

of more than 200% (FCH =2.290 and 2.790, respectively). Although the post-hoc comparison failed 

to detect significant differences between agonist groups and baseline levels, FCH data from the 

TRPV3 group were approaching significance (P =.0613). Thus, the TRPV3 agonist may promote 

PAI-1 release from human epidermal keratinocytes. 

ns
ns 0.0613

ns

Figure 3.28. Effect of TRP agonists on NGAL release. 

Figure 3.29. Effect of TRP agonists on PAI-1 release. 



 

102 
 

Graph compares release of plasminogen activator inhibitor 1 (PAI-1) from keratinocytes (NHEK) 

following application of basal medium ± TRP agonists [1 h]: AITC (TRPA1 agonist [A1], 100 µM); 

capsaicin (TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 agonist [V3], 500 µM). Data expressed 

as fold change (FCH) over basal level (represented by — and dotted line). Boxplots indicate median 

(Q1 – Q3) of 4 independent experiments, with bars outlining min and max values. P-values calculated 

using Kruskal-Wallis test: ns P >.05. 

Platelet derived growth factor subunit A (PDGFA) activates cutaneous mesenchymal cells and 

facilitates tissue repair (Heldin and Westermark, 1999). Here, PDGFA was detected in cellular 

supernatant; however, although approaching significance, relative levels were statistically 

unchanged by agonist stimulation: H (3) =7.142, P =.0531 (Figure 3.30). TRPA1 and TRPV1 

agonists failed to consistently increase median PDGFA levels. These data were statistically 

comparable to baseline (P =.2995 and P =.2561, respectively). The TRPV3 agonist evoked a small 

but significant increase in PDGFA secretion, with median levels reaching about 160% above baseline 

(FCH =1.684; P =.0266). Thus, the TRPV3 agonist may promote PDGFA release from human 

epidermal keratinocytes. 

Graph compares release of platelet derived growth factor subunit A (PDGFA) from keratinocytes 

(NHEK) following application of basal medium ± TRP agonists [1 h]: AITC (TRPA1 agonist [A1], 

100 µM); capsaicin (TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 agonist [V3], 500 µM). Data 

expressed as fold change (FCH) over basal level (represented by — and dotted line). Boxplots 

indicate median (Q1 – Q3) of 4 independent experiments, with bars outlining min and max values. P-

values calculated using Kruskal-Wallis test: ns P >.05; * P ≤ .05. 

  

ns ns *

Figure 3.30. Effect of TRP agonists on PDGFA release. 
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Pentraxin-related protein PTX3 (PTX3) is an innate immune protein and activator of the classical 

complement pathway (Garlanda et al., 2018). Here, PTX3 was detected in cellular supernatant; 

however, relative levels were statistically unchanged by agonist stimulation: H (3) =6.179, P =.0943 

(Figure 3.31). Although the post-hoc comparison failed to detect significant differences between 

agonist groups and baseline levels, FCH data from the TRPV3 group were approaching significance 

(P =.0746). Thus, the TRPV3 agonist may promote PTX3 release from human epidermal 

keratinocytes. 

Graph compares release of pentraxin-related protein PTX3 (PTX3) from keratinocytes (NHEK) 

following application of basal medium ± TRP agonists [1 h]: AITC (TRPA1 agonist [A1], 100 µM); 

capsaicin (TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 agonist [V3], 500 µM). Data expressed 

as fold change (FCH) over basal level (represented by — and dotted line). Boxplots indicate median 

(Q1 – Q3) of 4 independent experiments, with bars outlining min and max values. P-values calculated 

using Kruskal-Wallis test: ns P >.05. 

Transferrin receptor protein 1 (TfR) facilitates cellular iron uptake, binding to transferrin and 

stimulating receptor-mediated endocytosis of the transferrin-iron complex (Mayle et al., 2012). Here, 

TfR was detected in cellular supernatant; however, although approaching significance, relative levels 

were statistically unchanged by agonist stimulation: H (3) =6.784, P =.0658 (Figure 3.32). TRPA1 

and TRPV1 agonists failed to increase median TfR levels. These data were statistically comparable 

to baseline (P =.3487 and P =.1554, respectively). The TRPV3 agonist evoked a small but significant 

increase in TfR secretion, with median levels reaching more than 90% above baseline (FCH =0.914; 

P =.0408). Thus, the TRPV3 agonist may promote TfR release from human epidermal keratinocytes. 

 

Figure 3.31. Effect of TRP agonists on PTX3 release. 
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Graph compares release of transferrin receptor protein 1 (TfR) from keratinocytes (NHEK) following 

application of basal medium ± TRP agonists [1 h]: AITC (TRPA1 agonist [A1], 100 µM); capsaicin 

(TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 agonist [V3], 500 µM). Data expressed as fold 

change (FCH) over basal level (represented by — and dotted line). Boxplots indicate median (Q1 – 

Q3) of 4 independent experiments, with bars outlining min and max values. P-values calculated using 

Kruskal-Wallis test: ns P >.05. 

Transforming growth factor alpha (TGF-α) is a key inducer of EGF signalling and epithelial 

development (Wee and Wang, 2017). Here, TGF-α was detected in cellular supernatant; relative 

levels were significantly affected by agonist stimulation: H (3) =9.112, P =.0112 (Figure 3.33). 

TRPA1 and TRPV1 agonists failed to increase median TGF-α levels. These data were statistically 

comparable to baseline (P =.8849 and P >.9999, respectively). The TRPV3 agonist significantly 

increased median TGF-α levels (P =.0106). Thus, activation of the TRPV3 channel promotes TGF-

α release from human epidermal keratinocytes. 

Graph compares release of transforming growth factor alpha (TGF-α) from keratinocytes (NHEK) 

following application of basal medium ± TRP agonists [1 h]: AITC (TRPA1 agonist [A1], 100 µM); 

capsaicin (TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 agonist [V3], 500 µM). Data expressed 

as fold change (FCH) over basal level (represented by — and dotted line). Boxplots indicate median 

ns ns *

ns
ns

*

Figure 3.32. Effect of TRP agonists on TfR release. 

Figure 3.33. Effect of TRP agonists on TGF-α release. 
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(Q1 – Q3) of 4 independent experiments, with bars outlining min and max values. P-values calculated 

using Kruskal-Wallis test: ns P >.05; * P ≤ .05. 

Thrombospondin-1 (TSP-1) is an extracellular matrix factor involved in tissue remodelling (Murphy-

Ullrich, 2019). Here, TSP-1 was detected in cellular supernatant; however, relative levels were 

statistically unchanged by agonist stimulation: H (3) =5.664, P =.1244 (Figure 3.34). The post-hoc 

comparison failed to detect significant differences between agonist groups and baseline levels (P 

=.6105 [TRPA1]; P =.1087 [TRPV1]; P >.9999 [TRPV3]). Thus, TRPA1, TRPV1, and TRPV3 

agonists fail to evoke TSP-1 release from human epidermal keratinocytes. 

Graph compares release of thrombospondin-1 (TSP-1) from keratinocytes (NHEK) following 

application of basal medium ± TRP agonists [1 h]: AITC (TRPA1 agonist [A1], 100 µM); capsaicin 

(TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 agonist [V3], 500 µM). Data expressed as fold 

change (FCH) over basal level (represented by — and dotted line). Boxplots indicate median (Q1 – 

Q3) of 4 independent experiments, with bars outlining min and max values. P-values calculated using 

Kruskal-Wallis test: ns P >.05. 

Vitamin D binding protein (VDBP) acts as the primary carrier of Vitamin D and its metabolites, 

transporting them from the skin to the liver and kidneys and modulating their delivery to target tissues 

(Pop et al., 2022). Here, VDBP was detected in cellular supernatant; however, relative levels were 

statistically unchanged by agonist stimulation: H (3) =2.306, P =.5447 (Figure 3.35). Post-hoc 

comparison failed to detect significant differences between agonist groups and baseline levels (P 

=.5345 [TRPA1]; P =.6105 [TRPV1]; P =.9924 [TRPV3]). Thus, TRPA1, TRPV1, and TRPV3 

agonists fail to evoke consistent VDBP release from human epidermal keratinocytes. 

  

ns

Figure 3.34. Effect of TRP agonists on TSP-1 release. 
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Graph compares release of vitamin D binding protein (VDBP) from keratinocytes (NHEK) following 

application of basal medium ± TRP agonists [1 h]: AITC (TRPA1 agonist [A1], 100 µM); capsaicin 

(TRPV1 agonist [V1], 1 µM); drofenine (TRPV3 agonist [V3], 500 µM). Data expressed as fold 

change (FCH) over basal level (represented by — and dotted line). Boxplots indicate median (Q1 – 

Q3) of 4 independent experiments, with bars outlining min and max values. P-values calculated using 

Kruskal-Wallis test: ns P >.05. 

Together, these data suggest that TRPV1 and TRPA1 agonists are unable to induce consistent 

mediator release from cultured epidermal keratinocytes. Conversely, the TRPV3 agonist evoked 

significant release of Dkk-1, EGF, FGF-19, IL-1α, PDGFA, TfR, and TGF-α. These TRPV3-linked 

mediators coordinate cellular proliferation, migration, and differentiation to modulate cutaneous 

tissue repair. Here, we noted a high level of inter-replicate variability, reducing the statistical power 

of our analyses. Other mediators (BSG, IL-1ra, MIF, PAI-1, and PTX3) showed a trend towards a 

statistical increase following TRPV3 agonist application. These factors coordinate innate immune 

responses, modulate IL-1 inflammation, and facilitate wound healing. Future replicates are required 

to establish whether TRPV3 activation could promote the secretion of these epidermal mediators.  

ns

Figure 3.35. Effect of TRP agonists on VDBP release. 
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3.2.4. The TRPV3 agonist promotes mediator release 

TRPV3 expression is upregulated in skin from patients with atopic dermatitis and psoriasis ‒ 2 key 

inflammatory skin conditions (Seo et al., 2020; Larkin et al., 2021). Though work is ongoing, our 

understanding of the link between TRPV3 activation and inflammation remains incomplete. In the 

previous section, our data suggested that the TRPV3 channel may act as a coordinator of epidermal 

signalling and tissue repair; however, high levels of inter-replicate variation reduced the statistical 

power of this work. Thus, this section employs further replication to establish whether TRPV3 

activation can promote the secretion of key mediators from normal human epidermal keratinocytes 

(NHEK), a culture model of human epidermis. 

NHEK were stimulated with basal medium ± TRPV3 agonist (drofenine, 500 µM) [1 h, 37°C]. 

Following stimulation, cell supernatant was collected and pooled. Mediator release was compared 

using the cytokine array. Briefly, when present in the supernatant sample, the named protein binds 

to capture antibodies located at duplicate spots on a nitrocellulose membrane. Chemiluminescent 

development reveals the relative levels of each released protein. Here, a number of proteins were 

consistently detected: Basigin (BSG), dickkopf-1 (Dkk-1), epidermal growth factor (EGF), 

interleukin-1 alpha (IL-1α), interleukin 1 receptor antagonist (IL-1ra), macrophage migration 

inhibitory factor (MIF), neutrophil gelatinase-associated lipocalin (NGAL), plasminogen activator 

inhibitor 1 (PAI-1), platelet derived growth factor subunit A (PDGFA), transforming growth factor 

alpha (TGF-α), and thrombospondin-1 (TSP-1) (Table 3.3). 
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Note: Table includes images of duplicate spots; antibodies at each spot bind to a named mediator. 

Average densitometry of these duplicates equals one experimental replicate. Abbreviations: BSG, 

basigin; Dkk-1, dickkopf-1; EGF, epidermal growth factor; IL-1α, interleukin-1 alpha; IL-1ra, 

interleukin 1 receptor antagonist; MIF, macrophage migration inhibitory factor; NGAL, neutrophil 

gelatinase-associated lipocalin; PAI-1, plasminogen activator inhibitor 1; PDGFA, platelet derived 

growth factor subunit A; TGF-α, transforming growth factor alpha; TRPV3, transient receptor 

potential vanilloid 3; and TSP-1, thrombospondin-1. 

  

Table 3.3. Representative images of duplicate antibody spots from cytokine array showing 
effect of TRPV3 agonist on mediator release. 
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Duplicate antibody spots were then measured using densitometry. Average pixel density of each 

duplicate pair represents one experimental replicate. Average pixel density data were expressed as 

fold change (FCH) relative to basal medium-treated samples (n=12). Prior to statistical analyses, the 

distribution of TRPV3 (FCH) data were examined using the Shapiro-Wilk normality test. Several 

sets failed the normality test indicating that they departed significantly from the Gaussian 

distribution: BSG (P =.0024); Dkk-1 (P =.0003); EGF (P =.0027); IL-1α (P =.0306); IL-1ra (P 

=.0002); MIF (P =.0020); and PDGFA (P =.0120). Other sets passed the normality test: NGAL (P 

=.2363); PAI-1 (P =.8641); TGF-α (P =.1284); and TSP-1 (P =.4917). To account for this deviation 

from the Gaussian distribution, FCH data were presented as median FCH and interquartile range (Q1 

– Q3) and were analysed using the nonparametric Kruskal-Wallis test plus Dunn’s multiple 

comparison post-test (Basal vs. TRPV3). 

The graph below reveals the relative change of each named protein, highlighting the link between 

TRPV3 stimulation and mediator release (Figure 3.36). This comparison revealed several important 

changes. Release of BSG, a protein involved in tissue remodelling, was significantly increased in the 

TRPV3 group (P =.0005). Release of Dkk-1, a negative regulator of Wnt signalling, was significantly 

increased in the TRPV3 group (P =.0010). Release of EGF, a potent growth factor, was significantly 

increased in the TRPV3 group (P =.0005). Release of IL-1α, a key initiator of early inflammation, 

was significantly increased in the TRPV3 group (P =.0005). Release of IL-1ra, a competitive 

inhibitor of IL-1 signalling, was significantly increased in the TRPV3 group (P =.0010). Release of 

MIF, a highly pleiotropic mediator, was significantly increased in the TRPV3 group (P =.0024). 

Release of NGAL, a bacteriostatic agent, was statistically unchanged in the TRPV3 group (P 

=.0923). Release of PAI-1, a modulator of wound healing, was significantly increased in the TRPV3 

group (P =.0068). Release of PDGFA, a mitogenic factor, was significantly increased in the TRPV3 

group (P =.0369). Release of TGF-α, a key inducer of EGF signalling and epithelial development, 

was significantly increased in the TRPV3 (P =.0005). Release of TSP-1, an extracellular matrix 

factor, was statistically unchanged in the TRPV3 group (P =.7910). Together, the TRPV3 agonist 

evoked significant release of 9 mediators from epidermal keratinocytes: BSG, Dkk-1, EGF, IL-1α, 

IL-1ra, MIF, PAI-1, PDGFA, and TGF-α. These data confirm that TRPV3 is expressed and 

functional in the NHEK model, with agonist-mediated activation driving notable mediator release. 

Together with findings from the previous section, these data suggest that the TRPV3 channel 

functions as a coordinator of epidermal signalling and tissue repair. 
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Graph shows relative release of named mediators from keratinocytes (NHEK). Keratinocytes were 

stimulated with basal medium ± drofenine (TRPV3 agonist, 500 µM): Basal vs. TRPV3. Data 

expressed relative to basal levels (represented by — and dotted line). Plots indicate median of 12 

independent experiments, with bars outlining min and max values. P-values calculated using one-

sample Wilcoxon signed rank test; ns P >.05.  

TRPV3-linked mediators have been associated with inflammatory skin conditions. Briefly, BSG, 

Dkk-1 and TGF-α are increased in psoriatic skin; dysregulated IL-1α drives hidradenitis suppurativa; 

and PAI-1 promotes acute and atopic itch (Peng et al., 2017; Okubo et al., 2022; Seifert et al., 2015; 

Tzanetakou et al., 2016; Kanni et al., 2018; Larkin et al., 2021). Together, these findings reveal the 

nuanced role of TRPV3 in the skin and highlight the potential impact of dysregulated epidermal 

TRPV3 signalling in human skin conditions. 

  

Figure 3.36. Further analyses investigating effect of the TRPV3 agonist on mediator release. 
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3.2.5. TRPV3-linked mediator release is independent of JNK signalling 

Kinase proteins coordinate downstream signalling, promote specific biological effects, and represent 

important targets for drug development. Mediator release experiments suggested that TRPV3 may 

play a role in epidermal signaling in normal and diseased skin. Phospho-kinase experiments revealed 

a link between TRPV3 agonist application and phosphorylation of c-Jun at the serine 63 (S63) 

residue. This residue is phosphorylated by the Jun N-terminal kinase (JNK) proteins (Dunn et al., 

2002). Here, we use a pan-JNK inhibitor to investigate whether the JNK/c-Jun signalling axis 

regulates TRPV3-linked mediator release from normal human epidermal keratinocytes (NHEK), a 

common culture model of human epidermis. 

NHEK were pre-treated with basal medium ± JNK-IN-8 (JNK inhibitor; 1 µM) [1 h, 37°C]. 

Following inhibitor pre-treatment, cells were stimulated with drofenine (TRPV3 agonist; 500 µM) ± 

JNK-IN-8 (1 µM) [1 h, 37°C]. Following stimulation, cell supernatant was collected and pooled. 

Mediator release was compared using the cytokine array. Briefly, when present in the supernatant 

sample, the named protein binds to capture antibodies located at duplicate spots on a nitrocellulose 

membrane. Chemiluminescent development reveals the relative levels of each released protein. Here, 

a number of proteins were consistently detected: Basigin (BSG), dickkopf-1 (Dkk-1), epidermal 

growth factor (EGF), interleukin-1 alpha (IL-1α), interleukin 1 receptor antagonist (IL-1ra), 

macrophage migration inhibitory factor (MIF), plasminogen activator inhibitor 1 (PAI-1), platelet 

derived growth factor subunit A (PDGFA), and transforming growth factor alpha (TGF-α) (Table 

3.4). 
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Note: JNK-IN-8 inhibits the JNK kinase protein. Table includes images of duplicate spots; antibodies 

at each spot bind to a named mediator. Average densitometry of these duplicates equals one 

experimental replicate. Abbreviations: BSG, basigin; Dkk-1, dickkopf-1; EGF, epidermal growth 

factor; IL-1α, interleukin-1 alpha; IL-1ra, interleukin 1 receptor antagonist; MIF, macrophage 

migration inhibitory factor; PAI-1, plasminogen activator inhibitor 1; PDGFA, platelet derived 

growth factor subunit A; TGF-α, transforming growth factor alpha; and TRPV3, transient receptor 

potential vanilloid 3. 

Duplicate antibody spots were then measured using densitometry. Average pixel density of each 

duplicate pair represents one experimental replicate. Average pixel density data were expressed as 

fold change (FCH) relative to basal medium-treated samples (n =3). To examine the impact of JNK 

inhibition on drofenine-induced mediator release, FCH data were expressed as a percentage of 

normal TRPV3 agonist-induced release (i.e. allowing the control TRPV3 group to equal 100%, 

matched). Data were presented as median and interquartile range (Q1 – Q3) and were analysed using 

the nonparametric Wilcoxon signed rank test (vs. 100%: TRPV3 [Control]). 

Table 3.4. Representative images of duplicate antibody spots from cytokine array showing 
effect of JNK inhibitor on TRPV3 agonist-induced mediator release. 
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The JNK inhibitor, JNK-IN-8, was unable to significantly reduce TRPV3-associated mediator release 

in human epidermal keratinocytes (Figure 3.37). Median evoked BSG levels were 5% higher in 

TRPV3 [JNK-IN-8] (105.1%; P =1.000). Median evoked Dkk-1 levels were 7% higher in TRPV3 

[JNK-IN-8] (107.2%; P =1.000). Median evoked EGF levels were 6% higher in TRPV3 [JNK-IN-

8] (106.4%; P =1.000). Median evoked IL-1α levels were 3% higher in TRPV3 [JNK-IN-8] (102.8%; 

P =1.000). Median evoked IL-1ra levels were 7% higher in TRPV3 [JNK-IN-8] (106.6%; P =1.000). 

Median evoked MIF levels were unchanged in TRPV3 [JNK-IN-8] (99.8%; P =1.000). Median 

evoked PAI-1 levels were 3% higher in TRPV3 [JNK-IN-8] (103.3%; P =.7500). Median evoked 

PDGFA levels were 6% higher in TRPV3 [JNK-IN-8] (106.4%; P =.7500). Median evoked TGF-α 

levels were 6% higher in TRPV3 [JNK-IN-8] (106.0%; P =.5000). Overall, TRPV3-linked secretion 

was statistically comparable in control and JNK-IN-8 pre-treated keratinocytes. 

Graph compares release of named mediators from keratinocytes (NHEK). Keratinocytes were pre-

treated with basal medium ± JNK inhibitor (JNK-IN-8, 1 µM) [1 h]: control vs. JNK-IN-8. 

Keratinocytes were then stimulated with basal medium ± drofenine (TRPV3 agonist, 500 µM) ± 

JNK-IN-8 (1 µM) [1 h]: basal vs. TRPV3. Data expressed as percentage (%) change relative to 

control TRPV3 levels (represented by — and dotted line). Plots indicate median of 3 independent 

experiments, with bars outlining min and max values. P-values calculated using one-sample 

Wilcoxon signed rank test; ns P >.05. 

Together, these data indicate that TRPV3-associated mediator release is independent of JNK 

signalling in the NHEK model of human epidermis. Other kinase proteins are also capable of 

phosphorylating c-Jun. These include RhoA/ROCK, CDK5, and VRK1. Thus, c-Jun may drive 

TRPV3-linked mediator release via a JNK-independent pathway. 
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Figure 3.37. TRPV3 agonist-evoked mediator release is independent of JNK signalling. 
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3.2.6. Keratinocytes in our NHEK model express key SNARE proteins 

Soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptors, or SNAREs, 

facilitate membrane fusion. This process underpins both the controlled release of certain mediators 

and the trafficking of membrane-bound receptors. Briefly, SNARE-dependent fusion involves a 

high-affinity interaction between vesicle-SNAREs (v-SNARES) and plasma membrane target 

SNAREs (t-SNAREs). The SNARE complex draws vesicle and plasma membranes together, 

facilitating membrane fusion. Thus, when identified, SNARE proteins represent important and highly 

specific targets for the modulation of inflammation and/or functional receptor upregulation. 

Fluorescent immunocytochemistry was used to examine the expression of key SNARE proteins in 

cultured normal human epidermal keratinocytes (NHEK). NHEK were labelled with antibodies 

targeting SNAP23, SNAP29, syntaxin 3, syntaxin 4, syntaxin 16, VAMP3, and/or VAMP7 (see 

Table 2.3 for details). Samples were then imaged using confocal microscopy. 

SNAP23 and syntaxin 3 signals were detected in all stained keratinocytes (Figure 3.38, upper panel). 

Overlap images suggest that SNAP23 and syntaxin 3 are associated with distinct cellular regions: 

while both were detected in the perinuclear and nuclear regions, SNAP23 was also localised to the 

plasma membrane. These signals were not detected in negative control samples (Figure 3.38, lower 

panel). 

Immunostaining of keratinocytes (NHEK) indicating expression of named proteins: SNAP23 and 

syntaxin 3 (upper panel) vs. negative control (lower panel). Original magnification 20x. Scale bars 

=50 µm.  

Figure 3.38. Keratinocytes in our NHEK model express SNAP23 and syntaxin 3 SNARE 

proteins. 
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Both SNAP29 and syntaxin 16 signals were detected in all stained keratinocytes, however, levels of 

SNAP29 expression were highly varied (Figure 3.39, upper panel). Although both are localised to 

the perinuclear and nuclear regions, syntaxin 16 is also detected in the cytoplasmic area. These 

signals were not detected in negative control samples (Figure 3.39, lower panel). 

Immunostaining of keratinocytes (NHEK) indicating expression of SNAP29 and syntaxin 16 (upper 

panel) vs. negative control (lower panel). Original magnification 20x. Scale bars =50 µm. 

VAMP3 and syntaxin 4 signals were detected in all stained keratinocytes (Figure 3.40, upper panel). 

Syntaxin 4 was primarily localised to the cytoplasmic area. In contrast, the cellular location of 

VAMP3 was varied, with larger cells showing higher levels of cytoplasmic expression. These signals 

were not detected in negative control samples (Figure 3.40, lower panel). 

  

Figure 3.39. Keratinocytes in our NHEK model express SNAP29 and syntaxin 16 SNARE 

proteins. 
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Immunostaining of keratinocytes (NHEK) indicating expression of VAMP3 and syntaxin 4 (upper 

panel) vs. negative control (lower panel). Original magnification 20x. Scale bars =50 µm. 

VAMP7 signals were detected in all stained keratinocytes (Figure 3.41A, upper panel). VAMP7 

was localised to the cytoplasmic and perinuclear areas. VAMP3 was detected in perinuclear and 

nuclear regions, though larger cells showed higher levels of cytoplasmic expression. These signals 

were not detected in negative control samples (Figure 3.41A, lower panel). To further examine 

VAMP3 and VAMP7 staining, samples were also examined at a higher magnification. These images 

confirmed VAMP3 and VAMP7 expression in keratinocytes and revealed distinct differences in 

protein expression (Figure 3.41B, upper panel). While both VAMP3 and VAMP7 displayed 

punctate staining in the cytoplasmic and perinuclear regions, some cells also showed high levels of 

VAMP7 at the cell surface. Moreover, closer examination of the overlap image indicates that 

VAMP3 and VAMP7 may label distinct and non-overlapping populations of exocytotic vesicles. 

Importantly, these signals were not detected in negative control samples (Figure 3.41B, lower panel). 

Together, these images confirm that keratinocytes in our NHEK model express crucial SNARE 

proteins. 

 

  

Figure 3.40. Keratinocytes in our NHEK model express VAMP3 and syntaxin 4 SNARE 

proteins. 
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A, Immunostaining of keratinocytes (NHEK) indicating expression of VAMP3 (green) and VAMP7 

(magenta) (upper panel) vs. negative control (lower panel). Original magnification 20x. B, 

Immunostaining of keratinocytes indicating expression of VAMP3 (green) and VAMP7 (magenta) 

(upper panel) vs. negative control (lower panel). Original magnification 63x. All scale bars =50 µm. 

  

Figure 3.41. Keratinocytes in our NHEK model express VAMP3 and VAMP7 SNARE proteins. 
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3.2.7. Knockdown of VAMP3 alters TRPV3-linked mediator release 

Soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptors, or SNAREs, 

facilitate intracellular vesicle fusion and mediate the controlled release of a variety of cytokines, 

chemokines, and other signalling mediators. Briefly, SNARE-dependent fusion involves a high-

affinity interaction between vesicle-SNAREs (v-SNARES) and plasma membrane target SNAREs 

(t-SNAREs); the SNARE complex draws vesicle and plasma membranes together, facilitating 

membrane fusion. Recent publications have highlighted the importance of the VAMP3 v-SNARE in 

epidermal inflammation (Meng et al., 2019). Here, we examined whether TRPV3-linked mediator 

release was facilitated by VAMP3-dependent exocytosis in normal human epidermal keratinocytes 

(NHEK). Using short-hairpin RNA (shRNA), we assessed impact of VAMP3 knockdown on TRPV3 

gonist-induced mediator release. 

NHEK were treated with control nontargeted (NT) or VAMP3-targeted (V3T) shRNA particles. 

After puromycin-mediated selection, shRNA-expressing keratinocytes were termed NT and V3T. 

Successful VAMP3 knockdown was confirmed by western blotting (Figure 3.42A): in V3T cells, 

VAMP3 expression was reduced by about 97% relative to NT basal levels (Figure 3.42B). 

Keratinocytes (NHEK) were treated with nontargeted (NT) and VAMP3-targeted (V3T) lentiviral 

particles. NT and V3T cultures were stimulated with basal medium ± TRPV3 agonist: basal vs. 

TRPV3. A, Western blot analysis of VAMP3 expression in NT and V3T lysate. Upper arrow 

represents SNAP29 (internal control). B, Comparison of VAMP3 expression as a percentage of NT 

basal level. Plots indicate median (Q1 – Q3) of 2 independent knockdown events, with bars outlining 

min and max values. 

 

  

Figure 3.42. VAMP3-targeted shRNA successfully reduced VAMP3 expression. 
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NT and V3T NHEK cultures were stimulated with basal medium ± TRPV3 agonist (drofenine, 500 

µM) [1 h, 37°C]: NT cultures received basal medium ± drofenine (500 µM), while V3T cultures 

received basal medium + drofenine (500 µM). Following stimulation, cell supernatant was collected 

and pooled. Mediator release was compared using the cytokine array. Briefly, when present in the 

supernatant sample, the named protein binds to capture antibodies located at duplicate spots on a 

nitrocellulose membrane. Chemiluminescent development reveals the relative levels of each released 

protein. Here, a number of mediators were consistently detected: Basigin (BSG), dickkopf-1 (Dkk-

1), epidermal growth factor (EGF), interleukin-1 alpha (IL-1α), interleukin 1 receptor antagonist (IL-

1ra), macrophage migration inhibitory factor (MIF), plasminogen activator inhibitor 1 (PAI-1), 

platelet derived growth factor subunit A (PDGFA), and transforming growth factor alpha (TGF-α) 

(Table 3.5). 

  



 

120 
 

Note: Keratinocytes were treated with nontargeted (NT) and VAMP3-targeted (V3T) lentiviral 

particles. NT and V3T cultures were stimulated with basal medium ± TRPV3 agonist: basal vs. 

TRPV3. Table includes images of duplicate spots; antibodies at each spot bind to a named mediator. 

Average densitometry of these duplicates equals one experimental replicate. Abbreviations: BSG, 

basigin; Dkk-1, dickkopf-1; EGF, epidermal growth factor; IL-1α, interleukin-1 alpha; IL-1ra, 

interleukin 1 receptor antagonist; MIF, macrophage migration inhibitory factor; PAI-1, plasminogen 

activator inhibitor 1; PDGFA, platelet derived growth factor subunit A; TGF-α, transforming growth 

factor alpha; and TRPV3, transient receptor potential vanilloid 3. 

  

Table 3.5. Representative images of duplicate antibody spots from cytokine array showing 
effect of VAMP3 knockdown on TRPV3 agonist-induced mediator release. 
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Duplicate antibody spots were then measured using densitometry. Average pixel density of each 

duplicate pair represents one experimental replicate. Average pixel density data were expressed as 

fold change (FCH) relative to NT basal medium-treated samples (n=2). FCH data were presented as 

median FCH (± min/max values). This data require further replication before statistical analyses can 

be undertaken; these experiments are included as an indication of future works. The graphs below 

reveal the relative change of each named protein, highlighting the role of VAMP3-dependent 

exocytosis in TRPV3-linked mediator release. 

Basigin (BSG) is involved in wound healing and cutaneous remodelling (Guo et al., 1997). BSG 

secretion was detected in cellular supernatant from NT and V3T keratinocytes (Figure 3.43). In NT 

cultures, TRPV3 stimulation enhanced BSG secretion relative to NT baseline levels (FCH =2.623 

vs. 0). In V3T cultures, TRPV3 stimulation also enhanced BSG secretion relative to NT basal (FCH 

=1.682). This BSG release was notably lower than that from stimulated NT cultures. Specifically, 

VAMP3 knockdown reduced drofenine-evoked BSG release by about 35%. Thus, TRPV3-linked 

BSG secretion may be facilitated by VAMP3-dependent exocytosis in human epidermal 

keratinocytes. 

Graph compares release of basigin (BSG) from nontargeted (NT) and VAMP3-targeted (V3T) 

keratinocytes (NHEK) following application of basal medium ± drofenine (TRPV3 agonist [Drof.], 

500 µM) [1 h]. Data expressed as fold change (FCH) over basal level in NT cultures (represented by 

— and dotted line). Plots indicate mean of 2 independent experiments, with bars outlining min and 

max values. 
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Figure 3.43. Effect of VAMP3 knockdown on TRPV3 agonist-evoked BSG release. 
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Dickkopf-1 (Dkk-1) regulates skin pigmentation, epidermal thickness, and the hair cycle (Kwack et 

al., 2012; Yamaguchi et al., 2008). Dkk-1 secretion was detected in cellular supernatant from NT 

and V3T keratinocytes (Figure 3.44). In NT cultures, TRPV3 stimulation enhanced Dkk-1 secretion 

relative to NT baseline levels (FCH =1.023 vs. 0). In V3T cultures, TRPV3 stimulation failed to 

enhance Dkk-1 secretion relative to NT basal (FCH =0.137). This  Dkk-1 release was notably lower 

than that from stimulated NT cultures. Specifically, VAMP3 knockdown reduced drofenine-evoked 

Dkk-1 release by about 87%. Thus, TRPV3-linked Dkk-1 secretion may be facilitated by VAMP3-

dependent exocytosis in human epidermal keratinocytes. 

Graph compares release of dickkopf-1 (Dkk-1) from nontargeted (NT) and VAMP3-targeted (V3T) 

keratinocytes (NHEK) following application of basal medium ± drofenine (TRPV3 agonist [Drof.], 

500 µM) [1 h]. Data expressed as fold change (FCH) over basal level in NT cultures (represented by 

— and dotted line). Plots indicate mean of 2 independent experiments, with bars outlining min and 

max values. 
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Figure 3.44. Effect of VAMP3 knockdown on TRPV3 agonist-evoked Dkk-1 release. 
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Epidermal growth factor (EGF) plays a key role in wound healing (Wells, 1999). EGF secretion was 

detected in cellular supernatant from NT and V3T keratinocytes (Figure 3.45). In NT cultures, 

TRPV3 stimulation enhanced EGF secretion relative to NT baseline levels, though this increase was 

minimal (FCH =0.400 vs. 0). In V3T cultures, TRPV3 stimulation failed to enhance EGF secretion 

relative to NT basal (FCH =0.124). This EGF release was notably lower than that from stimulated 

NT cultures. Thus, TRPV3-linked EGF secretion may be facilitated by VAMP3-dependent 

exocytosis in human epidermal keratinocytes. 

Graph compares release of extracellular growth factor (EGF) from nontargeted (NT) and VAMP3-

targeted (V3T) keratinocytes (NHEK) following application of basal medium ± drofenine (TRPV3 

agonist [Drof.], 500 µM) [1 h]. Data expressed as fold change (FCH) over basal level in NT cultures 

(represented by — and dotted line). Plots indicate mean of 2 independent experiments, with bars 

outlining min and max values. 

 

  

Figure 3.45. Effect of VAMP3 knockdown on TRPV3 agonist-evoked EGF release. 
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Interleukin-1 alpha (IL-1α) initiates early inflammation following infection, cell stress, or tissue 

damage (Di Paolo and Shayakhmetov, 2016; Garlanda et al., 2013). IL-1α secretion was detected in 

cellular supernatant from NT and V3T keratinocytes (Figure 3.46). In NT cultures, TRPV3 

stimulation enhanced IL-1α secretion relative to NT baseline levels (FCH =2.083 vs. 0). In V3T 

cultures, TRPV3 stimulation also enhanced IL-1α secretion relative to NT basal (FCH =0.692). This 

IL-1α release was notably lower than that from stimulated NT cultures. Specifically, VAMP3 

knockdown reduced drofenine-evoked BSG release by more than 65%. Thus, TRPV3-linked IL-1α 

secretion may be facilitated by VAMP3-dependent exocytosis in human epidermal keratinocytes. 

Graph compares release of interleukin-1 alpha (IL-1α) from nontargeted (NT) and VAMP3-targeted 

(V3T) keratinocytes (NHEK) following application of basal medium ± drofenine (TRPV3 agonist 

[Drof.], 500 µM) [1 h]. Data expressed as fold change (FCH) over basal level in NT cultures 

(represented by — and dotted line). Plots indicate mean of 2 independent experiments, with bars 

outlining min and max values. 

  

Figure 3.46. Effect of VAMP3 knockdown on TRPV3 agonist-evoked IL-1α release. 
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Interleukin 1 receptor antagonist (IL-1ra) inhibits the IL-1 receptor (IL-1R1), blocking the action of 

both IL-1α and IL-1β (Garlanda et al., 2013). IL-1ra secretion was detected in cellular supernatant 

from NT and V3T keratinocytes (Figure 3.47). In NT cultures, TRPV3 stimulation enhanced IL-1ra 

secretion relative to basal, though this increase was minimal (FCH =0.474 vs. 0). In V3T cultures, 

TRPV3 stimulation also enhanced IL-1ra secretion relative to NT basal (FCH =0.991). This IL-1ra 

release was actually higher than that from stimulated NT cultures. Whether this V3T-associated 

change was caused by an increase in basal or evoked IL-1ra release is unclear. However, TRPV3-

linked IL-1ra secretion is likely independent of VAMP3-mediated exocytosis in human epidermal 

keratinocytes. 

Graph compares release of interleukin 1 receptor antagonist (IL-1ra) from nontargeted (NT) and 

VAMP3-targeted (V3T) keratinocytes (NHEK) following application of basal medium ± drofenine 

(TRPV3 agonist [Drof.], 500 µM) [1 h]. Data expressed as fold change (FCH) over basal level in NT 

cultures (represented by — and dotted line). Plots indicate mean of 2 independent experiments, with 

bars outlining min and max values. 

  

Figure 3.47. Effect of VAMP3 knockdown on TRPV3 agonist-evoked IL-1ra release. 



 

126 
 

Macrophage migration inhibitory factor (MIF) is a highly pleiotropic mediator that primarily evokes 

innate immune responses and inflammation (Calandra and Roger, 2003). MIF secretion was detected 

in cellular supernatant from NT and V3T keratinocytes (Figure 3.48). In both NT and V3T cultures, 

TRPV3 stimulation failed to enhance MIF secretion relative to basal (FCH =0.198 and 0.105, 

respectively). These MIF data are inconsistent with previous findings from NHEK. Thus, shRNA 

treatment may underpin these discrepancies. Further studies should be carried out using a different 

method. However, at present, it is unclear whether TRPV3-linked MIF secretion is dependent on 

VAMP3- mediated exocytosis in human epidermal keratinocytes. 

Graph compares release of macrophage migration inhibitory factor (MIF) from nontargeted (NT) 

and VAMP3-targeted (V3T) keratinocytes (NHEK) following application of basal medium ± 

drofenine (TRPV3 agonist [Drof.], 500 µM) [1 h]. Data expressed as fold change (FCH) over basal 

level in NT cultures (represented by — and dotted line). Plots indicate mean of 2 independent 

experiments, with bars outlining min and max values. 

  

Figure 3.48. Effect of VAMP3 knockdown on TRPV3 agonist-evoked MIF release. 
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Plasminogen activator inhibitor 1 (PAI-1) is a regulator of fibrinolysis (Lijnen, 2005). PAI-1 

secretion was detected in cellular supernatant from NT and V3T keratinocytes (Figure 3.49). In NT 

cultures, TRPV3 stimulation enhanced PAI-1 secretion relative to basal (FCH =0.841 vs. 0). In V3T 

cultures, TRPV3 stimulation failed to enhance PAI-1 secretion relative to NT basal (FCH =-0.306). 

This PAI-1 release was notably lower than that from stimulated NT cultures. Specifically, VAMP3 

knockdown reduced drofenine-evoked PAI-1 release by almost 140%. This striking decrease brought 

PAI-1 levels below baseline values, suggesting that VAMP3 knockdown may also reduce 

homeostatic PAI-1 release. Thus, both TRPV3-linked and normal homeostatic PAI-1 secretion may 

be facilitated by VAMP3-dependent exocytosis in human epidermal keratinocytes. 

Graph compares release of plasminogen activator inhibitor 1 (PAI-1) from nontargeted (NT) and 

VAMP3-targeted (V3T) keratinocytes (NHEK) following application of basal medium ± drofenine 

(TRPV3 agonist [Drof.], 500 µM) [1 h]. Data expressed as fold change (FCH) over basal level in NT 

cultures (represented by — and dotted line). Plots indicate mean of 2 independent experiments, with 

bars outlining min and max values.  

Figure 3.49. Effect of VAMP3 knockdown on TRPV3 agonist-evoked PAI-1 release. 
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Platelet derived growth factor subunit A (PDGFA) activates cutaneous mesenchymal cells and 

facilitates tissue repair (Heldin and Westermark, 1999). PDGFA secretion was detected in cellular 

supernatant from NT and V3T keratinocytes (Figure 3.50). In both NT and V3T cultures, TRPV3 

stimulation failed to enhance PDGFA secretion relative to basal (FCH =0.124 and -0.073, 

respectively). These PDGFA data are inconsistent with previous findings from NHEK. Thus, shRNA 

treatment may underpin these discrepancies. Further studies should be carried out using a different 

method. However, at present, it is unclear whether TRPV3-linked PDGFA secretion is dependent on 

VAMP3- mediated exocytosis in human epidermal keratinocytes. 

Graph compares release of platelet derived growth factor subunit A (PDGFA) from nontargeted (NT) 

and VAMP3-targeted (V3T) keratinocytes (NHEK) following application of basal medium ± 

drofenine (TRPV3 agonist [Drof.], 500 µM) [1 h]. Data expressed as fold change (FCH) over basal 

level in NT cultures (represented by — and dotted line). Plots indicate mean of 2 independent 

experiments, with bars outlining min and max values. 

  

Figure 3.50. Effect of VAMP3 knockdown on TRPV3 agonist-evoked PDGFA release. 
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Transforming growth factor alpha (TGF-α) is a key inducer of EGF signalling and epithelial 

development (Wee and Wang, 2017). TGF-α secretion was detected in cellular supernatant from NT 

and V3T keratinocytes (Figure 3.51). In NT cultures, TRPV3 stimulation enhanced TGF-α secretion 

relative to basal (FCH =0.948 vs. 0). In V3T cultures, TRPV3 stimulation also enhanced median 

TGF-α secretion relative to NT basal (FCH =0.722). This TGF-α release was comparable to than that 

from stimulated NT cultures. Thus, TRPV3-linked TGF-α secretion is likely independent of 

VAMP3-mediated exocytosis in human epidermal keratinocytes. 

Graph compares release of transforming growth factor alpha (TGF-α) from nontargeted (NT) and 

VAMP3-targeted (V3T) keratinocytes (NHEK) following application of basal medium ± drofenine 

(TRPV3 agonist [Drof.], 500 µM) [1 h]. Data expressed as fold change (FCH) over basal level in NT 

cultures (represented by — and dotted line). Plots indicate mean of 2 independent experiments, with 

bars outlining min and max values. 

These data suggest that, in a culture model of human epidermis, activation of TRPV3 promotes 

VAMP3-mediated exocytosis of BSG, Dkk-1, EGF, IL-1α, and PAI-1. VAMP3 was not required for 

induced IL-1ra release, suggesting that this anti-inflammatory compound would be unaffected by 

VAMP3-targeting agents. Many of these TRPV3-linked mediators have been associated with 

inflammatory skin conditions: BSG, Dkk-1, and TGF-α are increased in psoriatic skin; dysregulated 

IL-1α drives hidradenitis suppurativa; and PAI-1 promotes acute itch and atopic dermatitis (Peng et 

al., 2017; Okubo et al., 2022; Seifert et al., 2015; Tzanetakou et al., 2016; Kanni et al., 2018; Larkin 

et al., 2021). Thus, VAMP3-targeting agents could interrupt TRPV3-linked signalling in these 

inflammatory skin conditions. Although this study requires further replication, we hypothesis that 

targeting of VAMP3 could reduce TRPV3-associated signalling and inflammation in the skin. 

Figure 3.51. Effect of VAMP3 knockdown on TRPV3 agonist-evoked TGF-α release. 
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3.3. Discussion 

3.3.1. Summary 

Herein, we provide evidence for TRPA1, TRPV1, and TRPV3 activity in a culture model of human 

epidermis. Phospho-kinase analyses revealed the intracellular pathways acting downstream of 

TRPA1, TRPV1, and TRPV3 channels (Figure 3.52). Application of the TRPA1 agonist (AITC) 

enhanced phosphorylation of p53 (P =.0187), p70S6K (P =.0187), eNOS (P =.0365), and WNK1 (P 

=.0365). Application of the TRPV1 agonist (capsaicin) enhanced phosphorylation of Yes (P =.0500), 

Chk2 (P =.0500), and PLCγ1 (P =.0678) – though no changes reached significance. Application of 

the TRPV3 agonist (drofenine) enhanced phosphorylation of c-Jun (P =.0187), STAT5A (P =.0500), 

Fyn (P =.0187), and Hck (P =.0131). Together, these data indicate that TRPA1, TRPV1, and TRPV3 

channels are expressed and functional in the NHEK model of human epidermis. 

Diagram highlights the intracellular proteins that show increased phosphorylation in keratinocytes 

(NHEK) following TRP agonist application. Black arrows indicate that statistical significance was 

reached. Phosphorylated residues of each protein are also shown. Abbreviations: Chk2, checkpoint 

kinase 2; c-Jun, activator protein 1 transcription factor subunit; eNOS, endothelial nitric oxide 

synthase; Fyn, Fyn proto-oncogene; Hck, hematopoietic cell kinase; p53, cellular tumour antigen 

p53; p70S6K, ribosomal protein S6 kinase; PLCγ1, phospholipase C-gamma-1; S, serine; STAT5A, 

signal transducer and activator of transcription 5A; T, threonine; TRPA1, transient receptor potential 

ankyrin 1; TRPV1/TRPV3, transient receptor potential vanilloid 1/3; WNK1, lysine deficient protein 

kinase 1; Y, tyrosine; and Yes, Yamaguchi sarcoma virus oncogene. 

Figure 3.52. Schematic showing putative kinase pathways acting downstream of TRP channels 

in epidermal keratinocytes. 
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Following agonist-mediated TRPV3 activation, human epidermal keratinocytes released potent 

signalling mediators: BSG, Dkk-1, IL-1α, PAI-1 and TGF-α (Figure 3.53). TRPV1 and TRPA1 

agonists failed to induce significant mediator release. Although TRPV3 activation enhanced c-Jun 

phosphorylation, TRPV3-linked release was independent of JNK/c-Jun signalling. Knockdown of 

VAMP3 reduced BSG, Dkk-1, IL-1α, and PAI-1 release. Although these knockdown experiments 

require further replication, our data suggest that VAMP3-dependent exocytosis may contribute to 

evoked secretion of these TRPV3-linked mediators. Work by our collaborators found that PAI-1 is 

increased in lesional atopic dermatitis and drives scratching behaviour in a murine model of acute 

and prolonged itch (Larkin et al., 2021). Together, these studies solidified cultured NHEK as an 

appropriate and robust model for investigation of the TRPV3 channel. TRPV3 activation alters 

cutaneous inflammation, enhances pruritic signalling, and dysregulates normal repair processes. 

Thus, we propose that overactivation of the epidermal TRPV3 channel may drive pruritic and 

inflammatory skin conditions. This work identified novel epidermal signalling pathways, revealing 

several targets for the treatment of TRPV3-associated inflammation and disease. 

Diagram highlights the intercellular signalling pathways acting downstream of the TRPV3 channel 

in the NHEK model of human epidermis. Abbreviations: BSG, basigin; Dkk-1, dickkopf-1; EGF, 

epidermal growth factor; IL-1α, interleukin-1 alpha; IL-1ra, interleukin 1 receptor antagonist; MIF, 

macrophage migration inhibitory factor; PAI-1, plasminogen activator inhibitor 1; PDGFA, platelet 

derived growth factor subunit A; TGF-α, transforming growth factor alpha. 

Figure 3.53. Schematic showing putative pathways involved in release of TRPV3-linked 

mediators from epidermal keratinocytes. 
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3.3.2. Specificity of TRP agonists 

Robust signalling analyses require potent and specific agonists, antagonists, and modulators. This 

process is complicated by the polymodal nature of TRP channels. To date, several TRP agonists have 

been developed, though the specificity of these agents varies. Here, we used AITC to activate 

TRPA1; capsaicin to activate TRPV1; and drofenine to activate TRPV3. 

AITC is a component of mustard oil and a potent TRPA1 agonist (Jordt et al., 2004; Capasso et al., 

2012). AITC binds to the intracellular region of the TRPA1 channel, covalently modifying cysteine 

residues and promoting pore opening (Hinman et al., 2006; Macpherson et al., 2007). Reports have 

described some TRPA1-independent effects. AITC enhances MAPK signalling in fibroblast cells 

and modulates contractions in isolated mouse colon (Capasso et al., 2012; Yap et al., 2021). At higher 

concentrations, AITC can sensitise and even activate TRPV1 channels (Ohta et al., 2007; Everaerts 

et al., 2011; Alpizar et al., 2014). However, at the concentrations used herein, AITC is unable to 

activate TRPV1-expressing neurons from Trpa1 knockout mice (Everaerts et al., 2011). Thus, we 

conclude that our AITC results likely represent TRPA1-linked signaling in human epidermal 

keratinocytes. 

Capsaicin is a small lipophilic compound found in chili peppers and a key agonist of the TRPV1 

channel (Hayes et al., 2000). Following binding, capsaicin lowers the temperature threshold of 

TRPV1 allowing channel opening at room temperature (Jordt et al., 2000). A number of TRPV1-

independent effects have been reported, with data suggesting that capsaicin could inhibit neuronal 

voltage-gated potassium (Kv) channels and reduce VEGF-mediated angiogenesis in endothelial cells 

(Min et al., 2004; Braga Ferreira et al., 2020; Yang et al., 2014). However, TRPV1 remains the 

primary target of capsaicin. Thus, we conclude that our capsaicin results likely represent TRPV1-

linked signaling in human epidermal keratinocytes. 

Drofenine is a specific, albeit underutilised, TRPV3 agonist (Deering-Rice et al., 2014). To date, 

TRPV3 research has depended on nonselective agents such as camphor, carvacrol, eugenol, and 2-

APB (Hu et al., 2004; Moqrich et al., 2005; Vogt-Eisele et al., 2007; Xu et al., 2006). Recently, 

researchers used drofenine to investigate the role of TRPV3 in liver cirrhosis and pollutant-induced 

respiratory disorders (Nguyen et al., 2020; Yan et al., 2021). However, off-target effects must be 

noted. Drofenine inhibits butyrylcholinesterase in the blood; modulates M1 and M2 muscarinic 

receptors in smooth muscle; and reduces the transcription of Kv channels and the amplitude Kv2.1 

currents in DRG neurons (Xu et al., 2020; Bodur et al., 2001; Kunysz et al., 1988). Here, we found 

that drofenine activated TRPV3-expressing keratinocytes, enhancing the secretion of PAI-1 and 

other mediators. Work by our collaborators confirmed that this PAI-1 release was dependent on 

TRPV3 expression in NHEK (Larkin et al., 2021). Thus, we conclude that our drofenine results likely 

represent TRPV3-linked signaling in human epidermal keratinocytes. 
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These assays outlined the effect of TRPA1, TRPV1, and TRPV3 agonists on cellular signalling, 

providing evidence for these channels in human epidermal keratinocytes. However, further 

investigations would be strengthened by concurrent pharmacological inhibition or channel 

knockdown. 
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3.3.3. TRPV3-linked mediators: their role in skin health and disease 

Here, we identified 9 mediators acting downstream of the TRPV3 channel in human keratinocytes. 

These proteins are involved in a wide variety of processes such as skin repair, inflammation, and skin 

disease. 

In healthy skin, TRPV3 interacts with the EGF/EGFR/TGF-α pathway to coordinate epidermal 

growth, patterning, and repair. This function was echoed in our release assays: TRPV3 activation 

enhanced EGF and TGF-α release. Published reports described comparable levels of TGF-α 

following application of a TRPV3 agonist cocktail (2-APB plus carvacrol) (Cheng et al., 2010). 

TRPV3 has also been linked to in skin patterning in vivo. TRPV3 knockout mice are characterised 

by a thin SC, wavy coat and whiskers, and impaired EGFR/TGF-α signalling (Cheng et al., 2010; 

Moqrich et al., 2005). Together, these reports validate our in vitro findings and highlight the role of 

TRPV3-linked signalling in healthy skin. 

TRPV3 may modulate the inflammatory environment within the epidermis. Here, TRPV3 activation 

promoted the release of IL-1α – a potent stimulator of CD4 T cell responses (Ben-Sasson et al., 

2009). IL-1α has previously been linked to TRPV3: eugenol-mediated TRPV3 activation enhanced 

IL-1α secretion in a mouse keratinocyte cell-line; while carvacrol increased IL-1α, IL-8, and TNFα 

transcripts in NHEK (Szöllősi et al., 2018; Xu et al., 2006). Carvacrol also elevated the release of 

TSLP, NGF, and PGE2 in NHEK (Seo et al., 2020). In addition to these inflammatory and 

pruritogenic compounds, we found the TRPV3 activation could induce anti-inflammatory signalling 

pathways such as IL-1ra. This finding indicates that TRPV3 is more than a “pro-inflammatory” 

channel and suggests that TRPV3 may regulate the inflammatory environment in healthy skin. 

Together, these reports act to strengthen the validity of our signalling analyses and further confirm 

drofenine as a potent agonist of the TRPV3 channel. 

Recent reports, including work from our laboratory, have described a link between TRPV3 

expression and dermatitis (Larkin et al., 2021; Vasas et al., 2022). Dysregulated TRPV3 signalling 

may also play a role in skin conditions. BSG is increased in psoriatic skin lesions where it drives 

differentiation of a subtype of T helper cell (Th17) – a key step in disease development (Okubo et 

al., 2022; Peng et al., 2017). Reports suggest that a polymorphism in BSG could even affect psoriasis 

susceptibility (Wu et al., 2011). Dkk-1 regulates skin pigmentation and epidermal thickness, 

promoting the development of palmoplantar-like skin in ex vivo experiments (Yamaguchi et al., 

2008; Yamaguchi et al., 2009). Dkk-1 is highly upregulated in patients with plaque psoriasis, though 

this increase is restricted to nonlesional skin and peripheral blood mononuclear cells (Seifert et al., 

2015). Overexpression of IL-1α initiates spontaneous inflammatory epidermal lesions in transgenic 

mice (Groves et al., 1995). Dysregulated IL-1α signalling also underpins the pathogenesis of 

hidradenitis suppurativa, a neutrophilic autoinflammatory skin condition: IL-1α-targeting drugs and 

antibodies have proved clinically efficacious for patients with hidradenitis suppurativa (Tzanetakou 

et al., 2016; Kanni et al., 2018). PAI-1 is a potent itch-inducer in murine models of acute and 
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prolonged itch (Larkin et al., 2021). Experiments carried out by Dr. Meng showed PAI-1 to be highly 

and specifically increased in lesional atopic dermatitis, with no significant change found in 

nonlesional atopic dermatitis or psoriatic skin (Larkin et al., 2021). Dr. Meng found that TGF-α is 

highly and specifically upregulated in lesional psoriasis, with levels unchanged in nonlesional 

psoriasis or in atopic dermatitis skin (Larkin et al., 2021). These clinical and translational findings 

highlight the true impact of dysregulated TRPV3 signalling in the human epidermis. 

Together, these results highlight the nuanced role of TRPV3 in the skin. TRPV3 represents an 

important target for both anti-itch and anti-dermatitis agents. However, researchers must ensure that 

these drugs modulate TRPV3 overactivation, while leaving normal functioning intact. Later chapters 

will examine the pathways involved in TRPV3 trafficking and sensitisation. We believe that these 

data could facilitate the development of modulatory compounds and targeted therapeutics. 
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3.3.4. Conclusion 

This chapter outlined the signalling pathways acting downstream of TRPA1, TRPV1, and TRPV3 

receptors in the NHEK culture model of human epidermis. 

These data failed to provide consistent and clear evidence of functional TRPA1 and TRPV1 channels 

in the NHEK culture model. Although TRPA1 and TRPV1 agonists promoted detectable kinase 

activation, these agonists failed to evoke significant mediator release. It is possible that TRPA1 and 

TRPV1 are expressed in a small subpopulation of keratinocytes; however, this theory remains 

unexplored. 

Conversely, our data clearly highlighted the impact of TRPV3 on the epidermal environment. The 

TRPV3 agonist promoted significant kinase activation and mediator release. These results showed 

high levels of inter-replicate variability. Thus, TRPV3 expression and activity may be related to 

donor genetics or epigenetic modifications. This in vitro work formed the basis of further work 

carried out by our collaborators, culminating in the identification a novel itch-inducer and solidifying 

TRPV3 as a key coordinator of dermatitis-linked signalling. 
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4. Examining the 

Dynamics of 

TRPV3-mediated 

Calcium 

Fluctuations 
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4.1. Overview 

TRPA1, TRPV1, and TRPV3 channels function as calcium-permeable cation channels. When 

associated with the plasma membrane, these channels facilitate cation influx and downstream 

signalling. Results outlined in Chapter 3 suggest that TRPA1 and TRPV1 channels may induce 

intracellular signalling in subsets of epidermal keratinocytes. However, whether these channels 

evoke calcium fluctuations remained unknown. Conversely, activation of TRPV3 promotes rapid 

calcium influx in a variety of expression systems, cell-lines, and primary cells (Peier et al., 2002; 

Deering-Rice et al., 2014; Smith et al., 2002; Xu et al., 2002; Szöllősi et al., 2018). Reports suggest 

that the TRPV3 channel exhibits unusual properties such as sensitisation upon repeated activation 

(Chung et al., 2004; Xiao, Tang, et al., 2008; Chung et al., 2005). However, the dynamics of the 

TRPV3 calcium response remain poorly defined. This chapter aims to confirm the functional 

expression of TRPA1, TRPV1, and TRPV3 in cultured normal human epidermal keratinocytes 

(NHEK). This work then focuses on TRPV3, examining the population dynamics of the calcium 

response and the mechanisms underpinning these phasic fluctuations. 

Confocal imaging, in conjunction with fluorescent calcium dyes, allows researchers to monitor the 

activity of calcium channels in real-time. The variation within these data can reveal key features of 

the functional response. Commonly used methods and analyses often mask this variation and may 

conceal important elements of the response. Gupta and team sought instead to utilise normal 

variation, using unsupervised machine-learning algorithms to characterise and compare response 

profiles (Gupta et al., 2017). Herein, a similar framework was used to assess calcium fluctuations. 

This method allowed us to quantify the effect of inhibitors and genetic knockdown on TRPV3 

activity. 

These experiments identified functional subgroups within the keratinocyte population and 

highlighted the importance receptor cycling in normal TRPV3-linked calcium responses. 
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4.2. Results 

4.2.1. TRPA1, TRPV1, and TRPV3 agonists enhance calcium flux in 

subsets of cultured epidermal keratinocytes 

TRPA1, TRPV1, and TRPV3 agonists may promote intracellular signalling in epidermal 

keratinocytes. Here, we examine whether agonist-mediated activation of these TRP channels evokes 

measurable changes in intracellular calcium. 

Normal human epidermal keratinocytes (NHEK) were loaded with a cell-permeant fluorescent 

calcium indicator (Fluo-4 AM) and recorded using confocal microscopy. Following a baseline 

recording [100 seconds (s)], keratinocytes were stimulated with medium ± TRP agonists: AITC 

(TRPA1 agonist, 50 µM); capsaicin (TRPV1 agonist, 1 µM); or drofenine (TRPV3 agonist, 500 µM) 

(Figure 4.1). Calcium levels were monitored for 400 s. All stimulations were associated with some 

level of calcium response; however, these fluctuations were highly varied (Table 4.1). 

Live keratinocytes (NHEK) were stimulated with TRP agonist stimulations at 100 seconds (s) 

[arrow]; calcium fluctuations were recorded [400 s total]. 

  

Figure 4.1. Schematic showing timing of TRPA1, TRPV1, and TRPV3 agonist stimulation and 

calcium recording. 
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Note: Data expressed as median (Q1 – Q3). Abbreviations: AITC, allyl isothiocyanate; a.u., arbitrary 

unit; µm, micrometre; fl, fluorescence; FΔ/F0, change in fluorescence; s, seconds; AUC, area under 

the curve; TPA, total peak area. 

Addition of basal medium alone enhanced fluorescence in 2.03% ± 1.08 (M ± SEM) of keratinocytes 

(Figure 4.2). These fluctuations were low in amplitude (Table 4.1). Responsive cells were 

significantly smaller in size than non-responsive (P <.01 [perimeter] and P <.05 [area]) (Table 4.2). 

These data indicate that the addition of basal solution can activate a subset of keratinocytes. 

Representative traces showing change in fluorescence (FΔ/F0) over time following addition of basal 

medium. Dotted line indicates addition at 100 seconds. 

AITC solution enhanced fluorescence in 5.43% ± 2.43 of keratinocytes (Figure 4.3). AITC-evoked 

fluctuations appeared to build with time: responsive cells were slow to peak — with some taking 

more than 4 minutes. Overall, these putative TRPA1-positive (TRPA1+) cells showed notable 

calcium increases as evident in area under the curve (AUC) and total peak area (TPA) values (Table 

4.1). AITC-responsive keratinocytes were significantly smaller in size than non-responsive (P <.001 

[perimeter] and P <.0001 [area]) (Table 4.2). These data suggest that functional TRPA1 channels 

are expressed in a subset of small diameter keratinocytes. 

Parameter Nonspecific TRPA1 TRPV1 TRPV3

Mean fl. change 
(FΔ/F0)

0.02
(0.00 – 0.65)

0.09
(0.06 – 0.13)

0.02
(0.00 – 0.07)

1.18
(0.93 – 1.48)

Peak amplitude 
(FΔ/F0)

0.40
(0.33 – 0.53)

0.37
(0.34 – 0.45)

0.37
(0.33 – 0.44)

4.77
(3.92 – 5.59)

Peak latency
(s)

155
(0 – 225)

263
(191 – 290)

180
(110 – 250)

50
(40 – 65)

AUC
(a.u.)

21.4
(13.9 – 35.9)

41.6
(30.8 – 54.5)

29.3
(10.9 – 39.7)

473.4
(375.2 – 592.0)

TPA
(a.u.)

8.0
(1.9 – 20.1)

35.1
(12.5 – 49.5)

8.7
(2.1 – 25.1)

470.0
(371.4 – 588.8)

Table 4.1. Calcium response parameters in TRP agonist-sensitive keratinocytes. 

Figure 4.2. Single-cell traces showing effect of basal medium on cellular calcium flux. 
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Representative traces showing change in fluorescence (FΔ/F0) over time following addition of basal 

medium + AITC (50 µM). Dotted line indicates addition at 100 seconds. 

Capsaicin solution enhanced fluorescence in 3.22% ± 1.06 of keratinocytes (Figure 4.4). These 

fluctuations were comparable to those evoked by basal medium alone: when compared with the 

medium-evoked responses, only max change (seconds post-stimulation) showed a significant 

difference (P <.0001) (Table 4.1). Comparison of cellular parameters also failed to detect significant 

differences between medium-responsive and capsaicin-responsive cells (Table 4.2). TRPA1+ and 

putative TRPV1+ cells were similar in size; however, TRPV1+ appeared more circular (P <.0001) 

and, to a lesser degree, more round (P <.05). Further work is required to establish whether these 

keratinocytes express functional TRPV1 channels. 

Representative traces showing change in fluorescence (FΔ/F0) over time following addition of basal 

medium + capsaicin (1 µM). Dotted line indicates addition at 100 seconds. 

Drofenine solution enhanced fluorescence in 98.66% ± 0.62 of keratinocytes (Figure 4.5A). These 

calcium responses were striking and consistent, with the average fluorescence peaking at just 70 s 

post-stimulation (Figure 4.5B and Figure 4.5C). Drofenine-evoked fluctuations were also high in 

amplitude— reaching more than 400% above baseline (Table 4.1). Drofenine-insensitive 

keratinocytes were primarily small in size (P <.001 [perimeter]) and circular in shape (P <.0001 

[circularity] and P <.0001 [roundness]) (Table 4.2). Drofenine-insensitive cells were also 

significantly rounder than TRPA1+ and putative TRPV1+ (P <.0001 and P <.05, respectively). Thus, 

this small proportion of drofenine-insensitive cells may be undergoing programmed cell death. 

  

Figure 4.3. Single-cell traces showing effect of TRPA1 agonist on cellular calcium flux. 

Figure 4.4. Single-cell traces showing effect of TRPV1 agonist on cellular calcium flux. 
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A, Representative single-cell traces showing change in fluorescence (FΔ/F0) over 400 seconds (s) 

following addition of basal medium + drofenine (500 µM). Dotted line indicates addition (100 s). B, 

Representative images showing fluorescence at each named timepoint: 0 s, 170 s, 285 s, 400 s. White 

indicates the highest signal. Scale bars =50 µm. C, Graph depicts average FΔ/F0 over 400 s following 

addition of drofenine 500 µM. Grey region indicates SEM. Data represent 5 independent stimulations 

(n =205 keratinocytes). 

  

Figure 4.5. Single-cell traces, representative images, and population analysis showing effect of 

TRPV3 agonist on cellular calcium flux. 



 

 
 

 

 

 

 

 

 

Nonspecific TRPA1 TRPV1 TRPV3

Parameter
Sensitive

[1.9%]
Insensitive

[98.1%]
Sensitive

[4.5%]
Insensitive

[95.5%]
Sensitive

[3.4%]
Insensitive

[96.6%]
Sensitive
[98.6%]

Insensitive
[1.4%]

Perimeter 
(µm)

79
(74 – 128)

127
(89 – 183)

107
(80 – 149)

132
(98 – 186)

79
(66 – 128)

120
(84 – 160)

141
(110 – 193)

84
(70 – 104)

Area 
(µm2)

414
(309 – 860) 

922
(492 – 1774)

491
(247 – 1119)

885
(524 – 1724)

428
(276 – 1105)

878
(438 – 1503)

890
(420 – 1903)

524
(357 – 767)

Circularity 
(a.u.)

0.81
(0.67 – 0.84)

0.74
(0.65 – 0.81)

0.69
(0.45 – 0.79)

0.71
(0.60 – 0.78)

0.80
(0.71 – 0.85)

0.78
(0.70 – 0.85)

0.70
(0.49 – 0.78)

0.91
(0.88 – 0.93)

Roundness
(a.u.)

0.77
(0.58 – 0.86)

0.64
(0.54 – 0.75)

0.60
(0.29 – 0.74)

0.61
(0.50 – 0.72)

0.66
(0.59 – 0.79)

0.67
(0.56 – 0.77)

0.58
(0.32 – 0.71)

0.88
(0.83 – 0.92)

Table 4.2. Basic cellular parameters: TRP agonist-sensitive vs. TRP agonist-insensitive keratinocytes. 
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Note: Data expressed as median (Q1 – Q3). Abbreviations: a.u., arbitrary unit; µm, micrometre. Square brackets indicate the proportion of stimulated cells per 

group: agonist-sensitive vs. agonist-insensitive.   
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Together, these findings indicate that TRPA1, TRPV1, and TRPV3 channels are functional in 

cultured human keratinocytes. This work revealed novel subgroups within the keratinocyte 

population, with putative TRPA1+ and TRPV1+ cells representing subsets within the larger TRPV3+ 

population. 

Cellular parameter data suggest that TRPA1+ and TRPV1+ cells may be small in size. Median cellular 

area was comparable across treatment groups: 907.3 µm2 [media stimulated]; 877.7 µm2 [AITC 

stimulated]; 863.3 µm2 [capsaicin stimulated]; and 867.0 µm2 [drofenine-stimulated] (data not 

shown). However, putative TRPA1+ and TRPV1+ cells measured just 491 µm2 and 428 µm2, 

respectively. Conversely, putative TRPV3+ cells measured 890 µm2. Although similar in size, these 

TRPA1+ and TRPV1+ subpopulations are largely non-overlapping: just 0.27% of the total 

keratinocyte population responded to both agonists (data not shown). Thus, TRPA1 and TRPV1 may 

be expressed on different subsets of small epidermal keratinocytes – a potentially important finding 

for the development of targeted anti-TRPA1 and anti-TRPV1 therapeutics. That said, further 

investigations are required to establish the clinical significance of these functional subgroups in the 

epidermis. 

TRPV3 experiments revealed a strong calcium fluctuation following drofenine application. 

Published reports suggest that TRPV3 channels are sensitised by intracellular calcium (Xiao, Tang, 

et al., 2008). To investigate later phases of the TRPV3 response, further investigations of TRPV3 

agonist-induced fluctuations must include a longer recording time.  
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4.2.2. The TRPV3 agonist induces a phasic calcium response 

Drofenine evokes a rapid and high amplitude calcium response in epidermal keratinocytes. During 

pilot stimulations, we noted a later phase of activation that warranted further investigation. Here, we 

examined the complete TRPV3 response and, using unsupervised machine-learning algorithms, 

identified functional subgroups within the TRPV3-positive keratinocyte population. 

Normal human epidermal keratinocytes (NHEK) were loaded with a cell-permeant fluorescent 

calcium indicator (Fluo-4 AM) and calcium dynamics were recorded using confocal imaging. 

Following a baseline recording [100 s], keratinocytes were stimulated with basal medium + drofenine 

(TRPV3 agonist, 500 µM) (D500); calcium levels were monitored for 1000 seconds (s) (Figure 4.6). 

Live keratinocytes (NHEK) were stimulated with basal medium + drofenine (500 µM, D500) at 100 

seconds (s) [arrow]; calcium fluctuations were recorded [1000 s total]. 

Addition of D500 enhanced the intracellular fluorescent signal; however, single-cell traces highlight 

the variation within the population response (Time [s] vs. F∆/F0; Figure 4.7A). Although most cells 

displayed the characteristic rapid peak (82.4%), images revealed a subgroup of cells showing a 

distinctly slow and often oscillatory response (Figure 4.7B). 

 

 

 

  

Live Ca2+ Imaging

Drofenine (500 M)
D500

0 100 1000
Time [s]

Figure 4.6. Schematic showing timing of TRPV3 agonist stimulation and calcium recording. 
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A, Representative single-cell traces showing change in fluorescence (FΔ/F0) over 1000 seconds (s) 

following addition of basal medium + drofenine (500 µM). Dotted line indicates addition (100 s). B, 

Representative images fluorescence at each named timepoint: 0 s, 70 s, 140 s, 210 s, 280 s, 350 s, 

420 s, 490 s, 560 s, 630 s, 700 s, 770 s, 840 s, 910 s, 980 s, 1050 s. White indicates the highest signal. 

Scale bars =50 µm. 

  

Figure 4.7. Temporal variation within the TRPV3 agonist-mediated calcium response. 
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D500-evoked calcium dynamics were first evaluated with respect to the population average; time 

course fluorescence data was plotted as the average change in fluorescence at each time point. 

Graphing of population responses highlighted the consistency of the early phase. This graph depicts 

the average change in intracellular fluorescence at each time point (Figure 4.8). Similar to previous 

findings, D500 elicited a rapid increase in intracellular calcium, with levels peaking just 30 s post-

stimulation. This peak was high in amplitude, reaching more than 300% above baseline (mean F∆/F0 

=3.163, SEM =.145). However, the later phases of the calcium response were absent from this 

average trace. 

Graph depicts average change in fluorescence (FΔ/F0) over 1000 seconds (s) following addition of 

drofenine 500 µM (D500). Dotted line indicates addition [100 s] Data represent 5 independent 

stimulations (n =205 keratinocytes). 

We propose that the complexity of the TRPV3 response may be better represented by single-cell 

focused analyses. This work focused on peak calcium changes in each D500-stimulated keratinocyte. 

The amplitude and latency of each peak was calculated: peak amplitude (F∆/F0max) and peak latency 

(Timemax). These values were then plotted to create a D500 response profile. Each point represents a 

single cell (Figure 4.9). This plot shows the slowest responders on the right (i.e. highest peak latency 

values) and suggests that the D500 response may consist of distinct phases. 

  

Time [s]
1000

0

1

2

3

4

Figure 4.8. Population analysis showing effect drofenine on cellular calcium flux. 
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Graph depicts response profile: peak latency (Timemax, seconds [s]) vs. peak amplitude (F∆/F0max, 

arbitrary units [a.u.]) following addition of drofenine 500 µM (D500). Each dot represents a single 

cell. Data represent 5 independent stimulations (n =205 keratinocytes). 

The putative phasic activity revealed in raw recordings and single-cell plots may represent an 

important functional feature of the TRPV3 channel. Here, we investigated the validity of this 

hypothesis. Unsupervised machine-learning algorithms assessed whether the D500 response profile 

contained functional subgroups (i.e. clusters). D500 response profile data were imported to RStudio 

(Figure 4.10A). D500-responsive cells were identified and graphed (Figure 4.10B). This D500-

responsive data was examined for clusters using both direct testing methods (Figure 4.10C 

[silhouette]; Figure 4.10D [elbow]) and statistical testing methods (Figure 4.10E [gap statistic]). All 

3 methods determined 2 to be the optimum number of clusters (k) within the D500 response profile. 

These D500-responsive data, or response profile, were partitioned using k-means clustering (k =2) to 

produce 2 distinct subgroups (Figure 4.10F). D500 responders were primarily assigned to cluster 1, 

though the proportion was varied (average =82.4%, SEM =17.6) (Figure 4.10G). The proportion of 

D500-insensitive cells was consistently low and was comparable to previous findings (average 

=1.8%, SEM =1.8; 1.8% vs. 1.4%). These unsupervised analyses appear to partition the D500 

response profile into rapid and slow responders, supporting our hypothesis that the TRPV3 channel 

is associated with a phasic calcium response. 

 

 

  

Figure 4.9. TRPV3 response profile: Single-cell analysis showing effect of drofenine on cellular 

calcium peaks. 
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A—B, TRPV3 response profile graphed in RStudio: all recorded cells (A) and only D500-responsive 

cells (B). Each dot represents a single cell. C—E, Determination of optimal number of clusters (k) 

using silhouette (C), elbow (D), and gap statistic (E) methods: optimal k =2 (dotted line). F, TRPV3 

response profile showing drofenine-responsive cells coloured by cluster (k =2): orange [cluster 1] 

and blue [2]. G, Percentage of D500-stimulated cells assigned to each cluster, with bars indicating 

mean + SEM. Percentage of drofenine-insensitive cells (–) also shown. Boxplots indicate median (Q1 

– Q3), with bars outlining min and max values. Data represent 5 independent stimulations (n =205 

keratinocytes). P-values calculated using Mann-Whitney test: ** P ≤ .01; *** P ≤ .001. 

Figure 4.10. Clustering analysis highlights phasic nature of the TRPV3 agonist-induced 

calcium response. 
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Visual examination of the partitioned D500 response profile suggests that the subgroups are defined 

by distinct peak latencies. Here, we examined whether the parameters of the calcium response were 

significantly different in cluster 1 and cluster 2 keratinocytes (Mann-Whitney). AUC is a measure of 

the overall calcium response, with values incorporating both the duration and magnitude of cellular 

activation. AUC values were significantly different in each cluster (P <.0001). The median AUC of 

cluster 1 was almost double that of cluster 2 (385 vs. 198 arbitrary units [a.u.]) (Figure 4.11A). Peak 

amplitude values were significantly different in each cluster (P <.0001). In cluster 1, calcium peaks 

reached about 440% above baseline; in cluster 2, peaks reached about 370% (F∆/F0max =4.41 vs. 3.76 

a.u.) (Figure 4.11B). As expected, peak latency values were significantly different in each cluster (P 

<.0001). Cluster 1 covered cells peaking between 100 and 430 s, while cluster 2 covered cells peaking 

between 660 and 980 s (Figure 4.11C). Thus, this unsupervised clustering segregated the D500 

response profile into rapid and slow responders. 

A–C, Comparison of clusters with respect to area under the curve (AUC, arbitrary units [a.u.]) (A); 

peak amplitude (FΔ/F0max, a.u.) (B); and peak latency (Timemax, s) (C). Boxplots indicate median (Q1 

– Q3), with bars outlining min and max values. Data represent 5 independent stimulations (n =205 

keratinocytes). P-values calculated using Mann-Whitney test: ** P ≤ .01; *** P ≤ .001. 

  

Figure 4.11. Cluster subgroups show distinct overall and peak calcium response parameters. 
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Though the biological relevance remains unclear, activation of TRPV3 elicits a phasic calcium 

response in cultured human epidermal keratinocytes. A similar temporal pattern has been described 

in in vivo itch studies. Intradermal injection of a TRPV3 agonist solution (carvacrol, 1%) evoked 2 

phases of TRPV3-dependent scratching in mice: scratching bouts peaked between 0- and 5-minutes 

post-injection and again between 20- and 25-minutes post-injection (see Figure 1.27) (Cui et al., 

2018). The link between these in vivo findings and our in vitro work remains theoretical. However, 

it is possible that this phasic scratching behaviour is linked to the activation dynamics of the TRPV3 

channel. The work outlined herein also represents a useful proof-of-principle, highlighting the value 

of both single-cell analyses and the clustering framework. Future experiments should record at lower 

magnification to include a higher number of cells per stimulation. This experimental modification 

should enhance the utility of the method and permit robust comparative analyses. 
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4.2.3. Pharmacological blockade of endocytosis alters the temporal 

features of the TRPV3 calcium response 

Earlier findings showed that D500 evokes phasic activation in epidermal keratinocytes, with cellular 

calcium peaks clustering into distinct temporal subgroups: rapid vs. slow responders. A similar phasic 

pattern was described in a mouse model of TRPV3-evoked scratching (Cui et al., 2018). We 

hypothesised that this itch-like behaviour may be linked to the functional dynamics of TRPV3 

calcium response. However, the mechanisms driving these functional dynamics remained unknown; 

here, we investigated the role of endocytosis and receptor cycling. Specifically, using single-cell 

analyses and the clustering framework, we quantified the effect of an endocytosis inhibitor on 

drofenine-evoked calcium flux. This work aims to validate previous findings, assess the power of the 

framework for comparative analyses, and examine the mechanisms underpinning the phasic TRPV3 

response. 

Normal human epidermal keratinocytes (NHEK) were cultured in specialised imaging dishes (µ-

Dish 35 mm). Keratinocytes were loaded with a cell-permeant fluorescent calcium indicator (Fluo-4 

AM) and treated with basal medium ± Pitstop2 (25 µM; 30 min), an inhibitor of clatherin-dependent 

and -independent endocytosis. Fluorescence was monitored using confocal microscopy (1400 

seconds [s] total). As suggested in the previous section, a lower magnification (10x) was used to 

better capture the population and increase the overall sampling rate. Following a baseline recording 

(100 s), all keratinocytes were stimulated with medium + drofenine (500 µM) (D500): the only 

difference between the 2 D500 groups was the pre-treatment (control vs. Pitstop2) (Figure 4.12). 

Live keratinocytes (NHEK) were pre-treated with basal medium ± Pitstop2 (25 µM; control vs. 

Pitstop2) [30 min]. Keratinocytes were stimulated with basal medium + drofenine (500 µM, D500) 

at 100 seconds (s) [arrow]; calcium fluctuations were recorded [1200 s total]. 

  

Figure 4.12. Schematic showing timing of Pitstop2 pre-treatment, TRPV3 agonist stimulation, 

and calcium recording. 
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D500-evoked calcium dynamics were first evaluated with respect to the population average; time 

course fluorescence data was plotted as the average change in fluorescence at each time point. In 

both groups, addition of D500 enhanced the fluorescent signal: control (Figure 4.13A) and Pitstop2 

(Figure 4.13B). Visual examination of these time course traces revealed notable variation –some 

stimulations took almost 4 minutes to induce any change in fluorescence. This delay or initiation 

latency was inconsistent with previous results, where D500 consistently elicited rapid calcium 

fluctuations. Initiation latency was not correlated with pre-treatment (control vs. Pitstop2; Pearson 

correlation, P =.5717) but was strongly correlated with stage position on the x-axis (Pearson 

correlation, P =.0001) (Figure 4.13C). We concluded that initiation latency represents experimental 

noise and was likely a by-product of the physical experimental setup (i.e. the comparatively larger 

imaging dishes). To minimise the impact of this noise, time values were equalised to seconds post 

initiation (s.p.i.) (see section 2.2.6.1 for further details). 

A—B, Representative single-cell traces of 8 drofenine-responsive cells showing D500-evoked 

change in fluorescence (FΔ/F0) over time: control (A) and Pitstop2 (B). The x-axis of each trace 

represents 1400 seconds (s). C, Correlation of initiation latency (seconds post initiation [s.p.i.]) vs. 

stage position on the x-axis (µm). Stimulations are coloured by experimental group: control (black) 

and Pitstop2 (pink).   

Figure 4.13. Raw temporal response data correlates with stage position. 
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We first examined whether endocytosis inhibition would affect the overall proportion of D500-

sensitive vs. -insensitive keratinocytes. D500-insensitive cells are defined as those which fail to reach 

FΔ/F0 ≥0.3 following stimulation. Here, Pitstop2 caused a slight, but insignificant, reduction in the 

percentage of drofenine-insensitive cells (2.2% vs. 1.2%; Chi-squared, P =.6212) (Figure 4.14). 

These data suggest that overall expression of the TRPV3 channel is unchanged. 

Graph depicts percentage of keratinocytes (NHEK) that failed to respond to drofenine (500 µm, 

D500) in control and Pitstop2 populations. Boxplots indicate median (Q1 – Q3), with bars outlining 

min and max values. Data represent 4 independent stimulations (n ≥797 keratinocytes per group). P-

values calculated using Fisher's exact test: ns P >.05. 

We then assessed whether endocytosis inhibition would affect the number of calcium peaks in each 

of the D500-sensitive cells. In control samples, D500 primarily evoked a single calcium peak (64% 

of cells); 2 and even 3 peaks were detected in a smaller number of cells (35% and 1%, respectively) 

(Figure 4.15). Where D500 induced a single peak, calcium responses were generally rapid: these 

cells crossed the activation threshold (i.e. FΔ/F0 ≥0.3) at just 20 s.p.i. (15 – 25) and peaked at 50 

s.p.i. (30 – 870). In pitstop2 samples, D500 was associated with statistically comparable proportions 

(Chi-squared, P =.2511). These data suggest that kinetics of the TRPV3 channel are unchanged. 

  

Figure 4.14. Endocytosis inhibitor fails to significantly affect proportion of TRPV3 agonist 

insensitive keratinocytes. 
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Graph depicts the proportion of drofenine-responsive keratinocytes showing zero, one, 2, or 3 

calcium peaks (P =.2511; ns). Data represent 4 independent stimulations (n ≥797 keratinocytes per 

group). P-values calculated using Chi-squared test. 

The average FΔ/F0 graph revealed a clear difference between the D500 response in control and 

Pitstop2 groups; this graph depicts the average change in cellular fluorescence at each time point 

(control [black] vs. Pitstop2 [pink]) (Figure 4.16A). Similar to previous findings, D500 evoked a 

rapid increase in average intracellular calcium. The amplitude of this rapid phase was unaffected by 

Pitstop2: in both groups, this phase peaked at more than 300% above baseline (mean FΔ/F0 =3.08 

vs. 3.14; at 45 s.p.i.). Unlike previous data, the average transients shown here highlight the later 

phases of the calcium response; this is likely explained by the comparatively higher sampling rate. 

Here, Pitstop2 reduced the amplitude of the later D500-evoked peaks. At 615 s.p.i., the average 

amplitude in Pitstop2 samples was more than 70% lower than control levels (mean FΔ/F0 =1.47 vs. 

0.42; Mann-Whitney, P <.0001). At 955 s.p.i., the average amplitude in Pitstop2 samples was around 

40% lower than control levels (mean FΔ/F0 =1.95 vs. 1.23; Mann-Whitney, P <.0001). This 

difference is illustrated in representative images (Figure 4.16B [control] and Figure 4.16C 

[Pitstop2]). Pitstop2 also significantly alters the parameters of the calcium response, including area 

under the curve (AUC) and total peak area (TPA) (Mann-Whitney, P <.0001 for all measures) (Table 

4.3). Together, these data suggest that inhibition of endocytosis alters the dynamics of the TRPV3 

calcium response in populations of epidermal keratinocytes. 

  

Figure 4.15. Endocytosis inhibitor fails to significantly affect the number of drofenine-induced 

calcium peaks per cell. 



 

156 
 

A, Graph depicts average change in fluorescence (FΔ/F0) over time following addition of drofenine 

500 µM (D500) in control (black) and Pitstop2 (pink) populations. Significance refers to the 

difference in FΔ/F0 values at 615 seconds post initiation (s.p.i.) and 955 s.p.i. (control vs. Pitstop2). 

Data represent 4 independent stimulations (n ≥797 keratinocytes per group). B—C, Representative 

images showing fluorescence following drofenine (500 µM) application at each named timepoint (0, 

60/90, 615, and 955 s.p.i.) in control (B) and Pitstop2 populations (C). White indicates highest signal. 

Scale bar =50 µm. 

  

Figure 4.16. Endocytosis inhibitor alters the later phases of the TRPV3 agonist-induced 

calcium response. 
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Note: Data are expressed as median (Q1 – Q3). Abbreviations: a.u., arbitrary unit; F., fluorescence; 

FΔ/F0, change in fluorescence; s, seconds; AUC, area under the curve; TPA, total peak area. Square 

brackets indicate cells per group from 4 independent stimulations. 

Single-cell focused analyses were then undertaken. This work examined the peak calcium change in 

each D500-stimulated keratinocyte, calculating the amplitude (F∆/F0max) and latency (Timemax) of 

each peak. Response profiles from control populations were imported to RStudio and examined for 

clusters. Gap statistic testing revealed 4 to be the optimum number of clusters in this control dataset 

(Figure 4.17A). Control data were partitioned using k-means clustering (k =4) (Figure 4.17B). 

Although clustering is unsupervised, peak latency values represent a key factor in cluster 

determination. Clusters in control data show distinct median latency values: 30 s.p.i. (10 – 100 [Min. 

– Max.], Cluster 1); 625 s.p.i. (335 – 735, Cluster 2); 865 s.p.i. (740 – 920, Cluster 3); 980 s.p.i. (925 

– 1070, Cluster 4) (P <.0001). These data solidify previous results and reveal the high proportion of 

cells which show these later calcium peaks. 

  

Table 4.3. Calcium response parameters following TRPV3 agonist stimulation: effect of 
endocytosis inhibitor Pitstop2 vs. control. 



 

158 
 

A, Determination of optimal number of clusters (k) within the control TRPV3 response profile using 

gap statistic method: optimal k =4 (dotted line). B, Control TRPV3 response profile showing D500-

responsive cells, where peak latency represents Timemax (s) and peak amplitude represents FΔ/F0max 

(arbitrary units [a.u.]). Cells were pre-treated with basal medium. Cells are coloured by cluster (k 

=4): blue [cluster 1]; green [2]; orange [3]; and black [4]. Data represent 4 independent stimulations 

(n ≥797). Abbreviations: D500, drofenine (500 µm). 

Experimental data (Pitstop2) were then assigned to clusters using the limits of each control cluster. 

This method allows us to assess the effect of Pitstop2 on D500-evoked calcium peaks. Visual 

comparison of D500 response profiles revealed clear differences: control (Figure 4.17B) and 

Pitstop2 (Figure 4.18A). Pitstop2 was associated with a striking reduction in number of cells 

displaying the later calcium peaks. This effect was also illustrated in the proportion of responders 

assigned to each cluster (Figure 4.18B). Cluster 2 and 4 were almost absent in Pitstop2 samples: 

although control populations averaged about 18% for both clusters, Pitstop2 averaged at just 2% and 

3%, respectively – a reduction of more than 80%. Cluster 3 responders were unchanged (14% vs. 

16%). Quantification revealed a dramatic change in the proportion of cluster 1 responders: Pitstop2 

increased the average percentage of rapid responders from around 43% to more than 70%. As 

discussed previously, the average percentage of drofenine-insensitive cells was low in each of the 

groups (≤ 3%). Overall, Pitstop2 significantly altered the proportion of D500-responsive cells 

assigned to each cluster (Chi-squared, P <.0001). These data reinforce the hypothesis that inhibition 

of endocytosis alters the dynamics of the TRPV3 calcium response in populations of epidermal 

keratinocytes. 

Figure 4.17. Clustering analysis of control TRPV3-linked calcium response profile. 
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A, Pitstop2 TRPV3 response profile showing D500-responsive cells, where peak latency represents 

Timemax (s) and peak amplitude represents FΔ/F0max (arbitrary units [a.u.]). Cells were pre-treated 

with basal medium + Pitstop2. Cells are coloured by cluster (k =4): blue [cluster 1]; green [2]; orange 

[3]; and black [4]. B, Percentage of D500-stimulated cells assigned to each cluster, with bars 

indicating mean. Percentage of drofenine-insensitive cells (–) also shown. Data represent 4 

independent stimulations (n ≥797 keratinocytes per group). P-values calculated using Chi-squared 

test. Abbreviations: D500, drofenine (500 µm). 

This work used calcium imaging and unsupervised clustering analyses to reveal subtle differences in 

the TRPV3 response. TRPV3 drives a phasic calcium response in epidermal keratinocytes; these 

dynamics are dependent on endocytosis. We propose that the rapid phase may be mediated by TRPV3 

channels located on the plasma membrane, with cluster 1 cells likely expressing high levels of surface 

TRPV3. We postulate that Pitstop2 interrupts normal recycling of TRPV3, trapping the channels on 

the cell surface and increasing the proportion of cluster 1, rapid responders. These findings suggest 

that TRPV3 channels undergo high levels of receptor cycling, even under basal conditions. Pitstop2 

Figure 4.18. Endocytosis inhibitor alters phasic nature of the TRPV3-linked calcium response. 

A

B
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caused a striking reduction in the later phases of the TRPV3 calcium response. These later responders 

were likely converted to rapid responders through inhibition of normal receptor cycling. However, 

this effect was specific to cluster 2 and cluster 4 cells – cluster 3 cells were unaffected – suggesting 

that these later phases may be mediated by distinct mechanisms. Together, these findings delineate 

TRPV3 response profiles in human epidermal keratinocytes, solidifying earlier results and 

highlighting the utility of the analysis framework. Response profiles were highly dependent on 

endocytosis pathways suggesting that receptor cycling underpins the temporal features of the TRPV3 

channel in human epidermal keratinocytes. 
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4.2.4. Knockdown of VAMP3 alters TRPV3-linked calcium responses; 

however, issues with controls negate robust conclusions 

Pharmacological activation of TRPV3 is associated with a phasic calcium response in human 

keratinocytes. This temporal pattern is dependent on functional endocytosis pathways, suggesting 

that receptor cycling underpins the phasic activity. However, the SNARE proteins involved in 

TRPV3 membrane insertion and trafficking remained unknown. VAMP1/2/3 is a particularly 

important SNARE protein in neuronal TRP trafficking and keratinocyte-derived inflammation 

(Meng et al., 2016; Meng et al., 2019). Here, we investigated the effect of VAMP3 knockdown on 

drofenine-evoked calcium fluctuations. 

Normal human epidermal keratinocytes (NHEK) were treated with control nontargeting (NT) or 

VAMP3-targeting (V3T) lentiviral particles. Infected keratinocytes were selected with puromycin 

and VAMP3 expression was examined by western blot. VAMP3 was reduced in V3T cultures 

relative to NT controls (Figure 4.19A). Densitometry data were transformed and shown as a 

percentage of control VAMP3 level (Figure 4.19B). In V3T cultures, VAMP3 expression was 

reduced by almost 80% relative to NT control levels indicating that VAMP3 was successfully 

knocked down. 

Keratinocytes (NHEK) were treated with nontargeted (NT) and (VAMP3-targeted) V3T lentiviral 

particles. A, Western blot analysis of VAMP3 expression in NT and V3T lysate. Syntaxin16 is also 

shown (internal control). B, Comparison of VAMP3 expression as a percentage of NT level. Plots 

indicate median (Q1 – Q3) of 2 independent knockdown events, with bars outlining min and max 

values. 

NT and V3T keratinocytes were loaded with a cell-permeant fluorescent calcium indicator (Fluo-4 

AM) and calcium dynamics were recorded using confocal imaging. The experimental setup was 

identical to Section 4.2.2 (Figure 4.20). Following a baseline recording, keratinocytes were 

stimulated with a TRPV3 agonist, drofenine (500 µM) (D500), and cellular responses were 

monitored for 1000 s.   

Figure 4.19. VAMP3-targeted shRNA successfully reduced VAMP3 expression. 
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Live nontargeted (NT) and VAMP3-targeted (V3T) keratinocytes (NHEK) were stimulated with 

basal medium + drofenine (500 µM, D500) at 100 seconds (s) [arrow]; calcium fluctuations were 

recorded [1000 s total]. 

We first examined whether VAMP3 knockdown would affect the overall proportion of D500-

sensitive vs. -insensitive keratinocytes. D500-insensitive cells are defined as those which fail to reach 

FΔ/F0 ≥0.3 following stimulation. Addition of D500 was associated with elevated fluorescence in 

both NT and V3T populations. However, VAMP3 knockdown significantly altered the sensitivity of 

keratinocytes to D500 (Fisher’s exact, P <.0001) (Figure 4.21). In NT cultures, less than 1% of cells 

were D500-insensitive; this figure increased to almost 20% in V3T cultures (0.76% vs. 18.49%). 

Thus, VAMP3 knockdown reduced the number of functional TRPV3+ keratinocytes. These data 

indicate that VAMP3 is essential for normal TRPV3 trafficking and plasma membrane insertion. 

Graph depicts percentage of keratinocytes (NHEK) that responded or failed to respond to drofenine 

(500 µm, D500) in nontargeted (NT) and VAMP3-targeted (V3T) cultures. Plots indicate mean 

values. Data represent ≥4 independent stimulations per group (n =162 [NT] or 424 [V3T] 

keratinocytes; 2 independent knockdown events). P-values calculated using Fisher's exact test. 

Live Ca2+ Imaging

Drofenine (500 M)
D500

0 100 1000
Time [s]

Figure 4.20. Schematic showing timing of TRPV3 agonist stimulation in keratinocytes treated 

with control nontargeted or VAMP3-targeted lentiviral particles. 

Figure 4.21. Knockdown of VAMP3 increases proportion of TRPV3 agonist insensitive cells. 
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Drofenine-evoked calcium dynamics were then evaluated with respect to the population average; 

time course fluorescence data was plotted as the average change in fluorescence at each time point. 

These graphs revealed a surprising difference. The amplitude of the characteristic rapid peak was 

notably reduced in NT controls (black), with the average trace being almost 40% lower than that of 

the V3T group (grey) (Figure 4.22A). NT controls also displayed a striking overshoot of calcium 

normalisation; this feature was not evident in previous data. These strange results were echoed in the 

analyses of cellular activation (area under the curve [AUC]) and peak calcium responses (peak 

amplitude [FΔ/F0max] and peak latency [Timemax]). Both AUC and peak amplitude were significantly 

higher in V3T samples, relative to NT controls (Mann-Whitney, P <.0001 for both) (Figure 4.22B 

and Figure 4.22C), indicating that the amplitude of the calcium response was altered. Median peak 

latency was also higher in V3T samples, relative to NT controls (Mann-Whitney, P =.0431) (Figure 

4.22D), indicating that the speed of the response was altered. These data suggested that the NT 

particles may have impaired the calcium response. 

A, Graph depicts average change in fluorescence (FΔ/F0) over time following addition of drofenine 

500 µM (D500) in nontargeted (NT) controls (black) and VAMP3-targeted (V3T) (grey) populations. 

B–D, Comparison of calcium peak parameters in NT and V3T populations: area under the curve 

(AUC, arbitrary units [a.u.]) (B); peak amplitude (FΔ/F0max, a.u.) (C); and peak latency (Timemax, s) 

Figure 4.22. Knockdown of VAMP3 altered the TRPV3 agonist-induced calcium response. 

A
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(D). Boxplots indicate median (Q1 – Q3), with bars outlining min and max values. Data represent ≥4 

independent stimulations per group (n =162 [NT] or 424 [V3T] keratinocytes; 2 independent 

knockdown events). P-values calculated using Mann-Whitney test: * P ≤ .05; *** P ≤ .001. 

This work followed the experimental setup and imaging settings described in section 4.2.2. 

Experiments were carried out using the same donor batch of keratinocytes. Thus, data from this 

previous section represents a comparable normal control response. Here, we compared NT and V3T 

results to these normal data. Visual comparison of the population average transients (FΔ/F0) revealed 

clear differences: V3T samples (black) showed a striking reduction in their average transient relative 

to the normal control (red) (Figure 4.23A). Single-cell analyses of cellular activation and peak 

calcium responses also showed significant differences relative to normal controls. AUC, peak 

amplitude, and peak latency were altered in NT cells relative to normal (Kruskal-Wallis, P <.0001 

for all measures) (Figure 4.23B, Figure 4.23C, and Figure 4.23D). Comparisons also suggest that 

VAMP3 knockdown may alter D500-evoked calcium responses: all measures were significantly 

different in V3T cells relative to normal controls (Kruskal-Wallis, P <.0001). We also compared the 

D500 response profile of each group: normal control (Figure 4.23E); NT control (Figure 4.23F); 

and V3T (Figure 4.23G). NT controls displayed rapid, low amplitude calcium peaks. In contrast 

with normal controls, calcium peaks in V3T populations were highly varied suggesting that 

knockdown of VAMP3 dysregulates the phasic nature of the TRPV3 response. These comparisons 

illustrate the shift in the NT control response, while also outlining a possible V3T-induced effect. 

Thus, the temporal features of TRPV3 activation are likely dependent on VAMP3 expression. 
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Figure 4.23. Comparison of TRPV3 agonist-induced calcium responses in normal and 

lentiviral-treated keratinocytes. 
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A, Graph depicts average change in fluorescence (FΔ/F0) over time following addition of drofenine 

500 µM (D500) in normal controls (red), nontargeted (NT) controls (grey), and VAMP3-targeted 

(V3T) (black). B—D, Comparison of D500-evoked calcium response parameters in normal controls 

(–), NT controls, and V3T: area under the curve (AUC, arbitrary units [a.u.]) (B); peak amplitude 

(FΔ/F0max, a.u.) (C); and peak latency (Timemax, s) (D). E—G, Response profiles showing all 

recorded cells, where peak latency represents Timemax (s) and peak amplitude represents FΔ/F0max 

(arbitrary units [a.u.]): normal control (E); NT control (F); and V3T (G) populations. Boxplots 

indicate median (Q1 – Q3), with bars outlining min and max values. Data represent ≥4 independent 

stimulations per group (n =162 [NT] or 424 [V3T] keratinocytes; 2 independent knockdown events). 

Normal control data from a previous section was used for comparison (n =205 keratinocytes). P-

values calculated using Kruskal-Wallis test (vs. normal control [–]): *** P ≤ .001. 

Together, these findings highlight the importance of VAMP3 expression, while also illustrating the 

deleterious effect of NT particles on normal calcium flux. VAMP3 knockdown reduced the 

proportion of D500-sensitive cells and dysregulated the phasic response. We propose that basal 

TRPV3 trafficking, and membrane insertion is, in part, mediated by VAMP3-dependent exocytosis; 

however, this hypothesis requires further investigation. 

  



 

167 
 

4.2.5. TRPV3 undergoes activation-induced trafficking 

Both in vitro and in vivo, TRPV3 activation is associated with 2 broad phases of activation, with the 

later phase peaking at approximately 15 minutes. This secondary activation is highly consistent and 

is dependent on receptor cycling. Our data indicates that this later activation is an important feature 

of the TRPV3 response, perhaps mediated by trafficking of latent TRPV3 channels to the plasma 

membrane. Here, we used a highly specific antibody targeting the extracellular region of the TRPV3 

channel to examine the impact of drofenine stimulation (15 minutes [min]) on surface TRPV3 

expression. 

Normal human epidermal keratinocytes (NHEK) were stimulated with basal medium ± drofenine 

(500 µM; 15 min, 5% CO2, 37°C). The ecto-TRPV3 channel antibody was added to this stimulation 

buffer (ACC-033; 85 µg/ml, 15 min). Following stimulation, keratinocytes were probed with 

secondary antibody, fixed, and mounted. Samples were imaged using confocal microscopy, images 

were processed and measured using Image J software, and data were analysed using GraphPad Prism. 

TRPV3 membrane expression was detected in a subpopulation of untreated control keratinocytes 

(Figure 4.24). This TRPV3 signal was not restricted to the cell surface suggesting that bound TRPV3 

channels may have been internalised prior to fixation. TRPV3-positive (TRPV3+) cells were larger 

in size relative to the TRPV3-negative (TRPV3-) group; however, basal TRPV3 membrane 

expression was largely independent of cell shape (Table 4.4). 

Immunostaining of keratinocytes (NHEK) indicating expression of surface TRPV3 (green) and 

brightfield signals. Scale bars =50 µm. 

  

Figure 4.24. Surface TRPV3 proteins were detected in cultured epidermal keratinocytes. 
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Note: Data expressed as median (Q1 – Q3). Square brackets indicate the proportion of cells per group. 

Abbreviations: a.u., arbitrary unit; µm, micrometre; TRPV3+, TRPV3-positive; and TRPV3-, 

TRPV3-negative. 

We then examined the effect of drofenine (500 µM) stimulation [15 min] on TRPV3 trafficking. Raw 

image data suggest that drofenine application may strengthen the fluorescence signal, indicating a 

higher level of TRPV3 membrane expression (Figure 4.25A). Again, this signal was not restricted 

to the cell surface. 

Membrane TRPV3 expression is represented by the number of intracellular fluorescent particles per 

1500 µm2. After just 15 min, drofenine significantly increased membrane TRPV3 expression (Mann-

Whitney, P <.0001) (Figure 4.25B). Drofenine-stimulated cells contained about 10.52 intracellular 

fluorescent particles per 1500 µm2, while the median basal cell contained just 0.87. This increased 

fluorescent signal suggests that drofenine promotes TRPV3 trafficking. The notable intracellular 

signal suggests that activated TRPV3 may be internalised. Whether this internalisation leads to 

further signalling or TRPV3 degradation remains unexplored. 

TRPV3+ cells were defined as those that express ≥5 intracellular fluorescent particles per 1500 µm2. 

Drofenine significantly increased the percentage of TRPV3+ cells (Fisher's exact, P =.0001) (Figure 

4.25C). These drofenine-stimulated TRPV3+ cells also displayed significantly higher levels of 

membrane TRPV3 expression, relative to basal TRPV3+ cells (Mann-Whitney, P <.0001) (Figure 

4.25D). These data suggest the TRPV3 agonist increases the proportion and sensitivity of TRPV3+ 

cells. Again, this suggests that TRPV3 may undergo activation-induced membrane insertion and 

trafficking. However, whether this functional upregulation is mediated by intracellular or 

intercellular signalling remains unknown. 

 

Table 4.4. Basic cellular parameters: TRPV3-positive vs. TRPV3-negative keratinocytes. 
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A, Immunostaining of drofenine-treated keratinocytes (NHEK) indicating expression of surface 

TRPV3 (green) and brightfield signals. Scale bars =50 µm. B—D, Comparison of control and 

drofenine-treated populations: surface TRPV3 expression in all imaged cells (B); proportion of 

TRPV3+ cells (C); and surface TRPV3 expression in TRPV3+ cells (D). Boxplots indicate median 

(Q1 – Q3), with bars outlining min and max values. Data represent 3 independent stimulations (≥34 

images per group, ≥357 keratinocytes per group). P-values calculated using Mann-Whitney (B and 

D) and Fisher's exact (C) tests: *** P ≤ .001. 

Figure 4.25. TRPV3 channels undergo activation induced trafficking. 
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These data confirm TRPV3 membrane expression in human keratinocytes and highlight the role of 

trafficking in the phasic TRPV3 calcium response. As TRPV3-evoked scratching shows a similar 

phasic pattern (Cui et al., 2018), these finding may also be important for TRPV3-linked itch. 

In a previous section (Table 4.2), median cell area values were calculated at about 900 µm2. Here, 

median cell are values notably higher. This discrepancy is likely explained by differences in the 

culture conditions. In the earlier example, keratinocytes were cultured and maintained for calcium 

imaging. To allow population responses, cells were grown to about 70% confluency before imaging. 

Here, cells were grown at a much lower density (about 40%). This is a common practice in 

immunocytochemistry as it gives a better view of each cell. In the skin and in culture, keratinocytes 

will extend their processes and attempt to connect with a nearby cell. This means that cells grown at 

a lower density will spread out and take up a larger area. This effect likely explains the discrepancies 

in cell size. Here, membrane TRPV3 expression was represented by the number of intracellular 

fluorescent particles per 1500 µm2. This minimises cell size-related variation and permits cross-

experiment comparisons. 

Based on the findings herein, we propose that TRPV3+ cells and cluster 1 responders may represent 

the same population within the NHEK model. About 34% of unstimulated keratinocytes were 

deemed TRPV3+; while 43% of cells showed a fast calcium peak (Figure 4.18B). Although there is 

about 9% in the difference, this could be explained by low sensitivity of the TRPV3 

immunocytochemistry method. 

Together, these data strengthen the hypothesis that surface TRPV3 expression underpins rapid D500-

evoked fluctuations. Our data suggests that activation of TRPV3 promotes channel trafficking, 

increasing the proportion of TRPV3+ cells and enhancing TRPV3 membrane expression. Although 

other mechanisms may play a role, these data suggest that trafficking may be an important factor in 

the later stages of the TRPV3 calcium response. Thus, blocking receptor cycling could interrupt the 

phasic TRPV3 calcium response and the delayed component of TRPV3-associated itch. 
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4.3. Discussion 

4.3.1. Summary 

This work confirmed the functional expression of TRPA1, TRPV1, and TRPV3 in human epidermal 

keratinocytes. We identified functional subgroups within the keratinocyte population: TRPA1+ and 

TRPV1+ cells likely represent small, non-overlapping subsets within the larger TRPV3+ population. 

Pharmacological activation of TRPV3 was characterised by a biphasic or even multiphasic calcium 

response in populations of human epidermal keratinocytes. These temporal dynamics were 

dependent on receptor cycling, with drofenine promoting membrane insertion and trafficking of the 

TRPV3 channel (Figure 4.26). VAMP3 may also play a role in basal TRPV3 trafficking and 

membrane insertion, though results are inconclusive at present. Together, these findings solidify 

previous signalling results and add to our understanding of TRP activity in human epidermal 

keratinocytes. 

  



 

172 
 

Diagram highlights the events that may occur following TRPV3 agonist application: rapid calcium 

influx (marked a); repeated activation caused by direct channel sensitisation (marked b); channel 

trafficking and membrane insertion (marked c). Receptor cycling may also modulate TRPV3 activity. 

These events may explain the different stages of the TRPV3-linked calcium response. 

  

Figure 4.26. Graphical summary showing putative pathways underpinning the phasic TRPV3 

calcium response. 
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4.3.2. Are TRPV1 and TRPA1 functional in human keratinocytes? 

TRPA1 and TRPV1 are well studied in neuronal cells. However, our understanding of their function 

in keratinocytes is incomplete. TRPA1 and TRPV1 proteins have been detected in human 

keratinocytes and skin biopsies (Atoyan et al., 2009; Denda et al., 2001). While reports suggest that 

both channels are functional in epidermal keratinocytes, conclusive results are lacking. Herein, less 

than 4% of keratinocytes were responsive to capsaicin (1 µM) (77 of 2047 cells). A comparable 

published study –using the same cell model (NHEK) and agonist concentration – claimed that 

approximately 12% of cells were responsive to capsaicin (83 of 690 cells) (Inoue et al., 2002). 

Another study found that capsaicin (1 µM) was unable to significantly increase intracellular calcium 

in HaCaT keratinocytes, despite the higher relative level of TRPV1 transcripts in HaCaTs vs. NHEK 

(Bodó et al., 2005). While a separate group found that capsaicin (1 µM) could significantly increase 

intracellular calcium in HaCaT keratinocytes (Southall et al., 2003). These discrepancies may be 

linked to the relatively low expression of these channels in primary keratinocytes. These 

contradictory findings may also be explained by the nature of these channels: TRPV1 and TRPA1 

channels function as heat-sensitive polymodal sensors, integrating a variety of environmental and 

inflammatory signals. Increasing ambient temperature from 22°C to 37°C enhances capsaicin-

evoked calcium flux in TRPV1-expressing HEK293 cells (Sprague et al., 2001). However, whether 

changes in ambient temperature, or a variety of other sensitising factors, could produce these 

contradictory results remains unclear but plausible. Together, these data suggest that TRPA1 and 

TRPV1 channels are functional in human epidermal keratinocytes; however, this finding requires 

further examination. 

  



 

174 
 

4.3.3. Properties of the TRPV3 channel 

Drofenine evoked a phasic calcium response in primary epidermal keratinocytes. Work by our 

collaborators showed that this calcium flux was mediated by TRPV3: siRNA-mediated TRPV3 

knockdown reduced drofenine-evoked fluctuations (Larkin et al., 2021). At the cellular level, most 

drofenine-responsive keratinocytes displayed a single calcium peak (64% of cells), with a smaller 

subgroup displaying 2 distinct peaks (35%). These figures are in line with published 

electrophysiological analyses of the TRPV3 channel in TRPV3-overexpressing keratinocytes 

(Chung et al., 2005). These authors described 2 phases within the cellular calcium response; the 

secondary phase was characterised by elevated current amplitudes and distinct kinetic features. Here, 

we focused on the population dynamics; our data revealed distinct temporal subgroups within the 

TRPV3 response, with cells showing rapid or delayed calcium peaks. These findings represent the 

first evidence of functional subgroups within the TRPV3-responsive keratinocyte population. This 

phasic pattern is echoed in a mouse model of acute TRPV3-induced scratching (Cui et al., 2018) 

suggesting that this basic finding may have in vivo implications. The characteristic temporal pattern 

is likely mediated by a number of distinct mechanisms including: 1) repeated activation or 

sensitisation of surface channels; 2) trafficking and insertion of latent channels to the plasma 

membrane; 3) activation of channels located on intracellular calcium stores. Published reports have 

highlighted the sensitising effect of intracellular calcium and protons on TRPV3 activity (Haiyuan 

Wang et al., 2021; Xiao, Tang, et al., 2008; Phelps et al., 2010; Chung et al., 2004). Other reports 

suggest that repeated activation is caused by intrinsic calcium-independent gating and structural 

modification of the native channel (Beiying Liu et al., 2011). Here, agonist-mediated activation 

enhanced the surface expression of the TRPV3 channel. The timing of this effect overlapped with 

the later phases of the calcium response suggesting that this phasic pattern is, in part, mediated by 

TRPV3 trafficking. Lastly, TRPV3 channels are localised to the endoplasmic reticulum (ER) in 

embryonic stem cells and pulmonary epithelial cells (Lo et al., 2016; Nguyen et al., 2020). Although 

data from TRPV3-expressing HEK293 cells suggests that TRPV3-mediated flux is dependent on 

extracellular calcium (Chung et al., 2004), depletion of ER calcium reduces drofenine-evoked 

calcium flux in primary epithelia (Nguyen et al., 2020). At present, the role of intracellular TRPV3 

channels in epidermal keratinocytes remains poorly defined. Each of these mechanisms likely play a 

role in phasic TRPV3 activity; however, the importance of these processes in the context of TRPV3-

evoked itch remains unexplored. 
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4.3.4. Clustering analyses: a method for detecting subtle changes in 

calcium channel activity 

In addition to the important basic findings described above, this work validated a largely 

underutilised approach for examination of calcium responses in large populations of cultured cells. 

This method allowed for unbiased classification and comparison of calcium dynamics. A similar 

framework has been used to examine neuronal activation and G protein-coupled receptor signalling 

(Gupta et al., 2017; Wei et al., 2020; Mölter et al., 2018). This method offers many advantages over 

the traditional population average approach, particularly regarding spatial and temporal resolution. 

Moreover, this multicell imaging provides sufficient data for both comparative population average 

and single-cell response analyses. The framework described herein accepts that variation is intrinsic 

to biological responses and works to utilise this heterogeneity– using feature extraction, semi-

automated clustering, and subpopulation profiling to generate representative calcium signatures. This 

method can be employed for any fluorescent time course data and represents a flexible and powerful 

approach for interrogation of population calcium dynamics. Thus, we believe this approach to be a 

robust and superior alternative to the commonly utilised population average analyses, particularly 

when examining heterogeneous populations or responses. 

TRPV3 functions as a calcium-permeable cation channel. When expressed on the plasma membrane, 

TRPV3 enables cation influx resulting in rapid spikes in intracellular calcium(Zubcevic et al., 2018; 

Peier et al., 2002; Xu et al., 2002). Previous data showed that TRPV3 calcium responses are phasic, 

with a proportion of cells showing this rapid spike. Herein, we hypothesised that the rapid phase is 

specifically by mediated by surface TRPV3 proteins: only cells showing high levels of surface 

TRPV3 would peak during this phase. The data outlined herein support this hypothesis. On average, 

43% of control keratinocytes peaked during the cluster 1 rapid phase. These proportions are 

comparable drofenine EC50 data (Deering-Rice et al., 2014). On average, between 34% and 41% of 

control keratinocytes expressed detectable levels of surface TRPV3. Similarly, BNP specifically 

affected the rapid phase of the TRPV3 response. BNP also enhanced acute trafficking of the TRPV3 

receptor. Preliminary findings suggest that BNP does not affect the overall expression of TRPV3 

(data not included). Together, these data demonstrate the link between rapid responders and surface 

TRPV3 expression. 
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4.3.5. Conclusion 

Together, these analyses highlight the dynamics of TRPV3-associated calcium responses in human 

epidermal keratinocytes. These temporal features were dependent on receptor cycling and may be 

facilitated by VAMP3-dependent membrane insertion. Further investigations are required to 

investigate the importance of these findings in the context of TRPV3-evoked itch. 
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5. Assessing the 

Impact of BNP on 

TRPV3 Sensitivity, 

Signalling, and 

Trafficking 

  



 

178 
 

5.1. Overview 

Overactivation and overexpression of TRPV3 has been linked to both dermatitis and itch. Olmsted 

syndrome, a highly pruritic genodermatosis, is caused by a mutation in the TRPV3 channel leading 

to TRPV3 overactivation (Lin et al., 2012). Keratinocytes isolated from pruritic burns scars or atopic 

dermatitis lesions show elevated sensitivity to heat and chemical TRPV3 agonists (Vasas et al., 2022; 

Seo et al., 2020; Park et al., 2017). Reports have suggested that PAR2 may be involved (Zhao et al., 

2020; Park et al., 2017); however, our understanding of the underlying mechanisms remains 

incomplete. Previously, Dr. Meng found that IL-31 evoked BNP release from sensory neurons, while 

BNP elevated TRPV3 transcription in human epidermal keratinocytes (Larkin et al., 2021). We 

hypothesis that, in inflammatory skin lesions, BNP may amplify TRPV3 activation and signalling, 

promoting a pruritic environment, and driving the chronic itch-scratch cycle. Thus, we examine the 

impact of BNP on TRPV3 sensitivity, signalling, and trafficking human epidermal keratinocytes. 

This work was carried out using normal human epidermal keratinocytes (NHEK), a culture model 

for the human epidermis. Experiments utilised a variety of methods including cytokine array, live 

calcium imaging, and immunocytochemistry. First, we confirm NPRA and NPRB expression in our 

culture model. We then show that BNP can enhance epidermal TRPV3 activity, amplifying normal 

calcium responses and driving GSK3- and JNK-dependent TRPV3 trafficking human keratinocytes. 

At present, the exact BNP receptor facilitating these effects remains unknown. This work further 

delineated the link between IL-31/BNP and TRPV3, a novel itch-linked neuro-epidermal pathway.  
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5.2. Results 

5.2.1. Keratinocytes in our NHEK model express receptors for BNP: 

NPRA and NPRB 

Natriuretic Peptide Receptor A (NPRA) and Natriuretic Peptide Receptor B (NPRB) are expressed 

in the epidermis of healthy human skin (Meng et al., 2018). Here, we aimed to confirm the expression 

of these BNP receptors in our NHEK culture model of human epidermis.  

NHEK were labelled with antibodies targeting NPRA or NPRB (see Table 2.3 for details). NPRA 

was primarily detected in the cytosolic region (Figure 5.1A; magenta). NPRB was localised to the 

outer regions of each cell – a membrane-like staining pattern (Figure 5.1A; green). NPRB signal 

was also consistently detected in the perinuclear region. Comparable fluorescence was not detected 

in the negative control staining (Figure 5.1B), indicating that the visible signal represents NPRA and 

NPRB proteins. 

These data are supported by the literature and indicate that NHEK represent a useful culture model 

for investigating the BNP/TRPV3 pathway in the human epidermis. 

Keratinocytes (NHEK) were probed with solution ± primary antibodies and imaged with confocal 

microscopy. A – B, Immunostaining showing expression of NPRA (magenta) and NPRB (green) (A) 

vs. secondary only imaging control (B). Original magnification 63x. Scale bars =50 µm. 

Abbreviations: NPRA, Natriuretic Peptide Receptor A; and NPRB, Natriuretic Peptide Receptor B.  

Figure 5.1. Keratinocytes in our NHEK model express receptors for BNP: NPRA and NPRB. 
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5.2.2. BNP sensitises TRPV3-mediated calcium fluctuations 

Mounting evidence suggests a role for BNP in the progression and potentiation of dermatitis (Meng 

et al., 2020). However, our understanding of the effect of BNP on keratinocytes and other cutaneous 

cells is incomplete. Here, we examine whether BNP pre-treatment enhances the activity of TRPV3 

calcium channels in an NHEK culture model of human epidermis. 

NHEK were pre-treated with basal medium ± BNP (1 µM; 4 h). Pre-treated keratinocytes were 

loaded with a cell-permeant fluorescent calcium indicator (Fluo-4 AM) and fluorescence was 

monitored using confocal imaging. Following a baseline recording (100 s), all keratinocytes were 

stimulated with TRPV3 agonist solution (basal medium + drofenine) (1000 seconds [s] total) (Figure 

5.2). Control keratinocytes were stimulated with either drofenine 250 µM (D250) or drofenine 500 

µM (D500); BNP pre-treated keratinocytes received just the lower concentration of drofenine 

(D250): the only difference between the 2 D250 groups was the pre-treatment (control vs. BNP). 

Live keratinocytes (NHEK) were pre-treated with medium ± BNP (1 µM, 4h; control vs. BNP) and 

stimulated with TRPV3 agonist solutions; calcium fluctuations were recorded. Stimulations were 

added at 100 seconds (s): drofenine 250 µM solution (D250) or drofenine 500 µM solution (D500). 

In all groups, addition of drofenine solution was associated with enhanced fluorescent signal: control 

D250 (Figure 5.3A); BNP D250 (Figure 5.3B); and control D500 (Figure 5.3C). Raw fluorescent 

data were normalised to change in fluorescence (F∆/F0) over time (Figure 5.3D). Both images and 

traces confirm that drofenine solution increases intracellular calcium in keratinocytes, while also 

highlighting the effect of BNP and the variation within the response. 

Figure 5.2. Schematic showing timing of BNP pre-treatment, TRPV3 agonist stimulation, and 

calcium recording. 



 

181 
 

Keratinocytes (NHEK) were pre-treated with medium ± BNP (1 µM, 4h; control vs. BNP) and 

stimulated with drofenine 250 µM (D250) or drofenine 500 µM (D500). A – C, Representative 

images showing fluorescence at each named timepoint following drofenine stimulation: control D250 

(A); BNP D250 (B); control D500 (C). White indicates highest signal. Scale bars =50 µm.                          

Figure 5.3. Raw fluorescence data and single-cell traces showing effect of BNP pre-treatment 

on TRPV3 agonist-induced calcium response. 
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D, Representative single-cell traces from each experimental group showing change in fluorescence 

(FΔ/F0) over time following addition of drofenine stimulation. Each x-axis represents 1000 seconds. 

Drofenine-evoked calcium dynamics were first evaluated with respect to the population average; 

time course fluorescence data was plotted as the average change in fluorescence at each time point. 

In control keratinocytes, application of D500 was associated with 2 clear peaks in the average 

transient (Figure 5.4A). The first average peak occurred at 125 seconds (s), just 25 s post-stimulation, 

and reached almost 400% above baseline (mean F∆/F0 =3.797, SEM =.192). The second peak 

occurred at 630 s – almost 9 minutes after D500 stimulation – and averaged at more than 200% above 

baseline fluorescence (mean F∆/F0 =2.371, SEM =.106). Application of D250, the lower 

concentration of drofenine, promoted a rapid peak in both control (Figure 5.4B) and BNP (Figure 

5.4C) keratinocytes; however, the amplitude of this average peak showed clear differences. In control 

samples, the average peak reached 100% above baseline (mean F∆/F0 =1.130, SEM =.073). In BNP 

samples, the average peak reached more than 300% above baseline (mean F∆/F0 =3.210, SEM 

=.108). In both groups, D250 failed to evoke the later peak noted in the D500 stimulation (at 630 s), 

indicating that this later peak is specific to the higher concentration of drofenine (D500) and is not 

enhanced by BNP pre-treatment. These population average analyses demonstrate the concentration 

dependency of drofenine-evoked flux and highlight the impact of BNP on the rapid phase of TRPV3 

activity in human keratinocytes. 

Keratinocytes (NHEK) were pre-treated with medium ± BNP (1 µM, 4h; control vs. BNP) and 

stimulated with drofenine 250 µM (D250) or drofenine 500 µM (D500). A – C, Graphs depict 

average change in fluorescence (FΔ/F0) over 1000 seconds (s) following addition of drofenine 

stimulation: control D250 (A); BNP D250 (B); control D500 (C). Data represent ≥3 independent 

stimulations (n ≥828 keratinocytes per group). 
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Figure 5.4. BNP pre-treatment enhances average TRPV3 agonist-induced calcium response. 
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Single-cell focused analyses were then undertaken; we examined the impact of BNP on overall 

calcium responses and peak calcium fluctuations in each drofenine-stimulated keratinocyte. 

Area under the curve (AUC) indicates the overall calcium response, with values incorporating both 

the duration and magnitude of cellular activation. Median AUC values from each group were 

significantly different (Kruskal-Wallis, P <.0001) (Figure 5.5). In control keratinocytes, levels of 

drofenine-evoked flux were concentration dependent. Median AUC were about 25% lower in the 

D250 group vs. the D500 group (466.6 vs. 621.3 arbitrary units [a.u.]). This difference was significant 

(P <.0001). Comparing the 2 D250 groups revealed the impact of BNP pre-treatment on overall 

drofenine-evoked flux. Here, BNP enhanced D250 AUC values relative to control D250 values 

(521.0 vs. 466.5 a.u.); however, this trend failed to reach significance (P =.0898). 

Keratinocytes (NHEK) were pre-treated with medium ± BNP (1 µM, 4h) and stimulated with 

drofenine 250 µM (D250) or drofenine 500 µM (D500). Graph compares area under the curve (AUC, 

arbitrary units [a.u.]) of each stimulated keratinocyte following addition of drofenine solution. Data 

represent ≥3 independent stimulations (n ≥828 keratinocytes per group). Boxplots indicate median 

(Q1 – Q3), with bars outlining min and max values. P-values calculated using Kruskal-Wallis test: ns 

P >.05; *** P ≤ .001. 

Peak calcium responses are represented by peak amplitude (F∆/F0max) and peak latency (Timemax). 

Median peak amplitude values from each group were significantly different (Kruskal-Wallis, P 

<.0001) (Figure 5.6). In control keratinocytes, the amplitude of drofenine-evoked calcium peaks was 

concentration dependent. While the control D250 group peaked at 600% above baseline (median 

F∆/F0max =6.089 arbitrary units [a.u.]), the D500 group reached about 800% (8.098 a.u.). This 

difference was significant (P <.0001). Comparing the 2 D250 groups revealed the impact of BNP 

pre-treatment on peak amplitude. Here, peak amplitude values were statistically comparable in both 

D250 groups (P =.1531) suggesting that BNP may be unable to directly sensitise the TRPV3 channel 

protein.  
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Figure 5.5. BNP pre-treatment increases AUC of TRPV3 agonist-induced calcium response. 
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Keratinocytes (NHEK) were pre-treated with medium ± BNP (1 µM, 4h) and stimulated with 

drofenine 250 µM (D250) or drofenine 500 µM (D500). Graph compares peak amplitude (F∆/F0max, 

arbitrary units [a.u.]) in each stimulated keratinocyte following addition of drofenine solution. Data 

represent ≥3 independent stimulations (n ≥828 keratinocytes per group). Boxplots indicate median 

(Q1 – Q3), with bars outlining min and max values. P-values calculated using Kruskal-Wallis test: ns 

P >.05; *** P ≤ .001. 

Peak latency (Timemax) indicates the time required for a cell to reach its maximum calcium flux. 

Median peak latencies values from each group were significantly different (Kruskal-Wallis test, P 

<.0001) (Figure 5.7). In control keratinocytes, the latency of drofenine-evoked calcium peaks was 

concentration dependent, with D500 eliciting a faster calcium response – almost 200 seconds quicker 

than the median D250 value (median Timemax =585 vs. 765 seconds). This difference was significant 

(P <.0001). Comparing the 2 D250 groups revealed the impact of BNP pre-treatment on peak latency. 

Here, BNP accelerated the D250 response, with the BNP group reaching peak calcium just 70 

seconds post-stimulation (median Timemax =170 s). In fact, BNP group were significantly quicker 

than both the control D250 and D500 groups (P <.0001). This striking result may be explained by 

sensitisation or enhanced trafficking of the TRPV3 channel to the plasma membrane but requires 

further investigation. 

Figure 5.6. BNP pre-treatment fails to increase amplitude of TRPV3-linked calcium peaks. 
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Keratinocytes (NHEK) were pre-treated with medium ± BNP (1 µM, 4h) and stimulated with 

drofenine 250 µM (D250) or drofenine 500 µM (D500). Graph compares peak latency (Timemax, 

seconds [s]) in each stimulated keratinocyte following addition of drofenine solution. Data represent 

≥3 independent stimulations (n ≥828 keratinocytes per group). Boxplots indicate median (Q1 – Q3), 

with bars outlining min and max values. P-values calculated using Kruskal-Wallis test: ns P >.05; 

*** P ≤ .001. 

Although average population traces suggested a clear link between BNP and TRPV3 activity, within 

group variation reduced the statistical power of traditional analyses. As discussed previously, this 

cell-to-cell variation may be a feature of the TRPV3 calcium response in epidermal keratinocytes: 

the true impact of BNP on TRPV3 activity may be better illustrated by single-cell analyses. Thus, 

response profiles were generated for each group (peak latency vs. peak amplitude): control D250 

(Figure 5.8A); BNP D250 (Figure 5.8B); and control D500 (Figure 5.8C). These plots suggest 

functional clusters within drofenine-response, with rapid responders found on the left side of the x-

axis. 
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Figure 5.7. BNP pre-treatment accelerates TRPV3-linked calcium peaks. 
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Keratinocytes (NHEK) were pre-treated with medium ± BNP (1 µM, 4h) and stimulated with 

drofenine 250 µM (D250) or drofenine 500 µM (D500). A – C, Graphs depict response profiles: 

peak latency (Timemax, seconds [s]) vs. peak amplitude (F∆/F0max, arbitrary units [a.u.]) following 

addition of drofenine stimulation: control D250 (A); BNP D250 (B); control D500 (C). Each dot 

represents a single cell. Data represent ≥3 independent stimulations (n ≥828 keratinocytes per group). 

Response profiles were imported to RStudio and examined for clusters, following the analysis 

framework developed and tested in Chapter 4. The gap statistic testing method was used to determine 

the optimum number of clusters (k) in each profile. In the control D250 group, the optimum k was 

estimated to be four (Figure 5.9A). In the BNP D250 group, the optimum k was estimated to be three 

(Figure 5.9B). In the control D500 group, the optimum k was estimated to be three (Figure 5.9C). 

These estimates suggest that the D250 response profile is altered following BNP pre-treatment. 
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Figure 5.8. BNP pre-treatment alters TRPV3-linked response profiles. 
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Keratinocytes (NHEK) were pre-treated with medium ± BNP (1 µM, 4h) and stimulated with 

drofenine 250 µM (D250) or drofenine 500 µM (D500). Response profiles were examined using the 

Gap Statistic analysis. A – C, Graphs depict gap curve of response profile: control D250 (A); BNP 

D250 (B); control D500 (C). Dotted line indicates optimum k. Data represent ≥3 independent 

stimulations (n ≥828 keratinocytes per group). 

To allow for comparison, all 3 response profiles were partitioned using k-means clustering, where k 

=3: control D250 (Figure 5.10A); BNP D250 (Figure 5.10B); and control D500 (Figure 5.10C). 

Partitioning is shown on each plot, with responders colour-coded by cluster. Although response 

profiles for each treatment group were clustered independently, the range of peak latency values in 

each cluster were comparable across treatment groups (Table 5.1). As before, this suggests that peak 

latency values underpin the automated partitioning of these data. 

  

Figure 5.9. Optimum number of clusters (k) within each TRPV3-linked response profile. 
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Keratinocytes (NHEK) were pre-treated with medium ± BNP (1 µM, 4h) and stimulated with 

drofenine 250 µM (D250) or drofenine 500 µM (D500). Response profiles were clustered using k-

means clustering (k =3). A – C, Graphs depict response profiles: peak latency (Timemax, seconds [s]) 

vs. peak amplitude (F∆/F0max, arbitrary units [a.u.]) following drofenine stimulation: control D250 

(A); BNP D250 (B); control D500 (C). Each dot represents a single cell. Cells are coloured by cluster: 

blue (cluster 1); green (cluster 2); and orange (cluster 3). Data represent ≥3 independent stimulations 

(n ≥828 keratinocytes per group). 

Note: Data represent the min and max time values for each cluster in seconds. Abbreviations: D250, 

drofenine (250 µM); D500, drofenine (500 µM). 

Figure 5.10. Clustering of TRPV3-linked response profiles using k-means clustering. 

Table 5.1. Range of peak latency values included in each cluster. 
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In AUC and peak amplitude analyses, BNP was unable to significantly alter the magnitude of the 

D250 response. We postulated that BNP may specifically impact the rapid phase. Here, cells peaking 

during the rapid phase (i.e. low peak latency values) were partitioned to cluster 1. Thus, we compared 

the peak amplitude values of cluster one cells from each of the groups (Figure 5.11). Again, the 

median values from each group were significantly different (Kruskal-Wallis test, P <.0001), with the 

amplitude of the rapid response being concentration dependent (P <.0001). Here, BNP significantly 

increased the amplitude of the D250-evoked response in cluster 1 cells (P =.0262) suggesting that 

BNP specifically enhances the rapid phase of TRPV3-mediated calcium influx. 

Keratinocytes (NHEK) were pre-treated with medium ± BNP (1 µM, 4h) and stimulated with 

drofenine 250 µM (D250) or drofenine 500 µM (D500). Graph compares cluster 1 cells showing 

peak amplitude (F∆/F0max, arbitrary units [a.u.]) following addition of drofenine stimulation. Data 

represent ≥3 independent stimulations. Boxplots indicate median (Q1 – Q3), with bars outlining min 

and max values. P-values calculated using Kruskal-Wallis test: * P ≤ .05; *** P ≤ .001. 

Lastly, we graphed the proportion of responders allocated to cluster 1, 2, and 3. This analysis focuses 

on the impact of BNP on D250-evoked responses. The average percentage of responders allocated 

to each cluster was highly varied across groups (Figure 5.12). Examination of cluster 1 revealed a 

striking change: in control keratinocytes, drofenine induced rapid activation in 20% (D250) and 40% 

(D500) of cells; following BNP pre-treatment, D250 evoked rapid activation in 69% of cells. In 

control cells, clustering was associated with drofenine concentration: while D250 responders were 

primarily assigned to the slower cluster 3 group (56%), D500 responders were assigned to cluster 1 

or cluster 2 (both 40%). In each of the groups, the average percentage of drofenine-insensitive cells 

was low (≤ 4%). Overall, BNP significantly affected the proportion of D250-stimulated cells 

assigned to each cluster; Chi-square statistic: P <.0001. These data illustrate the clear and potent 

effect of BNP on the rapid phase of the TRPV3-mediated calcium responses. 

*

Figure 5.11. BNP pre-treatment increases amplitude of rapid TRPV3-linked calcium peaks. 
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Keratinocytes (NHEK) were pre-treated with medium ± BNP (1 µM, 4h) and stimulated with 

drofenine 250 µM (D250) or drofenine 500 µM (D500). Response profiles were clustered using k-

means clustering (k =3). Graph compares percentage of keratinocytes assigned to each cluster. 

Percentage of drofenine-insensitive (–) cells is also shown. Data represent ≥3 independent 

stimulations (n ≥828 keratinocytes per treatment group). Bar graph indicates mean values. P-values 

calculated using Chi-squared test (control D250 vs. BNP D250): P ≤ .001. 

Together, these analyses used calcium imaging to assess functional TRPV3 expression in primary 

human epidermal keratinocytes. Findings from control D500 stimulations were comparable to 

previous sections. Here, D500 evoked rapid calcium fluctuations in 40% of keratinocytes (Figure 

5.12); previously, D500 evoked rapid calcium fluctuations in 43% of keratinocytes (Figure 4.18B; 

see cluster 1 of control group). The results outlined herein demonstrate the impact of drofenine 

concentration on TRPV3 activation, with the lower agonist concentration resulting in a lower and 

slower calcium response. This work also revealed a novel link between BNP and functional TRPV3 

activity. These findings suggest that this itch-linked neuropeptide could sensitise TRPV3+ 

keratinocytes in the skin, potentially elevating inflammation and driving TRPV3-evoked itch. 
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Figure 5.12. BNP pre-treatment alters phasic nature of the TRPV3-linked calcium response. 
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5.2.3. BNP fails to enhance TRPV3-linked mediator release 

TRPV3 activation drives the release of BSG, Dkk-1, EGF, IL-1α, IL-1ra, MIF, PAI-1, PDGFA, and 

TGF-α from human epidermal keratinocytes. Several of the mediators are upregulated in pruritic skin 

conditions such as AD. We hypothesised that BNP, an itch-linked neuropeptide, would enhance 

TRPV3 signalling and promote the dysregulated epidermal environment common in atopic 

dermatitis lesions. Thus, we examined the effect of BNP pre-treatment on drofenine-induced 

mediator release in cultured epidermal keratinocytes. 

NHEK were pre-treated with basal medium ± BNP (1 µM, 4 h). Following pre-treatment, cells were 

stimulated with basal medium ± drofenine (TRPV3 agonist; 500 µM) ± BNP (1 µM) (1 h). 

Supernatant was pooled and released mediators were quantified by cytokine array (Table 5.2). A 

number of mediators were consistently detected: BSG; Dkk-1; EGF; IL-1α; IL-1ra; MIF; PAI-1; 

PDGFA; TGF-α. 

  



 

192 
 

Note: Table includes images of duplicate spots; antibodies at each spot bind to a named mediator. 

Average densitometry of these duplicates equals one experimental replicate. Abbreviations: BSG, 

basigin; BNP, B-type natriuretic peptide; Dkk-1, dickkopf-1; EGF, epidermal growth factor; IL-1α, 

interleukin-1 alpha; IL-1ra, interleukin-1 receptor antagonist; MIF, macrophage migration inhibitory 

factor; PAI-1, plasminogen activator inhibitor-1; PDGFA, platelet derived growth factor A; TGF-α, 

transforming growth factor alpha; TRPV3, transient receptor potential vanilloid 3.   

Table 5.2. Representative images of duplicate antibody spots from cytokine array showing 
effect of BNP pre-treatment on TRPV3-associated mediator release. 
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To examine the impact of BNP on drofenine-induced mediator release, data were expressed as a 

percentage of normal drofenine-induced release (i.e. allowing the control TRPV3 group to equal 

100%, matched) (n =3). Data were presented as median and interquartile range (Q1 – Q3) and were 

analysed using the nonparametric Wilcoxon signed rank test (vs. 100%: TRPV3 [Control]). BNP was 

unable to significantly alter TRPV3-associated mediator release in human epidermal keratinocytes 

(Figure 5.13). Median evoked BSG levels were 2% higher in TRPV3 [BNP] (102.4%; P =.750). 

Median evoked Dkk-1 levels were 7% higher in TRPV3 [BNP] (107.1%; P =1.000). Median evoked 

EGF levels were 4% higher in TRPV3 [BNP] (103.8%; P =1.000). Median evoked IL-1α levels were 

13% higher in TRPV3 [BNP] (112.6%; P =.500). Median evoked IL-1ra levels were 13% lower in 

TRPV3 [BNP] (87.1%; P =.250). Median evoked MIF levels were 2% higher in TRPV3 [BNP] 

(101.8%; P =.500). Median evoked PAI-1 levels were 24% higher in TRPV3 [BNP] (124.0%; P 

=.500). Median evoked PDGFA levels were unchanged in TRPV3 [BNP] (99.8%; P =.750). Median 

evoked TGF-α levels were 2% higher in TRPV3 [BNP] (101.9%; P =1.000). Overall, drofenine-

evoked secretion was comparable in control and BNP pre-treated keratinocytes. 

Keratinocytes (NHEK) were pre-treated with basal medium ± BNP (1 µM, 4 h) [control vs. BNP]; 

pre-treated keratinocytes were then stimulated with TRPV3 agonist (drofenine, 500 µM) ± BNP (1 

µM) (1 h), and supernatant was analysed by cytokine array. Graph depicts percentage change relative 

to control TRPV3 levels (dotted line). Plots indicate median of 3 independent experiments, with bars 

outlining min and max values. P-values calculated using one-sample Wilcoxon signed rank test: ns 

P >.05. 

Although BNP sensitises the TRPV3-induced calcium response, BNP fails to enhance TRPV3-

associated mediator release. Whether BNP alters TSLP, or other TRPV3-linked mediators, remains 

unexplored. Future work should also examine the effect of co-culture and/or extended BNP 

incubation on TRPV3-linked mediator release.  

Figure 5.13. BNP pre-treatment fails to enhance TRPV3 agonist-induced mediator release. 
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5.2.4. BNP promotes TRPV3 trafficking and membrane insertion 

Previous sections showed that BNP enhances drofenine-evoked calcium flux. This effect may be 

mediated by several distinct mechanisms including trafficking and membrane insertion of TRPV3 

channels. Here, we assessed the impact of BNP on surface TRPV3 expression over time. 

NHEK were stimulated with basal medium + BNP (1 µM; 0, 3 and 24 hours [h]). The ecto-TRPV3 

channel antibody was added to this stimulation buffer (ACC-033; 85 µg/ml; 15 min): this highly 

specific antibody binds the extracellular region of the TRPV3 channel. Following stimulation, 

keratinocytes were probed with secondary antibody, fixed, and mounted. Samples were imaged using 

confocal microscopy, images were processed and measured using Image J software, and data were 

analysed using GraphPad Prism. 

TRPV3 membrane expression was detected in a population of untreated control keratinocytes (BNP 

0 h; 41% of keratinocytes) (Figure 5.14A). This TRPV3 signal was not restricted to the cell surface 

suggesting that bound TRPV3 channels may have been internalised prior to fixation. Secondary only 

imaging controls illustrate the specificity of this signal (Figure 5.14B). 

Live keratinocytes (NHEK) were probed with TRPV3-ecto antibody (85 µg/ml, 15 min) followed by 

anti-rabbit (Alexa Fluor 555; 10 µg/ml, 1 h). Keratinocytes were then fixed, mounted, and imaged 

using confocal microscopy. A – B, Representative images depict surface TRPV3 (green) and 

brightfield signals in basal control (BNP 0 h) (A) and secondary only imaging control (B). Scale bars 

=50 µm.   

Figure 5.14. Representative images showing surface expression of TRPV3 proteins in cultured 

epidermal keratinocytes. 
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TRPV3-positive (TRPV3+) cells were defined as those which contained ≥5 particles per 1500 µm2. 

Contrary to data from a previous section, TRPV3+ and TRPV3-negative (TRPV3-) keratinocytes 

were similar in size and shape (Table 5.3) suggesting that these TRPV3 expression is independent 

of basic cellular parameters. 

Note: Data expressed as median (Q1 – Q3). Square brackets indicate the proportion of cells per group. 

Abbreviations: a.u., arbitrary unit; µm, micrometre; TRPV3+, TRPV3-positive; and TRPV3-, 

TRPV3-negative. 

TRPV3 membrane expression was enhanced following BNP stimulation: the visible signal was 

highest in the BNP 3 h samples (Figure 5.15A) but was also evident in BNP 24 h (Figure 5.15B). 

Although this signal was not restricted to the cell surface, these images suggest that BNP promotes 

TRPV3 trafficking and that this increase may wane over time. 

  

Table 5.3. Basic cellular parameters: TRPV3-positive vs. TRPV3-negative keratinocytes. 
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Live keratinocytes (NHEK) were treated with BNP solution for 3 and 24 hours (h) and probed with 

basal medium ± TRPV3-ecto antibody (85 µg/ml, 15 min) followed by anti-rabbit (Alexa Fluor 555; 

10 µg/ml, 1 h). Keratinocytes were then fixed, mounted, and imaged using confocal microscopy. A 

– B, Representative images depict surface TRPV3 (green) and brightfield signals in BNP 3 h (A) and 

BNP 24 h (B). Scale bars =50 µm. These experiments were carried out concurrent with those depicted 

in Figure 5.14. 

Quantification and comparison of fluorescence in all imaged cells emphasised this significant BNP-

induced change (Kruskal-Wallis, P <.0001) (Figure 5.16). After 3 h, BNP increased the median 

cellular signal by more than 3-fold, relative to 0 h controls (particles per 1500 µm2 =2.2 vs. 7.4; P 

<.0001). After 24 h, this increase was diminished, but still significant (4.61; P =.0040 vs. 0 h). 

  

Figure 5.15. Representative images showing effect of BNP on surface expression of TRPV3 

proteins in cultured epidermal keratinocytes. 
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Graph compares TRPV3 surface expression in all imaged cells, where TRPV3 expression denotes 

number of intracellular fluorescent particles per 1500 µm2. Boxplots indicate median (Q1 – Q3), with 

bars outlining min and max values. Data represent 3 independent stimulations (≥30 images per group, 

≥300 keratinocytes per group). P-values calculated using Kruskal-Wallis test: ** P ≤ .01; *** P ≤ 

.001. 

BNP stimulation altered the proportion of TRPV3+ vs. TRPV3- keratinocytes, though this trend did 

not reach significance (Chi-squared, P =.0538) (Figure 5.17). Here, the proportion of TRPV3+ cells 

went from 41% in basal samples, up to 59% after 3 h of BNP, and down to 50% after 24 h of BNP. 

This trend suggests that BNP can affect the trafficking of TRPV3. 

Graph compares percentage of cells assigned TRPV3-positive (TRPV3+) vs. TRPV3-negative 

(TRPV3-), where TRPV3+ cells express ≥5 intracellular fluorescent particles per 1500 µm2. Data 

represent 3 independent stimulations (≥30 images per group, ≥300 keratinocytes per group). P-values 

calculated using Chi-squared test: P =.0538. 

Figure 5.16. BNP promotes TRPV3 trafficking. 

Figure 5.17. BNP alters proportion of TRPV3-positive and TRPV3-negative keratinocytes. 
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BNP also affected the fluorescence in TRPV3+ cells (Kruskal-Wallis, P <.0001) (Figure 5.18). In 

these cells, BNP significantly increased the median TRPV3 signal after 3 h, relative to 0 h controls 

(median particles per 1500 µm2 =12.0 vs. 18.0; P =.0013). However, after 24 h, fluorescence was 

statistically comparable to 0 h levels (10.0; P =.3121 vs. 0 h). Thus, BNP promotes transient 

trafficking and membrane insertion of the TRPV3 channel. 

Graph compares TRPV3 surface expression in TRPV3-positive (TRPV3+) cells, where TRPV3 

expression denotes number of intracellular fluorescent particles per 1500 µm2. TRPV3+ cells express 

≥5 intracellular fluorescent particles per 1500 µm2. Boxplots indicate median (Q1 – Q3), with bars 

outlining min and max values. Data represent 3 independent stimulations (≥30 images per group, 

≥300 keratinocytes per group). P-values calculated using Kruskal-Wallis test: ns P >.05; ** P ≤ .01. 

Together, these data confirm TRPV3 membrane expression in human keratinocytes. Here, 

approximately 41% of control keratinocytes expressed detectable levels of surface TRPV3. This 

value is comparable to previous staining (34%; Figure 4.25C) and, as discussed previously, likely 

represents cluster 1 rapid responders (43%; Figure 4.18B). BNP promoted channel trafficking after 

3 h, but not after 24 h. Together with previous data, these findings suggest that this TRPV3 trafficking 

may underpin sensitisation of TRPV3-mediated calcium flux. Thus, the pathways underpinning this 

functional upregulation could represent key targets for interruption of TRPV3 overactivation in the 

skin. 

  

**
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Figure 5.18. BNP promotes TRPV3 trafficking in TRPV3-positive keratinocytes. 
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5.2.5. BNP-induced TRPV3 trafficking is mediated by GSK-3α/β, 

JNK-pan, and p38α kinase proteins 

BNP stimulates TRPV3 trafficking and membrane insertion in human keratinocytes. Previous work 

by Dr. Meng identified kinase pathways acting downstream of BNP receptors (NPRA/B) in 

epidermal keratinocytes: p38α, GSK-3α/β, JNK-pan (Meng et al., 2018). Here, we assessed the role 

of these kinase proteins in BNP-induced TRPV3 trafficking. 

NHEK were pre-treated with basal medium ± kinase inhibitors targeting p38α (AL8697, AL.); GSK-

3α/β (CHIR99021, CHIR.); JNK-pan (JNK-IN-8, JNK.); or c-Jun (SP600125, SP.) (1 µM; 1 h). 

Keratinocytes were then stimulated with basal medium ± kinase inhibitors (as above) ± BNP (1 µM, 

3 h). The ecto-TRPV3 channel antibody was added to this stimulation buffer (ACC-033; 85 µg/ml; 

15 min): this highly specific antibody binds the extracellular region of the TRPV3 channel. Following 

stimulation, keratinocytes were probed with secondary antibody, fixed, and mounted. Samples were 

imaged using confocal microscopy, images were processed and measured using Image J software, 

and data were analysed using GraphPad Prism. These experiments were carried out in parallel with 

those of Section 5.2.4. 

TRPV3 membrane expression was detected in keratinocytes (NHEK), with groups displaying 

varying levels of fluorescence: basal medium alone (Figure 5.19A); basal medium + BNP 3 h 

(Figure 5.19B); AL. + BNP 3 h (Figure 5.19C); CHIR. + BNP 3 h (Figure 5.19D); JNK. + BNP 3 

h (Figure 5.19E); SP. + BNP 3 h (Figure 5.19F); medium + BNP 24 h (Figure 5.19G); and 

secondary only imaging control (Figure 5.19H). The TRPV3 signal was not restricted to the cell 

surface suggesting that bound channels may have been internalised prior to fixation; however, 

secondary only imaging controls illustrate the specificity of the signal. 
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Live keratinocytes (NHEK) were pre-treated with basal medium ± kinase inhibitors targeting p38α 

(AL8697, AL.); GSK-3α/β (CHIR99021, CHIR.); JNK1/2/3 (JNK-IN-8, JNK.); and c-Jun 

(SP600125, SP.). Keratinocytes were treated with basal medium ± kinase inhibitor ± BNP (1 µM). 

Samples were then probed with basal medium ± TRPV3-ecto antibody (85 µg/ml, 15 min) followed 

by anti-rabbit (Alexa Fluor 555; 10 µg/ml, 1 h). Probed samples were fixed, mounted, and imaged 

using confocal microscopy. A – H, Representative images showing surface TRPV3 (green) and 

brightfield signals: basal control (A); control BNP 3 h (B); AL. + BNP 3 h (C); CHIR. + BNP 3 h 

(D); JNK. + BNP 3 h (E); SP. + BNP 3 h (F); control BNP 24 h (G); and secondary only imaging 

control (H). Scale bars =50 µm. 

  

Figure 5.19. Representative images showing surface expression of TRPV3 proteins in cultured 

epidermal keratinocytes. 
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Nonspecific fluorescence was unaffected by kinase inhibitor treatment, with the median of each 

group measuring zero (Figure 5.20). TRPV3-positive (TRPV3+) cells were defined as those which 

contained ≥5 particles per 1500 µm2 (dotted line). Here, the mean of each imaging control group was 

less than 5 particles per 1500 µm2 indicating that this is a useful threshold and that kinase inhibitors 

do not alter nonspecific fluorescence. 

Live keratinocytes (NHEK) were treated with basal medium ± kinase inhibitors targeting p38α 

(AL8697, AL.); GSK-3α/β (CHIR99021, CHIR.); JNK1/2/3 (JNK-IN-8, JNK.); and c-Jun 

(SP600125, SP.). Samples were then probed with basal medium (15 min) followed by anti-rabbit 

(Alexa Fluor 555; 10 µg/ml, 1 h). Probed samples were fixed, mounted, and imaged using confocal 

microscopy. Graph compares fluorescence in all secondary only controls, where values denote 

intracellular fluorescent particles per 1500 µm2. Dotted line denotes 5 particles per 1500 µm2: the 

threshold for TRPV3+ cells. Boxplots indicate median (Q1 – Q3), with bars outlining min and max 

values. Data represent 2 independent experiments. 

  

Figure 5.20. Nonspecific fluorescence is unaffected by kinase inhibitor pre-treatment. 
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Quantification and comparison of fluorescence in all imaged cells revealed the effect of kinase 

inhibitors on BNP-induced trafficking (Kruskal-Wallis, P <.0001) (Figure 5.21). As described in 

section 5.2.5, BNP stimulation (3 h and 24 h) significantly elevated TRPV3 surface expression 

relative to basal levels. Kinase inhibitor data were then compared to control BNP 3 h. GSK-3α/β 

(CHIR.) and JNK-pan (JNK.) inhibitors significantly reduced BNP-induced trafficking (P <.0001 vs. 

control BNP 3 h) –in fact, these inhibitor groups were statistically comparable to basal (P >.9999 vs. 

control basal). Conversely, p38α (AL.) and c-Jun (SP.) inhibitors were unable to modulate BNP-

induced trafficking (P =.343 and P >.9999, respectively; vs. control BNP 3 h). These data suggest 

that GSK-3α/β and JNK facilitate this BNP-induced TRPV3 trafficking. 

Live keratinocytes (NHEK) were treated with basal medium ± kinase inhibitors targeting p38α 

(AL8697, AL.); GSK-3α/β (CHIR99021, CHIR.); JNK1/2/3 (JNK-IN-8, JNK.); and c-Jun 

(SP600125, SP.). Samples were then probed with basal medium (15 min) followed by anti-rabbit 

(Alexa Fluor 555; 10 µg/ml, 1 h). Probed samples were fixed, mounted, and imaged using confocal 

microscopy. Graph compares TRPV3 surface expression in all imaged keratinocytes (NHEK), where 

TRPV3 expression denotes the number of intracellular fluorescent particles per 1500 µm2. Boxplots 

indicate median (Q1 – Q3), with bars outlining min and max values. Data represent 3 independent 

stimulations (≥30 images per group, ≥300 keratinocytes per group). P-values calculated using 

Kruskal-Wallis test (vs. control BNP 3 h, unless otherwise indicated): ns P >.05; ** P ≤ .01; *** P 

≤ .001. 

  

Figure 5.21. Inhibition of GSK-3α/β and JNK1/2/3 reduces BNP-induced TRPV3 trafficking. 
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Kinase inhibitor treatment significantly altered the proportion of TRPV3+ vs. TRPV3-negative 

(TRPV3-) keratinocytes within the BNP (3 h) group (Chi-squared, P =.0101) (Figure 5.22). These 

analyses specifically compare the effect of kinase inhibition on BNP (3 h) -evoked trafficking. 

Statistics do not include the basal or BNP (24 h) groups. Here, the proportion of TRPV3+ cells went 

from 59% in the control BNP (3 h) group to 56% following AL. treatment; to 41% following CHIR. 

treatment; to 43% following JNK. treatment; and to 60% following SP. treatment. This trend again 

suggests that GSK-3α/β and JNK-pan facilitate this BNP-induced TRPV3 trafficking. 

Live keratinocytes (NHEK) were treated with basal medium ± kinase inhibitors targeting p38α 

(AL8697, AL.); GSK-3α/β (CHIR99021, CHIR.); JNK1/2/3 (JNK-IN-8, JNK.); and c-Jun 

(SP600125, SP.). Samples were then probed with basal medium (15 min) followed by anti-rabbit 

(Alexa Fluor 555; 10 µg/ml, 1 h). Probed samples were fixed, mounted, and imaged using confocal 

microscopy. Graph compares percentage of keratinocytes (NHEK) assigned TRPV3-positive 

(TRPV3+) vs. TRPV3-negative (TRPV3-), where TRPV3+ cells express ≥5 intracellular fluorescent 

particles per 1500 µm2. Data represent 3 independent stimulations (≥30 images per group, ≥300 

keratinocytes per group). P-value calculated using Chi-squared test: P =.0101 (comparing just BNP 

3 h data). 

  

Figure 5.22. Stimulation with BNP ± kinase inhibitors alter the proportion of TRPV3-positive

and TRPV3-negative keratinocytes. 
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Kinase inhibitor treatment also significantly affected the fluorescence in TRPV3+ cells (Kruskal-

Wallis, P <.0001) (Figure 5.23). Again, BNP stimulation (3 h) significantly elevated TRPV3 surface 

expression relative to basal levels. Kinase inhibitor data were then compared to control BNP 3 h. 

Here, p38α (AL.), GSK-3α/β (CHIR.), and JNK-pan (JNK.) inhibitors significantly reduced BNP-

induced trafficking in TRPV3+ cells: P =.0191 [AL.], P <.0001 [CHIR.], P =.0050 [JNK.]; all vs. 

control BNP 3 h. Only the c-Jun (SP.) inhibitor was unable to modulate BNP-induced trafficking in 

TRPV3+ cells (P =.1860; vs. control BNP 3 h) suggesting that this TRPV3 trafficking is independent 

of c-Jun signalling in human keratinocytes. 

Live keratinocytes (NHEK) were treated with basal medium ± kinase inhibitors targeting p38α 

(AL8697, AL.); GSK-3α/β (CHIR99021, CHIR.); JNK1/2/3 (JNK-IN-8, JNK.); and c-Jun 

(SP600125, SP.). Samples were then probed with basal medium (15 min) followed by anti-rabbit 

(Alexa Fluor 555; 10 µg/ml, 1 h). Probed samples were fixed, mounted, and imaged using confocal 

microscopy. Graph compares TRPV3 surface expression in TRPV3-positive (TRPV3+) keratinocytes 

(NHEK), where TRPV3 expression denotes the number of intracellular fluorescent particles per 1500 

µm2. TRPV3+ cells express ≥5 intracellular fluorescent particles per 1500 µm2. Boxplots indicate 

median (Q1 – Q3), with bars outlining min and max values. Data represent 3 independent stimulations 

(≥30 images per group, ≥300 keratinocytes per group). P-values calculated using Kruskal-Wallis test 

(vs. control BNP 3 h, unless otherwise indicated): ns P >.05; ** P ≤ .01; *** P ≤ .001. 

In epidermal keratinocytes, BNP activates p38α, GSK-3α/β, and JNK/c-Jun signalling. The data 

described herein suggest that these kinase pathways then coordinate TRPV3 trafficking and 

membrane insertion, sensitising the TRPV3 response. Thus, targeting these kinase pathways may 

interrupt acute TRPV3 overexpression in atopic dermatitis and other pruritic dermatoses. 

Figure 5.23. Inhibition of p38α, GSK-3α/β, and JNK1/2/3 reduces BNP-induced TRPV3 

trafficking in TRPV3-positive keratinocytes. 

T
R

P
V

3 
ex

p
re

ss
io

n

(T
R

P
V

3+
 k

er
at

in
o

cy
te

s
) **

* **

ns



 

206 
 

5.3. Discussion 

5.3.1. Summary 

The findings described herein highlight a novel neuro-epidermal pathway: BNP/TRPV3 (Figure 

5.24). BNP sensitises TRPV3 activity, promoting rapid calcium responses. This sensitisation does 

not affect key TRPV3-evoked mediators. BNP promotes TRPV3 trafficking, acting via GSK-3α/β, 

JNK-pan, and p38α to elevate surface TRPV3 expression in keratinocyte populations. Together, 

these data outlined an AD-relevant mechanism for functional upregulation of TRPV3 channels in the 

skin. Thus, the pathways outlined herein represent key targets for modulation of TRPV3 activity. 

  



 

207 
 

Diagram highlights the potential role of the BNP and TRPV3 pathway in human atopic dermatitis 

and other atopic conditions. Allergens activate T cells and promotes IL-31 release. IL-31 activates 

sensory neurons, via IL-31RA, and promotes BNP release. BNP activates keratinocytes, via 

NPRA/B, and promotes sensitisation and trafficking of the TRPV3 channel. GSK-3αβ, JNK-pan, and 

p38α may be involved in BNP-induce TRPV3 trafficking. These effects could underlie TRPV3 

upregulation and sensitisation in lesional skin. Thes may also be linked to epidermal inflammation 

and itch, though these hypotheses require further investigations. 

  

Figure 5.24. Graphical summary showing putative pathways underpinning TRPV3 

upregulation and sensitisation in atopic dermatitis. 
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5.3.2. Inter-experimental differences in number of calcium clusters 

This project aimed to highlight the utility of clustering analysis for integration of calcium signalling 

in populations of cultured cells. Our findings suggested that these clusters could represent distinct 

functional subpopulations within the NHEK culture model. However, this hypothesis is weakened 

by the differing k values across sections. 

In this chapter, k-means clustering detected 3 clusters within the normal drofenine (500 µM; D500)-

evoked response profile (Figure 5.10C). This graph is also shown below for comparison. In this plot, 

peak latency was expressed in seconds, with time 0 representing the beginning of recording and time 

100 marking the addition of D500. These 3 clusters covered distinct ranges of peak latency and were 

differentially affected by BNP pre-treatment (Figure 5.12) – potentially revealing an important 

aspect of BNP-induced TRPV3 sensitisation. 

Graph depicts control D500 response profile: peak latency (Timemax, s) vs. peak amplitude (F∆/F0max, 

a.u.). Each dot represents a single cell. Cells are coloured by cluster, where k =3. Data represent ≥3 

independent stimulations (n ≥828 keratinocytes per group, non-responders not shown). 

Abbreviations: a.u., arbitrary units; D500, drofenine (500 µm); seconds, s. 

In the previous chapter, independent k-means clustering detected 4 clusters within the normal D500 

response profile (Figure 4.17B). Again, this graph is shown below for comparison. Peak amplitude 

values were lower in this experiment, compared with those of Section 5.2.2. This project used Fluo 

4AM to measure relative calcium changes. A ratiometric calcium dye, such as fura-2, could allow 

for identification of inter-experimental noise and inter-experimental differences in calcium 

amplitude. Although notable, this difference may be explained by differences in cellular or imaging 

parameters.   

Figure 5.10C. Clustering of the D500 response profile, originally included in Section 5.2.2. 
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In section 4.2.3, peak latency was expressed as seconds post initiation (s.p.i) to control for variation 

associated with the size of the culture dish (see Section 2.2.6.1 for further details). In this plot, time 

0 represents the initiation point: the earliest incidence of cellular activation (F∆/F0 ≥0.3). These 4 

clusters covered distinct ranges of peak latency values (Table 5.4). These clusters were differentially 

affected by Pitstop2 pre-treatment – potentially revealing an important aspect of TRPV3 trafficking. 

Graph depicts control D500 response profile: peak latency (Timemax, s.p.i.) vs. peak amplitude 

(F∆/F0max, a.u.). Each dot represents a single cell. Cells are coloured by cluster, where k =4. Data 

represent 4 independent stimulations (n ≥797 keratinocytes per group, non-responders not shown). 

Abbreviations: a.u., arbitrary units; D500, drofenine (500 µm); seconds post initiation, s.p.i. 

Note: Data represent the min and max s.p.i values for each cluster. Abbreviations: seconds post 

initiation, s.p.i. 
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Table 5.4. Range of peak latency values in each cluster: Section 4.2.3 vs. Section 5.2.2. 

Figure 4.17B. Clustering of the D500 response profile, originally included in Section 4.2.3. 



 

210 
 

To allow comparison, data from Section 5.2.2 were transformed to align with Section 4.2.3: all peak 

latency data were expressed as s.p.i. Following transformation, peak latency ranges were broadly 

comparable across sections (Table 5.4). Of note, the recording time for section 5.2.2 was shorter, 

with the cluster 4 data points absent from the dataset. This simple difference in experimental setup 

explains the differing k values across sections. 

Graphs also highlight the clear overlap in the clustering ranges. Data from section 5.2.2 was clustered 

using ranges from Section 4.2.3 (Figure 5.25A) and Section 5.2.2 (Figure 5.25B). Transformed data 

were graphed and coloured according to cluster. Closer examination revealed that only 2% of 

stimulated cells were group differently when the section 4.2.3 ranges were used (n =14). These 

comparisons suggest that the clustering analyses have detected consistent subgroups across 

experiments. 

Graphs depict the D500 response profile from section 5.2.2 following transformation: peak latency 

(Timemax, s.p.i.) vs. peak amplitude (F∆/F0max, a.u.). Data were grouped with respect to cluster limits 

from section 4.2.3 (A) and section 5.2.2 (B). Abbreviations: a.u., arbitrary units; D500, drofenine 

(500 µm); seconds post initiation, s.p.i. 

Future experiments should utilise a consistent experimental setup. However, our data suggests that 

TRPV3 calcium responses can be consistently clustered into distinct responses groups. Together, 

these comparisons strengthen the validity of the findings herein and aid our overall understanding of 

the TRPV3 calcium response. 

  

Figure 5.25. Clustering ranges from Section 4.2.3 and Section 5.2.2 are comparable. 
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5.3.3. BNP: an inducer of early epidermal alterations? 

BNP, TRPV3, and TRPV3-linked mediators are increased in pruritic and lesional skin (Seo et al., 

2020; Zhao et al., 2020; Nattkemper et al., 2018; Qu et al., 2019; Sulk et al., 2012; Yang et al., 2015; 

Park et al., 2017). Thus, it was reasonable to assume that BNP would prime keratinocytes, elevating 

functional TRPV3 expression and TRPV3-evoked release. 

Here, BNP successfully promoted TRPV3 activity and surface expression; but failed to affect 

mediator release. At first glance these data appear contradictory. Firstly, BNP may affect other 

TRPV3-linked mediators not included in these analyses: ATP, PGE2, NO, NGF or TSLP (Cals-

Grierson and Ormerod, 2004; Huang et al., 2008; Mandadi et al., 2009; Miyamoto et al., 2011; 

Yamamoto-Kasai et al., 2013; Seo et al., 2020; Zhao et al., 2020). Closer inspection of calcium data 

suggests another possibility: BNP accelerates the calcium response without affecting the overall 

proportion of drofenine-sensitive keratinocytes. Thus, it is possible that BNP also accelerates 

mediator release without affecting the total release over one hour. This hypothesis could be easily 

examined using shorter incubation times; however, at present no clear conclusions can be made. BNP 

also induces TRPV3 trafficking at 3 h, but not at 24 h. These results are in direct contrast to findings 

from pruritic lesions; however, together, they demonstrate the complex interplay between cutaneous 

cells and sensory neurons in the skin. We propose that BNP may stimulate acute TRPV3 trafficking 

in vivo, with other lesional mediators stabilising this upregulation and potentiating mediator release. 

Thus, BNP, and the pathways identified herein, may drive early epidermal alterations in lesional skin 

and represent an important target for modulation of acute atopic dermatitis lesions, potentially 

interrupting the transition from acute to chronic. 
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5.3.4. Targeting BNP 

The data outlined herein represent the first evidence of the BNP/TRPV3 neuro-epidermal link 

(Larkin et al., 2021). BNP is released from cutaneous NP3 sensory neurons and highly elevated in 

pruritic lesions (Mishra and Hoon, 2013; Usoskin et al., 2015; Meng et al., 2018). At present, specific 

BNP-targeting agents are lacking. Release of BNP is dependent on VAMP1 and SNAP25 SNARE 

proteins (Meng et al., 2018). BNP activates epidermal keratinocytes, promoting phosphorylation of 

GSK-3α/β, JNK, p38α and ERK1/2 kinases (Meng et al., 2018). Herein, GSK-3α/β, JNK, p38α 

pathways coordinated functional TRPV3 upregulation. GSK-3α/β also underpins BNP-evoked IL-

17A release from keratinocytes (Meng et al., 2018). In the skin BNP activates dendritic cells, 

promoting phosphorylation of c-Jun and release of CCL20 (Meng et al., 2018). In addition to this 

neuro-epidermal signalling, BNP is both necessary and sufficient for central itch transduction 

(Mishra and Hoon, 2013). Intraperitoneal injection of JS-11, an NPRA antagonist, reduces scratching 

behaviour, but not inflammation, in murine models of acute and prolonged itch (Solinski, Dranchak, 

et al., 2019). Together, these data highlight the potential impact of anti-BNP agents in the treatment 

of pruritic inflammatory skin conditions and reveal several novel targets for drug development. 

5.3.5. Conclusion 

In atopic dermatitis lesions, NP3 sensory neurons release BNP and stimulate adjacent epidermal 

keratinocytes. BNP alters TRPV3 responses suggesting that this pathway may promote TRPV3 

overexpression and overactivation in lesional skin. Here, we identified GSK-3α/β, JNK-pan, and 

p38α kinase proteins as key coordinators of BNP-induce TRPV3 trafficking; targeting of these 

pathways may modulate TRPV3 responses and TRPV3-evoked itch in acute lesions. Further 

investigations are required to elucidate the mechanisms driving TRPV3 upregulation and 

sensitisation in chronic lesions. 
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6. Discussion of Work 

in Context 
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6.1. TRPV3 and the role of cation gradients in the skin 

TRPV3 is a calcium (Ca2+)-permeable cation channel. Herein, calcium was used as an indicator of 

TRPV3 channel opening. We found that the TRPV3 agonist, drofenine, promotes rapid and 

widespread calcium fluctuations in an NHEK culture model of human epidermis. 

TRPV3 also permits entry of sodium (Na+), potassium (K+), and caesium (Cs+): Ca2+ > Na+ ≈ K+ ≈ 

Cs+ (Xu et al., 2002). Permeability ratios suggest that TRPV3 is moderately calcium-selective (about 

12 PCa/PNa) (Xu et al., 2002). At present, reports on TRPV3-mediated magnesium currents are lacking 

– in fact, magnesium may represent an important negative regulator of the TRPV3 channel (Luo et 

al., 2012). More recently, TRPV3 was shown to facilitate influx of ammonium cations – a key factors 

in the synthesis of filaggrin, loricrin, and involucrin (Danielyan et al., 2009; Rosendahl et al., 2016; 

Schrapers et al., 2018; Liebe et al., 2020, 2021). Each of these cations induce and modulate 

keratinocyte signalling, highlighting the potential impact of TRPV3 dysregulation on homeostasis 

and healing of the skin. 

Reepithelialisation following cutaneous damage is dependent on a complex and tightly controlled 

signalling cascade, involving both calcium and magnesium cations. Both calcium and magnesium 

display consistent and comparable concentration gradients across the epidermal layer (Figure 6.1): 

concentration of these cations peaks in the stratum granulosum (Denda et al., 2000; Haftek et al., 

2022). Cutaneous calcium regulates keratinocyte proliferation, differentiation, cornification, 

desquamation, and inflammation (Elsholz et al., 2014; Bikle, 2023). Magnesium acts as a co-factor 

for more than 300 enzymes, regulating a plethora of processes and ion channels (Fawcett et al., 

1999). Certain magnesium salts promote barrier repair and reduce inflammation (Denda et al., 1999; 

Proksch et al., 2005). Calcium and magnesium also function as antimicrobial agents, reducing the 

viability of s. aureus in culture (Xie and Yang, 2016). However, although calcium concentrations are 

elevated in atopic dermatitis lesions (Forslind et al., 1999), lesions are characterised by increased s. 

aureus (Kong et al., 2012). Gradients of calcium and magnesium promote integrin-dependent 

migration of fibroblasts and keratinocytes – a key step in reepithelialisation (Lange et al., 1995). In 

humans, reepithelialisation is aided by topical application of a calcium and magnesium containing 

Marine Mineral Complex (MXC): MXC cooled the skin and stimulated wound healing pathways in 

3D-organotypic model of burn injury (Wallace et al., 2020). Thus, calcium and magnesium are 

particularly important for epidermal function and wound healing. 
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Calcium (left panel, labelled A) and magnesium (right panel, labelled B) are localised to the stratum 

granulosum in normal human skin, marked with a white arrow. Scale bars =50 µm. From Denda, 

Hosoi and Asida, 2000. 

TRPV3 channels may facilitate calcium-dependent processes and dysfunction in the skin. TRPV3 

agonists inhibit proliferation and promote apoptosis in cultured keratinocytes, with both effects being 

dependent on calcium influx (Borbíró et al., 2011). TRPV3-mediated calcium currents promote 

activation of intracellular transglutaminases – key calcium-dependent enzymes involved in barrier 

formation and cornification (Cheng et al., 2010). People with Olmsted syndrome primarily present 

with painful palmoplantar keratoderma: thickening of the epidermis on the palms of the hands and 

the soles of the feet. Several of the mutations underlying Olmsted syndrome affect the TRPV3 

channel: these mutations enhance TRPV3 channel opening, elevate calcium influx, and promote 

apoptosis (Lin et al., 2012). Keratinocytes isolated from patients with Olmsted syndrome show 

elevated rates of apoptosis (Lin et al., 2012). TRPV3 overexpression and overactivation has also 

been linked to atopic dermatitis lesions (Seo et al., 2020; Larkin et al., 2021). In a cultured HaCaT 

model, application of drofenine resulted in profound and rapid cell death (data not shown), even at 

levels much lower than the described EC50 (Deering-Rice et al., 2014). These HaCaT expressed 

notable levels of TRPV3 within the cellular membrane region suggesting that the drofenine-induced 

cell death may be mediated by TRPV3-dependent calcium-induced apoptosis (data not shown). Thus, 

dysregulated TRPV3 activity could alter epidermal calcium gradients and impair normal epidermal 

function. 

Certain TRP channels are permeable to magnesium. These include TRPV1, TRPV4, TRPM6, and 

TRPM7 (Li et al., 2007; Caterina et al., 1997; Voets et al., 2002). Although often termed cation 

nonselective, TRPV3 may be unable to conduct magnesium currents. An aspartate residue (D672) 

has been linked to magnesium permeability in TRPV4 channels (Nilius et al., 2004; Voets et al., 

2002). Amino acid sequence comparison shows that this aspartate is replaced with glutamic acid 

(E672) in TRPV3 (Figure 6.2) (Nilius et al., 2004). Separate reports found that intracellular and 

Figure 6.1. Calcium and magnesium gradients in the skin. 
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extracellular magnesium can directly inhibit TRPV3 channel opening (Luo et al., 2012). This 

magnesium block is, at least in part, dependent on a separate aspartate residue located in the outer 

pore region of the TRPV3 channel (D641) (Chung et al., 2005; Luo et al., 2012; Deng et al., 2020). 

In fact, magnesium may represent a key modulator of TRPV3 activity both in vitro and in vivo. 

Magnesium deficiency promotes a pruritic erythematous rash and spontaneous scratching in rodents 

(Akamatsu et al., 2006; Neckermann et al., 2000). In atopic skin, topical magnesium reduces barrier 

damage and improves skin hydration. Thus, early hypotheses suggested that magnesium deficiency 

could be a driver of atopic dermatitis (Lipkin et al., 1964; Maccardle et al., 1941; Koppes et al., 

2016; Proksch et al., 2005). In theory, this topical magnesium could also modulate TRPV3 activity 

- though this hypothesis remains unexplored. Together, these reports show that magnesium influx is 

independent of the TRPV3 channel; suggest that magnesium represents an important modulator of 

TRPV3 activity; and highlight the importance of magnesium balance in cutaneous health and disease. 

D672 is linked to magnesium permeability in TRPV4 channels. Box indicates putative selectivity 

filter. From Nilius et al., 2004. 

The results outlined herein revealed distinct phases within the drofenine-evoked calcium response. 

Later phases were associated with TRPV3 trafficking; while earlier phases were sensitised by BNP, 

an itch-linked neuropeptide. The importance of these findings in the context of epidermal calcium 

gradients and calcium-dependent process remains unexplored. It is possible that interruption of 

TRPV3 trafficking could reduce calcium-induced apoptosis – a particularly important pathway in 

Olmsted syndrome. It is also possible that topical BNP could promote calcium-induced 

reepithelization. However, it is clear that healthy skin requires a balanced and tightly regulated 

calcium response. Compounds that modulate TRPV3 could help to rebalance epidermal calcium 

gradients in atopic dermatitis, Olmsted syndrome, and other dermatoses. 

  

Figure 6.2. Sequence comparison of TRPV channels. 



 

217 
 

6.2. TRPV3-linked itch and the microbiome 

Chronic itch is a particularly common symptom in dermatology clinics (Schut et al., 2019). One 

multi-centre study found that the incidence of chronic itch was highest in people with unclassified 

pruritus (78.0%, total n =39 people); prurigo and related conditions (72.2%, n =13); and atopic 

dermatitis (66.7%, n =96). Although lower in the ranking, this report found that almost 1-in-2 people 

with psoriasis reported chronic itch (49.6%, n =263). TRPV3 is upregulated and/or sensitised in a 

number of these pruritic conditions (Larkin et al., 2021; Seo et al., 2020; Qu et al., 2019; Nattkemper 

et al., 2018). Our work also showed that the TRPV3-linked mediator, PAI-1 (or Serpin E1), is 

increased in lesional atopic dermatitis and drives scratching behaviour in murine models of acute and 

prolonged itch (Larkin et al., 2021). Based on these reports, it is tempting to speculate that 

overactivation of TRPV3 leads to immune-related itch and pruritic conditions; however, the truth is 

likely much more complicated. 

Olmsted syndrome is caused by a TRPV3 mutation that leads to aberrant TRPV3 activity. 

Surprisingly, only about 1-in-5 people with Olmsted syndrome report chronic itch (Mevorah et al., 

2005; Tao et al., 2008). These reports suggest that overactivation of TRPV3 alone is insufficient for 

itch induction. As discussed previously, inflammatory dermatoses are caused a complex interplay 

between skin cells, immune system, and peripheral neurons. These conditions are often characterised 

by an impaired epidermal barrier, inflammation, and refractory pruritus. Inflammatory dermatoses 

have also been associated with microbiome imbalance, or dysbiosis – though causal links are limited 

at present (Yudie Yang et al., 2022). To date, cutaneous dysbiosis has been described in patients with 

atopic dermatitis, psoriasis, acne vulgaris, rosacea, seborrheic dermatitis, and hidradenitis 

suppurativa (Chopra et al., 2022; Kong et al., 2012; Bäsler et al., 2016; Yan et al., 2017; Lewis et 

al., 2019; Fitz-Gibbon et al., 2013; Marson et al., 2022; Lin et al., 2021). Several of these conditions 

have also been linked to TRPV3 overexpression or dysregulation (Toledo Mauriño et al., 2020). 

Here, we examine the role of the microbiome in TRPV3-linked itch and skin disease. 

The term “microbiome” refers to the microbes found on or in a host and the environment the inhabit 

and create (Berg et al., 2020). In the skin, the microbiome is primarily localised to the external 

epidermal layers and follicular structures. This pattern is strikingly similar to that of the TRPV3 

channel (Xu et al., 2002). The cutaneous microbiome facilitates immunological development, 

immune responses, and wound healing (Liu et al., 2023; Byrd et al., 2018). In healthy human skin, 

the cutaneous microbiome contains a highly-regulated community of commensal bacteria, including: 

Cutibacterium, Corynebacterium, Staphylococcus, and Streptococcus species (Sinha et al., 2021). 

This microbial diversity is related to skin location and affected by external factors, host genetics, and 

disease state (Perez et al., 2016; Yudie Yang et al., 2022). 
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In healthy human skin, the epidermal barrier protects against pathological microbial colonisation; 

however, in inflammatory lesions, this barrier is often impaired (Lee and Kim, 2022). Here, we found 

that the TRPV3 agonist, drofenine, enhanced cleavage and release of TGF-α. Previous reports have 

outlined the importance of TGF-α, and its receptor EGFR, in epidermal morphogenesis, hair 

patterning and wound healing (Threadgill et al., 1995; Sibilia and Wagner, 1995; Murillas et al., 

1995; Mann et al., 1993; Luetteke et al., 1993; Luetteke et al., 1994). Further analyses showed that 

TRPV3 directly interacts with EGFR, stimulating ADAM17-dependent cleavage and release of 

TGFα (Cheng et al., 2010; Yujing Wang et al., 2021; Aijima et al., 2015; Szöllősi et al., 2018). This 

TRPV3/EGFR/ADAM17/ TGFα pathway drives epidermal barrier formation and repair. In addition 

to AD-like dermatitis, EGFR and ADAM17 knockout mice exhibit epidermal dysbiosis; restoration 

of normal bacterial diversity, using antibiotic treatment, alleviated dermatitis (Figure 6.3) 

(Kobayashi et al., 2015). Similarly, EGFR inhibitors promote prolonged dysbiosis and a skin rash in 

healthy humans (Ashida et al., 2023). Human atopic dermatitis lesions are also characterised by 

barrier disruption and epidermal dysbiosis, with lesions containing high levels of Staphylococcus 

aureus (S. aureus) (Kong et al., 2012; Hammond et al., 2022; Kobayashi et al., 2015; Bjerre et al., 

2021). A recent report found that activation of TRPV3 in macrophages enhances phagocytosis and 

bacterial clearance (Sahu and Goswami, 2023). Although TRPV3 is overexpressed and sensitised in 

atopic dermatitis lesions, TGF-α levels are unchanged (Larkin et al., 2021; Seo et al., 2020). These 

data suggest that AD-linked barrier dysfunction is mediated by other factors, a topic that is well 

discussed in the literature (Yang et al., 2020). Current data suggests that, in atopic dermatitis lesions, 

S. aureus utilises underlying barrier dysfunction; S. aureus also potentiates epidermal inflammation 

and drives further barrier dysfunction (Nakatsuji et al., 2016; Hammond et al., 2022). Thus, though 

initial barrier dysfunction is likely independent of the TRPV3/TGF-α pathway, S. aureus-evoked 

inflammation could enhance TRPV3 activity and dysregulate TRPV3-linked signalling. Herein, we 

found that release of TRPV3-linked mediators was unaffected by the AD-linked neuropeptide, BNP 

(4 h); however, longer incubation times may reveal the true impact of AD- and S. aureus-linked 

inflammation on TRPV3 signalling. Moreover, although topical TRPV3-targeting compounds may 

be beneficial for some conditions, whether these inhibitors would impair the epidermal barrier and 

facilitate dysbiosis remains unknown, but possible. 
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Graphs show effect of antibiotics (Abx) on clinical score and trans-epidermal water loss (TEWL) in 

Adam17 knockout mice during a crossover protocol. Data are shown as the mean ± SD. **** P ≤  

0.0001 determined by Student’s t-test (N = 7). From Kobayashi et al., 2015. 

Overactivation of TRPV3 can provoke dermatitis and itch in murine models and humans. However, 

this TRPV3-linked phenotype is dependent on the external environment and cutaneous microbiome. 

Spontaneous TRPV3 mutants ‒ DS-Nh mice and WBN/Kob-Ht rats – express the TRPV3Gly573Ser 

point mutation (Asakawa et al., 2006; Imura et al., 2009; Yamamoto-Kasai et al., 2013). This TRPV3 

Gly573Ser mutation is associated with Olmsted syndrome in humans (Lin et al., 2012). When housed 

in conventional units, spontaneous TRPV3 mutants exhibit hairlessness, AD-like lesions, and itch-

like behaviour (Asakawa et al., 2006; Asakawa et al., 2005; Haraguchi et al., 1997; Yoshioka et al., 

2003; Imura et al., 2009; Watanabe et al., 2003). However, when house in specific pathogen free 

(SPF) units, this dermatitis and itch-link behaviour is absent (Figure 6.4) (Imura et al., 2009; 

Yoshioka et al., 2003). Here, we found that the TRPV3 agonist, drofenine, enhanced IL-1α release 

from the NHEK culture model of human epidermis. This finding was supported by the literature (Xu 

et al., 2006). Interestingly, comparison of spontaneous TRPV3 mutants found that IL-1α was 

significantly elevated in DS-Nh mice housed in conventional units, relative to those housed in SPF 

units (Imura et al., 2009). TRPV3-linked dermatitis and itch is also dependent on the underlying 

genetic background. The TRPV3 Gly573Ser mutation fails to elicit dermatitis in BALB/c and 

NC/Nga mice irrespective of the housing condition (Imura et al., 2009; Watanabe et al., 2003). 

Moreover, the Gly573Ser mutation provokes spontaneous scratching behaviour, but not dermatitis, 

in C57BL/6 mice housed in conventional units (Yoshioka et al., 2009). Together, these reports 

demonstrate the complexity of TRPV3-linked itch and dermatitis. They suggest that, in some cases, 

overactivation of TRPV3 may be insufficient for induction of dermatitis or itch. Thus, the TRPV3-

Figure 6.3. Antibiotics improve dermatitis indicators in ADAM17 knockout mice. 
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linked phenotype may be dependent on the cutaneous microbiome. As such, microbiome modulation 

may be an effective method for treatment of pruritus in Olmsted syndrome. 

DS and NC/Nga mice expressing the non-hair (Nh) Gly573Ser mutation were housed under specific 

pathogen free (SPF) and conventional (Conv.) conditions. Clinical features (left panel, marked A) 

and scratching score (right panel, marked B) of DS-Nh and NC/Nga-Nh mice at 20 weeks of age. 

White bars indicate mean scratching score (n =8 mice). ** and ##, P < 0.01. From Imura et al., 2009. 

Cutaneous microbiota can activate itch-sensitive neurons, though the role of TRPV3 is unclear at 

present. Both s. epidermis and s. aureus activate keratinocytes and promote β-defensin release 

(Ommori et al., 2018; Ommori et al., 2013; Lai et al., 2010). β-defensins function as essential 

antimicrobial agents in the skin, but are highly upregulated in atopic dermatitis and psoriasis lesions 

(Tseng and Hoon, 2022). β-defensins promote mast cell degranulation, acting on Mrgpr to drive the 

release of IL-31 and other pruritogenic compounds (Niyonsaba et al., 2010; Subramanian et al., 

2013; Zhang and McNeil, 2019). β-defensin 2 and 3 can also directly activate MrgrpA3+ sensory 

neurons and promote scratching behaviour (Tseng and Hoon, 2022). Whether TRPV3 plays a role in 

these itch pathways remains unexplored. Proteases secreted by Sarcoptes scabiei mites, dust mites, 

and S. aureus can activate PAR2 to elicit itch sensations (Zhao et al., 2020; Kato et al., 2009; 

Chandrabalan et al., 2021; H. S. Kim et al., 2021). Cutaneous PAR2, TRPA1, and TRPV1 are 

upregulated skin from people with scabies, the pruritic condition caused by the Sarcoptes scabiei 

mite (Figure 6.5) (Sanders et al., 2019). Activation of PAR2 in keratinocytes promotes TRPV3-

dependent calcium influx and TSLP release (Zhao et al., 2020; Park et al., 2017). This 

PAR2/TRPV3/TSLP itch pathway is involved in pruritic burn scars and atopic itch (Hua Yang et al., 

2022; Park et al., 2017). Together, these examples highlight the potential impact of TRPV3 in 

microbe-evoked itch. 

Figure 6.4. TRPV3 mutation promotes dermatitis and itch in DS-Nh mice housed under 

conventional, but not specific pathogen free, conditions. 
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Representative images and quantification of TRPV1, TRPA1, and PAR2 expression in control and 

scabies skin (n =3). Scale bars =50 µm. * P < 0.05, ** P < 0.01, **** P < 0.001, unpaired t-test 

scabies versus control. AU, arbitrary unit. From Sanders et al., 2019. 

This project focused on TRPV3 signalling in an NHEK model of human epidermis. We hypothesised 

that overactivation of TRPV3 could underpin itch in pruritic skin conditions. Our group aims to 

identify novel itch-mediators and targets for future drug development. The reports outlined above 

highlight the impact of the cutaneous microbiome on TRPV3-linked itch. They suggest that the 

dysbiosis could underpin TRPV3 dysregulation. Thus, we propose that initial barrier dysfunction 

facilitates dysbiosis; dysbiosis then stimulates TRPV3, promoting further barrier disruption and 

driving TRPV3-depdendent and -independent itch transduction. 

 

 

  

Figure 6.5. PAR2, TRPA1, and TRPV1 are upregulated in porcine skin with scabies. 
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6.3. TRPV3 and Piezo channels 

In 2021, Ardem Patapoutian received a Nobel Prize for their discovery of the mechano-responsive 

Piezo1 and Piezo2 channels (Ernfors et al., 2021; Coste et al., 2010). Piezo1 and Piezo2 subunits 

assemble to form homotrimeric cation channels that open in response to direct mechanical pressure 

(Ge et al., 2015; Saotome et al., 2018; Wang et al., 2019; Zhao et al., 2018; Guo and MacKinnon, 

2017; Jiang et al., 2021; Feng et al., 2022; Ernfors et al., 2021). Piezo channels are expressed in 

neurons and a number of cutaneous cells, including Merkel cells, immune cells, and keratinocytes. 

Herein, we examine whether TRPV3 and Piezo channels could interact in the skin. 

Piezo channels are expressed in mechano-sensitive LTMR, nociceptive neurons, and Merkel cells 

(Feng and Hu, 2019; Woo et al., 2014; Maksimovic et al., 2014; Ranade et al., 2014; Coste et al., 

2010; Usoskin et al., 2015). Merkel cells also express TRPV3 (Figure 6.6) (Bourane, Grossmann, et 

al., 2015). Though Piezo channels are known to facilitate transduction of touch sensations and 

mechanical itch (Ernfors et al., 2021; Coste et al., 2010), the role of TRPV3 is unclear. Knockout of 

epidermal Piezo1 impairs behavioural responses to both light touch and noxious mechanosensation 

(Mikesell et al., 2022). Knockout of epidermal Piezo2 impairs behavioural responses to light touch, 

without affecting noxious mechanosensation (Woo et al., 2014). Conversely, genetic overactivation 

of TRPV3 (Gly573Ser mutant) impairs noxious mechanosensation, without affecting behavioural 

responses to light touch (Fatima et al., 2022). Murine models suggest that TRPV3 and Piezo channels 

may also be involved in dry skin itch – a type of mechanical itch. Dry skin evoked scratching is 

reduced in both Piezo2 and TRPV3 knockout mice (Yamamoto-Kasai et al., 2012; Feng et al., 2022). 

Thus, epidermal TRPV3 may potentiate Piezo-mediated mechanical itch. This potentiation likely 

occurs via release of epidermal factors and sensitisation of Merkel cell responses, though the exact 

factors remain unexplored. 

Hairy skin stained with mCherry (red), neurofilament (NF, blue), and Trpv3 (green). Arrows indicate 

double-labelled neurons. Scale bars =25 µm. From Bourane et al., 2015. 

Figure 6.6. Merkel cells express TRPV3. 
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Piezo1 and Piezo2 are expressed on peripheral itch-linked sensory neurons in mice and may play a 

role in pruriceptor-mediated itch (Hill et al., 2022; Coste et al., 2010; Ranade et al., 2014; Usoskin 

et al., 2015; Follansbee and Dong, 2022). In DRG samples, Piezo1 transcripts colocalise with key 

itch-linked receptors and neuropeptides (BNP and somatostatin) (Hill et al., 2022; Liu et al., 2009; 

Liu et al., 2012). More than 80% of BNP-positive sensory neurons express Piezo1 (92% in murine 

DRG and 84% in human DRG) (Hill et al., 2022). Piezo1 is also expressed in a subset of MrgprD-

positive neurons, which underpin β-alanine-evoked itch (Hill et al., 2022; Liu et al., 2009; Liu et al., 

2012). Although at lower levels when compared with Piezo1, Piezo2 is also expressed in a subset of 

pruriceptive neurons. In DRG samples, about 25% of BNP-positive sensory neurons express Piezo2 

(25.8% in murine DRGs and 27.1% human DRGs); while about 60% of Piezo2-positive neurons also 

express MrgrpA3 (Hill et al., 2022). These BNP findings are particularly interesting when you 

consider the link between BNP and TRPV3 outlined herein and in our published work (Larkin et al., 

2021). BNP sensitises TRPV3-positive (TRPV3+) keratinocytes, promoting TRPV3 transcription, 

sensitising TRPV3 activity, and enhancing TRPV3 trafficking (Larkin et al., 2021). We also 

identified a novel itch circuit, with keratinocyte-derived PAI-1 activating a subset of sensory neurons 

and promoting scratching behaviour (Larkin et al., 2021). However, whether Piezo channels are 

directly or indirectly involved in this BNP/TRPV3/PAI-1 pathway remains unknown. 

Immune cells detect and respond to their environment, protecting the body from both exogenous and 

endogenous threats. This essential function is dependent on a variety of specialised receptors, 

including pattern recognition receptors, TRP channels, and even Piezo channels. Several immune 

cells express high levels of Piezo1; these include undifferentiated myeloid cells, macrophages, T 

cells, and microglia (Solis et al., 2019; Geng et al., 2021; Atcha et al., 2021; Zhu et al., 2023; Liu et 

al., 2018; Syeda et al., 2015). In myeloid cells, cyclical hydrostatic pressure activates Piezo1 leading 

to calcium influx, stabilisation of hypoxia-inducible factor 1α, and expression of pro-inflammatory 

mediators (Solis et al., 2019). In macrophages, Piezo1 functions downstream of TLR4, facilitating 

cytoskeletal remodelling and bacterial clearance (Geng et al., 2021; Atcha et al., 2021; Tadala et al., 

2022). Reports on the function of Piezo1 in T cell populations are conflicting at present, though this 

may be explained by differences in methodology (Du et al., 2023). One group found that Piezo1 

modulates regulatory T cell (Treg) expansion, without effecting CD4+ T cell differentiation or T cell 

receptor signalling (Jairaman et al., 2021). Another group found that Piezo1 was involved in T cell 

receptor signalling: Piezo1 knockdown reduced T cell priming, activation, and proliferation (Liu et 

al., 2018). Immune-expressed Piezo1 is involved in normal inflammatory processes; similarly, 

dysregulated Piezo1 is associated with dysregulated inflammatory processes (Solis et al., 2019). 

Immune cells such as macrophages and T cells also express TRPV3 (Sahu and Goswami, 2023; 

Majhi et al., 2015; Inada et al., 2006). In macrophages, TRPV3 channels are located on the lysosome 

and nucleolus (Sahu and Goswami, 2023). This report indicates that macrophage-expressed TRPV3 

channels facilitate chemotaxis, bacterial clearance, and wound healing – though additional evidence 

is limited at present. Dysregulation of TRPV3 has also been linked with inflammation. Although 
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interesting, further work is required to establish whether TRPV3 and Piezo channels interact in 

immune cells. 

TRPV3 and Piezo channels may interact in epidermal keratinocytes. Keratinocytes express 

functional Piezo1 channels, with expression peaking in the stratum granulosum and stratum 

spinosum (Figure 6.7) (Mikesell et al., 2022; Coste et al., 2010; Labarrade et al., 2023). A small 

study detected TRPV3, TRPV4, Piezo1, and Piezo2 proteins in samples from murine and human 

larynges (Figure 6.8) (Foote et al., 2022). Early reports have outlined a direct link between TRPV4 

and Piezo1. In cultured endothelial cells (HUVECs), stimulation of Piezo1 resulted in sustained 

TRPV4-mediated calcium influx, with phospholipase A2 acting as the intracellular TRPV4 agonist 

(Swain and Liddle, 2021). A similar Piezo1/TRPV4 link was reported in osteoblastic MC3T3-E1 

cells (Yoneda et al., 2019). Keratinocyte-expressed Piezo1 is activated by noxious mechanical 

stimuli causing injury; current data suggest that this Piezo1 activation may promote 

reepithelialisation – a key function of epidermal TRPV3 (Gudipaty et al., 2017; Eisenhoffer et al., 

2012; Labarrade et al., 2023). Piezo1 may also play a role in the hair thinning – a common feature 

of androgenetic alopecia, genetic hypotrichosis, and mature skin (Xie et al., 2022; Cotsarelis and 

Millar, 2001; Lei and Chuong, 2016; Matsumura et al., 2017). A recent report suggests that hair shaft 

miniaturization directly activates Piezo1 leading to calcium influx, TNF-α signalling, and hair follicle 

stem cell apoptosis (Xie et al., 2022). TRPV3 is involved in normal hair patterning and is highly 

expressed in follicular keratinocytes (Huang et al., 2008; Peier et al., 2002; Xu et al., 2002; Xu et 

al., 2006; Borbíró et al., 2011; Cheng et al., 2010). Pharmacological and genetic overactivation of 

TRPV3 is associated with hair abnormalities in vitro, in rodents, and in humans (Asakawa et al., 

2006; Xiao, Tian, et al., 2008; Lin et al., 2012; Yan et al., 2019; Song et al., 2021; Duchatelet and 

Hovnanian, 2015; Borbíró et al., 2011). Here, we found that the TRPV3 agonist, drofenine, enhanced 

release Dkk-1. Dkk-1 inhibits Wnt signalling, impairs hair growth, and is upregulated in balding 

regions from males and females with androgenetic alopecia and alopecia areata (Bafico et al., 2001; 

Mao et al., 2001; Kwack et al., 2012; Fawzi et al., 2016; Mahmoud et al., 2019; Jiaqi Liu et al., 

2022). Together, these reports suggest that TRPV3 and Piezo1 are functionally aligned in 

keratinocytes. 

This project identified a number of TRPV3-linked mediators involved in cutaneous inflammation 

and inflammatory itch. Piezo channels are generally considered to be mechano-specific and involved 

in touch and mechanical itch transduction. However, this section highlighted a number of locations 

and pathways for TRPV3 and Piezo interaction. Thus, further investigations into this putative link 

are required and warranted. Lastly, as much of these Piezo data are derived from murine models 

(Follansbee and Dong, 2022), future work should examine the impact of Piezo modulation on pruritic 

skin conditions in humans. 
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Immunostaining showing Piezo1 (green) and TRPV1 (red). Scale bars =16 µm. From Labarrade et 

al., 2023. 

Low magnification H&E staining (top panel) and immunostaining showing TRPV3 (red) and TRPV4 

(green), Piezo2 (green), and Piezo1 (green) (bottom pane). Images for TRPV3 and TRPV4 taken at 

30x magnification; images for Piezo1 and Piezo2 taken at 20x magnification. Scale bars =100 µm. 

Modified for clarity from Foote et al., 2022. 

  

Figure 6.7. Piezo1 is expressed in human skin. 

Figure 6.8. TRPV3, TRPV4, Piezo1, and Piezo 2 are expressed in human oesophageal tissue. 



 

226 
 

6.4. TRPV3 and the wider cutaneous system 

This project examined the TRPV3 channel in a monolayer of normal human epidermal keratinocytes 

(NHEK). Functionally, this NHEK culture model likely recapitulates the inner region of the 

epidermis. In the skin, these keratinocytes would function as part of the wider cutaneous system, 

integrating stimuli from both the epidermal and dermal layers. 

Recent reports have highlighted the remarkable morphological, functional, and genetic diversity of 

this cutaneous system. This diversity was outlined in the proteomic atlas of healthy human skin: 

using mass spectrometry-based proteomics, the authors identified the proteomic profiles of each 

cellular subset and skin layer (Figure 6.9) (Dyring-Andersen et al., 2020). Recent technological 

advances have enabled researchers to examine the spatial patterns of gene expression in cells from 

organised tissues (Moses and Pachter, 2022). These single-cell RNA sequencing (scRNA-seq) 

analyses have revealed functionally distinct clusters within populations of fibroblasts (Buechler et 

al., 2021; Korsunsky et al., 2022), dermal endothelial cells (Qingyang Li et al., 2021), and 

keratinocytes (Zou et al., 2021; Cheng et al., 2018). Separate analyses have described functional 

subgroups within peripheral sensory neurons (Chiu et al., 2014; Usoskin et al., 2015; Goswami et 

al., 2014; Reynders and Moqrich, 2015; Thakur et al., 2014). In this section, we outline the 

complexity of the cutaneous system and the impact of TRPV3-linked signalling on the function and 

dysfunction of the skin. 

Schematic shows experimental setup and workflow. From Dyring-Andersen et al., 2020. 

Figure 6.9. Mass spectrometry-based proteomic analysis of skin layers and cellular subsets. 
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Dermal fibroblasts are broadly defined by their location within the dermis: papillary versus reticular 

(Korosec et al., 2019). Fibroblasts are further subdivided into functional subpopulations using a 

variety of markers (Haydont, Neiveyans, et al., 2019; Janson et al., 2012; Nauroy et al., 2017; 

Philippeos et al., 2018; Solé-Boldo et al., 2020; Tabib et al., 2018). Even in culture, primary human 

fibroblasts express layer-specific markers, morphology, and functional properties (Philippeos et al., 

2018; Tabib et al., 2018). Papillary fibroblasts are broadly characterised by Wnt signalling 

(Philippeos et al., 2018; Rognoni et al., 2016; Driskell et al., 2013). Reticular fibroblasts show 

species-specific expression profiles: genes related to extracellular matrix (ECM) regulation were 

highly expressed in murine cells, while secretoglobin genes were enriched in human cells (Philippeos 

et al., 2018). A recent report segregated human fibroblasts into 5 broad subpopulations, with each 

subgroup displaying a distinct gene signature: SPARC+COL3A1+ (C4 fibroblasts); FBLN1+ (C5 

fibroblasts); PTGS2+ SEMA4A+ (C8 fibroblasts); CD34+ MFAP5+ (C9 fibroblasts); and CCL10+ 

CCL19+ (C11 fibroblasts) (Korsunsky et al., 2022). These 5 subpopulations were consistently 

identified in gut, lung, salivary gland, and synovium tissue (Korsunsky et al., 2022). Gene set 

enrichment analysis suggests that C4 fibroblasts are involved in ECM remodelling and C11 

fibroblasts directly interact with immune cells and promote inflammation (Korsunsky et al., 2022). 

C4 and C11 fibroblasts are expanded in inflamed tissues: C4 localise to perivascular regions, while 

C11 colocalise with T lymphocytes (Korsunsky et al., 2022). C11 fibroblasts are also significantly 

expanded in lesional atopic dermatitis skin (Korsunsky et al., 2022; He et al., 2020). Following 

cutaneous damage, dermal fibroblasts proliferate, migrate, and differentiate to form a fibrotic scar. 

These processes are tightly controlled, with wound-activated fibroblasts showing distinct expression 

profiles at different times and at different locations within the wound site (Foster et al., 2021). At the 

wound edge, local fibroblasts are activated and proliferate inward (Foster et al., 2021). Wound-

activated fibroblasts also undergo functional differentiation, with clustering revealing 4 putative 

subgroups linked to distinct wound healing processes: “mechano-fibrotic”, “activated-responder”, 

“remodelling”, and “proliferator” fibroblasts (Foster et al., 2021). Together, these data highlight the 

genetic and functional diversity within the dermal fibroblast population. 

In addition to fibroblasts, the dermal layer contains vasculature, dendritic cells (DCs), macrophages, 

and T cells. This cutaneous region is a key site of immune cell recruitment and interaction. Reports 

suggest that the dermal layer may contain immune microdomains, with infiltrating and resident 

immune cells localising to distinct regions (Wang et al., 2014). In DCs in the superficial papillary 

dermis highly active and mobile (Wang et al., 2014). DCs detect and present antigens; here, they 

may also activate and interact with basal keratinocytes in the dermal-epidermal junction. In addition 

to the dermal immune cells, dermal endothelial cells (EC) play an active role in cutaneous immune 

responses, participating in immune cell recruitment and infiltration (Zhu et al., 2020; Chen et al., 

2021; Evans et al., 2021). Using ssRNA-seq, researchers identified 5 major subtypes of EC within 

the human dermis (Qingyang Li et al., 2021). EC subtypes displayed distinct genotypic signatures 

and were associated with distinct vascular regions: arteriole EC; capillary EC; post-capillary venule 
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EC; venule EC; and lymphatic EC (Qingyang Li et al., 2021). Capillary EC are involved in immune 

surveillance and T cell activation, with cells expressing high levels of antigen presentation molecules 

(Qingyang Li et al., 2021). Arteriole EC expressed angiogenesis-linked genes, while post-capillary 

venule EC expressed inflammation-related genes (Qingyang Li et al., 2021). Together these reports 

underline the functional complexity of the dermal immune response. 

Keratinocytes often considered a homogenous population. Similar to dermal fibroblasts, epidermal 

keratinocytes are broadly defined by their location within the epidermis. Basal keratinocytes, the 

innermost cells of the epidermis, are in fact a type of stem cell. These stem cells produce daughter 

keratinocytes that, through further rounds of proliferation and differentiation, underpin epidermal 

stratification and epidermal barrier formation (Watt, 1989; Eckert, 1989). This process creates layer-

specific and differentiation-linked expression patterns (Matsui and Amagai, 2017). More recently, 

scRNA-seq has revealed additional functional subgroups within the keratinocyte population (Zou et 

al., 2021). Keratinocytes clustered into 9 distinct subpopulations: proliferating undifferentiated basal 

cells (MC1, MC2, and MC3); quiescent undifferentiated basal cells (BC1, BC2, and BC3); 

differentiated spinous cells (SC1 and SC2); and terminally differentiated cells (GC) (Zou et al., 

2021). These findings are consistent with an earlier report (Cheng et al., 2018). Staining analyses 

suggest that TRPV3 is localised to the stratum basale, while TRPV1 may be expressed in the upper 

stratum (Figure 6.7) (Peier et al., 2002; Facer et al., 2007; Asakawa et al., 2006; Labarrade et al., 

2023). This staining pattern may explain the apparent lack of TRPV1 responses in our NHEK model. 

Herein, we also outlined a number of functional subgroups with respect to TRPV3-linked calcium 

responses in our NHEK model. Keratinocyte gene signatures are also impacted by the anatomic 

location of skin sampling: inflammatory genes are enriched in scalp keratinocytes, while 

proliferation-associated genes are enriched in foreskin keratinocytes (Cheng et al., 2018). These data 

highlight the heterogeneity within the epidermal keratinocyte population. The experiments outlined 

herein failed to account for or utilise this heterogeneity. 

In addition to the cellular components, the skin also contains an extracellular matrix (ECM) 

consisting of “core matrisome” and “matrisome-associated” components (Martin et al., 1984; Naba 

et al., 2012; Naba et al., 2016). Core matrisome components support the structure of the skin and 

include collagens, proteoglycans, and glycoproteins (Leng et al., 2020). Matrisome-associated 

components are signalling mediators and growth factor that are bound to core components (Leng et 

al., 2020). The ECM mesh creates a 3-dimensional microenvironment and acts as a bioactive scaffold 

for cellular adhesion and migration. Similar to the cellular components, different cutaneous regions 

express different ECM components (Li et al., 2022). In the dermis, papillary regions express higher 

levels of secreted factors, while reticular regions express higher levels of ECM glycoproteins (Figure 

6.10) (Nauroy et al., 2017). With regard to core matrisome components, collagen VII (COLVII) is 

enriched in papillary fibroblasts and elastin is enriched in reticular fibroblasts; these expression 

profiles reflect the distinct functions of the 2 dermal regions (Nauroy et al., 2017). COLVII anchoring 
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fibrils are particularly important in the basement membrane – a highly specialised ECM region 

located between the epidermal and dermal layers (dermal-epidermal junction). Basal keratinocytes 

are physically anchored to the basal membrane: collagen, laminin, and integrin receptors bind the 

internal actin cytoskeleton to the underlying membrane (Gonzales et al., 1999; Hsu et al., 2014; Jones 

and Watt, 1993). This interaction is key to the structure and stability of the epidermis.  

Pie charts highlight the proportion of Matrisome-associated and core matrisome genes expressed in 

papillary fibroblasts (Fp) and reticular fibroblasts (Fr). From Nauroy et al., 2017. 

Mature human skin displays distinct morphological and biological features, with reports suggesting 

these changes are caused by changes in the cutaneous ECM. Mature skin express lower levels of 

proteins associated with cell-matrix adhesion, response to growth factors, acute inflammatory 

responses, wound healing, and fungal defence; and higher levels of proteins associated with 

ossification, bone mineralisation, and connective tissue development (Mansheng Li et al., 2021). 

Other reports found that mature skin showed elevated transcription of pro-inflammatory and 

apoptotic factors (Zou et al., 2021; Haydont, Bernard, et al., 2019). Relative levels of core matrisome 

components also changed with age (Mansheng Li et al., 2021). In addition to normal skin patterning, 

the ECM is essential for wound healing. Skin keloids – fibroproliferative scar tissue – are caused by 

an imbalance in ECM deposition and degradation following tissue damage (Zhang et al., 2021; 

Andrews et al., 2016). Keloids are associated with disordered inflammation, protease activity, and 

ECM remodelling – leading to impaired wound healing (Zhang et al., 2021). Angiogenic and 

inflammatory factors were significantly upregulated in keloid tissue (Zhang et al., 2021). Protease-

related ECM regulators, such as the Serpin (or PAI) superfamily, were dysregulated in keloid tissue: 

SERPINH1, SERPINA6, SERPINF1, SERPINF2, SERPINA3, SERPINB9, SERPINA4, 

SERPINB5, SERPINC1, and SERPINA1 were upregulated; while SERPINB7, SERPIND1, 

SERPINB12, SERPINB8, SERPINB6, SERPING1, SERPINA5, and SERPINB1 were 

downregulated (Zhang et al., 2021). These data highlight the importance of the SERPIN superfamily 

on skin healing. Herein, we linked TRPV3 activation to SERPINE1 (or PAI-1) release from 

keratinocytes; future work should investigate the effect of TRPV3 activation on other members of 

the SERPIN superfamily.  

Figure 6.10. Matrisome genes expressed in dermal fibroblasts. 
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Herein, we examined TRPV3 signalling, activity and trafficking in a monolayer NHEK model of 

human epidermis. This culture model allowed for investigation of cellular signalling, calcium 

fluctuations, and channel trafficking. We found that the TRPV3 agonist, drofenine, promoted release 

of BSG, Dkk-1, EGF, IL-1α, IL-1ra, MIF, PAI-1, PDGFA, and TGF- α from cultured NHEK. 

However, this model fails to account for the complexity of the cutaneous system. 

Each of these TRPV3-linked mediators can affect a number of cutaneous cells. Following cleavage 

and release, BSG stimulates fibroblasts to release MMPs, promoting a key pathway in cutaneous 

remodelling, cancer, and psoriasis (Taylor et al., 2002; Sameshima et al., 2000; Lim et al., 1998; 

Guo et al., 1997; Guindolet and Gabison, 2020; Peng et al., 2017; Cui et al., 2021). Though the exact 

receptor underpinning this BSG/MMP response remains unclear, released BSG promotes MMP-

dependent cleavage of membrane-bound BSG (Tang et al., 2004; Egawa et al., 2006). Dkk-1 is 

highly upregulated in androgenetic alopecia and alopecia areata, with Dkk-1 acting directly on 

follicular keratinocytes to promote apoptosis and induce hair follicle regression (Fawzi et al., 2016; 

Mahmoud et al., 2019; Qingmei Liu et al., 2022; Kwack et al., 2012). Dkk-1 interrupts Wnt/β-catenin 

signalling, directly binding and promoting internalisation of the low-density lipoprotein receptor-

related proteins 5 and 6 (LRP5 and LRP6) (Bao et al., 2012). In the skin, LRP5 and LRP6 transcripts 

have been detected in endothelial cells, sweat glands, certain fibroblasts, smooth muscle cells, and 

adipocytes (Uhlén et al., 2015), suggesting that the cutaneous effects of Dkk-1 may be more complex 

than currently understood. EGF and TGF-α bind and activate EGFR, promoting epidermal growth 

and repair. TGFα and EGFR loss-of-function murine models highlight the importance of this 

pathway in epidermal morphogenesis, hair patterning and wound healing (Threadgill et al., 1995; 

Sibilia and Wagner, 1995; Murillas et al., 1995; Mann et al., 1993; Luetteke et al., 1993; Luetteke et 

al., 1994). In the skin, EGFR is primarily localised to the epidermal keratinocytes – though 

expression levels vary across donors (Uhlén et al., 2015). IL-1α binds to IL1R1, while IL-1ra inhibits 

IL1R1 (Mosley et al., 1987). IL1R1 transcripts have been detected in Langerhans cells, endothelial 

cells, macrophages, and fibroblasts (Karlsson et al., 2021). Dysregulation of IL-1 has been linked to 

hidradenitis suppurativa and other autoimmune conditions (Kanni et al., 2018; Lu et al., 2013; 

Migliorini et al., 2020). MIF binds to CXCR2 or CXCR4 promote recruitment and activation of 

monocytes, T cells, and eosinophils (Bernhagen et al., 2007; Vieira-de-Abreu et al., 2011). MIF has 

been linked to vitiligo, psoriasis, atopic dermatitis, and alopecia areata (Chen et al., 2023; Bezdek et 

al., 2018; Shimizu et al., 2001; Yasuda et al., 2014; Eldesouky et al., 2020); however, the role of 

keratinocyte-expressed TRPV3 in disease-linked MIF signalling remains unknown. PAI-1 inhibits 

urokinase and tissue plasminogen activators (uPA and tPA), modulating ECM degradation (Ghosh 

and Vaughan, 2012). PAI-1 also binds to low-density lipoprotein receptor-related protein 1 (LRP1) 

and regulates fibroblast migration via activation of the β-catenin pathway (Kozlova et al., 2015). 

PAI-1 also binds to peripheral sensory neurons to promote itch transduction (Larkin et al., 2021). 

Together, these data outline the potential impact of TRPV3 function and dysfunction in the skin. 
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Further work should examine the impact of TRPV3 in 3D organotypic models and explants of human 

skin. 

This section briefly describes the complexity of the cutaneous system. This work is ongoing and 

constantly evolving, with a recent paper outlining gene expression and cellular interactions in 

psoriasis (Ma et al., 2023). As we look to create novel TRPV3 modulators and other topical 

inhibitors, we must consider the broader impact of TRPV3 pathways in the skin. TRPV3 promotes 

epidermal patterning and wound healing. TRPV3-linked mediators facilitate cutaneous homeostasis 

and immune responses. Future therapeutics should aim to rebalance, rather than inhibit, cutaneous 

TRPV3 signalling. 
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6.5. Limitations and questions for future research 

This section outlines the main limitations and questions for future research, focusing on the cell 

culture model and experimental methods. 

6.5.1. The impact of culture conditions and donor genetics on TRPV3-

linked signalling 

This project assessed TRPV3-linked signalling in a culture model of human epidermis: cultured 

normal human epidermal keratinocytes (NHEK). Like other in vitro systems, the NHEK model has 

several drawbacks and benefits. 

As discussed above, epidermal keratinocytes form an integral component of the cutaneous system, 

interacting with dermal fibroblasts, immune cells, and peripheral neurons. Here, NHEK are grown 

in a single layer, at ≤ 70% confluency. This monolayer likely recapitulates the inner region of the 

epidermis. These culture conditions are useful for signalling and staining experiments. The normal 

process of terminal differentiation means that, as cultures reach confluency, NHEK form a near-inert 

barrier-like layer. Although essential for skin patterning, this differentiation would impair functional 

TRPV3 analyses. Moreover, keratinocyte differentiation affects protein expression and cellular 

function. Our monolayer system likely included keratinocytes at a variety of differentiation stages. 

Here, consistent culture conditions and timing were used. However, keratinocytes differentiation 

may have increased the variation in vitro findings. In the skin, keratinocytes express a number of 

layer-specific markers: keratin 5 and keratin 14 are expressed in the stratum basale, while keratin 1 

and keratin 10 are expressed in the stratum spinosum. These markers would have greatly improved 

our TRPV3 trafficking experiments. Despite this potential differentiation-linked variation, several of 

the in vitro findings detailed herein were later validated in murine models and human skin (Larkin et 

al., 2021). However, additional experiments should consider keratinocyte differentiation and 

intercellular communication. 

Although still an accepted method for early in vitro analyses, recent reports suggest that stiff culture 

conditions, such as those conferred by conventional tissue culture plastics, may impact cell 

responses. Stiff substrates activate PIEZO1 and promote an inflammatory phenotype in bone 

marrow-derived macrophages; effects were correlated with the degree of stiffness, with the 280 kPa 

substrate significantly increasing PIEZO1-mediated calcium events (Atcha et al., 2021). The 

stiffness of standard tissue culture plastic ranges from 0.2 to 5.0 GPa – that is 200000 to 5000000 

kPa (Guimarães et al., 2020). To mitigate this issue, several cell culture substrates have been 

developed. These include Matrigel substrate, synthetic polyethylene glycol-based substrates, and 

alginate-based substrates. Although useful, these substrates fail to replicate the complex environment 

of the basement membrane and epidermis and may introduce additional substate-linked variation 

(Bahr et al., 2022; Sakai and Kawakami, 2007; Hughes et al., 2010). Other groups have utilised 
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LabSkin™, a 3D-organotypic in vitro model of human skin. This model contains differentiated 

dermal and epidermal cells, which form a biologically active and histologically comparable skin 

sample (Figure 6.11) (Wallace et al., 2020). However, this 3D model lacks vasculature, resident and 

infiltrating immune cells, and other important cutaneous cells. Nonetheless, future experiments 

should examine the TRPV3 channel in an ex vivo or 3D organotypic model on the epidermal layer. 

Schematic illustrating the LabSkin™ culture system and H&E staining of model showing clearly 

delineated fibroblast and keratinocyte regions. From Wallace et al., 2020. 

In general, controlled cultures allow for controlled experiments. This is a key tenet of in vitro 

analyses and a presumed benefit of the NHEK culture model. However, we noted a striking level of 

inter-experimental variation. This variation was highlighted in our signalling analyses and appears 

to be associated with the human donor (see Table 2.1). During this project we found that 2 donor 

batches were unable to release measurable levels of PAI-1 following drofenine application. This 

finding was contrary to earlier analyses. This discrepancy was first thought to be due to issues with 

the assay kit or experimental setup. After ruling this out, we examined the donor characteristics. 

Aging is linked with immunosenescence (Wang et al., 2022). However, the 1st donor was 75 years 

old, while the 2nd was just 20-year-old. This suggests that the PAI-1 discrepancy was not related to 

donor age. Biological sex and sex hormones are linked with inflammatory capacity (Lau et al., 2018). 

However, the 1st donor was female, and the 2nd was male. This suggests that the PAI-1 discrepancy 

was not related to donor sex. Lastly, racial and ethnic background is thought to impact systemic 

inflammation – though this effect may be due to social and psychological factors (Schmeer and 

Tarrence, 2018). Here, we noted an interesting difference: PAI-1 release was detected in NHEK 

donated by Hispanic, Black, and Mixed-race (Black/Caucasian) individuals; while PAI-1 release was 

impaired in NHEK donated by Caucasian individuals. These observations suggest that TRPV3-

Figure 6.11. The LabSkin™ 3D model of human skin. 



 

234 
 

evoked PAI-1 release may be related to the racial background of the donor. This putative association 

has been described in a number of published reports (Iso et al., 1993; Festa et al., 2003; Matthews et 

al., 2005; Lutsey et al., 2006). Thus, although primary human cells improve translational power, 

donor genetics and epigenetic variation can reduce the statistical power of in vitro analyses. Here, 

this variation was overcome by further replication. 

One way to control for donor genetics is to use an immortalised cell-line. Human immortalised 

nontumorigenic keratinocytes (HaCaT) are an example of a widely used cell-line and culture model 

of human keratinocytes. This model is thought to represent a homogenous monolayer model; this 

means that it presents the same culture issues as NHEK but potentially without the inter-donor 

variation. To date, several groups have used HaCaT to examine TRPV3 in vitro (Deering-Rice et al., 

2014; Qi et al., 2022; Yujing Wang et al., 2021; Li et al., 2016). One group found that a TRPV3 

agonist promoted proliferation and TGFα release from HaCaT (Yujing Wang et al., 2021). Another 

found that a TRPV3 antagonist reduced agonist-induced cell death agonist (Qi et al., 2022). Original 

reports indicated that the EC50 for drofenine in HaCaT was 605 µM, though the LC50 was 230 µM 

following a 24 h stimulation (Deering-Rice et al., 2014). During this project, HaCaT cultures were 

stimulated with varying concentrations of drofenine (data not shown). Surprisingly, drofenine 

induced rapid and profound cell death, with cells showing spindle morphology after just minutes of 

stimulation at levels far below LC50. These observations suggest that our HaCaT could express high 

levels of membrane TRPV3. This theory was supported by preliminary TRPV3 staining. Thus, these 

examples highlight the variation within the HaCaT model and suggest that this cell-line may be 

inappropriate for TRPV3 assessments. 

Overall, these issues increased the variation and reduced the translational power of our findings. 

However, work by our research group and collaborators strengthened the validity of these in vitro 

analyses (Larkin et al., 2021). This thesis outlined novel TRPV3-linked signalling in monolayer 

cultures of primary human keratinocytes. Collaborators then investigated certain TRPV3-linked 

mediators in clinical dermatitis and murine models. Together, this work identified novel TRPV3-

linked pathways and highlighted their role in cutaneous inflammation and pruritic skin disease. 

Further analyses should examine the role of other TRPV3-linked mediators in clinical dermatitis and 

murine models. 
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6.5.2. Measuring TRPV3-linked signalling 

Here, we used commercially available kits to assess mediator release and kinase activation. Here, we 

would like to note a number of limitations and caveats associated with these arrays. 

Cytokine arrays revealed that drofenine enhances release of certain mediators from cultured NHEK. 

A number of these mediators are upregulated in human and murine dermatitis. These reports often 

indicate a higher level of mediator expression - not a higher level of mediator release. For classic 

release mediators, like cytokines, expression and release are essentially equivalent. However, this is 

not the case for mediators that function as both membrane-bound and released mediators. BSG is 

one such mediator. BSG proteins are elevated in psoriatic lesions (Peng et al., 2017) – however, the 

proportion of membrane-bound and released BSG remains unexplored. Here, we found that 

drofenine promoted cleavage and release of BSG from cultured NHEK. It is unclear whether TRPV3 

upregulates the BSG protein. Current reports suggest that released BSG stimulates fibroblasts to 

promote MMP secretion; however, this effect may be mediated by membrane-bound BSG (Taylor et 

al., 2002; Sameshima et al., 2000; Lim et al., 1998; Guo et al., 1997; Guindolet and Gabison, 2020). 

Thus, the actual effect of enhanced BSG cleavage and release is unknown. Moreover, these kits do 

not account for variations in potency and local conditions. Low levels of certain mediators may result 

in profound effects, with impacts dependent on the sensitivity of adjacent cells. These examples 

highlight some of the limitations associated with these mediator release assays. 

Phospho-kinase arrays revealed that drofenine enhances phosphorylation of certain intracellular 

kinase proteins in cultured NHEK. This array is based on the understanding that phosphorylation of 

these kinase proteins indicates activation. After activation, kinases proteins often undergo rapid 

dephosphorylation. As this can lead to sub-baseline levels of protein phosphorylation, significantly 

reduced protein phosphorylation could also indicate activation of the kinase pathway. This was not 

incorporated into the analyses herein. Thus, the power of this phospho-kinase array is limited by the 

transient nature of kinase activation. Future work should look to examine intracellular TRP signalling 

using phosphoproteomics or other spectrometry-based and high-throughput methods (Savage and 

Zhang, 2020; Alganem et al., 2022; Zhu et al., 2022; Franciosa et al., 2023). These experiments 

could reveal important targets for TRPV3-targeting agents. The increased sensitivity of these assays 

may also clarify the presence or absence of functional TRPA1 and TRPV1 channels in cultured 

NHEK. 

In addition to these methodological issues. Further studies should work to establish the SNARE 

proteins underlying TRPV3-linked mediator release. These data would allow for the development of 

targeted BoNT-based therapeutics, which could alleviate TRPV3-linked inflammation and functional 

upregulation in human patients. 
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6.5.3. Assessing TRPV3-linked calcium responses 

TRPV3 is a calcium-permeable and temperature-sensitive cation channel (Peier et al., 2002; Smith 

et al., 2002; Xu et al., 2002). Here, we used a cell-permeant fluorescent dye to monitor relative 

changes in intracellular calcium – an indicator of TRP channel activation. Fluorescent microscopy 

was used to record real-time calcium fluctuations in a live NHEK culture model. This method is 

commonly used in basic research. 

TRPV3 channels facilitate influx of a variety of cations, including sodium, potassium, caesium, and 

ammonium cations (Xu et al., 2002; Liebe et al., 2021). Additional cation dyes or indicators could 

reveal additional features of the TRPV3 response. That said, permeability ratios suggest that TRPV3 

is primary a calcium channel. TRPV3 channels are also responsive to warm temperatures (between 

33°C and 42°C) (Peier et al., 2002; Xu et al., 2002; Smith et al., 2002). This sensitivity was noted 

during the calcium imaging experiments. Moreover, changes in the external environment increased 

cellular sensitivity and cell death. These effects may be mediated by a multitude of temperature-

sensitive channels. Irrespective of the channel, these external factors likely increased the variation 

within our TRPV3 calcium experiments. Due to the nature of the TRPV3 channel, these issues are 

difficult to avoid. To minimise the impact, we allowed cells and stimulations to equilibrate to room 

temperature before imaging. However, it is also possible that this equilibration and prolonged 

imaging time could also impact cell responses. 

Here, drofenine was primarily used at 500 µM concentrations. This concentration was based on data 

from the early drofenine analyses (Deering-Rice et al., 2014). However, our live imaging 

experiments showed that this concentration of drofenine was capable of inducing calcium 

fluctuations in nearly 100% of cultured NHEK. As described previously, these fluctuations were 

robust and sometimes oscillating. These later responses may be explained, in part, by continued or 

repeated agonist-induced activation of the TRPV3 channel. Previous reports showed that TRPV3-

mediated calcium flux was potentiated by repeated activation (Chung et al., 2004; Chung et al., 

2005). This unusual feature remains poorly understood, though it may be mediated by binding of 

calmodulin to the N-terminal and pore regions of the TRPV3 channel (Xiao, Tang, et al., 2008; 

Phelps et al., 2010). Herein, we failed to examine the impact of repeated TRPV3 stimulation. 

However, we postulate that repeated stimulation would have produced similar findings to the 

previous reports. 

Recordings of TRPV3-linked calcium fluctuations revealed a number of novel, and currently 

unexplained, features. Our data outlined the phasic patterns of activation, which may be linked to 

receptor trafficking and upregulation. In addition, recordings appeared to show fluorescent tubule-

like and vesicles-shaped structures. These intercellular structures extended into the extracellular 

space following drofenine application. Keratinocytes produce synaptic-like protrusions to 

communicate with sensory neurons (Talagas et al., 2020). However, the importance of these 

structures in TRPV3-mediated keratinocyte activation remains unknown. Observations suggested 
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that calcium fluctuations may spread across the cell NHEK monolayer. During a number of 

recordings, calcium signal appeared to originate in one cell and flow into adjacent cells. This 

observation may be explained by varying levels of TRPV3 expression and sensitivity. It may also 

represent an important feature of the TRPV3 calcium response in keratinocytes. Theoretically, this 

calcium flow could occur via pannexins (PANX1, PANX2, and PANX3): paracrine ion channels that 

are expressed in the skin (Sanchez-Pupo et al., 2022; Penuela et al., 2007; O’Donnell et al., 2023). 

In addition to facilitating paracrine calcium flow, PANX3 has been linked to skin barrier function 

and inflammation (O’Donnell et al., 2023). Thus, it is possible that recorded calcium fluctuations are 

mediated by rapid TRPV3-mediated calcium influx followed by pannexin-mediated calcium flow. 

This putative pannexin pathway may represent one or more of the later response clusters. Knockdown 

of PANX3 could interrupt drofenine-evoked calcium flow and dysregulate normal TRPV3-mediated 

wound healing and epidermal patterning. Although interesting, this theory remains unexplored. 

As is the case with all projects, our methods developed and improved with every new experiment. 

Unfortunately, this progression resulted in different experiments having different experimental 

setups and leading to different data. In early studies, imaging was looking to confirm or deny the 

existence of functional TRPV3 channels in a live NHEK culture model. This work suggested that 

there may be differences in how quickly cells respond to drofenine. To examine this hypothesis, we 

extended the recording time and eventually used a lower magnification lens. These changes – and 

other experimental issues – reduced the strength of our inter-experimental comparisons. This was 

discussed in detail in Chapter 5 (Section 5.3.2). However, these experimental changes were 

important and revealed key insights into the population dynamics of the TRPV3 channel in 

keratinocytes. 
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6.5.4. Tracking TRPV3 activation dynamics and trafficking 

This project identified several interesting features of the TRPV3-linked calcium response in NHEK. 

Calcium imaging revealed a phasic activation pattern. Immunocytochemistry suggested that these 

later phases were linked to TRPV3 channel trafficking. Moreover, calcium imaging indicated that 

BNP enhances TRPV3 activity. Immunocytochemistry suggested that this effect was linked to 

enhanced trafficking of the TRPV3 channel to the surface membrane. We identified GSK-3αβ, JNK-

pan, and p38α as key drivers of this BNP-induced TRPV3 trafficking. Calcium imaging is discussed 

in detail in a previous section (Section 6.5.3). Here, we examine the issues and limitations of our 

surface TRPV3 imaging. 

Surface TRPV3 was detected with the TRPV3-ecto antibody (Alomone Labs, ACC 033). This 

antibody binds to the extracellular portion of the TRPV3 channel. Using a modified 

immunocytochemistry approach (see Section 2.2.9.2 for method), we attempted to detect surface 

TRPV3 and quantify TRPV3 trafficking. However, these images revealed notable levels of 

intracellular signal. During protocol optimisation, staining was tested under various environmental 

conditions. Although colder temperatures are known to minimise receptor internalisation, these 

conditions resulted in distinct morphological changes. 

It is possible that this intracellular TRPV3 signal reveals important features of normal trafficking and 

recycling. Immunocytochemistry images suggest that, under normal conditions, TRPV3 undergoes 

consistent internalisation. Whether this internalisation leads to inactivation followed by degradation 

or recycling remains unknown. The Pitstop2 experiments highlighted the impact of endocytosis on 

TRPV3 activity. After just 30 min, the endocytosis inhibitor (Pitstop2) altered the temporal dynamics 

of the TRPV3 calcium response. Pitstop2 increased the proportion of cluster 1 responders, while 

decreasing the proportion of cluster 2 and cluster 4 responders (Figure 4.18B). We hypothesis that, 

under normal conditions, the TRPV3 channels would have cycled from the surface membrane to 

intracellular regions. Our optimised immunocytochemistry method requires about 90 minutes, from 

primary antibody application to cellular fixation and mounting. Thus, it is conceivable that TRPV3 

channels would cycle from surface to intracellular regions, resulting in the aforementioned sub-

membrane signal. In experiments where the TRPV3 signal was increased, intracellular fluorescence 

may represent TRPV3 proteins which have cycled from the membrane region. Thus, these findings 

may indicate important features of TRPV3 trafficking in a monolayer of primary human 

keratinocytes. Additional methods could reveal additional insights into TRPV3 trafficking. GFP-

tagged TRPV3 could allow for more precise analysis of TRPV3 trafficking. However, tagging of 

channel proteins could impact normal cycling and function (Meyer et al., 2007). Flow cytometry 

could improve the sensitivity and specificity of our surface TRPV3 analyses. Proximal ligation 

assays could also be used to identify membrane- or vesicle-associated TRPV3. This method could 

reveal the subcellular location of internalised TRPV3, potentially indicating whether these channels 

could promote further signalling or degradation. We propose that inhibitors of GSK-3αβ, JNK-pan, 
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or p38α may interrupt BNP-induced TRPV3 trafficking. As BNP and TRPV3 are upregulated in 

murine models and human dermatitis, this pathway may be clinically relevant for anti-dermatitis and 

anti-itch agents. This hypothesis should be examined using the aforementioned in vitro methods and 

BNP-linked murine models of dermatitis. 

These calcium imaging and immunocytochemistry experiments highlighted a novel link between 

BNP and TRPV3 activity and trafficking. In addition, Dr. Meng showed that BNP enhances TRPV3 

transcription in cultured keratinocytes (Larkin et al., 2021). During this project, additional 

experiments attempted to assess the effect of BNP on total TRPV3 expression. These experiments 

appeared to suggest that neuropeptide stimulation was unable to affect TRPV3 translation. However, 

issues with sample preparation and antibody specificity impaired our analyses. Early western blot 

experiments suggested that TRPV3 was directly associated with cytoskeletal and other large proteins, 

with bands presenting at much high molecular weights than predicted. Indeed, preliminary blots 

showed that drofenine stimulation altered cytokeratin 14 detection. Other groups have shown that 

TRPV3 directly interacts with EGFR and other TRP proteins (Cheng et al., 2010; Cheng et al., 2007). 

These interactions are important for TRPV3 function; however, they may impact quantification of 

TRPV3 proteins. Further analyses should investigate the effect of BNP on total TRPV3 protein, using 

either improved western blot or immunocytochemistry. 

Together, these experiments linked the temporal nature of TRPV3 calcium fluctuations with TRPV3 

trafficking. These temporal features align with the biphasic time course of TRPV3-evoked itch (Cui 

et al., 2018). Moreover, our data suggest that BNP enhances TRPV3 activity and trafficking – 

potentially highlighting a pathway for functional TRPV3 upregulation in atopic dermatitis skin. 

These pathways will form the basis for future anti-itch therapeutics and may help alleviate pruritus 

in a multitude of TRPV3-linked skin diseases. 
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6.6. Statement of impact, summary, and conclusions 

Chronic itch is a surprisingly common issue: up to 1-in-5 people will experience it at some point in 

their lifetime (Weisshaar, 2016; Hay et al., 2014). Our research group endeavours to develop targeted 

anti-itch therapeutics. This project represents the in vitro component of our work: team members and 

international collaborators use these data to guide in vivo work and drug development. This project 

represents a key step in this process, highlighting the role of TRPV3 in healthy and diseased human 

skin. Thus, this project will facilitate the development of novel anti-itch therapeutics for the treatment 

of pruritic inflammatory skin conditions. 

This project identified inflammatory mediators, kinase pathways and SNARE proteins acting 

downstream of TRPV3 in an NHEK model of human epidermis. TRPA1, TRPV1, and TRPV3 

channels activate distinct intracellular kinase proteins. Activation of TRPV3 enhances intercellular 

signalling, promoting both VAMP3-dependent and -independent mediator secretion. TRPV3 

channels display a phasic activation profile facilitated, in part, by normal receptor cycling pathways. 

BNP sensitises TRPV3 responses, acting via GSK3α/β, JNK-pan, and p38α to drive functional 

TRPV3 upregulation. These in vitro findings outlined herein were supported by murine models and 

clinical samples (Larkin et al., 2021). Thus, TRPV3, and the pathways outlined herein, represent key 

targets for future anti-itch agents. We believe that these insights will aid the development of TRPV3-

targeting agents and advance the treatment of pruritic inflammatory skin conditions. 
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