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Abstract 

 

Skin is the largest organ of human body and serves a variety of functions such as 

protection, absorption, production of biologically useful substances, and sensation. 

Keratinocytes are the largest population of cells in the skin. Although there has been 

much progress in understanding the fundamental biology of keratinocytes with respect 

to their proliferation and differentiation, we know little about how keratinocytes 

contribute to the sensory functions of the skin. In this study, we therefore examined 

how keratinocytes contribute to the sensory function of skin in both physiological and 

pathological conditions. By stimulating TRPV1 molecules expressed ectopically in 

keratinocytes, we have confirmed that acute keratinocyte stimulation can directly signal 

to neurons to generate pain responses in mice. Another interesting characteristic of 

keratinocytes is the endogenous expression of several TRP channels, which are 

traditionally known to possess sensory functions. We characterized the effect of TRPV1 

overexpression in keratinocytes.  We found that this transgenic maneuver leads to an 

obvious hyperplastic and pro-inflammatory change of the epidermis. Overall this thesis 

research revealed several new functions of keratinocytes to skin sensation and 

epidermal homeostasis. 
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I. Bases for the sensory function of skin 

Skin is the largest organ in the human body and is composed of the outer epidermis 

and the inner dermis. It is a multi-functional organ for absorption, protection, and 

sensation, as well as production of systemically important molecules (Vitamin D). The 

ectoderm-origin epidermis of the skin contains mainly keratinocytes but also contains 

other cell types such as Merkel cells, melanocytes and immune cells (e.g., Langerhans 

cells, T cells). The mesoderm-origin dermis, mainly comprised of supportive 

connective tissue, also contains epithelial appendages such as the hair follicles, sweat 

glands and sebaceous glands.  Skin is also densely innervated with mumerous  

peripheral sensory neurons whose cell bodies reside in the dorsal root ganglia (for those 

innervating the body) or trigeminal ganglia (for those innervating the face) (Basbaum 

2009), and which endow the skin with sensory functions such as tactile, thermal, 

pruritic and painful sensation. These peripheral nerve endings received signal input 

from the skin and transduce those signals into action potentials that are transmitted to 

the central nerve system to generate sensations. Based on their diameters, conduction 

velocity and myelination status, these cutaneous nerve fibers are classified as Aβ, Aδ 

and C fibers (Mcglone 2010). They detect external stimuli either through specialized 

structures or free nerve endings. Aβ fibers are responsible for most light touch sensation: 

Meissner corpuscles and Pacinian corpuscles in the dermis receive rapidly adapting Aβ 

afferents while Merkel’s disks at the epidermal-dermal boundary and Ruffini endings 

in the dermis receive slowly adapting Aβ afferents (Caterina 2005). The detection of 

innocuous temperature is encoded by specific subtypes of Aδ and C fibers (Mcglone 
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2010). “Intense” thermal, mechanical and chemical sensation, termed “nociception” are 

detected by some other types of Aδ and C fibers, classified as polymodal nociceptors.  

Itch sensation is mediated by some subtypes of C fibers called pruriceptors (Lamotte 

2014). 

The molecular receptors on the epidermal sensory neurons are the primary 

detectors of external stimuli. For example, Transit Potential Response Vanilloid 1 

(TRPV1), high expressed on some nociceptive Aδ and C fibers, evokes a pain sensation 

after capsaicin or heat (>45 °C) stimulation (Caterina 1997); TRPM8, expressed almost 

all in a subpopulation of C fibers, is responsible for cold sensation (<26°C); 

The sensory neurons innervating the epidermis are closely juxtaposed with the 

epidermal cells. Therefore, the physical distance provides an opportunity for 

communications between sensory nerve endings and keratinocytes. With the discovery 

of sensory channels on epidermal cells such as TRPV3 (Peier 2002), TRPV4 (Liedtke 

2000) on keratinocytes and piezo 2 on Merkel cells (Maksimovic 2014), and that the 

release of various kinds of molecules from keratinocytes that can activate the periphery 

nociceptors (Huang 2008, Jamal 2002), the idea has been emerging that epidermal cells 

can also serve a sensory role through directly communicating with sensory neurons. 

Multiple studies have been done to address the communications between nonneuronal 

epidermal cells and neurons with some of them also addressed the potential mediators 

from the nonneuronal cells to the neurons. In in vitro keratinocyte-neuron co culture 

system, activating keratinocytes could lead to further activation of trigeminal neurons 

(Sondersorg 2014).  In another in vitro study, activation of TRPV4 in oesophageal 
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keratinocytes leads to ATP release that could be blocked by vesicle-trafficking inhibitor 

brefeldinA (Tominaga 2011). In vivo, activation of Piezo2 on merkel cells produce 

calcium entry into the cells and release of mediators that trigger sustained firing of Slow 

Adapting Fibres ((Maksimovic 2014).  With all those findings, it is reasonable to 

speculate that upon in vivo stimulation through these sensory channels, the epidermal 

keratinocytes secret some neuron transmitters to activate the peripheral sensory neurons.   

II. Epidermal Differentiation 

The epidermis of the skin has a highly-organized stratified architecture composed 

of cells with different cellular components and differentiation stages (Blanpain 2006). 

The epidermis is separated from the dermis by the Extracellular Matrix (ECM). 

Immediately above the ECM is the stratum basale layer, which is the only mitotically 

active layer in which the keratinocytes divide to generate the upper layer cells and also 

produce the ECM (Fuchs 2002). These cells in the basal layer are the close progeny of 

those dividing stem cells that reside in the bulge of hair follicles (Jones 1993, 1995). 

Directly apical to the basal layer of the epidermis is the stratum spinosum layer, which 

consists of relative undifferentiated cells, followed by the stratum granulosum layer, 

which contains relatively differentiated cells. The outermost layer of the epidermis is 

the stratum corneum, which consists of dead cells but which has important barrier 

functions (Candi 2005). The epidermis undergoes a constant self-renewing and self-

replacement process in which the upper layer is replaced by the lower layers throughout 

differentiation. The keratinocytes coming out of the basal layer enter the spinous layer 

and exit the cell cycle. While keratinocytes move even further up into the granular layer, 
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they begin form a cornified layer that is water impermeable inside their plasma 

membrane. The superbasal granular keratinocytes release lysosomal enzymes that 

degrade cellular organelles, tightly crosslinks the dead cells to form the outermost skin 

barrier, the stratum corneum. The dead cells are finally detached from the skin while 

the rate of desquamation varies in different body parts (Simpson 2011).  

Epidermal morphogenesis is associated with and regulated by its diverse 

cytoskeletal and cell adhesive proteins through their interactions with cell signaling 

proteins (Gu 2007, Beil 2003, Ingber, 2003).  The ECM is not only a barrier but also 

plays an active role in directing the initiation of epidermal differentiation. Only the 

basal layer of epidermis that stays in touch with ECM is actively dividing.  Once the 

daughter cells leave the ECM, they lose the ability to replicate. The transmembrane 

protein integrin that binds to ECM plays an important role in the communication 

between the ECM and the keratinocytes.. Integrin is able to interact with Epidermal 

Growth Factor Receptor (EGFR), which then activates Mitogen-Activated Protein 

Kinase and promotes cellular proliferation (Margadant 2010, Muller 2008). In mice, 

genetic ablation of β4 integrin leads to severe skin blistering (Van der Neut 1996) while 

deletion of the cytoplasmic tail of β4 integrin causes impaired keratinocytes 

proliferation (Murgia 1998). On the other hand, keratinocytes can also secrete collagen 

IV and laminin 5 to constitute ECM, which is also regulated by the integrin from ECM 

(Mcmillan 2003).   

The integrin-based interaction between basal layer keratinocytes and the ECM 

depends on hemi-desmosomes. While the daughter cells of basal keratinocytes move 
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apically, they change their cytoskeletal components and adhesive molecules. There are 

in total four major types of intercellular junctions including tight junctions (assembled 

by claudin and occludin) located between adjacent keratinocytes at the apical end of the 

stratum corneum, adherens junctions (composed of cadherins) that connect adjacent 

keratinocytes all though the epidermis, desmosomes (composed of desmogleins and 

desmocollins) that connect to the intracellular keratin networks through focal adhesions, 

and gap junctions (composed of connexins) that allowed direct communication between 

neighboring keratinocytes (Simpson 2011).  

The cytoskeletal filaments are also actively involved in the keratinocytes 

stratification. Actin filaments within the keratinocytes facilitate the generation of 

tension for the keratinocytes to move away from their neighboring cells by indirectly 

interacting with the adhesive proteins (Perez-Moreno 2003, Vaezi 2002). The 

intermediate filaments, which are composed of keratin proteins, also serve a variety of 

functions and are highly regulated in terms of the expression of different subtypes in 

different cell layers and differentiation stages. They are connected to the 

hemidesmosomes and desmosomes on one end and to the nucleus on the other end, 

rendering the external mechanical forces to be directly transduced into the nucleus in 

the epidermal morphogenesis process (Wihelmsen 2005). Keratinocytes in different 

layers expressed different keratins. There are two types of keratins: type I and type II 

which represent a major family of intermediate filaments. Type I and type II keratins 

form heterodimers with the central domains aligned together. The heterodimers then 

formed an apolar tetramer in an antiparallel orientation. 16 coiled-coil dimers assemble 
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together into the 10 nm diameter intermediate filament (Wang 2016) The spinous layers 

express mainly keratin 5 and keratin 14, while the superbasal keratinocytes will replace 

their keratin into keratin 1 and keratin 10, and also keratin 9 in the palms and soles 

(Fuchs, 1993). Besides these, there are also condition-induced keratins such as keratin 

6, keratin 16 and keratin 17 which are induced during wound healing process and also 

contribute to the cell migration (Coulombe, 2003). 

III. Skin barrier development and function 

The barrier function of the skin epidermis is largely contributed by the cornified 

layer, which is composed of several layers of dead cells called corneocytes that contain 

proteins that are crosslinked together by transglutaminases (TGs) and are attached with 

several lipids. The barrier excludes foreign pathogens from getting through the skin and 

prevents the permeability of unwanted fluid both into and out of the skin, which is 

essential for the protect role of the skin (Steven 1994).  

The cornified layer originates from the terminally differentiated keratinocytes in 

the suprabasal layer of the epidermis. These suprabasal keratinocytes synthesize the 

extracellular precursors of the cornified envelope (CE), which are later crosslinked 

together. Keratin 1 and Keratin 10 begin to be expressed in the spinous keratinocytes 

and while keratinocytes move out of the spinous layer into the granular layer, Keratin 

1 and Keratin 10 will further replace Keratin 5 and Keratin14 in the intermediate 

filament network. Keratin 9 will also be expressed in specific locations such as the 

palms and soles. As the granular keratinocytes further differentiate, they express 

another structural protein, flaggrin, which bundles the intermediate filaments together 
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to flatten the cell shape. (Kalanin 2001) The keratin& flaggrin network then serves as 

a scaffold upon which other cornified envelope components assemble. At the same time, 

the suprabasal granular keratinocytes also synthesis a series of other structural proteins, 

such as involucrin, loricrin and a family of small proline rich proteins (SPRRs). These 

structural proteins become crosslinked together by several transglutaminases (TG1, 

TG3,TG5) in the keratinocytes, and together form the protein blocks of the CE.(Fuchs 

1998, Lorand 2003)  Apart from these proteins, many different lipids, such as 

ceramides are also synthesized in granular keratinocytes. These lipids are covalently 

linked to the protein networks described above to strengthen the barrier. (Nemes 1999) 

The corneocytes are attached to one another with modified desmosomal structures. 

When these desmosomal structures are degraded, thee corneocytes will ultimately 

detach form the skin, a process known as desquamation (Simon 1997 2001, Ekholm 

2000, Guerrin 1998).  

Transglutaminase is of central importance in the formation of the CE. TG1, TG3 

and TG5 have all been found to be involved in the formation of CEs with TG1 being 

the most useful and well-studied member. TGs are a family of calcium dependent 

enzymes that can catalyze formation of Nε-(γ-glutamyl) lysine bonds between proteins. 

TG1 is expressed primarily in keratinocytes and is overexpressed in the terminally 

differentiated layers.  TG1 knock out mice die at birth due to a skin barrier defect. TGs 

have an abundance of substrates in the epidermal keratinocytes. For example, they can 

crosslink type II keratins at a conserved Lys residue in the head domain. Trichohyalin 

(THH), which is a component of the hair follicles, is also expressed in the granular layer 
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and is modified by TGs. (Matsuki 1998, Candi 1998)  

There are several families of genes that are clustered at chromosome 1q21(human) 

and 3F1(mouse) that comprise the Epidermal Differentiation Complex(EDC).  The 

proteins encoded within the EDC are TG substrates and have been associated with 

barrier formation. These include the S100 family, the SPRRs and the Late Cornified 

Envelope (LCE) proteins. The S100 family, which is a group of calcium binding 

proteins, are mainly expressed in the basal and spinous layers, and are substrates of 

TG1. One member of this family, S100A7, redistributes from the central cytosol into 

peripheral focal adhesion structures (Ruse 2003, Mischke 1996). The SPRRs, which 

are proteins consisting of Gln and Lys rich head and tail domains and proline rich 

repeats, are also important building blocks of the CEs. The N and C termini of SPRRs 

show sequence homology to loricrin and involucrin, making them more amenable to 

being components of the CEs. (Candi 1999, Steinert 1998 1999, Tarcsa 1998) The LCEs, 

which are closely related to SPRRs, also contribute to the CE and are substrates for the 

TGs (Jackson 2005). 

There are three key structural proteins of the CE, filaggrin, loricrin and involucrin. 

Filaggrin, as mentioned above, aggregates intermediate filaments in the suprabasal 

keratinocytes to initiate cornification. Filaggrins contain positively charged Arg and 

His residues through which they interact with the negative charges on keratins and are 

also calcium binding proteins. (Resing 1985 1993, Steinert 1981, Mack 1993) 

Involucrin is a Gly and Asp rich protein that is crosslinked to many other proteins by 

TGs during cornification. It is the CE protein that is closely adjacent with the plasma 
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membrane of granular keratinocytes and serves as a scaffold on which lipids attach. 

(Rice 1977, Eckert 1986) Loricrin, the main component of the CE, constitutes more 

than 70% of the CE protein mass. It is crosslinked by TGs to form isopeptide bonds 

between adjacent loricrins and between loricrins and SPRRs and also binds to the 

involucrin and desomosal protein containing scaffold to form the core structural 

component of the CE. (Hohl 1991, Steinert 1991)  

   Skin lipids are also essential for the CE and barrier function. They are 

particularly important for protection against water loss. The suprabasal keratinocytes 

synthesize these lipids and store them in special granular structures called lamellar 

granules. During cornification, these lamellar granules containing glucosylceramides, 

phospholipids and cholesterol are secreted into the external space. These precursors of 

CE lipids are subsequently enzymatically modified and crosslinked to proteins. The 

lipid products, mainly ceramides are ester-linked to the CE proteins and contribute to 

both the water impermeability and the skin elasticity. (Candi 2005)  

Corneocytes have their special cell-cell junction “desmosomes” called 

corneodesmosomes. The main components of corneodesmosomes are desmoglein-1 

and desmocollin-1.  A third protein component is corneodesmosin, which exists 

uniquely in corneodesmosomes but not in desmosomes elsewhere. When the 

corneodesmosomes are degraded, the corneocytes shed from the stratum corneum 

leading to desquamation. (Ishida-Yamamoto 2015)     

IV. TRP Channels in the skin 

Transient Receptor Potential (TRP) channels are a large family of ion channels that 
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consist of four six transmembrane domain subunits that surround a central pore. There 

are 28 TRP channels that have been discovered to be expressed in mammals and these 

can be divided into the TRPA family (Ankyrin), TRPC family (canonical), TRPM 

family (melastatin), TRPML family (mocolipin), TRPP family (polycystin) and TRPV 

family (vanilloid) (Caterina 2001, Montell 2002).  TRP channels are mostly cation 

channels with almost no permeability to anions. Most of the TRP channels are non-

selective for cations with a few highly selective for calcium or sodium ions (Caterina 

2016).  

Many TRP channels are expressed on the skin. A number of them contribute to the 

development and homeostasis of the skin through their calcium permeability. An 

extracellular calcium gradient (high calcium concentration in the basal layers and low 

calcium concentration in the upper layers) regulates the differentiation of epidermal 

keratinocytes from the basal layer to the superbasal layer (Yuspa 1988). TRP channels 

in the skin are able to mediate calcium influx into different cell types such as 

keratinocytes, immune cells and nerves. TRP channels can also mediate the 

depolarization of cells in the skin. For example, activation of TRP channels in the 

cutaneous nerves will result in their depolarization and leads to neuronal activities, 

which are responsible for a variety of sensory modalities such as warm, cold, pain and 

itch (Basbaum 2009). This depolarization is not confined to neurons, but also occurs in 

keratinocytes and immune cells (Weber 2010). There are also many proteins that have 

been identified to physically interact with TRP channels in the skin, which further 

expands the potential contributions of TRP channels to skin function (Hanack 2015, 
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Kiselyov 2007). Although many neuronal roles of TRP channels have been very well 

explained by various research groups, the contributions of TRP channels to non-

neuronal cells such as keratinocytes have by comparison not been less thoroughly 

studied.  This topic will therefore be a major focus of this thesis. 

Expression of many TRP channel family members has been confirmed on different 

types of skin cells. Mutations in many of them directly or indirectly lead to 

dermatological diseases. TRPC1 has been shown to be upregulated in the keratinocytes 

of a mouse model of Darier’s Disease (Pani 2006). TRPA1 has been found to be 

expressed in cutaneous mast cells and to be upregulated in a mouse model of Atopic 

Dermatitis (AD) (Wilson 2013). TRPM1 is expressed in melanocytes and like its name 

indicates, it participates in the production of melanin, the photoprotective pigment of 

melanocytes (Miller 2004). Mutations in TRPM1 lead to patchy loss of pigmentation 

in the sin of Apallosa horses (Bellone 2008). Melanocytes from human beings with 

heavily pigmented skin also exhibit higher level of TRPM1 (Oancea 2009). Reduced 

TRPM1 expression and alterations in TRPM1 mRNA splicing are also observed in 

patients with malignant forms of melanoma (Guo H 2012). TRPM4 has been shown to 

be expressed in various lymphocytes (Weber 2010). Studies in zebrafish also indicate a 

function of TRPM7 in regulating melanin synthesis in melanocytes (Mcneill 2007). 

The expression and function of TRPV channel family in non-neuronal cells of skin 

during both physiological and pathological conditions have also been studied 

extensively in the past decade. There have been several indirect lines of evidence 

showing the expression of the founding member of this family, TRPV1, in keratinocytes. 
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TRPV1-like immunoreactivity was observed in human hair follicles (Bodo 2005) and 

sebaceous glands (Toth 2009). It has also been reported in several human skin diseases 

such as prurigo nodularis (Stander 2004), rosacea (Sulk 2012), and herpes zoster 

infection (Han 2016). TRPV2 has been found to be expressed in many different immune 

cells such as mast cells, macrophages, dendritic cells and lymphocytes (Santoni 2013). 

In the skin, TRPV2 expression is increased in macrophages and mast cells in patients 

with rosacea (Sulk 2012). 

Of all the TRPV channels in the skin, the best-studied are TRPV3 and TRPV4, 

which have been shown to be primarily expressed in keratinocytes. TRPV3 was first 

cloned independently by three groups (Peier 2002, Smith 2002, Xu 2002) all using 

bioinformatic approaches to search for homologues of TRPV1. Like TRPV1, TRPV3 

is also predicted to be a six transmembrane domain protein with several Ankyrin 

domains on the C-terminal in the cytosolic portion. The most prominent site of TRPV3 

expression appears to be epithelial cells.  Expression analysis by Peier, et al., for 

example, revealed that both TRPV3 mRNA and protein are expressed in skin 

keratinocytes but not DRGs in rat, while Xu, et al showed that the mRNA of TRRPV3 

is express in both the nervous systems\ (cortex, thalamus, striatum, VH motorneurons 

and interneurons in the spinal cord) and skin (hair follicles) of monkey when they used 

an antisense RNA probe from 3’ end of TRPV3 for in situ hybridization. Later TRPV3 

was also found to be expressed in corneal epithelial cells (Yamada, 2010). Although 

expression in other cell types has been reported, such patterns of expression remain to 

be confirmed. Regardless, the predominant expression of TRPV3 in the skin has 
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prompted most attention to be focused on its potential roles in this organ. 

People have been speculating that TRPV3 maybe act as a temperature sensor in the 

skin since the cloning of this ion channel. Chung et, al confirmed TRPV3 expression in 

both mouse 308 keratinocyte cell lines and primary keratinocytes and used patch clamp 

electrophysiology to demonstrate warmth-evoked currents in these cells that resembled 

currents mediated by recombinant TRPV3, thus providing the first evidence that this 

channel is functional in keratinocytes(Chung,2004,2005). The same year, Moqrich et al 

made TRPV3 knock out mice and demonstrated the loss of TRPV3-like currents from 

cultured keratinocytes. They also showed deficits in these mice in warmth-evoked 

preference behavior (Moqrich,2005).  

 

Keratinocytes and neurons are in close proximity with each other. Several 

molecules released from keratinocytes have also been shown to activate peripheral 

neurons. Therefore, the study of TRPV3 function also moved forward to the 

keratinocyte-neuron communication focus with the initiative taken by several groups. 

Mandadi,et al (Mandadi,2009) found that in the keratinocyte-DRG co-culture system, 

heat activating TRPV3 on keratinocytes leads to calcium influx in the DRGs, and that 

ATP is a potential mediator of this keratinocyte-neuron communication. Another 

research by Huang, et, al (Huang, 2008), in which they overexpressed TRPV3 in the 

mouse keratinocytes specifically under the Keratin 14 promoter, described the 

augmented release of prostaglandin E2 (PGE2) in response to both heat and 2-APB 

stimulation. Miyamoto et, al  discovered the regulation of Nitric Oxide synthesis of 
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TRPV3 in an NOS independent way and found female but not male TRPV3 -/- mice on 

an 129 background displayed impaired preference for ambient temperatures (Miyamoto 

2011).  A further study by Huang et al. (Huang  2011) showed that there exists a 

subtle change in temperature preference behavior in TRPV3 knock out mice and even 

TRPV3, TRPV4 double knock out mice, and that the subtle change in the TRPV3 

knockouts is mouse-strain dependent. Considering that acute heat-evoked temperature 

response is not diminished in TRPV1 knock out mice, to address whether TRPV3 is 

responsible also for the acute heat sensation, Marics et al tested the acute heat response 

of TRPV1, TRPV3 double knock out mice and found that the response got impaired 

but not eliminated, which indicates that TRPV3 is involved but sufficient to mediate 

the acute heat response (Marics, 2014). 

 Aside from its potential function as a temperature sensor, TRPV3 has also been 

found to be associated in the hair growth and skin barrier function by different groups 

in a variety of animal models including loss of function and gain of function for TRPV3, 

as well as human patients.   

 To investigate the effect of TRPV3 loss-of-function on the skin homeostasis, Chen, 

et al (Chen,2010) studied the association of wild-type endogenous TRPV3 with skin 

barrier formation and hair morphogenesis and reported a curly whiskers phenotype of 

TRPV3 knock out mice, related EGFR activation induced TRPV3 opening to increased 

TGF-α release, and associated TRPV3 to the transglutaminase activity and skin barrier 

formation. Yamamoto et,al also showed that TRPV3 knock out mice showed reduced 

spontaneous scratching behavior in the Acetone-Ethanol-Water (AEW)-induced dry 
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skin model (Yamamoto 2012). 

A series of studies on a few gain-of-function mutations of TRPV3 in both the mice and 

human further revealed the contribution to skin pathology of excessive TRPV3 activity 

in the skin. In mouse studies, Asakawa et al associated TRPV3 mutations (Gly573Ser, 

Gly573Cys) with two spontaneous hairless mouse models DS-Nh and WBN/Kob-Ht 

(Asakawa, 2006). Further research by the same group (Kinichi, 2007) indicated that 

there appeared to be more calcium influx into epidermis sheets isolated from Ds-Nh 

mice, which is consistent with the finding of Xiao, et al (Xiao, 2008) that both the 

Gly573Ser and Gly 573Cys mutations confer constitutive activity on TRPV3. This mice 

also developed an Atopic Dermatitis (AD) like phenotype (Asakawa 2006) whichwas 

associated with increased serum IgE level (Imura 2009). The phenotype also involves 

the modulation of dendritic cells (DC) (Yamamoto, 2013). In human studies, Borbiro 

et al (Borbiro 2011) showed that activation of TRPV3 inhibits hair growth. Through 

application of TRPV3 agonist eugenol or 2-APB in cultured human hair follicles and 

Outer Root Sheath (ORS) keratinocytes, they were able to show a dose-dependent 

suppression of proliferation and induction of apoptosis in both hair follicles as well as 

ORS. The function of TRPV3 in human skin was further emphasized when Lin et al 

(Lin 2012) discovered through whole-exome sequencing of six Olmsted Syndrome 

patients that the TRPV3 mutation is strongly associated with this disease. Olmsted 

Syndrome is a severe dermatological disease featured by bilateral palmoplantar and 

periorificial keratoderma as well as severe pain and itching, and even erythromelalgia 

in some patients. The mutations discovered in the Ds-Nh mice are identical to those 
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found in Olmsted patients. Since this discovery, additional Olmsted patients have been 

found to harbor various TRPV3 mutations. So far 10 TRPV3 mutations have been 

associated with around 20 Olmsted patients, as shown in the table 1 below (Yawn, 2015). 

Besides Olmsted Syndrome, TRPV3 mutation has also been shown to cause other 

dermatological disorders with similar phenotypes with Olmsted Syndrome. He, et al 

discovered a gain-of-function mutation mutation in a Chinese family with focal 

palmoplantar keratoderma (He, 2015). Besides skin, TRPV3 has also been shown to 

contribute to the rapid would healing in oral epithelia (Aijima, 2015).  

 TRPV4 was cloned by several groups searching for osmolarity sensing ion 

channels (Liedtke 2000, Strotmann 2000, Wissenbach 2000). With its high expression 

in keratinocytes, TRPV4 has been linked to different skin functions. Activation of 

TRPV4 in human keratinocytes can promote cell-cell junction formation through influx 

of calcium into the cells, and can promote barrier healing after mechanical removal of 

the stratum corneum from human skin (Kida 2012, Akazawa 2012).  Both 

observations suggested a contribution of TRPV4 to skin barrier function. TRPV4 has 

also been found to mediate the release of endothelin-1 from keratinocytes upon 

exposure to UVB through the elevated calcium influx (Moore 2014).   

V. Conclusion 

With more and more studies focusing on studying the sensory roles of keratinocytes 

as well as researches on investigating the contribution of TRP channels on non-neuronal 

epidermal cells, further evidences providing definitely answers to both questions 

become necessary.  In this thesis research, I have taken advantage of transgenic mice 
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models overexpressing TRPV1 in keratinocytes to address both questions.  Chapter I 

will elucidate whether acute keratinocyte stimulation could directly signal to neurons 

to generate pain, chapter II will address the effect of TRPV1 overexpression in 

keratinocytes to the epidermal homeostasis.   
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Chapter I  Acute keratinocyte stimulation signals directly 

to neurons to generate pain 

 

 

 

 

 

 

 

Chapter I is a non-final version of the article published in final form in 

“Selective keratinocyte stimulation is sufficient to evoke nociception in mice.” 

Pang Z, Sakamoto T, Tiwari V, Kim YS, Yang F, Dong X, Güler AD, Guan Y, Caterina MJ.  

Pain. 2015 Apr;156(4):656-65 
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Abstract 

The skin epidermis is densely innervated by peripheral sensory nerve endings. 

Nociceptive neurons, whose terminals are in close contact with epidermal 

keratinocytes, can be activated directly by noxious physical and chemical stimuli to 

trigger pain. However, whether keratinocytes can signal acutely to sensory nerve 

terminals to initiate pain in vivo remains unclear. Here, using the keratin 5 promoter 

to selectively express the capsaicin receptor TRPV1 in keratinocytes of TRPV1-

knockout mice, we achieved specific stimulation of keratinocytes with capsaicin. 

Using this approach, we found that keratinocyte stimulation was sufficient to induce 

strong expression of the neuronal activation marker, c-fos, in laminae I and II of the 

ipsilateral spinal cord dorsal horn and to evoke acute paw-licking nocifensive 

behavior and conditioned place aversion. These data provide direct evidence that 

keratinocyte stimulation is sufficient to evoke acute nociception-related responses. 
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Introduction 

Nociception, ie, the detection of noxious stimuli and transmission of this information 

to the central nervous system, is key to animal survival. Furthermore, maladaptive 

increases in nociception can lead to debilitating chronic pain. Primary afferent 

nociceptive neurons are the best-recognized detectors of noxious stimuli in peripheral 

tissues such as the skin.(Woolf 2007) However, these cells are in physical and chemical 

contact with a host of other cell types that can influence their activity. Skin 

keratinocytes are the most abundant cells in the epidermis. They form a protective 

barrier to exclude pathogens and toxins and retain water and nutrients (Fuchs 2002) and 

are capable of responding to numerous diverse environmental stimuli by modulating 

the activity of the innate and adaptive immune systems.(Swamy 2010) Interestingly, 

keratinocytes express a number of ion channel and receptor proteins that have been 

implicated in nociception.(Lumpkin 2007) Keratinocytes are also closely juxtaposed to 

epidermal sensory nerve terminals,(Hilliges 1995) and different neuronal 

subpopulations terminate in different layers of the epidermis,(Zylka 2005) providing an 

opportunity for layer-specific crosstalk. There are multiple examples of relatively long-

term influences of keratinocytes on sensory nerve function. For example, constitutive 

overexpression of neurotrophins in keratinocytes has been shown to alter sensory 

neuron anatomy, neurochemistry, and excitability,(Albers 2007) whereas molecules 

such as endothelin,(Moore 2013) IL-1b,(Li 2013) and TSLP (Wilson 2013) that are 

upregulated over time and subsequently released by keratinocyte challenge have been 

implicated inmodels of sunburn pain, complex regional pain syndrome, and atopic 
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dermatitis, respectively. Conversely, chronic ultraviolet light–induced release of b-

endorphin from keratinocytes has been implicated in systemic analgesia and opioid 

dependence.(Fell 2014) Furthermore, keratinocytes in vitro can acutely 

releasemolecules capable of influencing the anatomy and sensitivity of sensory 

neurons.(Alappatt 2000, Chung 2003, Ibrahim 2005, Miyamoto 2011) In some cases, 

such communication can be modeled in keratinocyte-sensory neuron 

cocultures.(Klusch 2013, Koizumi 2004, Mandadi 2012) Yet, it has been difficult to 

address definitively, in vivo, whether acute keratinocyte stimulation results in acute 

activation of sensory neurons to produce perceptions such as pain. One barrier to 

addressing this issue has been a lack of tools to selectively stimulate keratinocytes 

without simultaneous stimulation of nearby sensory neurons. In this study, we describe 

a chemogenetic strategy to overcome this obstacle and show that acute keratinocyte 

stimulation is sufficient to evoke activation of nociceptive signaling pathways, resulting 

in behavioral nocifensive responses. 
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Results 

To directly evaluate the sufficiency of keratinocyte stimulation for activation of 

nociceptive signaling pathways, we utilized a chemogenetic transgenic mouse approach. 

It was previously demonstrated that knockout mice lacking the Ca2+- and Na+-

permeable capsaicin-gated ion channel TRPV1 lack many in vivo and in vitro responses 

to capsaicin and related vanilloid compounds. Specific deficits in that study included a 

lack of statistically significant paw licking behavior following intraplantar capsaicin 

injection (1-5 g), the absence of detectable capsaicin (1-3 M)-evoked calcium influx or 

current responses in cultured dorsal root ganglion neurons, the lack of avoidance of 

capsaicin in drinking water, and the lack of a capsaicin-evoked hypothermic response 

(Caterina 2000).  We took advantage of this capsaicin-unresponsive state to create 

conditions under which skin keratinocytes could be selectively stimulated with 

capsaicin. Specifically, we generated R26TRPV1 mice, TRPV1 knockout mice crossed 

with a transgenic line in which a rat TRPV1 – internal ribosome entry site (IRES) - 

cyan fluorescent protein (CFP) cDNA cassette has been knocked in at the 

Gt(Rosa26)Sor locus, with an intervening loxP-stop-loxP cassette (Arenkiel 2008, 

Guler 2012) (Fig. 1.1A). Without additional transgenes, TRPV1 and CFP expression 

are blocked by the stop sequence.  By crossing these mice with the appropriate Cre 

recombinase driver line, however, TRPV1 and CFP expression can be derepressed 

through recombination of the loxP sites and excision of the stop sequence. Because 

capsaicin responsiveness is dependent on TRPV1, administration of capsaicin to these 

mice should evoke depolarization and Ca2+ influx only in those cells expressing the 
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exogenously encoded TRPV1.  This strategy has previously been used to stimulate 

selected subpopulations of brain neurons, peripheral pruriceptive sensory neurons, and 

Merkel cells (Arenkiel 2008, Caterina 2000, Han 2013, Maksimovic 2014). To achieve 

TRPV1 expression in skin keratinocytes, we crossed R26TRPV1 mice with a Keratin5 

promoter-driven CreERT2 line (K5CreER) (Indra 1999).  K5 is expressed most 

abundantly in the basal layers of complex epithelia in tissues such as skin, esophagus, 

and oral cavity (Chu 2002). The fusion of the Cre to a modified estrogen receptor 

(CreERT2), in turn, deprives this enzyme of access to nuclear loxP sites, unless 

exogenous tamoxifen is provided (Indra 1999). 

 

 As a proof-of-concept, we cultured keratinocytes from neonatal Cre positive (Cre+) 

K5CreER;R26TRPV1 mice and Cre negative (Cre-) R26TRPV1 control mice, and 

utilized fura2 fluorescent calcium imaging to assay their responsiveness to the TRPV1 

agonist capsaicin, with or without 4 days of prior induction with 4-hydroxytamoxifen 

(4OHT, 0.1mg Z isomer/day). Upon challenge with a control stimulus, adenosine 

triphosphate (ATP, 300μM), the vast majority (85.1-98.8%) of keratinocytes in all 

groups exhibited a robust and reversible increase in intracellular Ca2+ (Fig 1.1B).  

Cre- keratinocytes were unresponsive to capsaicin (2μM) under all conditions (vehicle 

n = 173; 4OHT n = 61).   In contrast, following induction with 4OHT, approximately 

one-fourth (34/134) of Cre+ keratinocytes exhibited robust and reversible calcium 

responses to capsaicin.  Cre+ keratinocytes that had not been treated with tamoxifen 

were largely unresponsive to capsaicin (0/292 in representative experiment), although 
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in some cultures, ~2% of cells grown under these conditions also responded to capsaicin 

(not shown). 

 

To induce TRPV1 expression in vivo, we first administered 4OHT systemically 

(0.5 mg/day, intraperitoneal, 6 consecutive days) and assayed for TRPV1 expression on 

day 7-9.  Although the K5 promoter is active only in basal keratinocyte layers, the 

irreversible excision of the loxP-stop-loxP cassette should result in continued TRPV1 

expression and accumulation as basal keratinocytes differentiate and migrate apically. 

Indeed, under these conditions, robust TRPV1 immunofluorescence was observed to 

be scattered throughout the glabrous hind paw skin (Fig 1.1 C) and, to a more variable 

extent, hairy hindpaw skin (Fig 1.1 E) of Cre+ mice. We could not observe intrinsic 

CFP fluorescence in these tissues.  However, staining with anti-green fluorescent 

protein (GFP) antibody, which also recognizes CFP, revealed a similar pattern of 

epidermal staining that was largely overlapping with anti-TRPV1 staining (Fig 1.1 D, 

F).  Occasional cells were TRPV1 immunopositive but GFP immunonegative, 

presumably due to the inefficiency of the IRES sequence. No specific TRPV1 or GFP 

immunofluorescence was observed in the epidermis of Cre- controls (Fig 1.1G, H) or 

in K5CreER;R26TRPV1 mice that were 4OHT treated for only two days, with assay 

on day 3 (not shown). Even following 6 days of 4OHT injection, TRPV1 

immunoflourescence at day 7 in Cre+ K5CreER;R26TRPV1 mice was rare and sparse 

in ear skin epidermis and was not observed in corneal, lingual, or esophageal epithelium 

(not shown). Although we might have expected transgene expression in some of these 
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tissues, based on the reported expression pattern of K5 (Chu 2002), the lack of obvious 

expression in those locations likely reflects inefficient expression of the K5-driven 

CreERT2 transgene and/or inefficient 4OHT activation of CreERT2 in those tissues.  

 

Because our overall strategy was predicated on the assumption of specific keratinocyte 

expression of TRPV1, we examined whether K5CreER;R26TRPV1 mice treated 

systemically with 4OHT would exhibit any signs of sensory neuron TRPV1 expression. 

The dorsal root ganglia (DRG) of wild-type mice exhibited strong TRPV1 

immunoreactivity in a subset of small-to-medium diameter cell bodies and axonal fibers 

(Fig. 1.2A).  In contrast, analysis of numerous ganglia from K5CreER;R26TRPV1 

mice treated systemically with 4OHT revealed no clear staining for either TRPV1 (Fig. 

1.2B) or GFP (Fig. 1.2C) in neuronal somata or axonal processes, despite staining for 

other markers such as calcitonin gene-related polypeptide (Fig. 1.2D).  However, 

modest variations in fluorescence in both Cre+ and Cre- ganglia, particularly on the 

edges of some ganglia, made it difficult to definitively and completely exclude 

expression. We therefore performed fura2 fluorescent calcium imaging on DRG 

cultures isolated from K5CreER;R26TRPV1 mice and Cre- controls that had been 

treated systemically with 4OHT.  One day after plating, we were surprised to see that 

26/1114 (2.34%) of neurons from Cre+ mice and 5/376 (1.33%) of neurons from Cre- 

control mice exhibited a rise in Ca2+ in response to a saturating concentration (10 μM) 

of capsaicin (Fig. 1.2E).  The response rates were statistically indistinguishable 

between genotypes ([chi]2 = 1.391, 1 df, p=0.2382).  Furthermore, capsaicin at such 
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concentrations might produce artifactual TRPV1-independent responses (Feigin 1995).  

Nevertheless, we extended our analysis by crossing K5CreER mice with Ai32 mice 

(Madisen 2012), which harbor a modified Rosa26 gene resembling that in R26TRPV1 

mice, except that the TRPV1-IRES-CFP is replaced by channelrhodopsin-yellow 

fluorescence protein fusion without an IRES, and expression is further augmented by 

the inclusion of a pCAG minimal promoter and a woodchuck hepatitis virus post-

transcriptional regulatory element.  Immunostaining of DRGs from these mice 

revealed clear anti-GFP immunoreactivity in 79/3648 (2.17 ± 2.2%, n = 4 mice) of 

K5CreER;Ai32 neurons (Fig. 1.2F), but not in Cre- controls (Fig. 1.2G).  Although 

indirect, these findings are consistent with the possibility of some neuronal TRPV1 

expression in K5CreER;R26TRPV1 mice treated systemically with 4OHT. 

 

To control for the possible contribution of neuronal TRPV1 to our later functional 

studies, we adopted a second, complementary strategy for TRPV1 induction.  In this 

strategy, 4OHT was administered topically to the glabrous skin of one hind paw of 

anesthetized K5CreER;R26TRPV1 mice (0.1 mg Z isomer/ day in DMSO, 4 

consecutive days), with assay on days 7-9. Under these conditions, we again observed 

robust TRPV1 and GFP immunoreactivity in ipsilateral glabrous skin epidermal 

keratinocytes of Cre+ mice (Fig. 1.1I, J), but not Cre- controls (Fig. 1.1K, L).   As 

with systemic 4OHT treatment, TRPV1 expression was patchy, but included all viable 

layers of epidermis.  In a subset of mice, we also observed rare TRPV1 and GFP 

immunoreactivity in the contralateral paw, indicating that a certain degree of systemic 
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distribution of 4OHT had occurred even under these conditions. Immunostaining of 

DRGs from 9 Cre+ and 4 Cre- mice with anti-TRPV1 (Fig. 1.2H) and anti-GFP (Fig. 

1.2I) again revealed no convincing expression, despite staining for other markers (Fig. 

1.2J). When we cultured DRG neurons from topically treated mice, we observed 

capsaicin-evoked calcium responses in only 4/1826 (0.22%) and 7/2353 (0.30%) of 

neurons from 6 Cre+ and 6 Cre- mice, respectively ([chi]2 = 0.236, 1 df, p = 0.6269). 

We also performed immunoblot analysis for TRPV1 expression in DRGs isolated from 

untreated wild-type and TRPV1 knockout mice and from topical 4OHT-treated Cre+ 

and Cre- K5CreER;R26TRPV1 mice.  A band of approximately 80kDa was present in 

wild-type DRGs but absent from DRGs of the other three genotypes (Supplementary 

Fig S1.3). The absence of this band from TRPV1 knockout DRGs suggests that it is 

TRPV1 and that this protein is not expressed in the DRG neurons of 

K5CreER;R26TRPV1 mice.   Finally, when we topically treated K5CreERT2;Ai32 

mice with 4OHT, we observed no definitive anti-GFP staining in DRGs from 6 Cre+ (n 

= 5444 cells, Fig. 1.2K) or 6 Cre- (n = 4605 cells, not shown) mice. Together, these 

findings suggest the induction of little or no sensory neuron TRPV1 expression under 

conditions of topical 4OHT treatment. 

 

We next asked whether in vivo stimulation of keratinocyte-expressed TRPV1 would 

result in signaling to the sensory nervous system.  In wild-type mice, persistent 

stimulation of peripheral nociceptive neurons triggers the upregulation of c-fos protein 

in second-order neurons in the spinal cord dorsal horn (Bullitt 1989). We therefore 
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examined spinal cord c-fos immunoreactivity following the application of lotion 

containing capsaicin (10%) to both surfaces of one hind-paw in anesthetized transgenic 

mice that had been treated systemically with 4OHT.   At 90 min after capsaicin 

treatment, K5CreER;R26TRPV1 mice exhibited an increase in anti-c-fos 

immunohistochemistry in the ipsilateral lumbar spinal cord dorsal horn (L2-L5), 

relative to the contralateral, untreated side (Fig. 1.3A,B). No differential expression of 

c-fos was apparent in identically treated Cre negative control mice. The c-fos induction 

in Cre positive mice was confined to the general vicinity of laminae I and II of the 

dorsal horn, both of which receive nociceptive input from the skin.  To further address 

this anatomical pattern, we repeated the experiment using fluorescence detection and 

double labeling for c-fos and either of two additional markers: substance P (SP), which 

labels peptidergic primary nociceptive neurons that project predominantly to laminae I 

and outer II and Isolectin-B4 (IB4), which binds predominantly to non-peptidergic 

neurons, many of which are also nociceptive, and which project to inner lamina II 

(Sinder 1998).  In Cre positive mice, but not Cre negative controls, we again observed 

capsaicin-induced increases in c-fos in the ipsilateral dorsal horn (Fig. 1.3C).  This c-

fos immunoreactivity was observed in dorsal horn areas overlapping with both SP and 

IB4 labeling. Quantification revealed approximately equal amounts of c-fos labeling in 

areas defined by each of these two markers (Fig. 1.3D). One caveat of this experiment 

is that, when stained at the same time in separate experiments, SP and IB4 layers could 

not always be resolved from one another, especially in the lateral dorsal horn region, 

raising the possibility that some of the nuclei we counted were in areas of overlap.  Yet, 
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when we examined c-fos induced by capsaicin in wild-type mice, we observed a 

different pattern, characterized by a greater degree of colocalization with SP than with 

IB4, and consistent with the reported enrichment of TRPV1 in peptidergic neurons (Fig. 

1.3 C,D).  Furthermore, the extent of c-fos induction in wild-type mice was 

substantially greater than that in K5CreER;R26TRPV1 mice in the SP-immunoreactive 

layer, but similar to that in K5CreER;R26TRPV1 mice in the IB4-binding layer. We 

repeated the c-fos stimulation experiment in K5CreER;R26TRPV1 mice in which 

TRPV1 was induced by topical 4OHT treatment.  Here, again, we observed significant 

ipsilateral induction of c-fos in Cre+ mice, but not Cre- controls, that was most 

prominent in the lamina I/II dorsal horn region (Fig. 1.3E,F).  Although there was a 

trend towards increased fos in the lamina III/IV region, which receives innocuous 

mechanoreceptor inputs, this difference did not reach significance.  Furthermore, the 

induced c-fos could again be observed both within and above the IB4-staining lamina 

(Fig. 1.3E). We did not examine a sufficient number of animals to rigorously compare 

male versus female mice in this assay.  However, the qualitative pattern of fos 

induction was similar between the two sexes (Supplementary Fig S4).  Together, these 

data demonstrate that TRPV1-mediated keratinocyte stimulation triggers 

neurotransmission to nociceptive laminae of the spinal cord dorsal horn, and that both 

peptidergic and nonpeptidergic afferents may participate in transmitting this 

information.   

 

We next examined whether selective keratinocyte stimulation could trigger sufficient 
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neuronal activity to evoke a nocifensive behavioral response in awake, freely behaving 

mice.  To do so, we injected capsaicin (1 μg in 10 μl) or vehicle alone subcutaneously 

into the hind paw of male K5CreER;R26TRPV1 mice or Cre- controls.  In mice 

subjected to prior systemic 4OHT treatment, capsaicin evoked a robust paw licking 

response in Cre+ mice that began after a delay of 1-2 min, and was significantly larger 

than the background response observed Cre- controls (Fig. 1.4A,B).  In contrast, 

vehicle alone produced no difference in paw licking behavior between genotypes.   In 

a separate experiment, capsaicin-evoked paw licking in wild-type mice was found to 

commence rapidly, within the first minute following injection, and taper off thereafter 

(Fig. 1.4C).  The apparently slower response in K5CreER;R26TRPV1 mice might be 

due to time required for capsaicin to reach the epidermis, time for keratinocytes to 

signal to neurons, and/or time for neurons to integrate signals from multiple 

keratinocytes.  A slow-onset capsaicin-evoked licking behavior was also observed in 

the ipsilateral hind paw of K5CreER;R26TRPV1 mice treated topically with 4OHT, 

and this was significantly greater than the background response of Cre- controls (Fig. 

1.4D,E).  Although most of our behavioral experiments were performed in male mice, 

we also examined capsaicin-evoked paw licking in one cohort of topical 4OHT-treated 

K5CreER;R26TRPV1 female mice.  As with male mice, capsaicin injection into the 

4OHT-induced paw evoked a robust licking response in Cre+ females, but not in Cre- 

controls (Fig 1.4D,E). Consistent with our occasional observation of contralateral (i.e., 

not 4OHT treated) paw keratinocyte TRPV1 expression, there was a tendency towards 

increased capsaicin-evoked paw licking behavior in the contralateral paw of Cre+ 
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animals, relative to Cre- controls, in mice of both sexes.  This difference reached 

statistical significance in the female mice tested, but not in male mice. 

 

To further explore whether selective keratinocyte stimulation could evoke an aversive 

experience in mice, we utilized an operant behavioral assay known as conditioned place 

aversion (CPA). CPA and its reciprocal counterpart, conditioned place preference (CPP), 

are Pavlovian paradigms that measure the consequences of negative (e.g. pain, fear) 

and positive (e.g., relief from pain) motivational experiences, respectively (King 2009, 

Tiwari 2014). Male K5CreER;R26TRPV1 were treated topically on one paw with 

4OHT for four days. Baseline (pre-conditioned) preference or aversion for one chamber 

of the test apparatus versus the other was evaluated on day 7. On day 8, the 4OHT-

treated hind paw was injected with vehicle and the mouse conditioned to one of the two 

chambers.  Later the same day, the same paw was injected with capsaicin (1µg/10 

µl/paw) and the mouse conditioned to the other chamber.  On day 9, the mice were 

allowed to move freely through the apparatus without any injection, and time spent in 

each chamber (post-conditioned) was recorded.  In Cre+ mice, capsaicin injection led 

to a significant decrease in post-conditioning time spent in capsaicin-paired chamber, 

as compared to the pre-conditioning values (Fig 1.4F). There was a corresponding 

increase in time spent in the vehicle-paired chamber in Cre+ mice during the post-

conditioning period, as compared to that prior to conditioning. Cre- control mice 

showed no significant change in post-conditioning time spent in capsaicin or vehicle 

paired chambers, as compared to the respective pre-conditioning values. Difference 
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scores confirmed that only Cre+ mice showed aversion to capsaicin-paired chamber 

(Fig 1.4G). Together, these findings strongly support the ability of selective, acute, 

TRPV1-mediated keratinocyte stimulation to evoke nocifensive behavior and aversive 

responses. 
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Materials and Methods 

Animals  Rosa26-CAG-lox-stop-lox-TRPV1-IRES-CFP mice crossed with TRPV1 

knockout mice (Arenkiel 2008, Guler 2012), Keratin5-ERCreT2 mice (Indra 2009) 

have been previously described.  Mice were maintained under 12 hr light-12 hr dark 

conditions and provided with food and water ad libitum. Ai32 mice were obtained from 

Jackson Laboratories.  Male and female mice were used interchangeably for most 

experiments. Males were used for behavioral experiments, except where otherwise 

indicated.  All experiments adhered to the guidelines of the Committee for Research 

and Ethical Issues of IASP and were performed according to Institutional Animal Care 

and Use Committee approved protocols. 

 

Materials Chemicals were purchased from Sigma or Invitrogen unless otherwise noted. 

Stock aliquots of 4-hydroxy-tamoxifen (4-OHT, 98% Z isomer or 70% Z isomer) were 

prepared in methanol (1.96 mM Z isomer for calcium imaging experiments) or in 

ethanol (5 mg/ml Z isomer for in vivo experiments) and stored at -20°C.  

 

Cell Culture and Calcium imaging 

Keratinocytes were cultured as described (Huang 2008), except that the culture medium 

used was Keratinocyte Serum-Free Medium (SFM, Invitrogen) supplemented with 

provided bovine pituitary extract (1 vial/500ml) and epidermal growth factor 2 ng/ml, 

as well as 0.15 mM CaCl2. For in vitro TRPV1 induction, 4OHT (400 nM 98% Z 

isomer) or vehicle (0.04% methanol) were added to the medium on the plating day.  
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Dorsal root ganglia (DRGs) were collected from CO2-euthanized mice and placed in 

Ca2+/Mg2+-free 1X Hank’s balanced salt solution (HBSS) supplemented with 5 mM 

HEPES and 10 mM glucose at pH7.4. DRGs were dissociated in 20 mg/ml collagenase 

I in HBSS at 37°C/5% CO2 for 1 hr and resuspended and triturated in HBSS.  Neurons 

were enriched by centrifugation (1,400 rpm, 1 min) and resuspension in 10 % fetal 

bovine serum/Ham’s F-

on polyornithine/laminin-coated coverslips, allowed to adhere for 1hr, flooded with the 

same medium plus 50 ng/ml nerve growth factor, and cultivated at 37°C/5% CO2. 

Ratiometric fura2 calcium imaging was performed on keratinocytes 4 days after plating 

and on DRG neurons 1-2 days after plating as previously described (Guler 2002). Fura2 

emission ratios (340 nm excitation/380 nm excitation) were measured at 2-3 s intervals.   

 

In vivo TRPV1 induction 

For systemic administration, aliquots of 4OHT (0.5 mg 98% Z isomer or 0.71mg 70% 

Z isomer in ethanol) were sonicated, mixed with 100-200 μl of sunflower oil (Sigma or 

Wegmans, Hunt Valley, MD) and evaporated to remove ethanol. Mice were injected 

intraperitoneally with one aliquot per day for 6 consecutive days. For topical 

administration, aliquots of 4OHT (0.14mg 70% Z isomer in ethanol) were sonicated, 

mixed with 30 μl DMSO (Sigma), and evaporated to remove ethanol. The solution was 

applied then to glabrous skin of one hind paw of a deeply anesthetized mouse. After 90 

min, the paw was rinsed with water.  Treatment was performed on 4 consecutive days 

and mice analyzed on days 7 and 8. 
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Induction of spinal cord c-fos 

Mice were anaesthetized with urethane (1.5 μg/kg, intraperitoneal).  For systemic 

4OHT treated mice, one hind paw was swabbed with 10 % (v/v) 200 mM capsaicin in 

ethanol: 90% fragrance-free skin lotion (Jergen’s, Kao USA Inc., Cincinnati, OH) and 

gently wrapped with cellophane tape. The other paw was wrapped in tape alone. Topical 

4OHT treated mice were treated the same way, except that the contralateral paw was 

treated with ethanol/lotion.  After 90 min exposure to capsaicin, mice were further 

anesthetized with 50μl intraperitoneal ketamine (10 mg/ml) and xylazine (2 mg/ml) and 

perfused with phosphate-buffered saline (PBS), then 3.7 % formalin/PBS. 

 

Immunohistochemistry 

Tissues were collected immediately after CO2 asphyxiation and cervical dislocation or 

after transcardial perfusion.  Tissues were fixed in 3.7 % formalin/PBS overnight at 

4°C, cryoprotected with 30 % sucrose for 48 h at 4°C, embedded in optimal cutting 

temperature compound (Ted Pella) and frozen rapidly. Most tissues were cryostat 

-mounted onto slides. Free-

spinal cord (L2-L5 range) were used for c-fos staining. For immunofluorescence, 

targets were detected using primary antibodies against TRPV1 (rabbit, 1:2000, 

Tominaga 1998), Substance P (rat, 1:100, Millipore), CGRP (rabbit, 1:1000, 

ImmunoStar) or c-Fos (rabbit, 1:5000-1:25,000, Calbiochem) or using biotinylated 

isolectin B4 (1:200, Sigma), followed by Cy2-, Alexa-488, or Cy3-conjugated, goat 
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anti-rabbit or goat anti-rat antibodies (1:1,000 or 1:250, Jackson) or Alexa 488-

conjugated Streptavidin (1:5,000). Negative controls for anti-TRPV1 and anti-GFP 

staining included omission of primary antiserum (Supplementary Fig S1) and staining 

of Cre negative control mice (Fig 1.1, Fig 1.2, and Supplementary Fig S2). 

Immunohistochemical staining of c-Fos in spinal cord sections was performed using 

rabbit anti-c-fos (1:25,000), followed by biotinylated goat-anti-rabbit antibody (Vector, 

1:200), avidin-biotin conjugate, and nickel-enhanced diaminobenzidine detection 

(Vectastain ABC, Vector Labs). Photomicrographs were taken using a LSM700 (Zeiss) 

confocal scanner and BX51 (Olympus) microscope equipped with Zen software or a 

Nikon E600FN microscope and Neo CMOS camera (Andor) equipped with NIS 

Elements. Counting of c-Fos immunoreactive nuclei was performed blinded to 

genotype. For systemic 4OHT treated mice, four consecutive groups of 25 sections 

were collected per mouse, beginning at approximately L2, and 5 sections of each group 

of 25 were quantified; for topical 4OHT treated mice, 120 consecutive sections were 

collected per animal, beginning at approximately L2, and approximately 45-100 were 

quantified.  

 

Behavioral assays 

All behavioral assays were performed with the investigator blinded to genotype.  For 

capsaicin-evoked paw licking assays, mice were individually acclimated in plastic 

cylinders for 2 h, then injected subcutaneously on the plantar surface of one hind paw 

with capsaicin (1 μg in 10 μl 5% ethanol/ 025% Tween80/ 94.75% saline) or vehicle 
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alone. Time spent licking the paw was measured over 10 minutes.  

 

For conditioned place aversion (CPA) assays, male mice were treated topically on one 

hind paw with 4OHT as described above. On days 5 and 6 animals were habituated (30 

min/day) in an automated 3 chamber box with access to all chambers. The two larger 

chambers of this apparatus contained distinct visual (vertical stripes vs. triangular 

shapes) and tactile (plain floor versus grooved floor texture) cues.  The third, smaller 

chamber was interposed between the other two and was devoid of overt spatial cues.    

On the pre-conditioning day (day 7), behavior was video recorded for 15 minutes while 

the mice were again free to explore all 3 chambers, to quantify any basal chamber 

preference or aversion in individual mice. In keeping with a previous study (King 2009), 

animals spending more than 80% (> 720 sec) or less than 20% (< 120 sec) of the total 

time in any given chamber were eliminated from further testing. The next day (day 8, 

conditioning), animals first received an intraplantar injection of vehicle (10 µl) into the 

4OHT-treated hind paw and then were placed in one of the conditioning chambers for 

20 minutes. Four hours later, animals were injected intraplantar with capsaicin (1μg/10 

µl) in the same hind paw and then were restricted in the opposite conditioning chamber 

for 20 minutes. On the post-conditioning test day (day 9), animals were placed in the 

same 3 chamber box with access to all chambers without receiving any injection, and 

their behavior was recorded for 15 minutes for analysis of chamber preference or 

aversion.  Data were pooled from two groups of mice, each containing Cre positive 

and Cre negative animals. Pairing of capsaicin or vehicle with a given chamber was 
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counterbalanced between groups. For each group and treatment, time spent in each 

chamber was compared between post- and pre-conditioning days. In addition, 

difference scores were calculated as: 

 (Post-conditioning time – Pre-conditioning time). 

 

Statistical Analysis 

Statistical comparisons were made using paired or unpaired two-tailed student’s t-test, 

two-way ANOVA with Bonferroni correction, or Chi-squared analysis, as indicated. A 

p-value of <0.05 was considered significant.  
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Discussion 

Together, our findings provide direct demonstration that selective stimulation of 

epidermal keratinocytes is sufficient to acutely trigger signaling to the sensory nervous 

system and evoke nocifensive behavior. The mechanisms by which this occurs remain 

unclear. It is likely that one or more chemical substances released from keratinocytes 

upon activation of ectopically expressed TRPV1 activates neighboring sensory nerve 

terminals within the epidermis in a paracrine fashion.  Keratinocytes have been shown 

to release many small molecules, peptides, and proteins upon physical or chemical 

provocation (Alappatt 2000, Huang 2008, Ibrahim 2005,Lee 2009, Li 2007, Miyamoto 

2011, Moore 2013, Wilson 2013). Future systematic pharmacological blockade of these 

candidate mediators, alone and in combination, in keratinocyte-expressed TRPV1 

transgenic mice might offer an opportunity to address in vivo which, if any, contributes 

to the nocifensive responses we have observed. The use of a TRPV1 null background 

in our study implies the engagement of TRPV1-independent signaling pathways within 

the sensory neurons that are receiving the signal from keratinocytes.  Given that 

neuronal TRPV1 can be activated or sensitized downstream of many different signaling 

molecules (Szolcsanyi 2013), our study may therefore underestimate the potential for 

acute keratinocyte-to-nociceptor communication.  

 

Signaling from keratinocytes to the sensory nervous system is likely heterogeneous.  

The upregulation of c-fos in spinal cord laminae that receive inputs from both 

peptidergic and nonpeptidergic primary afferents suggests either that both populations 
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of nociceptors were engaged in our study or that cross-talk occurred between spinal 

cord laminae following input from one class of cutaneous nociceptors, resulting in 

additional c-fos induction.   Going forward, direct neuronal recordings from glabrous 

skin might be necessary to resolve this issue definitively. However, this will likely be 

technically challenging, given the low level of c-fos induction in capsaicin-stimulated 

K5CreER;R26V1 mice relative to that seen in wild-type mice, as well as the low 

throughput of skin-nerve recording methods.  Alternatively, given the differential 

anatomical termination of peptidergic and nonpeptidergic neurons in the epidermis 

(Zylka 2005), coupled with inhomogeneous epidermal expression of neuromodulators 

such as enkephalins (Ibrahim 2005), selective expression of TRPV1 or other activatable 

molecules in discrete epidermal laminae, using different cre driver lines, might permit 

the functional dissection of any such heterogeneity.  

 

TRPV1 activation in many cell types results in both depolarization and calcium influx.  

It has previously been shown that Ca2+ influx and Ca2+ release from intracellular 

stores contribute to keratinocyte upregulation and subsequent release of TSLP (Wilson 

2013) and endothelin 1 (Moore 2013) evoked by histamine and intense ultraviolet 

radiation, respectively.  Unlike neurons, keratinocytes do not fire action potentials in 

response to depolarization.  However, keratinocyte depolarization has been shown to 

be sufficient to trigger ATP release in vitro (Zhao 2008). In exploratory experiments, 

light stimulation failed to evoke nocifensive behavior in 4OHT-treated K5ERCre;Ai32 

mice expressing channelrhodopsin in keratinocytes (ZP and MC, unpublished 
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observation).  Since, the H134R channelrhodopsin variant expressed in Ai32 mice 

exhibits ~10-fold lower Ca2+ permeability than TRPV1 (Caterina 1997, Kleinlogel 

2011), it is possible that keratinocyte depolarization alone is insufficient, in our genetic 

model, to trigger enough signaling to nociceptors to evoke behavior.   However, our 

experiment employed a non-laser light source.  It is therefore possible that we were 

unable to achieve sufficient keratinocyte activation for effective signaling to 

nociceptors due to inadequate illumination strength, coupled with the patchy epidermal 

expression of Cre in our mice.    In addition to using a laser light source on 

K5ERCre;Ai32 mice, this issue might be addressed by keratinocyte selective 

expression of calcium-impermeable TRPV1 mutants or engineered G protein-coupled 

receptors that can be uniquely activated by artificial chemical ligands to trigger release 

of Ca2+ from intracellular stores (Conklin 2008).    

 

To what extent might the ectopic TRPV1 expression model utilized in this study 

replicate naturally occurring cutaneous signaling events?  Although TRPV1 mRNA 

expression has been reported in mouse keratinocytes (Chung 2003), corresponding 

functional data in this species have been lacking.   However, multiple functional and 

histological studies have supported the expression of TRPV1 in cultured human 

keratinocytes and human skin (Denda 2001, Inoue 2002, Li 2007, Southhall 2003, 

Stander 2004). Moreover, TRPV1-like immunoreactivity in keratinocytes was found to 

be increased in a rat model of limb immobilization-evoked pain (Sekino 2014), and 

TRPV1 expression was found to be upregulated in aged human skin (Lee 2009) and in 
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the affected skin of humans with rosacea (Sulk 2012) and prurigo nodularis (Stander 

2004). TRPV3 and TRPV4, two keratinocyte-expressed homologous channels that, like 

TRPV1, signal via calcium influx and depolarization, have been linked to cutaneous 

pain and hyperalgesia (Caterina 2014). It is also worth noting that the necessity of 

keratinocytes for nociceptive signaling could not be addressed within our study design. 

Nevertheless, the inducible keratinocyte TRPV1 expression model used in our study 

may provide an excellent opportunity to address the underlying mechanisms of both 

nociceptive and pathological cutaneous pain states. 
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Chapter II  TRPV1 overexpression in mouse keratinocytes 

leads to hyperplasia and inflammation in the epidermis. 
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Abstract 

 

Keratinocytes constitute the major cell type in the skin epidermis and are crucial for 

many functions of skin. Several ion channels of the Transient Receptor Potential 

Vanilloid (TRPV) family, are expressed in keratinocytes and a number of studies have 

identified contributions of these channels to cutaneous sensory function, epidermal 

homeostasis, and certain forms of skin pathology. However, the roles of other TRP 

channels in skin homeostasis remain largely unknown. One of these is TRPV1. 

Although the expression of endogenous TRPV1 in mouse keratinocytes is not well 

established, there is evidence of TRPV1 expression in human keratinocytes and its 

elevation in pathological conditions. There are also other mouse models and human 

patients in which the gain-of-function mutations of another TRP channel, TRPV3 in the 

keratinocytes lead to pathological changes in the skin. Here we have overexpressed 

TRPV1 ectopically in mouse keratinocytes using a tamoxifen-inducible Cre-Lox based 

system. We discovered that TRPV1 overexpression in keratinocytes leads to thickened 

and scaly epidermis, coupled with profound inflammation and possible alterations in 

the skin barrier. These results provide a useful reference and model system for 

understanding the function of TRP channels in skin keratinocytes, especially the effects 

of TRP channel overexpression on pathological skin alterations.  
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Introduction 

Skin, the largest organ in the body, is high specialized and is constituted of 

epidermal and dermal layers. The epidermis is made up of a variety of cells including 

keratinocytes, Langerhans cells, Merkel cells and melanocytes and is separated from 

the dermis by the extracellular matrix (ECM). There are many surface receptors 

expressed on the epidermal cells, which are responsible for different essential functions. 

For example, activation of receptors for different growth factors either promotes or 

inhibits keratinocyte growth. Stimulatory receptors include members of the Epidermal 

Growth Factor Receptor (EGFR) (Coffery,1987; Sibilia, 1995), Fibroblast Growth 

Factor Receptor (FGFR) (Sogabe,2006; Finch,1989), Nerve Growth Factor Receptor 

(NGFR) (Pincelli, 2000), Insulin like Growth Factor Receptor (IGFR), and Hepatocyte 

Growth Factor Receptor (HGFR) families. Inhibitory receptors include Transforming 

Growth Factor β Receptor (TGFβR), Vitamin D Receptor (VDR) and the interferon-γ 

receptor (IFNγR). (Shirakata 2010)  

 Besides these “traditional” surface receptors, epidermal keratinocytes also express 

numerous ion channels and G Protein Coupled Receptors (GRCRs) that can be 

activated by a variety of external stimuli. How these “sensory receptors” contribute to 

the function of non-neuronal epidermal cells has been a key interest in the field.  In 

the past decade, investigators have made great progress in dissecting the roles of these 

sensory receptors in epidermal cells.  For example, multiple purinergic receptors, 

including P2X5, P2X7, P2Y1 P2Y2 and P2Y4 have been discovered to be expressed 

on keratinocytes (Inoue 2005, Helen 2003).  These purinergic receptors are associated 

with functions such as skin barrier repair following wounding (Denda 2002), 
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proliferation, and differentiation (Greig 2003). Another non-neuronal epidermal cell 

type, the Merkel cell, expresses the mechanosensitive channel Piezo2, which serves as 

a primary mediator of mechanotransduction (Woo 2015).  

 The expression of several TRP channels has also been reported in nonneuronal 

epidermal cells, including keratinocytes. There have been reports of TRPV1-like 

immunoreactivity in human mast cells, hair follicle outer cells, and keratinocytes 

(Stander 2004, Bodo 2005). TRPV2 has been found to be expressed in many different 

immune cells (e.g., mast cells, macrophages, dendritic cells and lymphocytes) (Santoni 

2013). Another TRP channel, TRPA1, is expressed on melanocytes, where it regulates 

the expression of cytokines (Nilius 2012) and is responsible for the synthesis of melanin 

in response to Ultraviolet B (UVB) irradiation (Bellono 2013). 

  While the TRP channels described above are most prominently expressed in 

neurons, two other TRP channels, TRPV3 and TRPV4, are expressed predominately in 

keratinocytes. As these latter two channels can both be activated by a variety of thermal 

and chemical stimuli, there have been multiple attempts to reveal their roles in sensory 

functions of the skin.  To study the sensory function of TRPV3 and TRPV4 in 

keratinocytes, investigators have developed different transgenic mouse models. Huang 

et, al overexpressed TRPV3 in mouse keratinocytes and found elevated PGE2 release 

upon stimulation with a combination of heat and 2-APB (Huang 2008). TRPV3-/- mice 

as well as TRPV3/TRPV4 double knock out mice both displayed changes in 

temperature preference behavior, although these changes were genetic strain dependent 

and sometimes subtle (Huang 2011, Miyamoto 2012, Moqrich 2005). Even in TRPV1/ 
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TRPV3 double knock mice, the acute response to heat is altered but not eliminated 

(Marics, 2014).  Multiple pieces of evidence have also pointed to sensory roles for 

TRPV4.  However, while some of these functions are attributable to TRPV4 in 

keratinocytes, others might be attributable to neuronal TRPV4 (Liedtke 2003, Suzuki 

2003, Gopinath 2005, Chen 2013 2014). 

 TRPV3 and TRPV4 also play important roles in the non-sensory functions of 

keratinocytes.  Conditional knock out of TRPV3 in mouse keratinocytes, for example, 

leads to compromised barrier function as well as curly hair and whiskers (Chen 2010). 

While overexpression of TRPV3 in mouse keratinocytes does not lead to noticeable 

homeostatic alteration (Huang 2008), further evidence for the ability of TRPV3 to 

influence epidermal homeostasis comes from studies of an autosomally inherited 

disease called Olmsted Syndrome (OS) which in several cases is caused by point 

mutations in TRPV3. OS patients suffer from bilateral palmoplantar keratoderma and 

periorificial keratotic plaques, often accompanied by severe itch or pain sensation (Lin 

2012, Wilson 2015). Mouse lines harboring some of the same TRPV3 mutations found 

in human OS patients (Gly573Ser, Gly573Cys) were found to be hairless (Asakawa 

2006). Phenotypes in both humans and mice might be due to increased keratinocyte 

calcium influx mediated by the constitutive activity of mutant TRPV3 (Imura 2007, 

Xiao 2008). TRPV4 in keratinocytes facilitates barrier function by promoting tight 

junction formation (Kida 2012). It was also shown that a TRPV4 agonist could 

accelerate the recovery of the epidermal barrier following removal of the stratum 

corneum (Akazawa 2013). All of these lines of evidence clearly illustrate functional 
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contributions of TRP channels to epidermal homeostasis. 

 Although TRPV1 expression in mouse keratinocytes has not been definitively 

defined during normal physiological conditions, multiple studies have reported the 

expression of TRPV1 in both cultured human keratinocytes (Inoue 2002) and human 

epidermal keratinocytes in tissue sections (Stander 2004). Inoue et,al reported TRPV1-

like immunoreactivity in cultured human keratinocytes and recorded capsaicin-induced 

calcium influx which could be inhibited by the TRPV1 antagonist capsazepine. Stander 

et,al observed TRPV1-like staining in basal and granular keratinocytes. In several 

human dermatological diseases, elevated TRPV1 like immunoreactivity was also 

reported in the keratinocytes (Stander 2004, Sulk 2012, Han 2016). There is further 

evidence of upregulated TRPV1-like immunostaining in patients with skin barrier 

defects (Ehnis-Perez 2016). Despite abundant studies on the expression and function of 

TRPV1 on human keratinocytes, there have been no previous reports of how 

upregulation of TRPV1 in mouse keratinocytes might affect epidermal homeostasis.   

Here we discuss a transgenic mouse model in which TRPV1 is selectively and 

chronically overexpressed in mouse keratinocytes (Pang 2015). We systemically 

investigated the effect of TRPV1 overexpression in these mice on skin homeostasis and 

uncovered a phenotype which is distinct from existing models of TRP channel function 

the keratinocytes.     
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Results 

In order to observe any chronic effects of TRPV1 overexpression in keratinocytes, 

we locally induced the expression of TRPV1 by topically treating the ear of 

Rosa26TRPV1/K5ERTCre+ mice and Cre- controls with 4-hydroxytamoxifen (4OHT, 

xmg in DMSO) for four consecutive days. Fourteen days after the first day of 4OHT 

treatment, we noted that the treated ears of the Cre+ mice were visibly thicker than 

those of Cre- mice, and exhibited a rough and scaly surface (Fig 2.1A). To monitor the 

timecourse of this change, we used calipers to measure the overall ear thickness prior 

to and for two consecutive weeks following the initiation of 4OHT treatment. As shown 

in Figure 2.1 B, in the first week of 4OHT treatment, the ears of Cre+ and Cre- mice 

showed similar skin thickness. However, starting from the 8th day after the first 4OHT 

treatment, the ear thickness of Cre+ mice began to increase and reached a plateau at 

two weeks.  By comparison, that of Cre- mice remained relative unchanged (p<0.001 

Cre + vs Cre- from days 8 to 19, 2-way ANOVA with XXX Correction). To examine 

the anatomical basis of this thickening, we harvested ears from both treated Cre+ and 

Cre- mice 14 days after the first day of 4OHT treatment and prepared 16μm section of 

each ear for H&E staining. As shown in Figure 2.1C, the epidermal thickness of the 

Cre+ mice was more than two-fold higher than that of Cre- mice (quantification shown 

in Figure 2.1D， p<0.01). Immunostaining for the induced TRPV1 revealed a patchy 

expression pattern along the ear epidermis in the Rosa26TRPV1/K5ERTCre+ but not 

Cre- mice (Figure 2.1 E, F).  This patchy pattern is consistent with that previously 

observed in 4OHT-induced paw skin at earlier time points, prior to any changes in skin 
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histology (Pang et al., 2015), and suggests that the epidermal thickening in chronic 

TRPV1-overexpressing skin is not cell-autonomous. In a separate experiment where 

we administrated 0.5mg 4OHT systemically through intraperitoneal injection for a 

consecutive four days, we also observed similar skin thickness phenotype in a variety 

of skin tissues, and especially in the ears and tails of the mice. 

 

 

The proliferation of skin epidermis is well orchestrated. The basal layer of the 

epidermis consists of highly proliferative self-renewing cells that produce daughter 

cells to replenish the upper layers of the epidermis (Fuchs 2002). Ki67 is a nuclear 

protein that is associated with cellular proliferation. To determine whether TRPV1-

mediated epidermal thickening might be caused, in part, by excessive epidermal 

proliferation, we stained cryo-sections of 14 day ear tissue for Ki67.  Treated ear skin 

from Cre+ mice exhibited a higher density of Ki67 positive basal epidermal cells 

compared with Cre- controls (Cre+: 0.083/mm n=3, Cre-: 0.013/mm, n=4, p=0.25 ) 

(Fig2.2 A, B).  As keratinocytes move from the basal layer to the upper cornified 

layers, they also undergo dynamic changes of their cytoskeletons. For example, keratins, 

the major intermediate filament proteins of keratinocytes, exhibit differential 

expression patterns in keratinocytes of different differentiation stages. Keratin 5 and 14 

are expressed mainly in stratum basale, which consists of relative young and less 

differentiated cells, while keratin 1 and keratin 10 are expressed mainly in the stratum 

spinosum and stratum granulosum, which are more superficial, differentiated layers. To 
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investigate whether changes in the keratinocytes differentiation is associated with the 

thicker epidermis following the increased basal cell proliferation, we stained cryo-

sections of both Cre+ and Cre- mice with keratin 14 and keratin 10 antibodies. 

Interestingly, both the keratin 10 layer and the keratin 14 layers are thicker in the 

epidermis of the Cre+ mice (Figure 2.2 C-F). This indicates that the thicker epidermis 

is not due to an imbalanced differentiation of different layers but rather a universal 

expansion throughout the epidermis. 

 

Interestingly, while staining for different keratin markers in the epidermis, we found 

that the wound-induced keratin, keratin17, which is usually only expressed in hair 

follicles, was expressed in some interfollicular keratinocytes in Cre+ mice (Figure 2.2 

G H). Hypothesizing that a potential injury or inflammation may lead to the excessive 

tissue regeneration of the epidermis, we next tested whether the stratum corneum layer, 

which constitutes the major barrier of the skin, was compromised in Cre+ mice. We 

performed Toluidine Blue (TB) stain on intact fresh ears. After a one-hour immersion 

in 0.1% TB solution, compared with Cre- controls, 4OHT-treated Cre+ ears retained a 

significant amount of TB that could not be washed away by PBS. No such accumulation 

was observed in 4OHT-treated Cre- mice (Figure 2.3.A). To further examine the 

location of this retained dye, we cryo-sectioned the ears and examined them 

microscopically . Surprisingly, most of the retained TB dye was restricted to the stratum 

corneum layer of the Cre+ mice, without visible penetration into the live epidermis. 

Therefore, the retention of the TB dye appears to reflect a change in the composition 
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and/or organization of the stratum corneum rather than a total barrier breach.  

 

Following the hypothesis that there might be an inflammatory component to the 

phenotype of the TRPV1 overexpressing mice, we next asked whether there was any 

activation of the immune system. We stained section from 4OHT-treated ears for 

CD11b, an integrin component expressed on the myeloid lineage cells such as 

macrophages and monocytes, and with the neutrophil marker GR1. We discovered that 

in the dermis of Cre+  ears, both markers got dramatically upregulated  compared 

with the Cre- ear (Figure 2.3, B-E). This clearly illustrates the activation of the innate 

immune system in the Cre+ mice following TRPV1 overexpression in keratinocytes. 

 

Because the overall ear thickness was similar between Cre+ and Cre- mice until the 8th 

day after the initiation of TRPV1 induction, we speculated that there might be early 

gene expression changes at this apparent transition point that might lead to the later 

epidermal proliferation and immune responses. To verify this hypothesis, we performed 

a microarray analysis of the mRNA expression in the ear. Total RNA was extracted 

from the ventral skin of treated ears of both Cre+ and Cre- mice on the 8th day after the 

initiation of 4OHT treatment. The RNA was then reverse transcribed and used to probe 

an Affymetrix Mouse Transcriptome 1.0 ST array for a genome-wide gene expression 

analysis. A total of 5 Cre+ and 5 Cre- mice were chosen for the microarray analysis of 

23930 probes. After a Principal Component Analysis of the results, a final list of 4 Cre+ 

and 5 Cre- mice exhibiting clustered gene expression patterns were selected for further 
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comparison. We observed a total of 1043 probes with significant differences between 

the Cre+ and Cre- mice (p<0.05). Among them, 3 yielded p-values<0.0001, 33 yielded 

p-values between 0.0001 and 0.001, , 207 yielded p-values between 0.001 and 0.01, 

and 799 yielded p-values between 0.01 and 0.05.  Therefore, there is a clear gene 

expression profile change by the 8th day of the 4OHT treatment. Interestingly, after 

plotting the log of fold change ratio against the log of p value ratio, we observed 

changes in two categories of genes, one involved in skin barrier integrity (e.g., the 

SPRR family)(Figure 2.4 A), and another related to inflammation, (e.g., CCL and 

CXCL families) (Figure 2.4 B, C). These findings are consistent with our observations 

of upregulation of dermal immune cells and dye retention by the stratum corneum. 

 Because our microarray analysis was performed on both the epidermis and dermis 

and since the ectopic TRPV1 expression was performed in epidermal keratinocytes, we 

next examined what the gene expression changes might be associated with the 

epidermis. Therefore, we selected a list of gene candidates from those shown to be 

upregulated in our microarray experiment and measured their expression in epidermal 

tissue by quantitative RT-PCR. We harvested the ventral side ear epidermis from 

animals without 4OHT treatment (n=4), and from animals euthanized at 8 days (n=5) 

and 14 days (n=5) following first 4OHT treatment, and extracted total RNA. Day 8 is 

the time point when the ear thickness difference began to be significant between the 

Cre+ and Cre- mice, while day 14 is the time point when the Cre+ mice ears reached 

their peak thickness. The RNA was immediately in vitro reverse transcribed and the 

resulting cDNA used as a template for the fluorescent qPCR experiments. Equal 
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amounts of cDNA (20ng) were used as the template for qPCR experiments. A series of 

candidate genes, taken from our microarray data, were selected for these experiments 

based on several criteria: 1) All had previously been shown to be elevated in other 

dermatological disease conditions and thus were viewed as more likely to contribute to 

the skin phenotype we have observed; 2 all are expressed in the epidermis; 3 all are 

linked to either responses to injury or inflammation or to skin barrier formation, two 

processes apparently altered in our mutant mice, based on our histological findings. All 

quantification results were normalized to the abundance of β-actin mRNA to control 

for differential RNA loading. For inflammation/injury related genes that had been 

shown to be upregulated in the microarray experiment, we selected C-C motif 

chemokine ligand 17 (CCL17) and C-C motif chemokine ligand 20 (CCL20), 

Interleukin 19 (IL19), arachidonate 8-lipoxygenase (Alox8), defensin beta 3-A 

(Defb3A), thymic stromal lymphopoietin (TSLP), peptidoglycan recognition protein 

3(Pglyrp3), and keratin17 (K17). These are genes that both showed significant 

differences between Cre+ and Cre- samples in the microarray and have been reported 

to be involved in other skin inflammatory conditions in previous reports. For example, 

Alox8 upregulation was reported in the dermatitis of IκB-α-Deficient mice (Scheider 

2004); Pglyrp3 deficiency mice show enhanced susceptibility to bacteria keratitis 

(Gowda 2015); CCL20, CCL17 and IL19 elevation in keratinocytes is involved in 

psoriasis pathogenesis (Harper 2009, Riis 2011, Steiniche 2003),  TSLP was shown to 

be associated with both psoriasis and atopic dermatitis (Yoo 2005, Guttman 2007).  

For the skin barrier related genes, we selected Sprr2f, Lce3b and S100A7a, all of which 
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are structural components of cornified epidermal layers (Simpson 2011).  We also 

selected kallikrein-related peptidase 6 (Klk6), whose mRNA and protein levels are 

upregulated in psoriatic epidermis (Komatsu 2007, Lundberg 2015), Stefin A3 (STFA3), 

a cysteine protease inhibitor that is upregulated in the skin of hairless mice following 

radiation (Lee 2007), and serine (or cysteine) peptidase inhibitor, clade B (ovalbumin), 

member 3A (Serpinb3a), which contributes to both inflammation and barrier 

dysfunction in murine models of atopic dermatitis (Sivaprasad 2015). 

 We observed an overall upregulation of most of the selected pro-inflammatory 

genes (Fig 2.5) and skin barrier-related genes (Fig 2.6). CCL17 (p<0.001 for day 8 and 

14), CCL20 (p<0.001 for day8 and 14) IL19 (p<0.01 Day 8, p<0.05 day14) and Defb3A 

(p<0.01 day 8, p<0.001 day14) all show significant differences between Cre+ and Cre- 

at both day 8 and day 14.  Alox8 is upregulated on day 14 (p<0.001) but not day 8, 

while TSLP is upregulated in day 8 (p<0.01) but not day 14.  Surprisingly, Pglyrp3 

and K17 were not significantly different between Cre+ and Cre- mice mice in either 

day.  The elevated mRNA expression in Day 8 matches well with microarray date, 

which confirms the up-regulation of these pro-inflammatory genes and also indicates 

these mRNA upregulation is valid in the epidermis. The persistence of increased mRNA 

to 14 days confirmed the prolonged expression of these inflammatory genes.  For the 

barrier related proteins, Lce3b (p<0.05), Sprr2f (p<0.001), STFA3 (p<0.001) and 

Serpinb3a (p<0.01) are elevated at day 8, and STFA3 (p<0.01) and Serpinb3a (p<0.001) 

continue to be significantly upregulated at day 14. There were no significant changes 

between Cre+ and Cre- mice in mRNAs encoding S100A7A or Klk6. The upregulated 
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genes are either the components of the cornified layer (Lce3b, Sprr2f) or protease 

inhibitors that affect the formation of the CE (STFA3, Serpinb3a). It should be noted 

that compared with the baesline, these genes also got up-regulated in the Cre- mice at 

day 8 and day 14, though most are still significantly lower than the Cre+ at day 8 and 

day 14. The background increase may be due to the DMSO solution or 4OHT which 

are both inflammatory reagent. 

 Overall, in this study, we have discovered an increased epidermal proliferation, a 

chronic inflammatory response as well as a change in the barrier characteristics 

following overexpressing TRPV1 in the keratinocytes. This inducible system where the 

onset of the skin phenotype can be controlled, provides a powerful animal model to 

study the dermatological changes that originate from keratinocytes. Also as a model 

overexpressing TRP channels in the keratinocytes, this research also provides potential 

insights into the function of TRP channels in the keratinocytes.  
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Materials and methods 

 

Animal model 

Transgenic mouse lines used were the same as those described in Chapter I: Animal 

model.  All procedures were conducted in accordance with protocols approved by our 

Institutional Animal Care and Use Committee. 

Tamoxifen treatment 

4-hydroxytamoxifen (4OHT, Sigma) z-isomer was dissolved in 100% ethanol at 

centrifugation and the remaining 4OHT (0.2 mg/aliquot) was re-dissolved in 

DMSO. The resulting solution was then applied on the ventral skin surface of the mouse 

left ear under ketamine(10mg/ml)/xylazine (2mg/ml) with a 5μl/g body weight dose or 

2.5% isofluorane anesthesia for 30 min each day for four consecutive days.  

Immunohistochemistry 

Mice were euthanized with CO2 and subjected to cervical dislocation, and the ears 

subsequently harvested. For hematoxylin and eosin (H&E) staining, the ears were fixed 

in Bouin’s fixative (picric acid:37% formaldehyde: glacial acetic acid, 15:5:1 in volume) 

at 4 °C overnight. For immunostaining, the ears were fixed in 4% formaldehyde. 

Primary antibodies were diluted in 1% normal goat serum in Phosphate Buffered Saline 

(10mM, 2.7mM potassium chloride, 137mM sodium chloride, and 1.76mM potassium 

phosphate. pH 7.4) (NGS,) at the following dilutions: TRPV1 (rabbit ,1:2000, 
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Tominaga 1998), K10 (rabbit,1:2000, Covance, Princeton, NJ) and K14 (rabbit,1:2000, 

Covance, Princeton, NJ) K17 (rabbit, 1:750, McGowan and Coulombe, 1998) , Ki67 

(rabbit, 1:500, Abcam, Cambridge, UK), cd11b (mouse 1:20, ATCC, Manassas, 

Virginia ), GR1 (mouse, 1:25, Affymetrix, Santa Clara, CA). Secondary antibodies used 

were Cy2-, Alexa-488-, or Cy3-conjugated, goat anti-rabbit or goat anti-rat antibodies 

(1:1000 for Cy3, 1:250 for Cy2 and Alexa 488, Jackson Immunoresearch, West Grove, 

PA). DAPI (1mg/ml Thermal fisher) was diluted 1:1000 in PBS and applied on the 

tissue sections after the secondary antibody incubations. 

 

Ear thickness measurement with caliber 

Ear thickness measurements were performed on mice briefly anesthetized with 2.5% 

isoflurane. Each ear was measured with a Neiko 01407A digital caliper (Neiko, 

Homewood, IL) at three separate spots on the left ear, and the average value used to 

indicate ear thickness.  

Quantification of epidermal thickness on H&E sections 

Quantification was performed using Image J software. H&E stained ear sections were 

divided into five equal segments from distal to proximal. The second most distal 

segment in each ear section was photographed for quantification. For each segment, we 

measured epidermal thickness (perpendicular distance in pixels from the stratum 

corneum to the ECM) at five random spots. Pixels were then converted to microns using 

a scale bar. The average of the five measurements was calculated as the epidermal 

thickness of a given ear section.  Nine Cre+ and nine Cre- samples was used for the 
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quantification.  All image quantification was performed with the investigator blinded 

to genotype. 

Toluidine Blue staining 

Toluidine Blue (TB) staining was performed as previously described (Lessard 2012).  

Toluidine Blue powder was dissolved in PBS at 1g/L. Mice were treated with 0.2 mg 

4OHT on the ventral side of right ear as described above for 4 consecutive days. On the 

14th day after the first day of treatment, the treated ear was harvested without fixation 

and washed 3x5min in PBS. The ear was then treated with consecutive series of 

methanol concentrations (25%, 50%, 75%, 100%, 75%, 50%, 25%) for one minute at 

each concentration, and then washed again 3x5min in PBS. The ear was then immersed 

into 5ml 1g/L TB solution and gently shaken for 60 min, followed by 3x20min PBS to 

remove nonspecific dye sticking to the ear surface. The ear was photographed with a 

Nikon SMZ800 light microscope at 1x magnification. Immediately thereafter, the ear 

was embedded in Cryo Optimal Cutting Temperature (OCT) medium (Ted Pella, 

Redding, CA), frozen in a dry-ice/ethanol bath and stored at -80°C.  Tissue blocks 

yostat. Sections were imaged and 

photographed on Olympus DP-70 color camera (Olympus, Tokyo, Japan ). 

Microarray and qPCR Analysis 

For microarray analysis, 5 Cre+ and 5 Cre- mice were treated on the ventral skin surface 

of the left ear with 4OHT for four consecutive days, as described above, and the ears 

harvested on day 8 following CO2 euthanasia.  The ear was then peeled into ventral 

and dorsal halves with forceps and the ventral half used for analysis.  Peeled ear skin 
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was immediately homogenized in 750 μl Trizol (Sigma-Aldrich, St. Louis, MO), 

incubated at room temperature for 20 min, then mixed with 150μl chloroform for 10 

min and centrifuged at 12000g for 10 min at 4 °C. The upper phase was transferred into 

a new tube, mixed with 375μl isopropanol for 2-3 min at room temperature and then 

centrifuged again at 12000g for 10 min at 4 °C. Isopropanol was then removed and the 

pellet rinsed with 1ml 75% ethanol with votex. After a final 12000g, 10min, 4 °C 

centrifugation, ethanol was removed using a pipet and any residual ethanol was 

evaporated at room temperature.  The resulting total RNA pellet was resuspended in 

30μl nuclease-free water.  

 RNA samples were reverse transcribed and the resulting cDNA was used to probe 

the Affymetrix Mouse Transcriptome Assay 1.0 chip. The result was analyzed with 

Spotfire fire to obtain the graphic result and the statistical analysis (2-way ANOVA with 

Bonferroni post hoc test) to get the difference between Cre+ and Cre- samples. Principle 

Component Analysis revealed that gene expression data for four of the five Cre+ mice 

could be grouped into a single cluster, with the remaining Cre+ mouse exhibiting a 

largely distinct gene expression profile.  Further analysis was therefore confined to the 

four clustered Cre+ mice and the 5 Cre- mice.. 

 For quantitative real-time quantitative polymerase chain reaction (qPCR), the left 

ears of naïve mice (n=4 for both Cre+ and Cre-), or those of treated mice harvested at 

8 days (n=5 for both Cre+ and Cre-) and 14 days (n=5 for both Cre+ and Cre-) after 

initiation of 4OHT treatment were harvested and the ventral half isolated as described 

for microarray experiments. To separate the epidermis from the dermis, the peeled 



62 
 

ventral ear was immediately submerged into preheated 100 mMTris/ 25mM EDTA (pH 

8.5), incubated at 55 °C for 90 seconds, and then chilled on ice in solution of the same 

recipe for 1 min. The epidermis was gently peeled from the dermis and total RNA was 

immediately extracted as descibed for microarray experiments.  

For qPCR, equal amounts of total RNA (1 μg) were used as the template for in vitro 

reverse transcription (iScript cDNA synthesis kit, Bio-Rad, Hercules, CA) following 

the manufacturer’s instructions and qPCR was then performed (SYBR Green PCR kit, 

Qiagen, Hilden, Germany). For each qPCR reaction, cDNA corresponding to 20ng total 

RNA was used as template. In parallel, to generate a standard curve for each target gene, 

we mixed all 30 samples and made 2-fold serial dilutions equivalent to 50ng, 25ng, 

12,5ng and 6.25ng input RNA, arbitrarily defining the 50 ng sample as 1X. qPCR 

reactions (25 μl per well in a 96 well plate) were performed on a CFX96 Touch™ Real-

Time PCR Detection System (Bio-Rad, Hercules, CA) under the following reaction 

conditions: 95°C 3min X 1, 95°C 30s, 55°C 30s, 72°C 1min, X 40 cycles. The critical 

cycle (Cq) was automatically generated by the Bio-Rad analysis software. Each primer 

was run once for each sample except for β-actin, for which we ran 4 replicates for each 

sample across multiple plates. 

 For data processing, we plotted Cq values for the standard curves against the 

logarithmic of the input template and used linear regression to establish an equation 

relating Cq to target abundance. The relative target mRNA abundance for each 

individual sample in each qPCR reaction was then calculated using this equation. The 

average relative abundance across four β-actin replicates was used as the β-actin 
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abundance for each sample. For each sample, the abundance calculated for a given 

target mRNA was then normalized to the average β-actin abundance to calculate the 

final relative abundance. 

 The primers used for the qPCR reactions are listed below (F, forward primer, R, 

reverse primer):  

β-actin (F: CTGAATGGCCCAGGTCTGA, R:CCCTGGCTGCCTCAACAC); 

Pglyrp3 (F: TTGGCTTCTTGGCTCTCAGT, R: CAATGTCACACCAGCCTTTG); 

Sprr2f (F: CCCCTCCCTCATTCCAGCAG, R: GACCCATTCTCTAGAGCCCC); 

Serpinb3a (F: ATGATTGTCCTGTTGCCAGT, R: TTCTGC TCT TGT CCA CTC CA );  

CCL17 (F: CAGGAAGTTGGTGAGCTG G, R: TTGTGTTCGCCTGTAGTGCAT A); 

CCL20 

(F:ACTCCTGGAGCTGAGAATGG,R:ACAAGTCCACTGGGACACAAATC );  

Alox8 

(F:GTAGAGAGCTAAACTGGTCAGGAG,R:TCACCAGGCAACTTGGAATG);  

Keratin17 

(F:AAGCCCTCCAGCTCCACATC,R:AAAGTTGCCTCCATAACCACTG); 

Lce3b (F: AGCATCCTCAGACACGGACT,R: TGTAGCACAGCAGGAAGAGG); 

Klk6 (F: CCCAGATACCATTCAGTGT, R: CGTGGGGGAGAACTGGATGT); 

STFA3 (F: GAGCAAACCAATGAGAAATA, R: CAAGGAGAAGAATCAGGTCA); 

Defb3a (F: GCTTCAGTCATGAGGATCCATTACCTTC, R: CGGGATCTTGGTCTT 

CTC TA); 

IL19 
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(F:ATGACCAACAACCTGCTGACATTC,R:CAGTTCTCCTAGAGACTTAAGGG); 

S100A7A 

(F:ATGCCAGACACACCAGTGGAG,R:GGTAGTCCTTCACCAGCTTGC) 

 

Statistical Analysis 

The statistical test used for most of comparison between Cre+ and Cre- samples are 

standard unpaired student t-test with correction for uneven sample numbers, except for 

the microarray analysis ,where 2-way ANOVA with bonferroni post hoc test was 

applied. P<0.05 was considered a significant difference. 
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Discussion 

Here we reported a skin thickness phenotype caused by overexpressing TRPV1 in 

keratinocytes. This situation is not a general consequence of TRPV channel 

overexpression in the mouse epidermis, since mice in which TRPV3 was overexpressed 

in keratinocytes showed no apparent morphological changes in the skin (Huang 2008). 

Therefore, there must be mechanistic difference about the ectopically expressed TRPV1. 

Also, the expression of TRPV1 in these mice is patchy among keratinocytes, but the 

thickened  phenotype involves the entire epidermis, raising the probability that this 

effect includes a non cell-autonomous component. With these questions in mind, it is 

worth investigating further the mechanism by which TRPV1 leads to these distinct 

changes in the epidermis. 

 

As TRPV1 is a cation channel whose gating is temperature dependent and could 

also be activated by many chemical activators (Caterina 1997, Tominaga 1998), it is 

plausible to speculate that the epidermal expansion phenotype we observed is caused 

by TRPV1 activation by endogenous activators and/or body temperature. If TRPV1 is 

activated, a cation influx, especially calcium, into the keratinocytes, will lead to the 

elevation of intracellular calcium. Increased intracellular calcium is an early event 

leading to subsequent keratinocyte differentiation (Sharpe 1989, Pillai 1991). Many 

endogenous chemicals can activate TRPV1, such as protons (Tominaga 1998), 

endocannabinoids, and monoacylglycerols (Zygmunt 2013, Bisogno 2001), among 

others. Therefore, as next steps in investigating the TRPV1-dependent mechanism, we 
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could move forward in two directions: 1, Confirm whether TRPV1 is activated and by 

what activators; 2, monitor calcium changes in the epidermis of TRPV1-overexpressing 

mice. To initially confirm whether the phenotype is TRPV1 activity dependent, we plan 

to see whether providing an external stimulus of TRPV1 will accelerate the phenotype 

and whether an external pharmacological TRPV1 inhibitor will slow down the 

phenotype. For temperature activation, we plan to house 4OHT-treated mice at 

temperatures higher or lower than room temperature to see whether the phenotype is 

accelerated or slowed down, respectively. For chemical activation, we plan to topically 

apply the TRPV1 agonist capsaicin or the TRPV1-selective inhibitor AMG9810 (Garva 

2005) daily to the ear. With a combination of temperature and chemical TRPV1 

activators/inhibitors, expect to address the TRPV1 activity dependence of the chronic 

epidermis phenotype we observed, and open the opportunity to identifying the actual 

endogenous activators. To detect intracellular calcium concentrations, we plan to also 

express the calcium sensor GCAMP6 (Gao 2015) in keratinocytes together with 

TRPV1 so that we can monitor the calcium in live skin tissue explants.    

Another question that was raised in the experimental findings is the extent to which 

skin barrier alterations might contribute to the increased epidermal thickness. In the TB 

penetration experiment, we observed obvious retention of the dye in the stratum 

corneum but no further penetration into the epidermis in the keratinocyte-TRPV1 

expressing mouse ears. Also in the qPCR and microarray experiments, several cornified 

envelope structural components (lce3b, sprr2f) were upregulated in the epidermis. 

Together these data indicate that the cornified layer components and structure are quite 
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likely to be altered in these animals. The alteration might not cause a direct breach of 

the barrier, as shown in the TB staining experiment. However, it is still likely that the 

changes in the CE composition is related to the excessive epidermal proliferation and 

differentiation. It has been well-documented that upon skin barrier breach, there is 

typically an inflammatory response in the epidermis (Lessard 2013, Elias 2007). As a 

next step in this project, we will further probe the potential barrier defect by first testing 

the activity of endogenous transglutaminase (TG), since this is the core enzyme that 

crosslinks the components of the CE. Checking if the TG activity is normal will provide 

additional clues into any barrier defects. The observed increase in several CE structural 

proteins may lead to an imbalance of the overall CE architecture. Therefore, we plan to 

further check the change in a few other important barrier markers, including the CE 

markers filaggrin, loricrin, and the tight junction marker claudin, as well as the lipid 

components such as ceramides, to provide a complete analysis of barrier alterations in 

TRPV1-overexpressing mice. 

One important advantage of this mouse model is that it is an inducible model of 

keratoderma-like dermatological disease that originates from the keratinocytes so that 

we can precisely control the initiation of the dermatological changes. Also, since we 

have generated a genome wide mRNA expression dataset, we can compare this dataset 

with those of other keratoderma models to further investigate the cause of these diseases 

and distinguish conserved vs. disease model-specific changes in gene expression.    
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Conclusions and future directions 

 In this thesis we have addressed two scientific questions: Whether keratinocytes 

can serve as the receiver for pain stimulus and transduce the signal to the neurons, and 

whether TRP channel overexpression in keratinocytes leads to homeostatic changes to 

the epidermis. These will facilitate our understanding of the functional crosstalk 

between keratinocytes and neurons, as well as the role of “sensory channels” on 

keratinocytes. We take advantage of the transgenic mice that overexpress TRPV1 in 

keratinocytes to answer both questions. We have discovered that acute stimulation of 

the overexpressed TRPV1 on keratinocytes could directly signal pain to the neurons, 

which is neuronal TRPV1 independent as all the experiments were performed on a 

neuronal TRPV1 -/- background. This serves as a very helpful proof-of-concept for 

illustrating the potential of keratinocytes as the “antenna” for neurons. Although 

TRPV1 is ectopically expressed on the keratinocytes, there must exist the intracellular 

mechanism that serve as the “bridge” between the downstream of TRPV1 activation 

and the upstream of nociceptor activation. It is even possible that endogenous receptors 

on the keratinocytes may also sense external sensory stimulations and utilize the same 

intracellular signal transduction cascade to communicate with the neurons. Therefore, 

for the next step of this direction, we could focus on figuring out the intracellular 

mechanism for this keratinocyte-neurons communication, and further search for the 

endogenous receptors on both the keratinocytes and the neurons that mediates this 

communication. The results from the further research will provide more insight in the 

detection of different sensory modalities by non-neuronal cells in the skin. 
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In the second part of my thesis, I further investigated the effects of chronic TRPV1 

expression in the keratinocytes. Different from the mouse skin that overexpressed the 

endogenous TRP channel, TRPV3, in which there is no morphological change that can 

be observed, the epidermis of these keratinocyte-TRPV1 expressing mice showed 

distinct hyperproliferation and inflammation with potential alternation in the barrier 

composition. As mentioned above, we will work further to address how the TRPV1 

activity leads to these homeostatic changes, and how it differs from the overexpression 

of endogenous TRPV3. Also, we would like to extend out study of the barrier 

alternation to protein and functional levels to examine whether the barrier breach exists 

and whether the inflammation is related to pathogen invasion through the comprised 

barrier. Finally, since this mouse model showed dermatological changes that resembles 

a lot of hallmarks of keratoderma, we would like to compare our results, including the 

gene expression profile and the histological observations to other keratoderma models, 

such as Pachyonychia Congenita (Lessard 2012) and Olmsted Syndrome (Lin 2012). 

We wish that our inducible model could help us understand more about the pathogenesis 

of dermatological diseases such as keratoderma.  
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Figure 1.0. Sensory neurons in the skin. The skin is innervated with a variety of 

peripheral nerve fibers that are responsible for the sensory functions of the skin. 

Different categories of nerve fibers, including the myelinated A fibers and the non-

myelinated C fibers, innervate into different skin structures and sense different 

sensory modalities. The Low-Threshold Mechanical Receptors (LTMR), including Aβ 

fibers that innervate the Merkel cells and surround the hair shafts are touch receptors. 

The nociceptors, including thinly myelinated Aδ fibers and non-myelinated C fibers 

(peptidergic and non-peptidergic) innervating the epidermis are responsible for pain 

detection.  
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Figure 1.1. Induced expression of TRPV1 in mouse keratinocytes. (A) Strategy for 

inducible TRPV1 expression in keratinocytes. (B) Representative calcium imaging 

traces from keratinocytes isolated from Cre+ (left) and Cre- (right) 

K5CreER;R26TRPV1 mouse keratinocytes after 4 days of treatment with 4OHT (392 

nM). Each trace indicates a different cell. Capsaicin (cap, 2 µM) or ATP (200 µM) were 

applied at the indicated times. (C-L) Immunofluorescent detection of TRPV1 and CFP 

expression induced in vivo by systemic (C-H) or topical (I-L) 4OHT treatment, 

illustrated in Cre+ glabrous skin (C,D,I,J), Cre+ hairy skin (E,F), and Cre- glabrous skin 

(G,H,K,L). Gray line denotes dermal–epidermal junction. IRES, internal ribosome 

entry site; Neo-stop, neomycin resistance marker/transcriptional stop site; 4OHT, 4-

hydroxytamoxifen. 
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Figure 1.2. Assessment of potential neuronal expression of TRPV1 in 

K5CreER;R26TRPV1 mice. (A) TRPV1 immunofluorescence staining in wild-type 

dorsal root ganglia (DRG). (B-D) Immunofluorescence staining for TRPV1 (B), green 

fluorescent protein (GFP) (C), or CGRP (D) in DRGs from K5CreER;R26TRPV1 

mouse treated systemically with 4OHT. (E) Representative Ca2+ imaging trace of rare 

capsaicin (10 µM)-responsive DRG neurons from K5CreER;R26TRPV1 mouse. (F and 

G) Anti-GFP immunostaining of DRG neurons from K5CreER;Ai32 (F) and 

Cre- control Ai32 (G) mice treated systemically with 4OHT. (H-J) Immunofluorescence 

staining for TRPV1 (H), GFP (I), or binding to IB4 (J) in DRGs from 

K5CreER;R26TRPV1 mouse treated topically with 4OHT. (K) GFP staining in DRG 

of K5CreER;Ai32 mouse treated topically with 4OHT. 
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Figure 1.3. Capsaicin-evoked induction of c-fos in spinal cord neurons of 

K5CreER;R26TRPV1 mice. (A) Representative c-fos immunostaining in the spinal 

cord dorsal horn of K5CreER;R26TRPV1 mice (top) and Cre- controls (bottom) after 

systemic treatment for 6 consecutive days with 4OHT and acute exposure of 1 hind paw 

to capsaicin-containing lotion. (B) Quantification of differential expression of c-fos 

immunoreactive nuclei between capsaicin-treated (ipsi) and contralateral (contra) sides 

in different spinal laminae from the experiment shown in panel (A). Mean ± SEM, *P < 
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0.05, **P < 0.01, 2-way ANOVA with Bonferroni correction (overall Cre+ [n = 8] vs 

Cre- [n = 6] P < 0.001). (C) Representative immunofluorescence staining for c-fos (red) 

and either SP (green) or IB4 (green) in K5CreER;R26TRPV1 Cre+ (top), Cre- (bottom 

left) or wild-type (bottom right) mice in the ipsilateral lumbar dorsal horn after systemic 

4OHT treatment and hind paw challenge with capsaicin. (D) Quantification of 

differential numbers of c-fos immunoreactive nuclei (ipsi minus contra) overlapping 

with either SP or IB4 immunofluorescence. Mean ± SEM, **P < 0.01, unpaired 

Student t test, Cre+ (n = 4) vs Cre- (n = 4). Wild-type n = 3. (E) Representative 

immunofluorescence staining for c-fos (red) and IB4 (green) in K5CreER;R26TRPV1 

(top) and Cre- control (bottom) mice after topical 4OHT treatment (days 1-4) and 

ipsilateral hind paw challenge with capsaicin on day 7. Several fos-positive nuclei are 

highlighted in lamina I/IIi by arrowheads and in lamina IIo by arrows. (F) 

Quantification of differential expression of c-fos immunoreactive nuclei between 

capsaicin-treated (ipsi) and contralateral (contra) sides in different spinal laminae from 

the experiment shown in panel (E). Mean ± SEM, **P < 0.01, unpaired Student t test, 

Cre+ (n = 15) vs Cre- (n = 14). 
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Figure 1.4. Capsaicin-and heat-evoked nocifensive behavior in K5CreER; 

R26TRPV1 mice. (A) Time spent licking the hind paw during 1-minute intervals over 

a 10-minute period after subcutaneous injection with capsaicin (1 µg) or vehicle alone 

(10 µL) into male K5CreER;R26TRPV1 mice (black lines, n = 6) or Cre- controls (gray 

lines, n = 6) pretreated systemically for 6 days with 4OHT and challenged on days 7 to 

9. (B) Total paw-licking time over 10 minutes in experiment shown in panel (A). (C) 

Capsaicin-evoked paw licking over 1-minute intervals in male wild-type mice (n = 10). 

(D) Capsaicin-evoked paw licking over 1-minute intervals in male (top) or female 

(bottom) mice treated topically for 4 days with 4OHT, and challenged on day 7. Males, 
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n = 12/genotype. Females, n = 7 Cre+, 6 Cre-. (E) Total paw licking time over 10 minutes 

in experiment shown in panel (D). *P < 0.05; NS, not significantly different, unpaired 

Student t test, Cre+ vs Cre-. (F and G) Conditioned place aversion evoked by 

intraplantar capsaicin injection in male K5CreER;R26TRPV1 mice. Panel (F) shows 

time spent in the capsaicin-paired (filled bars) and vehicle-paired (open bars) chambers 

during testing periods before conditioning (Pre) and the day after conditioning (Post). 

Mean ± SEM *P < 0.05; paired Student t test, preconditioned vs postconditioned, 

Cre+ n = 10, Cre- n = 11. Cond., conditioning. Panel (G) shows differences between 

postconditioning and preconditioning occupancy of each mouse averaged across mice 

of a given genotype in vehicle-paired (open bars) and capsaicin-paired (filled bars) 

chambers. Mean ± SEM *P < 0.05; paired Student t test, vehicle-paired vs capsaicin-

paired chambers. 
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Figure 2.1 Chronic TRPV1 expression in keratinocytes leads to thickened and 

scaly ear epidermis. A. Mouse ear appearance at 14 days following the first 4OHT 

treatment. Left Cre+, right Cre-. B. Measurement of whole ear thickness of Cre+ and 

Cre- mice from day1 to day 19 following initiation of 4OHT treatment. #: p<0.01. C. 

H&E staining of Cre+ (top) and Cre- (bottom) ear tissue harvested at day 14 after first 

4OHT. D. Quantification of epidermal thickness in images from panel C (n = X). E. 

TRPV1 immunostaining of Cre+ (top) and Cre- (bottom) mice at day 14 after first 

4OHT treatment. F, DAPI staining of tissue in panel E.  
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Figure 2.2. Multiple differentiation and proliferation markers are up-regulated in 

the ear epidermis following induction of keratinocyte TRPV1 overexpression. A,B: 

Ki67; C, D: Keratin 10; E,F: Keratin 14; G,H: Keratin 17.  In each case, 

immunostaining for the indicated marker is at left, DAPI staining for DNA is in the 

middle, and the merged image is at right. The expression patterns were confirmed in at 

least 3 mice for each marker. 
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Figure 2.3. Changes in barrier characteristics and immune cell infiltration 

induced by overexpression of TRPV1 in ear epidermis. A: Toluidine Blue staining.  

Left, macroscopic view of ear (top left Cre+, bottom right Cre-). Middle, transverse 

section of Cre+ ear.  Right, transverse section of Cre- ear.  B,C: Immunostaining for 

CD11b in Cre+ ear skin (B) and Cre- ear skin (C).   Cd11b staining is at left, DAPI 

staining in the middle, and merged images at right; D,E. Immunostaining for GR1 in in 

Cre+ ear skin (D) and Cre- ear skin (E).GR1 staining is at left), DAPI staining is in 

middle, and merged images is at right. 
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Figure 2.4. Microarray analysis reveals increased mRNA expression of 

inflammation and injury-associated genes and barrier-related genes in whole ear 

skin from TRPV1 overexpressing mice. X axis: Log2 of the ratio of Cre+/Cre- 

expression (fold change, FC) across genes assayed; Y axis: -Log10 of the p value of the 

FC. Highlighted representative upregulated gene families are Sprr2f (A), CXCL (B), 

and CCL family (C).  
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Figure 2.5. qPCR analysis of candidate inflammation and injury-associated genes 

in the ear skin epidermis of TRPV1 overexpressing mice. X axis, time after first 

4OHT treatment. Y axis, Relative mRNA abundance normalized to β-actin mRNA. 

Statistical analyses were performed using student’s t test with correction for uneven 

sample numbers and multiple comparison between Cre+ and Cre- mice at the indicated 

times. (*, p<0.05, ** p<0.01, *** p<0.001). A, CCL17; B, IL19; C, CCL20; D, Alox8; 

E, Defb3A; F, TSLP; G, Pglyrp3; H, Keratin17. (n=4 for day 0, n=5 for day 8 and 14).  
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Figure 2.6. qPCR analysis of candidate barrier-related genes in the ear skin 

epidermis of TRPV1 overexpressing mice. X axis, time after first 4OHT treatment.  

Y axis, relative mRNA abundance normalized to β-actin mRNA. Statistical analyses 

were performed using student’s t test with correction for uneven sample numbers 

numbers and multiple comparison between Cre+ and Cre- mice at the indicated times. 

(*, p<0.05, ** p<0.01, *** p<0.001). A, Lce3b; B, Sprr2f; C, STFA3; D, Serpinb3a; E, 

S100A7A; F, Klk6. (n=4 for day 0, n=5 for day 8 and day 14)  
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Supplementary Figure S1 No primary controls for antibodies against TRPV1 and GFP. 

Immunoflorescence staining was performed on sections from dorsal root ganglia 

(A,B,G,H) and glabrous hind paw skin (C-F) from a untreated wild-type mouse (A,B), 

topical 4OHT-treated Cre+ K5CreER;R26TRPV1 mice (C-F) or systemic 4OHT-

treated Cre+ K5CreER;Ai32 mice (G,H). Primary and secondary antibodies used are 

indicated for each panel. Pairs of samples incubated with versus without primary 

antibody were stained at the same time and imaged under identical conditions. Margins 

of tissues are outlined. Scale bar, 50 microns. 
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Supplementary Figure S2 TRPV1 immunofluorescence staining of DRGs from wild-

type (A), or topical 4OHT-treated Cre+ (B) or Cre- (C) K5CreER;R26TRPV1 mice. 

Samples shown were stained at the same time and imaged under identical conditions. 

Scale bar, 50 microns.  
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Supplementary Figure S3 Immunoblot analysis of DRG lysates from wild-type (1), 

TRPV1 knockout (2) CreK5CreER;R26TRPV1 (3) and Cre+ K5CreER;R26TRPV1 (4) 

mice. Top blot is probed with rabbit anti-TRPV1. Arrow indicates TRPV1 band, 

arrowhead indicates nonspecific (NS) band. Bottom blot probed with anti-beta-actin. 

Molecular mass markers (kilodaltons) at right.  
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Supplementary Figure S4 Capsaicin-evoked c-fos induction in the spinal cord dorsal 

horns of male and female Cre+ (red bars) and Cre- (blue bars) K5CreER;R26TRPV1 

mice pretreated topically with 4OHT. Difference between mean number of c-fos 

positive nuclei counted on the side ipsilateral to treatment and those counted 
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