
ABSTRACT 

WHEELER, JOSHUA JAMES. Peripheral Mediators of Nociception in Psoriasis and Atopic 

Dermatitis. (Under the direction of Dr. Santosh Mishra and Dr. Duncan Lascelles). 

 

Pain and itch are symptoms of many cutaneous diseases. Pain and itch are both symptoms 

of psoriasis. Psoriasis occurs in roughly 3% of adults and costs billions of dollars per year in 

excess medical costs. Pain occurs in roughly one third of psoriatic patients. The molecular 

mediators of psoriatic pain are unknown. Previous research from our collaborators has found 

elevated concentrations of the oxidized linoleic acid metabolites (OLAM), 13-hydroxy-9,10-

epoxyoctadecenoate (13,9-HEL), and its soluble epoxide hydrolase metabolite, 13,9,10-

trihydroxyoctadecnotate (13,9,10-THL) in psoriatic skin. We found that 13,9,10-THL induces 

acute nocifensive responses when injected into the cheek or paw. Additionally, 13,9,10-THL was 

found to use TRPA1 to mediate acute behavior responses and DRG neuron calcium influx. 

13,9,10-THL can also sensitize responses to noxious hot and cold responses using both TRPA1 

and TRPV1.  

Itch associated with psoriasis occurs in greater than 70% of psoriatic patients. Like 

psoriatic associated pain, the molecular mediators of psoriatic itch are not known. EKODE, 

another OLAM, has been demonstrated to induce scratching when injected into mice. We 

determined that EKODE binds to GPR35. GPR35 is found in a subset of DRG sensory neurons 

that also express TRPA1. Calcium influx into sensory neurons upon EKODE binding requires 

TRPA1. Behavior responses to EKODE requires both TRPA1, TRPV1 and BNP We also found 

that antagonism of GPR35 reduces skin thickness in the imiquimod-induced psoriasis mouse 

model. 

Another cutaneous disease with itch as a major symptom is atopic dermatitis. Atopic 

dermatitis occurs in up to 30% of children and up to 10% of adults. Atopic dermatitis patients 



incur billions of dollars in excess medical costs each year. TRPA1 and TRPV1 ion channels are 

involved with transmitting itch signals. We induced atopic dermatitis in wild type, TRPA1 

knockout and TRPV1 knockout sing the MC903-induced atopic dermatitis mouse model. We 

measure the whole skin thickness, epidermal thickness, and quantified itch behavior in these 

mice. We found that removal of TRPA1 or TRPV1 did not result in a significant decrease in skin 

thickness or epidermal thickness as compared to MC903 treated wild type mice. We found that 

epidermal thickness was not decreased in MC903 treated TRPA1 KO or TRPV1 KO mice as 

compared to MC903 treated wild type mice.  

BNP is an itch associated neuropeptide. Recent research has also shown that BNP can 

bind to its receptor in keratinocytes. To determine the role of BNP in atopic dermatitis itch and 

skin inflammation, we used the MC903 atopic dermatitis model to induce atopic dermatitis in 

BNP knockout and BNP wild type littermate mice. We found that BNP knockout mice had 

significantly decreased whole skin thickness, decreased epidermal thickness, and decreased 

scratching behavior as compared to their wild type littermates.  

Another project looked at the expression of the itch associated neuropeptides BNP, GRP, 

SST, and NMB in dog dorsal root ganglia and spinal cord. This study also looked at the 

expression of these genesô cognate receptors in the DRG and spinal cord. We also determined 

that interleukin-31, histamine, serotonin, and capsaicin induces calcium influx in primary culture 

dog DRG neurons and induced release of SST. 

Finally, we looked at which animal models are most used in itch research from August 

2007 to December 2018. Additionally, we looked at the consideration of sex as a variable in itch 

research from August 2007 to December 2018. We found that mice, rats, non-human primates, 

and dogs are the most used animal research models. Further we found that male animals are most 



frequently used in itch research, followed by female animals. Research using both sexes and 

research that did not report sex usage were just as common.   
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CHAPTER 1: INTRODUCTION  

1.1: An Introduction to Itch 

Itch, medically referred to as pruritus, is an unpleasant stimulus that elicits a desire to 

scratch. The reflexive response to a pruritogen (a substance that causes itch) is referred to as the 

ñscratch reflexò. Scratching an itch causes the sensation of itch to change, and eventually 

dissipate (Kosteletzky et al., 2009). Itch can be broadly classified into 4 groups: pruritogenic, 

neuropathic, neurogenic, and psychogenic (Twycross et al., 2003). 

 Itchiness can be induced by audio and visual stimuli (Schut et al., (2015b). 

Psychologically, scratching an itch is considered a pleasurable sensation (Mochizuki et al., 

2014). The severity of itch is closely linked with a patient's mental status and stress levels 

(Chrostowska-Plak et al., 2013, Lien et al., 2012, Mochizizuki et al., 2018, Schut et al., 2014, 

Schut et al., 2015a, Yamamoto et al., 2009). Itch affects multiple aspects of quality of life 

especially when it is chronic (Carr et al., 2014, Holm et al., 2006, Kiebert et al., 2002, Misery et 

al., 2007, Misery et al., 2019, OôDonnell et al., 2014, Susel et al., 2014). Strikingly, these 

quality-of-lif e index decreases in chronic itch sufferers are on par with other severe diseases such 

as depression and cancer (Armstrong et al., 2012, Hrehorow et al., 2012, Rapp et al., 1999, Reich 

et al., 2010, Stumpf et al., 2013). Chronic itch patients also report higher incidences of negative 

body image compared to the healthy individuals (Boehm et al., 2012, Strumpf et al., 2013). 

Depression and anxiety are also major psychological comorbidities in chronic itch patients 

(Boehm et al., 2012, Dalgard et al., 2015, Gupta et al., 1994, Tey et al., 2013, Verhoeven et al., 

2008). On a per-patient basis, itch sufferers spend roughly $4,800.00 per year on healthcare than 

non-itch sufferers, resulting in a cost of over $90 billion dollars every year in the United States 

(Tripathi et al., 2019).  
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Itch becomes classified as chronic once it persists for greater than 6 weeks (Cevikbas and 

Lerner, 2020). The two most well-known chronic itch diseases are atopic dermatitis and 

psoriasis. Atopic dermatitis occurs in approximately 10% of adults and approximately 30% of 

children (Garg and Silverberg, 2015, Odhiambo et al., 2009, Sacotte and Silverberg, 2018). The 

annual cost of treating atopic dermatitis is estimated to be greater than $5 billion US dollars 

(Drucker et al., 2017). Psoriasis is another prevalent disease with itch as the primary symptom. 

Psoriasis occurs in roughly 3% of American adults (Rachakonda et al., 2014). Overall, the excess 

costs of treating posirasis is up to $35 billion US dollars annually (Brezinski et al., 2015, Javits et 

al., 2002, Vaderpuve-Orgle et al., 2015). Both atopic dermatitis and psoriasis result in significant 

decreases in quality of life for these patients (Ali et al., 2020, Jarosz et al., 2020, Kim et al., 

2012, Kimball et al., 2016, Makisimovic et al., 2020, Durovic et al.., 2015, Durovic et al., 2019. 

Durovic et al., 2020a. Durovic et al., 2020b) and come with life-threatening comorbidities 

(Arruda et al., 2020, Barry et al., 2019, Chidwick et al., 2020, Feldman et al., 2017, Feldman et 

al., 2018, Gilaberte et al., 2020, Jaworek et al., 2020, Misery et al., 2020, Ronnstad et al., 2018). 
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Pruriceptors in First order neurons 

 

Figure 1.25 - Schematic of the currently known itch circuitry within the DRG and spinal cord. DRG neurons expressing 

BNP, SST, NPY, or NMB release these neuropeptides into the dorsal horn of the spinal cord where they postsynaptically active 

interneurons expressing their cognate receptors. MrgprA3 defines a different subset of itch neurons. Recent RNA-Seq data has 

demonstrated that these neurons express BNP and SST. BNP, GRP, NPY, NMB and Glutamate binding to their cognate receptors 

are excitatory inputs and are denoted by arrows (Ą). SST, Dynoprhin, GABA, and glycine binding to their cognate receptors are 

inhibitory interactions and are denoted by truncated arrows ()̔̀. PBN: parabrachial nucleus, Mrgpr: Mas-related G-protein 

coupled receptor; HRH: Histamine Receptor H; PAR: Protease-Activated Receptor; OSMR: Oncostatin M receptor; TSLPR: 

thymic stromal lymphopoietin receptor; IL-7r: interleukin receptor 7; Ŭv: integrin subunit Ŭv; ɓ3: integrin subunit ɓ3; TLR: toll-

like receptor; PTAFR: platelet activating factor receptor; TBXAR2: thromboxane A2 receptor; CsyLTR2: Cysteine leukotriene 

receptor 2; NMBR: Neuromedin B receptor; S1P: sphingosine-1-phosphate receptor: LPAR: lysophosphatidic acid receptor; 

TRPA1: Transient receptor potential ankyrin 1.  

First order itch neurons transduce input signals from the peripheral tissues before 

releasing neurotransmitters/neuropeptides into the dorsal horn of the spinal cord (Figure 1). 

These neurons are located in the dorsal root ganglia (DRG). In general, subpopulations of itch 

neurons are defined based on which itch-associated neuropeptides they express. An exception to 

this classification rule is the subpopulation of DRG itch neurons which express the receptor 



   

4 

 

MrgprA3 (Han et al., 2013, Liu et al., 2009); however, recent RNA sequencing results indicate 

that these neurons express Nppb and SST, allowing them to mediate itch responses using these 

neuropeptides (Xing et al., 2020).  

Many endogenous and exogenous pruritic mediators and their cognate receptors have 

been identified (Akiyama et al., 2010a, Akiyama et al., 2010b, Akiyama et al., 2010c, Akiyama 

et al., 2012a, Akiyama et al., 2012b, Costa et al., 2008, Cevikbas et al., 2014, Feng et al., 2017, 

Furue et al., 2017, Hartmann et al., 2015, Inagaki et al., 2002, Kim et al., 2004, LaMotte et al., 

2009, Lembo et al., 2002, Lin et al., 2010, Liu et al., 2009, Liu et al., 2016, Mishra et al., 2020, 

Moser and Giesler Jr., 2014, Nojima and Carstens, 2003, Oetjen et al., 2017, Ostadhadi et al., 

2015, Qu et al., 2015, Reddy et al., 2010, Roberson et al., 2013, Schemann et al., 2013, Shimada 

et al., 2006, Sikand et al., 2009, Steinhoff et al., 2003, Thomsen et al., 2001, Tsujii et al., 2008, 

Tsujii et al., 2009, Yamaguchi et al., 1999, Zhang et al., 2010). All these receptors are found on 

the first order neruons, so named because they are the first neuron in the signaling cascade 

(Figure 1).  

Several subpopulations of itch neurons have been identified. These neurons are derived 

from TRPV1-expressing progenitor neurons (Mishra et al., 2011). DRG neurons expressing 

Natriuretic Polypeptide B (Nppb), also known as brain natriuretic peptide (BNP) are one such 

subset of TRPV1-expressing neurons (Mishra and Hoon, 2013). These neurons are thought to be 

mediators of inflammatory itch, like the itch found in atopic dermatitis, since RNA sequencing 

studies have determined that they express many receptors for compounds found in the 

inflammatory soup (Li et al., 2016, Usoskin et al., 2015). Recently, these BNP expressing 

neurons have been found to also express somatostatin (SST) (Huang et al., 2018, Usoskin et al., 

2015) and demonstrated as pruriceptors. Expression of gastrin releasing peptide (GRP) has also 
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been reported in the DRG; however, these results have been disputed (Goswami et al., 2014, Sun 

and Chen, 2007). Recent research and RNA sequencing papers have not found the expression of 

GRP in mouse, rat, or human DRG (Goswami et al., Li et al., 2016, Usoskin et al., 2015). GRP 

expression has been found in dog DRG (Wheeler et al., 2019), along with expression of BNP, 

and SST; however, this expression could be a species difference.  

Excitatory and inhibitory neurotransmitters and their effects on second order itch neurons 

BNP released from the DRG following pruritogen challenge binds to its receptor NPR1 

located in the dorsal horn of the spinal cord (Mishra and Hoon, 2013) (Figure 1). These neurons 

are also required for propagation of chronic itch signals (Liu et al., 2019, Liu et al., 2020) In the 

acetone-ether-water model of dry skin, expression of NPR1 mRNA increased in the spinal cord 

(Liu et al., 2019). Since the BNP-NPR1 axis plays an important role in both acute and chronic 

itch sensation, blocking this interaction via NPR1 antagonists could serve as a useful anti-pruritic 

therapeutic (Solinski et al., 2019). A subset of NPR1 expressing neurons also express SST 

(Fatima et al., 2019). The exact role of these neurons is not yet known; however, it is thought 

these neurons work to enhance pruritogenic signals following activation of NPR1 (Fatima et al., 

2019).  

Pruritogens triggering release of BNP from DRG neurons also trigger the release of SST 

(Figure 1). BNP binding to the NPR1 receptor on second order NPR1 neurons, resulting in 

excitation of these neurons. SST released from these neurons binds to SSTR2 expressing neurons 

that are also located in lamina I and II of the dorsal horn of the spinal cord (Huang et al., 2018, 

Kardon et al., 2014). SST binding to SSTR2 is an inhibitory input, resulting in a decrease in the 

release of dynorphin (Kardon et al., 2014). Both inputs result in the increased activation of 

GRPR-expressing tertiary itch neurons (Sun and Chen, 2007, Frietag et al., 2019). The BNP Ą 
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NPR1Ą GRPĄ GRPR is a direct activation pathway where all inputs are excitatory, while the 

SST Ą SSTR2 Ą DynorphinĄ -ˁopioid receptor is an indirect pathway that utilizes 

disinhibition to increase the firing frequency of GRPR neurons. This increased firing in GRPR 

neurons is required to transmit itch signals to the parabrachial nucleus (Pagani et al., 2019). 

These neurons also project along the contralateral spinoparabrachial tract to the parabrachial 

nucleus before being sent to higher brain processing centers (Mu et al., 2017).  

Neurons expressing neuromedin B (NMB) are also used for itch transmission (Wan et al., 

2017). These neurons release NMB in response to pruritogenic challenge (Figure 1). NMB then 

binds to interneurons expressing NBMR in the lamina II of the dorsal horn of the spinal cord. 

Following stimulation these neurons release glutamine, which is capable of activating GRPR 

expressing neurons (Wan et al., 2017), thus allowing the itch signal to travel to the parabrachial 

nucleus.  

Mechanical itch appears to heavily rely on Neuropeptide Y (NPY) for spinal itch 

transmission (Bourane et al., 2015, Gao et al., 2018) (Figure 1). NPY also appears to mediate 

some forms of histaminergic itch (Gao et al., 2018). NPY expressing DRG neurons activate 

Neuropeptide Y1 receptors on interneurons in the spinal cord. These Neuropeptide Y1 receptor 

expressing neurons also express SST (Zhang et al., 1999) which allows these neurons to release 

SST upon activating and providing an inhibitory circuit through inhibition of SST2A, resulting in 

the loss of dynorphin release thereby allowing GRPR expressing neurons to fire more.  

Glycinergic neurons in the dorsal horn of the spinal cord can suppress itch (Foster et al., 

2015, Frietag et al., 2019). These neurons are activated by pain. One such population of these 

neurons express Bhlhb5 (Kardon et al., 2014). These Bhlhb5 neurons receive inputs from 

TRPV1 and TRPM8 afferents, thereby allowing noxious thermal sensations to inhibit itch-
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derived responses from reaching the brain (Kardon et al., 2014) in adults (Brewer et al., 2020). 

Glutamine released from TRPV1 afferents also serves to enhance itch signals emanating from 

the DRG (Lagerström et al., 2010). Modulation of GABA receptors in the spinal cord can also 

suppress itch signaling (Akiyama et al., 2011, Cevikbas et al., 2017, Ralvenius et al., 2018) via 

activation of GABA receptors on GRPR expressing neurons (Freitag et al., 2019).  

Itch in the Brain 

 

Figure 1.26 - Brain regions reported to be involved with itch. The parabrachial nucleus (PBN) has direct connections with the 

Central Amygdala (CeA), anterior thalamic nucleus, and ventral tegmental area (VTA) (Denoted by solid arrows). The anterior 

thalamic nucleus then activates neurons in the anterior cingulate cortex during itch. Other brain regions are activated during itch 

and during scratching. The interaction between known itch regions and these brain regions are less understood and are denoted by 

dashed arrows. Hunger activates NPY-expressing neurons in the hypothalamus which inhibit itch signaling from traveling 

beyond the PBN.  

After processing in the dorsal horn of the spinal cord, pruritogenic itch signals travel to 

the spinal parabrachial nucleus contralateral to the input (Mu et al., 2017). This contralateral 

processing of itch continues into the brain (Vierow et al., 2009). The spinal parabrachial nucleus 

provides inputs into several brain regions (Figure 2) (Tokita et al., 2009). Histaminergic itch is 

processed in the anteromedial thalamic nucleus; after which, the signal is sent to the anterior 
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cingulate cortex (Deng et al., 2020).  However, non-histaminergic itch appears to be processed 

through a different brain circuit (Deng et al., 2020). At the level of the primary somatosensory 

cortex, neurons in the dysgranular cortex respond to both pain and itch stimuli (Khasabov et al., 

2020). The act of scratching activates several areas in the secondary somatosensory cortex, 

insular cortex, prefrontal cortex, parietal lobe, and cerebellum, with significant increase in 

activity within the anterior cingulate cortex (Hsieh et al., 1994, Yosipovitch et al., 2008). A 

significant increase in activity within the putamen also occurs during scratching (Vierow et al., 

2008). The act of scratching does not activate the thalamus or the primary somatosensory cortex 

(Hsieh et al., 1994, Yosipovitch et al., 2008). In addition, these areas, regions associated with 

pleasure are activated by itching (Mochizuki et al., 2014). GABAergic neurons and 

dopaminergic neurons within the ventral tegmental area drive the pleasure derived from 

scratching in chronic itch (Su et al., 2019). Neurons expressing the GABA(A) receptors in 

central nucleus of the amygdala mediate and modulate itch behaviors (Chen et al., 2016). 

Like pain (Alhadeff et al., 2018), itch perception is inhibited by the competing need state 

of hunger and is mediated by hypothalamic agouti-related protein expressing neurons (Alhadeff 

et al., 2020). While not explicitly identified, it is likely that this suppression occurs via NPY 

neurons projecting from the hypothalamus to the parabrachial nucleus similar to the pain 

suppression by hunger circuit (Alhadeff et al., 2018).  

Descending Itch Modulation Pathways 

Currently, two independent descending itch circuits have been described. The descending 

regulation pathway of itch originates in the periaqueductal gray (Gao et al., 2019). These neurons 

express Substance P (Tac1) and interact with GRPR expressing neurons in the dorsal horn of the 

spinal cord (Gao et al., 2019). Activation of GABAergic neurons within the periaqueductal grey 
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inhibit scratching and control, at least in part, the affective and aversive coding of itch (Samineni 

et al., 2019).  

The role of glial cells in Itch 

The role of glial cells in itch processing is currently not well understood. Recent research 

indicates that astrocytes are required for chronic itch, but do not play a large role in acute itch. In 

a model of cutaneous hypersensitivity induced by sodium dodecyl sulfate application, 

astrogliosis, an increase in astrocyte number, and an increase in astrocyte activation was 

observed in lamina I - II of the spinal dorsal horn (Inami et al., 2020). Astrogliosis also occurs in 

the Acetone-Diethylether-Water model of dry skin (Liu et al., 2016). Further, a decrease in itch 

response in the DNFB, AEW, and DCP models of atopic dermatitis, dry skin, and contact 

allergic dermatitis models, respectively, was seen in TLR4 knockout mice and is presumed to be 

due to the loss of TLR4 in astrocytes (Liu et al., 2016). In addition to TLR4, astrocytes utilize 

IL -33/ST2 signaling to modulate chronic itch in the AEW and DNFB models of chronic itch (Du 

et al., 2019).  

These IL-33/ST2 utilizing astrocytes appear to modulate chronic itch by sensitizing 

GRPR-expressing interneurons to GRP (Du et al., 2019). These IL-33/ST2 utilizing astrocytes 

were shown to use the JAK2-STAT3 pathway to modulate chronic itch (Du et al., 2019). Other 

research into STAT3 utilizing astrocytes determined that these astrocytes release lipocalin-2, 

which then increases the activity of GRPR neurons (Shiratori-Hayashi et al., 2015). Astrocytes 

also express TNF-Ŭ (Benveniste et al., 1994) and are required for both acute and chronic itch 

(Miao et al., 2018). The chemokine receptor CXCR3 is also expressed in astrocytes and 

microglia (Biber et al., 2002). Deletion of CXCR3 has also been shown to reduce chronic itch in 

a model of dry skin itch (Jing et al., 2018). 
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Astrocytes have also been reported to affect mechanical alloknesis in both acute and 

chronic models of itch (Liu et al., 2016). However, the mechanism behind this effect is currently 

unknown.  

1.2: Pruritogenic Fatty Acid Mediators 

Itch, technically referred to as pruritus, is a psychosomatic or physiological response to 

irritation that results in a scratching reflex (Leslie, 2013). Scratching happens when peripheral 

neurons are activated by pruritogens. These pruritogens can be exogenous or endogenous. 

Exogenous itch mediators include chloroquine (Liu et al., 2009, Roberson et al., 2013), 

compound 48/80 (Inagaki et al., 2002, Schemann et al., 2012), and cowhage (Hartmann et al., 

2015, LaMotte et al., 2009, Sikand et al., 2009). Endogenous mediators include histamine (Kim 

et al., 2004), serotonin (Moser and Giesler Jr., 2014, Nojima and Carstens, 2003, Ostadhadi et 

al., 2015, Thomsen et al., 2001, Yamaguchi et al., 1999), interleukins (Cevikbas et al., 2014, 

Furue et al., 2017, Liu et al., 2016, Oetjen et al., 2017), ligands for Toll-like receptors (Feng et 

al., 2017, Lin et al., 2010), and various cytokines (Akiyama et al., 2010a, Akiyama et al., 2010b, 

Akiyama et al., 2010c, Akiyama et al., 2012a, Akiyama et al., 2012b, Costa et al., 2008, Lembo 

et al., 2002, Qu et al., 2015, Reddy et al., 2010, Roberson et al., 2013, Shimada et al., 2006, 

Steinhoff et al., 2003, Tsujii et al., 2008, Tsujii et al., 2009, Zhang et al., 2010), including 

perisotin (Mishra et al., 2020) are all endogenous compounds that elicit itch. Neuronal Pathways 

for majority of these pathways have been described, however, blocking these pathways does not 

block the itch that occurs in cutaneous and systemic diseases that are associated with itch. 
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Figure 1.27 - Structures of prurtiogenic fatty acid mediators. Structures of 12(S)-HPETE (A), LTB4 (B), LTD4 (C), TXA2 

(D), Platelet Activating Factor (E), LPA (F), Sphingosine-1-phosphate (G), and EKODE (H).  

Another group of endogenous pruritic compounds are fatty acid metabolites (Figure 3). In 

an itch behavior model, where pruritogens are injected intradermally into the nape of the mouse 

(Kuraishi et al., 1995), several fatty acid compounds have been found to cause bouts of 

scratching in mice (Andoh and Kuraishi, 1998, Andoh et al., 2007, Ishiguro et al., 2002, Kim et 

al., 2007, Kittaka et al., 2017, Ramsden et al., 2017, Usoskin et al., 2015). Of these eight fatty 

acid compounds, five are arachidonic acid metabolites, one is a linoleic acid metabolite, and two 

are a result of phospholipase A2 (PLA2) cleavage of a membrane phospholipid.  
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Figure 1.28 - Illustration showing the four different neuronal subpopulations that express the receptors for pruritogenic 

fatty acid mediators. The numbers 1, 2, 3, and 4 identify the four different subpopulations of DRG sensory that express the 

receptors for pruritic fatty acid metabolites.  

Figure 4 is an illustration detailing the four different subpopulations of neurons 

responding to pruritic fatty acids. The first subpopulation (1) of neurons expressing pruritic fatty 

acid receptors expresses transient receptor potential vanilloid 1 (TRPV1), natriuretic polypeptide 

B (Nppb), and somatostatin (SST). All three of these genes have been demonstrated to play a 
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role in itch processing (Mishra et al., 2011, Mishra and Hoon, 20213, Huang et al., 2018). In this 

first population, expression of the receptors for sphingosine-1-phosphate (S1P), S1P receptor 1 

(S1PR1) and S1P receptor 3 (S1PR3); platelet activating factor (PAF), platelet activating 

receptor (PTAFR); and leukotriene D4, cysteine leukotriene receptor 2 (CysLTR2) has been 

found (Goswami et al., 2014, Solinski et al., 2019, Usoskin et al., 2015). Using calcium imaging, 

neuronal activation by S1PR1 and S1PR3 has been demonstrated to require TRPV1 (Kitakka et 

al., 2020).  

The second subpopulation (2) seen in Figure 4 expresses TRPV1, transient receptor 

potential ankyrin 1 (TRPA1), voltage gated sodium channels (NaV) 1.8 and 1.9, and neruomedin 

B (NMB) (Usoskin et al., 2015). In addition to TRPV1, TRPA1, NMB, NaV1.8 and NaV1.9 have 

all been demonstrated to be required for itch transmission (Kim et al., 2020, Wan et al., 2017, 

Wilson et al., 2011, Wilson et al., 2013). This second subpopulation of itch meditating neurons 

expresses receptors for thromboxane A2, thromboxane A2 receptor (TBXA2R), and 

lysophosphatidic acid (LPA) receptors LPAR1, 3, and 5.  

The third subpopulation (3) seen in Figure 4 expresses TRPV1, NaV1.8, NaV1.9, and 

Mas-related g-protein coupled receptor A3 (MrgprA3). MrgprA3 is thought to define a separate 

population of itch sensing neurons (Han et al., 2013) separate from the Nppb+/SST+ population; 

however, recent research indicates that the MrgprA3 population has some overlap with the 

Nppb+/SST+ population (Xing et al., 2020). Despite this recent result, MrgprA3 neurons still 

seem to be split into a MrgprA3+/Nppb+/SST+ and a MrgprA3-only based on the combination 

results of Xing et al., (2020) and Usoskin et al., (2015).  This subpopulation that expresses 

TRPV1+/NaV1.8+/NaV1.9+/MrgprA3 population expresses mRNA for S1PR1 (Usoskin et al., 

2015).  
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The fourth and final population does not express any known itch-associated proteins, but 

does express the receptor for leukotriene B4, LTB4R1 and the S1PR3 receptor for sphingosine-

1-phosphate. The lack of a currently identified itch-associated gene does not a priori exclude this 

population as a population that can transmit itch signals; however, more research is needed to 

determine how this population transmits itch signals.  

Known Fatty Acid Metabolite Pruritogens 

12(S)-HPETE 

The arachidonic acid metabolite 12(S)-hydroperoxyeicosa-5Z, 8Z, 10E, 14Z-tetraenoic 

acid (12(S)-HPETE) is the simplest fatty acid itch mediator. In sensory neurons, arachidonic acid 

is freed from the lipid bilayer as part of pruritic or nociceptive GPCR signal cascades (Kim et. al, 

2004, Patwardhan et. al, 2010) and enzymatically converted into 12(S)-HPETE by 12-

lipoxygenase (Holtzman et al., 1989). Because of this, 12(S)-HPETE is able to induce itch via 

both intra- and extracellular mechanisms.  

When injected directly into ICR mice, 12(S)-HPETE induces approximately 60 bouts of 

scratching over the course of 40 minutes (Kim et al., 2007). 12(S)-HPETE has been shown to 

bind to leukotriene B4 receptor 2 (LTB4R2) (Kim et al., 2008) using Y255283, a LTB4R2 

antagonist (Kim et al., 2007) and using competitive binding assays Yokomizo et al., 2001).  

Another pathway for 12(S)-HPETE is conversion into 12(S)-HETE (12(S)-

hydroxyeicosa-5Z, 8Z, 10E, 14Z-tetraenoic acid) via cellular peroxidases (Pace-Asciak CR, 

2015). 12(S)-HETE is part of a larger class of endovanilloid compounds that are capable of 

activating the TRPV1 ion channel intracellularly (Hwang et al., 2000, Kim et al., 2004, 

Patwardhan et al., 2009, Patwardhan et al., 2010, Shin et al., 2002, Wen et al., 2012), providing a 

second mechanism for itch induction via 12(S)-HPETE. 12(S)-HPETE has also been shown to 
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modulate voltage gated sodium and potassium channels in Aplysia (Buttner et al., 1989). Recent 

deep sequencing has revealed LTB4R2 is expressed in low-threshold mechanoreceptors (Usoskin 

et al., 2015). The low levels of LTB4R2 expression in sensory neurons coupled with expression 

in mechanosensory neurons indicate 12(S)-HPETE itch via intradermal injection is sensory 

neuron independent.  

Leukotriene B4 

Leukotriene B4 (LTB4) injected into the nape of ICR mice induces approximately 75 

bouts of scratching over sixty minutes (Andoh and Kuraishi, 1998). The exact mechanism of 

LTB4 induced itch is currently under debate. LTB4 is generated as part of a signal cascade after 

intradermal injection of other pruritogens (Andoh et al., 2001, Andoh et al., 2004, Andoh et al., 

2009, Andoh et al., 2017, Zhu et al., 2009) 

Several groups have demonstrated expression of Leukotriene B4 Receptor 1 (LTB4R1) 

and LTB4R2 in sensory neurons (Andoh and Kuraishi, 2005, Manteniotis et al., 2013, Okubo et 

al., Zinn et al., 2017). However, only LTB4R1 is present in TRPV1- enriched or TRPV1-

depleted sensory neurons (Table 1) (Goswami et al., 2014). Both Andoh and Kuraishi (2005) 

show immunohistochemical and functional imaging by measuring calcium influx for LTB4R1 

and TRPV1 in sensory neurons.  In their calcium imaging analysis, Andoh and Kuraishi did not 

determine the percentage of neurons responding to both LTB4 and TRPV1. Additionally, 

immunohistochemical staining for LTB4R1 and TRPV1 performed by Andoh and Kuraishi is 

presented in absentia of a merged figure bringing into question whether the LTB4R1 population 

exists within the TRPV1 population. Zinn et al. (2014) recently showed co-expression of 

LTB4R1 and calcitonin-gene related peptide (CGRP). CGRP has been shown to be co-expressed 

with TRPV1 (Murata and Masuko, 2006, Nakanishi et al., 2010, Price and Flores, 2007) 
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indicating LTB4R1 and TRPV1 could be co-expressed in sensory neurons. However, LTB4R1 

and TRPV1 co-expression is not guaranteed because only half of CGRP neurons also express 

TRPV1 (Price and Flores, 2007).  

Deep sequencing analyses appear to confirm the low LTB4R1 expression in DRG 

sensory neuorns with Manteniotis et al. (2013) finding <1 FPKM of LTB4R1 expression while 

Usoskin et al. (2015) and Nguyen et al. (2017) did not find LTB4R1 expression. These data 

indicate the main mechanism of LTB4 itch may not occur via direct activation of sensory 

neurons.  

Leukotriene D4 

Leukotriene D4 is another member of the cysteine leukotriene family. Leukotriene D4 is 

release during mast cell degranulation (Lewis et al., 1980) after which it can bind to its receptor 

on DRG neurons expressing Nppb and SST to induce itch (Solnski et al., 2019, Usoskin et al., 

2015).  

Thromboxane A2 

Intradermal injection of thromboxane A2 (TXA2) induces approximately seven-hundred 

fifty bouts of scratching in ICR mice (Andoh et al., 2007). Expression of the TXA2 receptor, 

TBXA2R, occurs in lightly myelinated Aŭ nociceptive neurons expressing PEP2 (Usoskin et al., 

2015). In atopic dermatitis, Ŭ-melanocyte-stimulating hormone and PAR-2 activation can 

increase the amount of TXA2 produced by keratinocytes (Andoh et al., 2016, Andoh et al., 

2019). TXA2 has also been reported to play a role in itch experienced by chronic renal failure 

patients (Li et al., 2019).  
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Platelet-Activating Factor: 

Platelet-activating factor (PAF) is a structurally unique fatty acid compound consisting of 

O-alk-1`-enyl-2-acyl-glycero-3-phosphocholine, where ñalkò is a fatty acid chain (Benveniste et 

al., 1977, Prescott et al., 1990). In ddY mice, PAF has been shown to induce approximately 

seventy-five bouts of scratching in twenty minutes (Ishiguro et al., 2002). PAF was also found to 

induce bouts of scratching when applied to the eye of guinea pigs (Woodward et al., 1995). 

The receptor for PAF (PTAFR) is found in higher amounts in TRPV1 expressing neurons 

(Goswami et al., 2014a), albeit at low levels. PTAFR has been shown to be expressed in mast 

cells (Kajiwara et al., 2010) indicating PAF works through mast cell dependent (via histamine 

release (Petersen et al., 1997)) and independent pathways (Krause et al., 2013). It remains to be 

investigated whether PAF induces pruritus via sensory neurons due to PTAFR expression in 

sensory neurons or via indirect mechanism through immune and non-immune cells in the skin. 

Expression of PTAFR in sensory neurons has only been shown via RNA-Seq (Goswami et al., 

2014, Manteniotis et al., 2013, Solinski et al., 2019). 

Lysophosphatidic Acid 

Lysophosphatidic acid (LPA) has been demonstrated to cause itchiness in mice 

(Hashimoto et al, 2004, Kittak et al., 2017). Increased LPA has been found in atopic dermatitis 

skin lesions in NC/Nga Mice, which are a model of naturally occurring atopic dermatitis 

(Shimizu et al., 2014). LPA might also be a mediator of cholestatic itch (Kremer et al., 2010). In 

vitro, LPA can activate both DRG sensory neurons (Kittaka et al., 2017) and satellite glial cells 

(Robering et al., 2018). Itch induced by LPA utilizes the LPA5 receptor to set off a series on 

intracellular signaling pathways which then activate both TRPA1 and TRPV1 (Kittaka et al., 

2017). 
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Sphingosine-1-phosphate 

Another fatty acid mediator, sphinogosine-1-phosphate (S1P) is also capable of inducing 

itch (Kittaka et al., 2019). S1P utilizes both TRPV1 and TRPA1 to mediate itch sensation (Hill et 

al., 2018, Kittaka et al., 2019). Within the DRG, S1PR1 receptor are located in BNP+/SST+ 

neurons (Solinski et al., 2019), while S1PR3 is co expressed with a subset of MrgprA3 neurons 

(Hill et al., 2018). Regarding chronic itch conditions, S1PR3 has been demonstrated to play a 

role in mediating psoriatic itch, but not atopic dermatitis itch (Hill et al., 2020).    

EKODE 

The linoleic acid metabolite 12,13-epoxy-9-keto-10(trans)-octadecenoic acid (EKODE) 

is an oxidized linoleic acid metabolite that has been found in higher abundance in psoriatic skin 

lesions. EKODE is a metabolite of linoleic acid, which is two carbons shorter than arachidonic 

acid. Linoleic acid. The amount of linoleic acid in the average Americanôs diet significantly 

increased over the course of the 20th century (Blasblag et al., 2011). Increasing the amount of 

linoleic acid in the diet increases the bioavailability of linoleic acid in tissues, including the skin 

(Ramsden et al., 2012, Ramsden et al., 2016, Sorokin et al., 2018).   

EKODE has been shown to induce approximately forty bouts of scratching in thirty 

minutes when injected into C57bl/6J mice (Ramsden et al., 2017). Intradermal injection of 

EKODE into mast cell deficient mice induces approximately forty scratches, showing EKODE 

induced itch is mast cell independent. These behavior results indicate that EKODE is, 

hypothetically, a mediator of itch in psoriasis. Currently the receptor for EKODE is unknown, 

but it is safe to hypothesize that the receptor for EKODE is an orphaned GPCR. Identifying this 

receptor will allow for the development of pharmacological therapies for the treatment of 

psoriatic itch.  
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1.3: Nociception and the Role of Linoleic Acid Metabolites in Pain 

Pain and pruritus (itch) belong to a class of perception referred to as nociception. Along 

with thermal sensation, proprioception, and touch, nociception is sensed by dorsal root ganglion 

(DRG) neurons innervating the skin and other visceral organs. The cell bodies of these DRG 

neurons are located in small bundles found in the intravertebral foraminae just outside of the 

spinal cord. Upon activation by a nociceptive input, the signal travels along the axon of the DRG 

starting at the periphery and moving towards the spinal cord. Once the signal reaches the other 

end of the axon, nociceptive related neuropeptides are released, whereupon these neuropeptides 

bind to their cognate receptors located in lamina I and II of the dorsal horn of the spinal cord.  

Many molecular mediators of nociception have been identified, a large number of which 

are metabolites derived from arachidonic acid (Davies et al., 1984). Arachidonic acid is 

classified as an unsaturated ɤ-6 fatty acid, meaning that the first double bond is begins at the 

sixth carbon from the end of the fatty acid chain. Another ɤ-6 fatty acid is linoleic acid. The 

bioavailability of linoleic acid in the diet, particularly of Americans, nearly doubled over the 

course of the twentieth century (Blasblag et al., 2011). Furthermore, changes in the amount of 

linoleic acid in the diet changes the amount of oxidized metabolites derived from linoleic acid 

present in tissues (Ramsden et al., 2012, Ramsden et al., 2016, Sorokin et al., 2018). Recently the 

increase in bioavailability of these oxidized linoleic acid metabolites has been hypothesized as a 

cause of pain in idiopathic pain conditions (Ramsden et al., 2016).  

To date, several different classes of oxidized metabolites of linoleic acid have been 

shown to play a role in pain (Osthues and Sisignano, 2019). The first such group of oxidized 

linoleic acid metabolites that play a role in pain are the hydroperoxide derivates, 13-HODE and 

9-HODE. The intracellular pathways that produce 9-HODE and 13-HODE are not yet 
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understood; however, at least some amount of 13-HODE is produced through peroxidation via 

15-lipoxygenase follwed by a reduction step utilzing a glutatione-peroxidase (Reinaud et al., 

1989). There is also evidence that synthesis of 9-HODE and 13-HODE are produced using 

prostaglandin H2 synthase (Daret et al., 1989, Goddessart et al., 1996). These two HODE 

compounds are produced in damaged keratinocytes (Green, 1989) and under burn-induced 

blistering (Alsalem et al., 2013, Green et al., 2013, Patwardhan et al., 2010, Sisignano et al., 

2013). Incrased serum levels of 9-HODE have been observed in patients with chornic neck pain 

(Hellstrom et al., 2016). Further, concentrations of these two metabolites have been correlated 

with the amount of pain seen in patients (Hellstrom et al., 2016). Both 9-HODE and induce 

inflammation and pain responses in rodents by activating TRPV1, both directly and indirectly 

(Alsalem et al., 2013, De Petrocellis et al., 2012, Patwardan et al., 2009, Patwardhan et al., 

2010). Concentration levels of 9-HODE are increased during chemotherapy induced neuropathic 

pain (Hohmann et al., 2017). The receptor for 13-HODE has yet to be identifed and it shows 

moderate activity at the receptor for 9-HODE, G2A (Kabarowski et al., 2009, Obinata et al., 

2005, Yin et al., 2009). 

Another category of oxidized linoleic acid metabolite are the leukotoxins which are 

generated by epoxidation by P450: 9,10-EpOME and 12,13-EpOME (Oliw et al., 1994). These 

two compounds are produced following thermal insult and are capable of activating both TRPA1 

and TRPV1 directly (Green et al., 2016). These leukotoxins assist in mediating thermal and 

mechanical allodynia in a post-burn model of pain (Green et al., 2016). In a model of 

chemotherapy induced neuropathic pain, mice treated with paclitaxel experienced an increase in 

9,10-EpOME and contributes to the increase in mechanical sensitivity seen in this model 
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(Sisignano et al., 2016). An increase in EpOME concentrations is found in the amygdala and 

periaqueductal grey in inflammatory chronic pain conditions (Jensen et al., 2016).  

These EpOMEs then undergo further metabolism by soluble epoxide hydrolase to form 

9,10-diHOME and 12,13-DiHOME (Inceoglu et al., 2006, Moghaddam et al., 1997, Morriseau et 

al., 2010). The soluble epoxide metabolite 12,13-DiHOME increases thermal hypersensitivity 

(Eskander et al., 2015, Inceoglu et al., 2006, Zimmer et al., 2018) by activating TRPV1 (Zimmer 

et al., 2018). The other metabolite, 9,10-DiHOME sensitizes thermal and mechanical responses 

(Green et al., 2016) through TRPA1 (Zimmer et al., 2018).  
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CHAPTER 2: Endogenous Derivatives of Linoleic Acid and Their Stable Analogues as 

Potential Mediators of Pain 

INTRODUCTION  

Esterified lipids play an important physiological roles as structural components of tissues 

including skin. Since 1930, linoleic acid (LA) has been considered an óessential fatty acidô, 

because a small amount is needed in the diet to prevent the manifestations of óessential fatty acid 

deficiencyô, including trans-epidermal water loss and scaly dermatitis (Burr and Burr, 1929, 

Hansen et al., 1958). Deficiency symptoms were classically attributed to a lack of linoleic acid 

esterified in the skin acyl-ceramides that form the outer waxy epidermal barrier (Elias et al., 

1980). However, LA is a polyunsaturated fatty acid and as such contains double bonds that can 

be oxidized.  Oxidized derivatives of LA, rather than LA itself, in this esterified lipid pool have 

been hypothesized to be essential components of water barrier (Nugteren et al., 1985).  

Free (unesterified) oxidized lipids tend to be more labile and bioactive than their 

esterified (structural) counterparts. Classically, bioactive oxidized lipids derived from 

arachidonic acid (e.g., prostaglandins, leukotrienes) have received the most attention due to their 

well-established role in inflammation and pain (Osthues and Sisignano, 2019, Shaprio et al., 

2016). In the past decade, several studies have shown that 9-HODE, 13-HODE and other well-

known linoleic acid derivatives can contribute to nociceptive responses in preclinical models 

(Asalem et al., 2013, Padwardhan et al., 2009, Patwardhan et al., 2010, Osthues et al., 2020. Our 

group recently identified a family of hydroxy-epoxide and keto-epoxide derivatives of linoleic 

acid with potential, but as of yet unconfirmed, roles in pain and itch (Ramsden et al., 2017).  

Among these from Ramsden et al., (2017), free 13,9-HEL was observed to be higher in 

psoriatic lesions as compared to control skin, and to augment release of calcitonin gene-related 
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peptide by sensory neurons in a low pH environment, suggesting that an acid-derived product of 

13,9-HEL could potentially play a signaling role in pain. The molecular mechanisms underlying 

psoriatic pain are not well understood even though pain as a symptom occurs in the psoriatic 

population, with women and older patients more likely to report pain associated with their 

psoriasis (Sampogna et al., 2004, Ljosaa et al., 2010, Patruno et al., 2015). In particular, there are 

changes in mechanical sensitivity in psoriatic skin along with spontaneous thermal (both hot and 

cold) pain reported in psoriatic skin lesions of psoriatic patients (Ljosaa et al., 2010, Patruno et 

al., 2015). 

Nocifensive responses are typically mediated through the transient receptor potential 

vanilloid 1 (TRPV1) and transient receptor potential ankyrin 1 (TRPA1) ion channels. Both of 

these ion channels can be activated by endogenous lipid mediators binding their respective 

GPCR receptors (Trevisani et al., 2007, Andersson et al., 2008, Cruz-Orengo et al., 2008, 

Materazzi et al., 2008, Taylor-Clark et al., 2008, Taylor-Clark et al., 2008, Tyalor-Clark et al., 

2009, Gregus et al., 2012, Motter and Ahern, 2012, Sisignano et al., 2012, Hwang et al., 2000, 

Moriyama et al., 2005, Morales-Lázaro et al., 2013, Green et al., 2016, Zimmer et al., 2018, 

Schäfer et al., 2020). In addition, TRPV1 and TRPA1 have been demonstrated to play a role in 

psoriasis etiology (Kemény et al., 2018, Nattkemper et al., 2018, Zhou et al., 2018, Kodji et al., 

2019, Zhou et al., 2019).   

To further expand on our previous research, our collaborators quantified the amount 13,9-

HEL and the trihydroxy-linoleate derivative, 13,9,10-THL, in free and total pools of skin from 

humans and rats using liquid chromatography-tandem mass spectrometry. We then determined 

whether 13,9-HEL or 13,9,10-THL are capable of activating sensory neurons in vitro. Since both 

13,9-HEL and 13,9,10-THL activated sensory neurons we looked at the nocifensive properties of 
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13,9-HEL and 13,9,10-THL in vivo. Based on the behavior results we also synthesized a series of 

stable analogues to better understand their biochemistry.  

MATERIALS & METHODS  

Chemicals 

All compounds were stored in ethanol at -80 °C. Ethanol was evaporated under a steady 

stream of nitrogen and the compounds were re-dissolved into 1X PBS containing 1% ethanol 

(v/v). All Oxylpin compounds were synthesized in-house. PGE2 (14010) and 9-HODE (34800) 

were purchased from Cayman Chemical.   

Mouse Cheek Behavior:  

All experimenters were blind to the structure of the compounds when performing 

behavior assays. Each compound was injected into the right cheek (100 µg in 20 µL) of adult 

male C57BL/6J mice (either from Jackson Lab or bred in-house from mice purchase through 

Jackson Lab) 6-10 weeks of age using sterile insulin needles. Nocifensive behavior responses in 

mice were assessed using the cheek model (Shimada and LaMotte, 2008) after being recorded 

for 30 minutes. Unilateral wiping of the ipsilateral cheek was not counted if wipes occurred 

during grooming. Bouts of scratching were counted when the scratch bout occurred on the 

ipsilateral cheek.   

Mouse Hindpaw Behavior: 

9-HODE, PGE2, and 13,9,10-THL were dissolved in 1% ethanol in 1X PBS (v/v) at a 

concentration of 327 µM. Following intraplantar injection, mice were placed in a 4 in x 4 in 

Plexiglas chamber on a clear Plexiglas pane above a camera. Mice were recorded for 5 minutes 

and the amount of time spent performing nocifensive responses (biting, licking, guarding, and 
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lifting) was quantified. Following recording, mice were used for one of the following behavior 

tests: +50 °C hot plate, crushed dry ice (Brenner et al., 2012), electronic von Frey, or +5 °C cold 

plate and the amount of time to withdrawal was determined with a stopwatch. The + 50 °C and 

+5 °C tests were recorded form the side and the recording was used to determine the time to 

withdrawal. Each mouse was tested three times with a 5-minute rest period in between stimuli 

for all tests. The cut off time for the 50 °C hotplate was 20 seconds and the cut off time for the 5 

°C cold plate was 60 seconds to prevent tissue damage in the mice.  

DRG Preparation:  

DRG were isolated from C57Bl6/J mice and dissociated in 1 mL of media containing 2.5 

U/mL of Dispase (VWR, 42613-33-2) and 2.5 mg/mL of collagenase (Milipore Sigma, C0130-

500MG) for 30 minutes, followed by mechanical dissociation with a pasteur pipette. This was 

then followed by a 15 minute incubation and mechanical dissociation with a Pasteur pipette. This 

15 minute incubation and dissociation step was repeated once more. Incubation steps were done 

at 37  in a hot water bath. After dissociation, the cells were washed with complete media 

(DMEM with 10% FBS (VWR, 97068-085) and 1% PenStrep (VWR {Stock #}})) and pelleted 

at 1800 rpm for 20 minutes. The cell suspension was plated on 18mm round glass slides coated 

with laminin (Sigma Aldrich, L2020) and poly-L-lysine (Sigma Aldrich {Stock #}}) and 

incubated for 1.5 hours at 37  with 5% CO2. Afterwards, 1 mL of complete media was added 

to each well and the cells were incubated overnight at 37  with 5% CO2. Cells were imaged 

within 24 hours of isolation. 
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Calcium Imaging:  

Again, all experimenters were blind to the structure of the compounds when performing 

calcium imaging. All compounds were stored in ethanol at -80 °C. Ethanol was evaporated under 

a steady stream of nitrogen and the compounds were re-dissolved into 1X PBS containing 1% 

ethanol (v/v). All oxylipin compounds, PGE2, and 9-HODE were tested at a concentration of 1 

µM. Capsaicin was tested at a concentration of 1 µM and AITC was tested at a concentration of 

100 µM. KCL (100 mM) was used as a positive control during analysis. Each coverslip, cells 

were exposed to one of the oxylipin species, followed by PGE2, followed by capsaicin. All slides 

tested utilized this sequence of testing. When AITC was tested, the order was: oxylipin 

compound, PGE2, AITC, Capsaicin, and KCl.    

Before imaging, cells were incubated in 350 µL of complete media containing 4.2 µM 

Fura-2 AM (Enzo, ENZ-52006) for 30 min at 37  with 5% CO2. During imaging, the cells 

were perfused with Locke buffer containing the following: 135 mM sodium chloride, 3.2 mM 

potassium chloride, 2.5 mM magnesium chloride, 2.8 mM calcium chloride, 667 µM monobasic 

sodium phosphate, 14.2 mM sodium bicarbonate, and 10.9 mM D-glucose (all from VWR)with a 

pH between 7.00 and 7.40. The buffer and the holding plate were kept at 37  while imaging. 

Imaging data was collected on a TE200 inverted microscope using NIS Elements software 

(Nikon). Cells were exposed to 340 nm and 380 nm wavelengths for 100 ms and the A340/A380 

ratio was calculated. Traces were analyzed using Excel and responses greater than 10% of the 

baseline were counted. Error bars represent SEM. 
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RESULTS 

 

Figure 2.29 - 13,9HEL, 13,9,10THL and their stable analogues and small molecule pharmacophores activate sensory 

neurons. A) Quantification of calcium imaging responses in primary culture DRG sensory neurons to 9HODE, PGE2, 13,9HEL, 

13,9,10THL, stable analgoues of 13,9HEL and 13,9,10THL, and their small molecule pharmacophores. B) Representative traces 

for the copounds shown in panel A. All compounds were tested at a concentration of 1 µM and normalized to 1 mM KCl 

responses. Data is presented as Mean ± SEM.   
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To investigate if 13,9-HEL, 13,9,10-THL and their analogues evoke calcium influx in 

sensory neurons, we used FURA-2AM based calcium imaging (Figure 1A) to primary cultured 

mouse DRG neurons and observed responsive cells. We found approximately 12.7 ± 4.2 % of 

DRG neurons responded to 9-HODE, 13.1 ± 3.8% of neurons responded to PGE2, 7.0 ± 3.1% of 

neurons activated to 13,9-HEL, 8.0 ± 6.2 % of neurons responded to 13,9,10-THL, 8.0 ± 6.2 % 

of neurons responded to 2,2M-13,9-HEL, 13 ± 3.8% of neurons responded to 13M-13,9-HEL, 

23.8 ± 6.8% of neurons activated to 2,2,13M-13,9-HEL, 8.5 ± 6.3% of neurons reacted to 2-

hydroxy-5,6-epoxy-hept-3(E)-ene, 5.4 ± 5.6% of neurons responded to 2,2M-13,9,10-THL, 6.6 ± 

4.5% of neurons exposed to 2,2,13M-13,9,10-THL, and 7.7 ± 0.7% of neurons exposed to 2,5,6-

trihdroxy-hept-3(E)-ene. Figure 1B shows representative traces for all the oxylipin compounds 

tested.  
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Figure 2.30 - Acute nocifensive responses to endogenous lipid mediators and their stable analogues. A) Number of 

cheek wipes occurring in the first 5 minutes following injection of 100 µg/ 20 µL i.d. of 1% ethanol in 1X PBS (v/v): 

vehicle, 9-HODE, PGE2, 13,9-HEL, 13,9,10-THL and their analogues. B) Number of cheek wipes over 30 minutes 

following injection of 100 µg/ 20 µL i.d. of 1% ethanol in 1X PBS (v/v): vehicle, 9-HODE, PGE2, 13,9-HEL, 13,9,10-THL 

and their analogues. C) The total number of ipsilateral cheek directed scratching bouts following injection of 100 µg/ 20 µL 

i.d. of 1% ethanol in 1X PBS (v/v) vehicle, 9-HODE, PGE2, 13,9-HEL, 13,9,10-THL and their analogues. D) Total time 

spent performing nocifensive behaviors directed at the hindpaw following intraplantar injection of vehicle, 9-HODE, PGE2, 

and 13,9,10-THL over 5 minutes. Data is presented as mean ± SD, p-values are presented in the text. Significance was 

determined using 2-tailed studentôs t-test in 4A and 4B for all compounds versus vehicle, except for 9-HODE. Significance 

for 9-HODE, 4C and 4D was determined using a 2-tailed Mann-Whitney U test since these data are not normally distributed.  
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Since these compounds are found in higher abundance in patients with psoriasis and can 

induce calcium influx into DRG sensory neurons, we next wanted to determine if injecting these 

compounds in mice [intradermal (i.d.)] could induce pain or itch behavior. To do so, we used the 

cheek model (Shimada and LaMotte, 2008), which can differentiate between pain and itch 

responses, and injected vehicle, endogenous mediators (PGE2, 9-HODE, 13,9-HEL, or 13,9,10-

THL) or their analogues (100 µg/ 20 µL i.d for all) into the mouse cheek and scored the number 

of wipes occurring within the first 5 minutes. We also counted number of wipes occurring over a 

total of 30 minutes. During the first 5 minutes we found a significant increase in the number of 

wiping bouts for 13,9,10-TriHOME (p = 0.0008), 2,2M-13,9-HEL (p = 0.0155), 13M-13,9-HEL 

(p = 0.0007), 2.2,13M-13,9-HEL (p Ò 0.0001), and 2,5,6-trihydroxy-hept-3(E)-ene (p = 0.0037) 

when compared to the number of wiping bouts induced by vehicle injection (Figure 2A). The 

remaining compounds did not induce significantly different number of wiping bouts as compared 

to vehicle. Extending the time out to 30 minutes caused a significant increase in the number of 

wiping bouts for all compounds except 13,9-HEL: PGE2 (p = 0.0010), 9-HODE (p = 0.0251), 

13,9,10-THL (p = 0.0013), 2,2M-13,9-HEL (p = 0.0036), 13M-13,9-HEL (0.0004), 2,213M-

13,9-HEL (p = 0.0004), 2-hydroxy-5,6-epoxy-hept-3(E)-ene (p = 0.0121), 2,2M-13,9,10-THL (p 

= 0.0070), 2,2,13M-13,9,10-THL (p = 0.0378) and 2,5,6-trihydroxy-hept-3(E)-ene (p = 0.0062) 

when compared to vehicle (Figure 2B). For itch behavior, we scored the number of scratching 

bouts occurring during the 30 minutes following injection. We counted the number of ipsilateral 

cheek-directed scratching bouts in response to all compounds and found no significant difference 

when compared to the number of scratching bouts induced by the vehicle (Figure 2C).  

Since the cheek wiping assay measures behavior responses mediated by the trigeminal 

ganglia, we next perform intraplantar injections of vehicle, PGE2, 9-HODE, and 13,9,10-THL to 
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examine if these compounds invoke pain responses when activating neurons in the dorsal root 

ganglia (DRG). From this point on we chose to focus on 13,9,10-THL because of the two natural 

ligands (the other being 13,9-HEL), 13,9,10-THL produced significantly more wiping responses 

in the cheek assay and activated DRG neurons in vitro. We found that all three compounds 

induced significantly higher total nocifensive (biting/licking, flinching, guarding, and lifting) 

response times when compared to vehicle: PGE2  

(p = 0.0011), 9-HODE (p = 0.0006), and 13,9,10-THL (p = 0.0002) (Figure 2D). 

 

Figure 2.31 - Acute nocifensive responses to 13,9,10-THL is mediated by both TRPA1 and TRPV1. A) Number of wipes 

performed following intradermal injection of 100 µg/ 20 µL 13,9,10-THL in WT, TRPA1 KO, and TRPV1 KO mice. B) Kinetics 

of the cheek wipe behavior seen in Panel A. C) Calcium imaging responses in neurons responding to 13,9,10-THL (1 µM), AITC 

(100 µM) and capsaicin (1 µM) in WT, TRPA1 KO, and TRPV1 KO mice.  Data is presented as mean ± SD, p-values are 

presented in the text. Significance was determined using an Ordinary 1-way ANOVA (Panel A), 2-way ANOVA with multiple 

comparisons (Panel B), or Studentôs t-test (Panel C) with a post-hoc Tukeyôs correction for multiple comparisons when needed. 
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To better understand how 13,9,10-THL causes pain, we ran the cheek assay in TRPV1 

KO and TRPA1 KO mice and scored their behavior over 30 minutes (Figure 3A-B). We found a 

significant decrease in the number of ipsilateral cheek wipes in TRPA1 KO mice (p < 0.0001) 

and TRPV1 KO (p = 0.0015) mice as compared to wild type (Figure 3A). These results were 

verified using in vitro calcium imaging (Figure 3C). We found a significant decrease in the 

percentage of neurons responding to 13,9,10-THL in TRPA1 KO mice (p = 0.0009) and TRPV1 

KO (p = 0.0026) mice. We found the expected decreases in percentage of neurons responding to 

AITC in TRPA1 KO mice and capsaicin in TRPV1 KO mice (Figure 3C). 
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Figure 2.32- Sensitization of nocifensive responses induced by 13,9,10-TriHOME.  A) Changes in withdrawal latency on a 

+50 °C hot plate after 5-minute incubation of intraplantar injection of 13,9,10-THL (327 µM). B) Changes in withdrawal latency 

on a +5 °C cold plate after 5-minute incubation of intraplantar injection of 13,9,10-THL (327 µM). C) Changes in withdrawal 

force in the electronic von Frey assay after 5-minute incubation of intraplantar injection of 13,9,10-THL (327 µM). D) Changes 

in withdrawal latency in the dry ice assay after 5-minute incubation of intraplantar injection of 13,9,10-THL (327 µM). Data is 

presented as mean ± SD. Significance was determined by comparing vehicle injected versus 13,9,10-THL injected behavior 

responses within each genotype. Significance was determined using a Mann-Whitney U-test, ns = not significant, p-values are 

presented in-text. 

Since 13,9,10-THL is found in higher amounts in psoriatic skin lesions (Ramsden et al., 

2017) we further tested to see if 13,9,10-THL can induce thermal (hot and cold) or mechanical 

hyperalgesia. We found that following intraplantar injection of 13,9,10-THL, wild type mice 
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demonstrated significantly faster withdrawal times (p = 0.0007) when placed on a +50 °C hot 

plate as compared to vehicle injected mice (Figure 4A). This response was lost when comparing 

vehicle and 13,9,10-THL injected TRPA1 KO mice, further validating our acute behavior 

wherein wiping responses are diminished in TRPA1 KO mice. As expected, we saw no 

difference in behavior response between vehicle and 13,9,10-THL injected TRPV1 KO mice. 

Further, we did not see any significant differences in withdrawal latency in TRPA1/V1 double 

KO mice. We also tested for cold hypersensitivity using a 5 °C cold plate (Figure 4B) and the 

dry ice test (Brenner et al., 2012) (Figure 4D). We did not find a significant difference between 

vehicle injected and 13,9,10-THL injected wild type, TRPA1 KO, or TRPV1 KO mice using the 

dry ice test (Figure 4D). However, we did see a significant difference in withdrawal latency in 

wild type mice injected with 13,9,10-THL versus vehicle on the 5 °C cold plate (p = 0.0357), but 

not when comparing the vehicle and 13,9,10-THL injected TRPA1 KO, TRPV1 KO, or 

TRPA1/V1 DKO mice (Figure 4B). There were no significant differences between vehicle 

injected an 13,9,10-THL injected wild type. TRPA1 KO or TRPV1 KO mice in the electronic 

von Frey test (Figure 4D), indicating that 13,9,10-THL does not induce mechanical 

hypersensitivity. We did not test the TRPA1/V1 DKO mice in the dry ice test or the von Frey 

assay because we found no significant different between any of the genotypes in these tests.  
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Figure 2.33-Sex differences in sensitization induced by 13,9,10-TriHOME .A) Sex based responses of male and female mice 

injected with vehicle or 13,9,10-THL on a +50 °C Hotplate; **p = 0.0065 (male), **p = 0.0072 (female). B) Sex based responses 

of male and female mice injected with vehicle or 13,9,10-THL on a +5 °C cold plate; ns = not significant. C) Sex based responses 

of male and female mice injected with vehicle or 13,9,10-THL in the von Frey assay; *p = 0.0458 (male vehicle injected vs 

female vehicle injected). D) Sex based responses of male and female mice injected with vehicle or 13,9,10-THL in the dry ice 

assay; ns = not significant. All data was tested using an ordinary one-way ANOVA with multiple comparisons with a post-hoc 

Tukeyôs multiple comparison test. Vehicle for all is a 1% Ethanol in 1X PBS (v/v) solution. 
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Furthermore, we did not see any sex differences in the WT mice in their behavior 

responses in the +50 °C hot plate, +5 °C cold plate, or dry ice assays (Figure 5). We did find that 

female mice had lower withdrawal force thresholds than male mice. This lower withdrawal force 

in the female mice was seen in both the vehicle injected and 13,9,10THL injected mice (Figure 

5C). There was no significant change in withdrawal force between the vehicle and 13,9,10THL 

injected male mice; nor was there a difference in withdrawal force between vehicle and 

13,9,10THL injected female mice. Based on these results, we combined all data obtained from 

male and female mice for all genotypes because they are all on the C57Bl6/J background.  

 

Figure 2.34 - 13,9,10-TriHOME utilizes the Gɓɔ subunits, but not the GŬ subunit, of its GPCR Receptor. A) Calcium 

imaging response of primary culture DRG neurons preincubated with vehicle or Gallein (100 µM) exposed to 13,9,10-THL (1 

µM) and capsaicin (1 µM) and normalized to 1 mM KCl responses. B) Calcium Imaging responses of primary culture DRG 

neurons preincubated with vehicle or pertussis toxin (PTX, 1 ng/mL) and exposed to 13,9,10-THL (1 µM) and capsaicin (1 µM) 

and normalized to 1 mM KCl responses. Data is shown as Mean ± SD, *p = 0.034, ns = not significant based on a 2-tailed paired 

Studentôs t-test.  

In an effort to understand which type of receptor to which 13,9,10-THL binds, we used 

Gallein, which inhibits dissociation of the Gɓɔ subunits of GPCRs, and pertussis toxin (PTX), 

which inihibits the functions of the GŬ subunits of GPCRS, to determine which pathway 13,9,10-

THL uses to enact nocifensive responses. We opted to only look at GPCR subunit inhibitors 
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because nearly all other nocifensive fatty acid metabolites work through GPCRS (PGE2 

citations, 9HODE citation, Itchy fatty acids as well). Our results indicate that 13,9,10-THL binds 

to a yet unknown GPCR which causes nocifensive responses through intracellular Gɓɔ pathways, 

but not through PTX mediated GŬ pathways (Figure 6). 

DISCUSSION 

In the present study, our collaborators characterized the abundance, chemical structure, 

and locations of 13(9)-HEL and 13,9,10-THL in human and rat skin, and investigated the 

activities of these endogenous lipids, novel stable analogs, and related small molecules in 

sensitizing dorsal root ganglia neurons and eliciting pain-related behaviors. Collective findings 

confirm that 13(9)-HEL and 13,9,10-THL are present in esterified skin lipids and introduce free 

13,9,10-THL as a potential lipid autacoid capable of mediating acute pain responses in mice. We 

also found that the endogenous mediator 13,9,10THL utilizes TRPA1 to propagate nocifensive 

responses from the DRG.  

Structure-function relationships and metabolism of 13(9)-HEL and 13,9,10-THL 

The effects of 13,9,10-THL and related compounds in mice had a rapid onset and short 

duration, with >80% effects observed in first 5 min. These acute/hyperacute pain-related 

responses observed in mice suggests free acids are labile and are rapidly inactivated in vivo. Two 

possible mechanisms for rapid inactivation include re-esterification back into membranes and 

dehydrogenation, conversion hydroxyl to ketone. 

To clarify structure-function relationships, we use targeted synthetic chemistry approach 

using free 13(9)-HEL and 13,9,10-THL as biotemplates for designing three classes of stable 

analogs: (1) Addition of 2,2-dimethyl moiety to prevent: re-acylation/esterification, effectively 

trapping lipids in the free acid 2) methyl addition to block dehydrogenation of hydroxyl moiety, 
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or 3) both. Our in vitro calcium imaging and behavior results demonstrate that analogs generally 

maintained activities of free acids and that stable analogs of 13(9)-HEL were more bioactive, 

that is they induced more robust behavior responses, than unmodified free acid. There were no 

changes in bioactivity between 13,9,10-THL and its stabilized analogues.  

Comparing our in vitro calcium imaging data and behavior data of 13,9-HEL with the in 

vitro calcium imaging and behavior data for 13,9,10-THL indicates that 13,9,10-THL is the 

active metabolite in this family. This is further evidenced by results from 2,2M-13,9-HEL, 13M-

13,9-HEL, and 2,2,13M-13,9-HEL which indicate that 13,9-HEL alone is quickly taken out of 

circulation, since modifying 13,9-HEL was required to induce behavior responses like 13,9,10-

THL following injection.   

Free 13,9,10-THL as an autacoid mediator of pain and hypersensitivity responses 

Bioactivities are oxidized lipids are classically ascribed to unesterified/free acids, with 

less data showing preformed in membranes. We previously observed that 13,9-HEL is elevated 

in the free pool of human psoriatic skin lesions, and that free 13,9-HEL evokes CGRP release 

only in a low pH environment (Ramsden et al., 2017). Therefore, we reasoned that an acid-

derived trihydroxy derivative of linoleic acid, rather than 13,9-HEL itself, may be responsible for 

the observed sensitization. Consistent with this hypothesis, cheek injection of free 13,9,10-THL 

(but not 13(9)-HEL) in mice evoked acute nocifensive behaviors with more rapid onset, shorter 

duration, and similar overall effect as PGE2, a classic oxidized lipid mediator of pain (Yaksh et 

al., 1999, Kawabata, 2011) and 9-HODE, a known linoleic acid-derived pain mediator (Alsalem 

et al., 2013, Patwardhan et al., 2010). Injection of 13,9,10-THL into the mouse hind paw evoked 

spontaneous nocifensive behaviors PGE2 and 9-HODE, providing confidence that these effects 

are reproducible in mice.  Together, these findings suggest that preformed 13(9)-HEL and 
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13,9,10-THL act as structural lipids in membranes but may be released by lipases, forming free 

acids that contribute to acute pain responses by activating sensory neurons following injury or 

inflammation.  

Next, we wanted to know the receptor that are involved in pain in response to these 

bioactive lipids that are highly enriched in psoriatic skin. Our in vitro and in vivo results indicate 

that 13,9,10-THL induces acute pain via TRPA1. TRPA1 has been demonstrated to mediate the 

responses to other lipid autocoids (Trevisani et al., 2007, Andersson et al., 2008, Cruz-Orengo et 

al., 2008, Materazzi et al., 2008, Taylor-Clark et al., 2008, Taylor-Clark et al., 2008, Tyalor-

Clark et al., 2009, Gregus et al., 2012, Motter and Ahern, 2012, Sisignano et al., 2012).  

We found that 13,9,10-THL induce hypersensitive responses to noxious warm and 

noxious cold temperatures. TRPA1 mediates noxious cold (Karashima et al., 2009, del Camino 

et al., 2009, Obata et al., 2005, Kwan et al., 2006) and that TRPV1 mediates noxious heat 

(Caterina et al., 1997). Interestingly, our results indicate that 13,9,10-THL requires both TRPA1 

and TRPV1 for sensitization. TRPA1 and TRPV1 have been shown to form heteromeric 

complexes (Fischer et al., 2014, Patil et al., 2019, Salas et al., 2009, Staruschenko et al., 2010, 

Weng et al., 2015) that have been shown to play a role in pain hypersensitivity. We have arrived 

at this conclusion based on the following evidence: 1) 13,9,10-THL behavior and calcium 

imaging responses are lost in TRPA1 KO mice, but not in TRPV1 KO mice and 2) 13,9,10-THL 

hypersensitivity to noxious heat is lost in TRPV1 KO mice, even though these mice have intact 

TRPA1. Further, we found sensitivity to noxious cold temperatures that was lost in both TRPA1 

and TRPV1 KO mice. This result was unexpected, and adds to our hypothesis that 13,9,10-THL 

sensitizes noxious thermal responses using both TRPA1 and TRPV1, since the TRPV1 KO mice 

should have displayed cold plate withdrawal latencies similar to wild type mice. The overall 
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pattern seen in our results have been demonstrated to be the mechanism behind bradykinin and 

PGE2ôs ability to cause hypersensitivity to noxious heat (Patil et al., 2020), even though these 

compounds require TRPA1 for acute nocifensive behavior (Kwan et al., 2006, Materazzi et al., 

2008), and calcium influx (Taylor-Clarke et al., 2008, Bandell et al., 2004).  

Approximately 73% of psoriasis patients have reported burning/heat discomfort in their 

psoriasis plaques (Patruno et al., 2015) and approximately 15% of psoriasis patients have 

reported uncomfortable cold sensations in their plaques (Patruno et al., 2015). In both instances, 

these sensations are independent of an external stimulus. Based on our results here, we 

hypothesize that these hot and cold sensations could come from release of 13,9,10-THL from 

lipid membranes. These hot/burning/cold sensations were not rated highly using the pain 

qualities assessment scale (Patruno et al., 2015); however, it has been demonstrated that psoriatic 

skin has higher thresholds for heat and cold sensation (Yosipovitch et al., 2003). These 

properties could be a result of fatigue. Repeated activation of TRPA1 and TRPV1 channels leads 

to desensitization of these ion channels (Numazaki et al., 2003, Akopian et al., 2007, Vylický et 

al., 2008, Ruparel et al., 2011, Kistner et al., 2016, Luo et al., 2019), thereby requiring higher 

intensity stimuli for activation. While these sensations might not be outright painful, they do 

contribute the significant changes in sleep, mood, work ability, and interpersonal relationships 

experienced by psoriasis patients (Ljosaa et al., 2010). Therefore, understanding the underlying 

mechanisms leading to these sensations is worthwhile and should be addressed in future work.  

Our results with gallein indicate that 13,9,10-THL works through a GPCR, specifically 

through the Gɓɔ subunits. Biased activation of downstream effects from GPCR-ligand 

interactions does occur (Rankovic et al., 2016, Bologna et al., 2017, Onfroy et al., 2017); 

therefore, 13,9,10-THL preferentially activating sensory neurons through Gɓɔ mediated processes 
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is not improbable. DRG do express relatively high levels of the GzŬ GPCR subunit (Kelleher et 

al., 1998), which is a PTX-insensitive GŬ subunit (Ho and Wong, 1998). Further, GzŬ is involved 

with the signaling of many neurotransmitters and other neuron specific intracellular processes 

(Ho and Wong, 2001). RNA-sequencing data shows that the GzŬ subunit has higher mRNA 

expression in TRPV1-lineage neurons (Goswami et al., 2014). Further, in an unbiased single-cell 

RNA-sequencing study, GzŬ mRNA expression is enriched in several nocifensive DRG neuron 

subpopulations (Usoskin et al., 2015). Overall, our results indicate that 13,9,10-THL requires 

dissociation of the Gɓɔ subunits and does not use an PTX sensitive GŬ subunits. Without an 

effective GzŬ antagonist, determining whether 13,9,10-THL uses the GzŬ subunits will require the 

use of shRNA or siRNA and would be an interesting avenue for future studies.  

Small molecules 

Our in vitro and in vivo results for the seven carbon 2-hydroxy-5,6-epoxy-hept-3(E)-ene 

and 2,5,6-trihydroxy-hept-3(E)-ene indicate that these are the active pharmacophores for 13,9-

HEL and 13,9,10-THL, respectively. Ideally, identifying these structural components of these 

fatty acids will provide an effective template for the future generation of antagonists to block the 

pain and pain sensitivity induced by endogenous 13,9,10-THL production.  

Our results presented here have identified an endogenous fatty acid mediators that 

induces acute pain and calcium influx through the TRPA1 ion channel: linoleic acid derived 

trihydroxy octadecenoate. Furthermore, these compounds sensitize responses to noxious heat and 

cold using both TRPA1 and TRPV1. In addition, we have identified the active region of these 

compounds, which can be used to generate new antagonists for the receptor of these endogenous 

fatty acid mediators. Future work should be aimed at identifying the receptor for this compound 
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so that effective antagonists can be developed to treat pain and changes in sensitivity in psoriatic 

lesions.  
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CHAPTER 3: The Endogenous Metabolite of Linoleic Acid, EKODE, as a Mediator of Itch  

Introduction  

Psoriasis is a disease presents in several different forms: plaque, scalp, palmar-plantar 

(hand and foot), nail, and inverse (occurring between the toes and fingers) (Merola et al., 2016). 

Psoriasis occurs in nearly all ethnicities (Hsu et al., 2016, Parisi et al., 2013, Takeshita et al., 

2015, Takeshita et al., 2019), can occur in children, young adults/teenagers, adults, and seniors, 

and occurs in both men and women (Bridgman et al., 2019, Cohen et al., 2020, Feldman et al., 

2018, Hsu et al., 2016, Paller et al., 2018, Parisi et al., 2013, Patel et al., 2019, Rachakonda et al., 

2014, Takeshita et al., 2015). A whole host of comorbidities occur with psoriasis; the most 

prevalent being hyperlipidemia, hypertension, diabetes, and obesity (Feldman et al., 2017, 

Feldman et al., 2018). Overall, the quality of life of psoriatic patients is lower than healthy 

individuals (Kimball et al., 2016). In general, psoriasis sufferers pay ~$11,500 over their lifetime 

for psoriasis treatments (Brezinski et al., 2015) resulting from more expensive healthcare costs 

(Cai et al., 2019, Feldman et al., 2017, Pilon et al., 2019). The yearly economic burden due to 

psoriasis in the United States is ~$35 billion annually (Brezinski et al., 2015, Javits et al., 2002, 

Vanderpuye-Orgle et al., 2015). Many therapies to treat psoriasis have been developed (Stull et 

al., 2016); however, psoriasis remains under treated within the US (Armstrong et al., 2017, Horn 

et al., 2007) and cessation of treatment remains an issue. 

Chronic itch occurs in >70% of psoriasis patients (Dickison et al., 2018, Reszke et al., 

2019, Yosipovitch et al., 2000). The intensity of itch in psoriasis is equivalent to the severity of 

itch in atopic dermatitis, another disease characterized by chronic itch (Shahwan and Kimball, 

2017). Itch associated with psoriasis can negatively affect sleep quality (Kaaz et al., 2019, Luca 

et al., 2020), work productivity (Kimball et al., 2016), Anxiety and depression are common 
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comorbidities in psoriasis, along with other mental health disorders (Cai et al., 2019, Cohen et 

al., 2016, Feldman et al., 2018, Patel et al., 2019); the severity of these is generally correlated 

with itch severity (Luca et al., 2020).  

Despite the high prevalence of itch as a symptom in psoriasis, no molecular mediators 

have been determined to induce itch. In atopic dermatitis, another pruritic skin disease, thymic 

stromal lymphopoietin (TSLP), interleukin-31 (IL-31) and periostin have been correlated with 

the severity of atopic dermatitis (Berna et al., 2020, Bin and Leung, 2016, Jaworek et al., 2020, 

Kou et al., 2014, Lee et al., 2010, Lou et al., 2019, Margolis et al., 2014, Nygaard et al., 2016, 

Ozecker et al., 2019, Sung et al., 2017, Uysal et al., 2017, Wan et al., 2017, Wang et al., 2016, 

Wang et al., 2020, Wood et al., 2009). These compounds are found in higher abundance in 

lesional atopic dermatitis skin (Arima et al., 2015, Bogaczewicz et al., 2016, Kim et al., 2015, 

Klukowska-Rötzler et al., 2013, Luo et al., 2014, Mineshige et al., 2015, Nattkemper et al., 2018, 

Sano et al., 2013, Sonkoly et al., 2006, Wood et al., 2009). Further, these mediators have been 

shown to cause itch behavior via sensory neuron activation (Cevikbas et al., 2014, Gonzales et 

al., 2016, Lewis et al., 2017, Mishra et al., 2020, Pitake et al., 2018, Ruzicka et al., 2017, Wilson 

et al., 2013). These compounds have been shown to work through the transient receptor potential 

ankyrin 1 (TRPA1) and transient receptor potential vanilloid 1 (TRPV1) ion channels (Cevikbas 

et al., 2014, Mishra et al., 2020, Pitake et al., 2018, Wilson 2013). TRPA1 is a thermosensitive, 

chemosensitive, and mechanosensitive ion channel (Bandell et al., 2004, Bautista et al., 2006, 

Jordt et al., 2004, Kwan et al., 2006, Story et al., 2003), while TRPV1 is also thermosensitive 

and chemosensitive ion channel (Caterina et al., 1997, Macpherson et al., 2005, McNamara et al., 

2005, Xu et al., 2005, Zygmunt et al., 1999). 
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The oxidized linoleic acid metabolite, 12,13-epoxy-9-oxo-10 (E)-octadecenoic acid, 

EKODE, has previously been shown to bind to adrenal cells (Payet et al., 2006), resulting in 

release of aldosterone (Goodfriend et al., 2004) and increases the production of corticosterone 

(Bruder et al., 2003), dehydroepiandrosterione (Bruder et al., 2006), and other adrenal steroids 

(Goodfriend et al., 2002). Changes in serum EKODE levels have been associated with seasonal 

affective disorder (Hennebelle et al., 2017) and cirrhosis (López-Vicario et al., 2020). EKODE 

was also found in higher amounts in psoriatic skin, and was shown to induce itch (Ramsden et 

al., 2017).  

GPR35 is an orphan GPCR for which many ligands, both natural and synthetic, have 

been identified (Deng et al., 2011a, Deng et al., 2011b, Deng et al., 2012a, Deng et al., 2012b, 

Deng et al., 2012c, Deng and Fang, 2012a, Deng and Fang 2012b, Deng and Fang, 2013, Foata 

et al., 2020, Funke et al., 2013, Hu et al., 2012, Jenkins et al., 2010, MacKenzie et al., 2013, 

Maravillas-Montero et al., 2015, Neetoo-Isselijee et al., 2013, Oka et al., 2010, Taniguchi et al., 

2006, Taniguchi et al., 2008, Thimm et al., 2013, Wang et al., 2006, Wei et al., 2017, Wei et al., 

2018, Yang et al., 2010, Yang et al. 2012). GPR35 is expressed in liver tissue (Nam et al., 2019), 

cardiac tissue (Divorty et al., 2018, Ronkainen et al., 2014), the hippocampus (Alkondon et al., 

2015, Berlinguer-Palmini et al., 2013), the gastrointestinal tract (OôDowd et al.,), macrophages 

(Kaya et al., 2020, Maravillas-Montero et al., 2015, Sharmin et al., 2020, Sparfel et al., 2010, 

1998, Zheng et al., 2019), adipocytes (Agudelo et al., 2018, Jung et al., 2020), myocytes (Jung et 

al., 2020), and sensory neurons (Ohshiro et al., 2008). Administration of GPR35 agonists have 

been demonstrated to reduce inflammation and nociception (Agudelo et al., 2018, Jung et al., 

2020, Zhao et al., 2010).  
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In this research, we used genetic and pharmacological tools to study how EKODE 

induces pruritis. Review of RNA-Seq libraires (Goswami et al., 2014, Usoskin et al., 2015) 

identified GPR35 as a putative target for EKODE; therefore, we used CID2745687, a GPR35 

antagonist, to determine if GPR35 is the receptor for EKODE using calcium imaging. Finally, 

since EKODE is found in higher abundance in psoriatic skin, we used the imiquimod model of 

psoriasis to determine if treatment with CID2745687 can ameliorate psoriatic symptoms.  

 Materials & Methods 

Chemicals & Reagents 

The fatty acid mediator, 12,13-epoxy-9-oxo-10E-octadecenoic acid (EKODE, Figure 1) 

was synthesized by chemists in Dr. Christopher Ramsdenôs groups at NIH (Bethesda). EKODE 

was kept in a 100% ethanol solution at a concentration of 5 mg/mL. Histamine (Catalog #, 

H7125), allylisothiocyanate (AITC) (Catalog #, W203408), and capsaicin (Catalog #, M2028) 

were purchased from Sigma Aldrich. CID2745687, a GPR35 antagonist, was purchased from 

Tocris (Catalog # 4293).  

 

Figure 3.35 - Structure of EKODE. 

Animals 

All animals were treated in accordance with NC Stateôs IACUC protocols (#16-037-B 

and #19-047-B). Mice were given food and water ad libitum and kept on a 12-hour light-dark 

cycle (6 am ï 6 pm light). The initial TRPV1 knockout (KO) (Stock No. 003770), TRPA1 KO 

(Stock No. 006401) and C57Bl6/J (Stock No. 000664) mice were ordered from the Jackson Lab. 
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BNP KO mice were a gift from Dr. Mark Hoon. TRPV1, and TRPA1 knockout mice were 

maintained on the C57Bl6/J background. BNP KO mice were maintained on a mixed C56BL6/N 

background (Mishra and Hoon, 2013); therefore, any experiments using these mice utilized BNP 

KO and Wild type littermates (WTLM) generated by crossing heterozygous (BNP +/-) male and 

female mice. Mice were genotyped using the recommended primers and thermocycler cycles 

found in Mishra and Hoon (2013).  

The primers for genotyping the TRPV1 KO mice are as follows: 1) Wild type Forward: 

5ô-TGGCTCATATTTGCCTTCAG -3ô, 2) Common Reverse: 5ô-

CAGCCCTAGGAGTTGATCGA -3ô, and 3) Mutant Forward 5ô-

TAAAGCGCATGCTCCAGACT -3ô. For the TRPV1 KO primer master, mix an equal volume 

of primers so that the final concentration of each primer is 33 µM. The following cycle 

parameters were used for genotyping BNP KO mice: 94 °C for 1 minute Ą [the following cycles 

are repeated 10 times]: 94 °C for 15 seconds Ą 65 °C for 20 seconds Ą 68 °C for 30 seconds Ą 

[the following cycles are repeated 28 times]: 94 °C for 1 minute Ą 60 °C for 20 seconds Ą 72 

°C for 30 seconds Ą [The following cycles performed once]: 72 °C for 7 minutes Ą 4 °C until 

taken off the thermocycler.  

The primers for genotyping the TRPA1 KO mice are as follows: 1) Wild type Forward: 

5ô-TCCTGCAAGGGTGATTGCGTTGTCTA -3ô, 2) Wild type Reverse: 5ô-

TCATCTGGGCAACAATGTCACCTGCT -3ô, 3) Mutant Forward 5ô- 

CCTCGAATCGTGGATCCACTAGTTCTAGAT-3ô, and 4) 5ô-

GAGCATTACTTACTAGCATCCTGCCGTGCC-3ô. For the TRPA1 KO primer master, mix an 

equal volume of primers so that the final concentration of each primer is 25 µM. The following 

cycle parameters were used for genotyping BNP KO mice: 94 °C for 1 minute Ą [the following 
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cycles are repeated 10 times]: 94 °C for 15 seconds Ą 65 °C for 20 seconds Ą 68 °C for 30 

seconds Ą [the following cycles are repeated 28 times]: 94 °C for 1 minute Ą 60 °C for 20 

seconds Ą 72 °C for 30 seconds Ą [The following cycles performed once]: 72 °C for 7 minutes 

Ą 4 °C until taken off the thermocycler.  

The primers for genotyping the BNP KO mice are as follows: 1) 5ô-

TACAGCCCAAACGACTGACGGATC -3ô, 2) 5ô-CGCCAGCCTGCTTTTTGTACAAAC-3ô, 

and 3) 5ô-GTCTCCAGAGCAATTCAAGATGCAG-3ô. For the BNP primer master, mix an 

equal volume of primers so that the final concentration of each primer is 33 µM. The following 

cycle parameters were used for genotyping BNP KO mice: 94 °C for 1 minute Ą [the following 

cycles are repeated 35 times]: 94 °C for 15 seconds Ą 62 °C for 20 seconds Ą 72 °C for 30 

seconds Ą [the following cycles are carried out once]: 72 °C for 7 minutes Ą 4 °C until taken 

off the thermocycler.  

Somatostatin cre (SST-cre) (Jackson Labs, Stock No. 028864) mice were crossed with 

tdTomato (Ai9) (Jackson Labs, Stock NO. 007909) mice to generate SST-cre::Ai9 for FACS 

sorting.  

The primers for genotyping the SST-cre mice are as follows: 1) Wild type Forward: 5ô- 

GAGGTCTGCCAACTCGAAC-3ô, 2) Common Reverse: 5ô-AGTCAAACGCTTGCTCTTCA -

3ô, and 3) Mutant Forward 5ô-TCAGGTACATGGATCCACTAGTTCT -3ô. For the SST-cre 

primer master, mix an equal volume of primers so that the final concentration of each primer is 

33 µM. The following cycle parameters were used for genotyping BNP KO mice: 94 °C for 1 

minute Ą [the following cycles are repeated 10 times]: 94 °C for 15 seconds Ą 65 °C for 20 

seconds Ą 68 °C for 30 seconds Ą [the following cycles are repeated 28 times]: 94 °C for 1 
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minute Ą 60 °C for 20 seconds Ą 72 °C for 30 seconds Ą [The following cycles performed 

once]: 72 °C for 7 minutes Ą 4 °C until taken off the thermocycler.  

The primers for genotyping the Ai9 mice are as follows: 1) Wild type Forward: 5ô-

AAGGGAGCTGCAGTGGAGTA -3ô, 2) Wild type Reverse: 5ô-

CCGAAAATCTGTGGGAAGTC -3ô, 3) Mutant Forward 5ô-CTGTTCCTGTACGGCATGG -

3ô, and 4) Mutant Reverse: 5ô-GGCATTAAAGCAGCGTATCC -3ô. For the Ai9 primer master, 

mix an equal volume of primers so that the final concentration of each primer is 25 µM. The 

following cycle parameters were used for genotyping BNP KO mice: 94 °C for 1 minute Ą [the 

following cycles are repeated 10 times]: 94 °C for 15 seconds Ą 65 °C for 20 seconds Ą 68 °C 

for 30 seconds Ą [the following cycles are repeated 28 times]: 94 °C for 1 minute Ą 60 °C for 

20 seconds Ą 72 °C for 30 seconds Ą [The following cycles performed once]: 72 °C for 7 

minutes Ą 4 °C until taken off the thermocycler.  

Acute Itch Behavior 

As in our previous work (Ramsden et al., 2017), 100 µg/µL EKODE  in 20 ɛL was 

injected into the nape of C57Bl6/J, TRPA1 KO, TRPV1 KO, or BNP KO mice. Behavior was 

recorded for 30 minutes and the total number of scratching bouts were quantified.  

Imiquimod Chronic Itch Model 

For this experiment, the nape of the neck was depilated using Nair 48 hours prior to 

starting the daily application of imiquimod. For depilation, mice were anesthetized using 2,2,2-

tribromoethanol (Avertin, 20 mg/mL) (Sigma Aldrich, Catalog # T48402). For the daily 

application of imiquimod, Vaseline, CID2745687, or vehicle, mice were briefly anesthetized 

using isoflurane (Primal Critical Care, Catalog # NDC 66794-017-25).  
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To induce psoriasis, we applied imiquimod (5% imiquimod cream w/w) (Taro 

Pharmaceutical Industries Ltd., Catalog # NDC 51672-4145-6) daily for seven days (Figure 2). 

Vaseline was used as the vehicle for a negative control (Sakai et al., 2017, van der Fits et al., 

2009). 

 

Figure 3.36 - Details of the imiquimod psoriasis model. A) Structure of imiquimod. B) Illustration of where the skin is exposed 

and imiquimod application. C) Timeline of the psoriasis imiquimod induction model and application of the GPR35 antagonist, 

CID2745687.  

To study the effects of the GPR35 antagonist, CID2745687, on skin thickness, 10 µL of a 

100 µM solution of CID2745687 or ethanol (vehicle) was applied to the depilated area. 

Imiquimod or Vaseline application was performed between 6 pm and 7:30 pm. Application of 

100 µM CID2745687 or vehicle was carried out between 6:30 am and 8 am to ensure that a 

minimum of 1 hour had elapsed between this application and the start of the behavior recordings.  

Mice were recorded on Day 0, Day 4, and Day 7 for 1 hour and the number of application 

site directed scratch bouts occurring during this period were scored. The skin thickness was 
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measured daily using calipers (Long Island Indicator Service, Catalog # JZ15C). Skin thickness 

measurement were performed prior to imiquimod application in the evening.  

Calcium Imaging  

The ethanol vehicle for EKODE was evaporated under a steady stream of nitrogen and 

then EKODE was re-dissolved into 1X PBS containing 1% ethanol (v/v). All oxylipin 

compounds, PGE2, and Capsaicin were tested at a concentration of 1 µM. KCL (100 mM) was 

used as a positive control during analysis. On a single slide, cells were exposed to one of the 

oxylipin species, followed by PGE2, followed by capsaicin.  Before imaging, cells were 

incubated in 350 µL of complete media containing 4.2 µM Fura-2 AM (Enzo {Stock #}}) for 30 

min at 37  with 5% CO2. During imaging, the cells were perfused with Locke buffer 

containing the following: 135 mM sodium chloride, 3.2 mM potassium chloride, 2.5 mM 

magnesium chloride, 2.8 mM calcium chloride, 667 µM monobasic sodium phosphate, 14.2 mM 

sodium bicarbonate, and 10.9 mM D-glucose (all from VWR) with a pH between 7.00 and 7.40. 

The buffer and the holding plate were kept at 37  while imaging. Imaging data was collected 

on a TE200 inverted microscope using NIS Elements software (Nikon). Cells were exposed to 

340 nm and 380 nm wavelengths for 100 ms and the A340/A380 ratio was calculated. Traces were 

analyzed using Excel and responses greater than 10% of the baseline were counted. Error bars 

represent SEM. 
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FACS Sorting 

 

Figure 3.37 - Example parameters used for sorting tdTomato-positive (tdTom+) versus tdTomato-negative (tdTom-) DRG 

cells. 

Prior to sorting, DRG were isolated and dissociated according to the method found in Li 

et al., (2016) and Solinski et al., (2019): DRG were isolated and placed into the dissociation 

media containing the following: 1 mg/mL collagenase, 0.4 mg/mL trypsin, and 0.1 mg/mL 

DNAse I. DRG were then incubated at 37 °C for 30 minutes. After incubation 2 mL of complete 

media (DMEM with 10% FBS and 1% PenStrep) and spun down at 1800 rpm for 5 minutes. The 

supernatant was then removed, and cells were resuspended in 1 mL of complete. DRG were then 

sorted to generate sorted populations of SST-positive and SST-negative neurons using a 

Beckman Coulter MoFlo XDP system. Figure 3 shows an example of a sorted population of 

neurons. No more than 4 hours elapsed between the start of DRG isolation and the end of cell 

sorting. Immediately after sorting, RNA was extracted using the same methods detailed in the 

next section.  
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RNA Isolation, cDNA Synthesis, and qPCR 

RNA was isolated from wild type C57Bl6/J, from sorted SST-cre::Ai9+/-, and SST-

cre::Ai9-/- DRG that had been stored at -20 °C in RNAlater. DRG were homogenized for 45 

seconds in lysis buffer containing 1 % ɓ-mercaptoethanol (v/v) and the RNA isolation was 

carried out using the RNeasy Fibrous Tissue Mini Kit (Qiagen, Catalog # 74704) protocol 

without the proteinase K digestion step. 

Following RNA isolation, cDNA was synthesized by with the following protocol: ~200 

ng RNA (in a max volume of 8 µL), plus 2 µL random hexamers (Invitrogen, Catalog #SO142), 

and enough water to bring the final volume up to 10 µL. This mixture was incubated for 72 °C 

for 3 minutes. Following this incubation, 4 µL of 5X reaction buffer (Clontech, Catalog # 

ST0062), 2 µL DTT (Clontech, Catalog # ST0063), and 2 µL reverse transcriptase (Clontech, 

Catalog # ST0065), and 2 µL of a 10 mM dNTP stock (Roche, Catalog # 11814362001) was 

added to each reaction and incubated at 42 °C for 90 minutes followed by a 15-minute incubation 

at 72 °C. Samples were stored at ï 20 °C until used. 

The following probes for qPCR were ordered from Invitrogen: GPR35 

(Mm01973683_s1), somatostatin (Mm0034667_m1), BNP (Mm01255770_s1), MrgprA3 

(Mm02620679_s1), TRPA1 (Mm01227437_m1), TRPV1 (Mm01246300_m1), and GAPDH 

(Mm99999915_g1). Each biological replicate was run in duplicate and all samples were 

normalized to GAPDH. Each sample contained 10 µL of Taqman Gene Expression Master Mix 

(Applied Biosystems, Catalog # 4369016), 8 µL PCR grade water, 1 µL cDNA and 1 µL 

Taqman Probe. Samples were run on a StepOnePlus thermocycler (Applied Biosystems) and Ct 

values were using the StepOne Software version 2.2.2. Delta Ct values were calculated in Excel. 

Data was analyzed using the comparative Ct (2-ȹCt) method. We also calculated the fold change 
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in expression in paired SST-cre::Ai9+/- and SST-cre::Ai9-/- DRG neurons using the 2-ȹȹCt 

method.  

In Situ Hybridization 

In situ hybridization was carried out using the RNAscope Multiplex Fluorescent Reagent 

Kit v2 (ACD, Catalog # 323100). DRG were isolated from 8-week-old mice (two males and one 

female) and frozen in OTC media at -80 °C within 30 minutes. These sections were sectioned at 

thickness of 10 µm and placed onto Superfrost Gold Plus Slides (Fisher, cat. # 15-188-48). 

Sections were hybridized on the same day; therefore, the saline sodium citrate was not used. 

After sectioning, sections were air dried at -20 °C for 2 hours. After this, slides were placed in 

4% paraformaldehyde (4% PFA) made with DEPC water (Thermofisher, Catalog # 750023) at 4 

°C for 15 minutes. Slides were then washed twice in 1X PBS made with DEPC water. Following 

this wash step, slides were dehydrated (at room temperature) in 50% ethanol for 5 minutes, 70% 

ethanol for 5 minutes, and two washes in 100% ethanol for 5 minutes. The 50% ethanol and 70% 

ethanol solutions were made with DEPC water. The slides were then kept at -20 °C in 100% 

ethanol overnight. Ethanol was purchased from Millipore Sigma (Catalog # 459836-2L).  

The following day, the slides were removed from 100% ethanol and allowed to air-dry at 

room temperature for 5 minutes. A hydrophobic barrier was drawn around the samples using a 

hydrophobic barrier pen (ACD, Catalog # 310018). The hydrophobic barrier was allowed to dry 

for 5 minutes. After drying, roughly 5 drops of RNAscope hydrogen peroxide was added to fill 

the area within the hydrophobic barrier on the slide and incubated for 10 minutes at room 

temperature. The slides were then washed in DEPC treated water. After this wash, roughly 5 

drops of RNAscope Protease III was added to fill the area within the hydrophobic barrier and 



   

95 

 

incubated for 30 minutes at room temperature. The slides were then washed twice in 1X PBS 

made with DEPC water.  

For hybridization, probes for GPR35 (ACD, Catalog # 317411), TRPA1 (ACD, Catalog # 

400211), BNP (ACD, Catalog # 45021), and Tubb3 (ACD, Catalog # 423391) were used. For 

one set of slides GRP35, TRPA1, and Tubb3 probes were combined. For the other set of slides 

GPR35, TRPA1, and BNP probes were combined. To hybridize the probes, the hydrophobic 

barrier area was filled with ~6 drops of the appropriate probe mixture and then incubated for 2 

hours at 40 °C in a HybEZ oven. After this incubation, slides were washed in 1X was buffer 

twice for two minutes (each wash). For the first two amplification steps, ~6 drops of RNAscope 

Multiplex FL v2 Amp1 or Amp2 was added to the area within the hydrophobic barrier and 

incubated for 30 minutes at 40 °C. For the third hybridization step, RNAscope Multiplex v2 

Amp3 was added to the area within the hydrophobic barrier and incubated for 15 minutes at 40 

°C. After each hybridization step slides were washed twice in 1X was buffer for 2 minutes at 

room temperature.  

To develop the HRP signal the following steps were performed: roughly 6 drops of 

RNAscope Multiplex FL v2 HRP-C1, HRP-C2, or HRP-C3 were added to the area within the 

hydrophobic barrier on the slide and incubated for 15 minutes at 40°C. Slides were then washed 

twice for 2 minutes in 1X wash buffer at room temperature. To the area in the hydrophobic 

barrier 200 µL of Opal 520 (channel 1) (Akoya Biosciences, Catalog # FP1487001KT), Opal 570 

(channel 2) (Akoya Biosciences, Catalog # FP1488001KT), or Opal 690 (channel 3) (Akoya 

Biosciences, Catalog # FP1497001KT) was added and the slides were incubated at 40 °C for 30 

minutes. All dyes were diluted 1:1500. After incubation, slides were washed twice in 1X wash 

buffer for 2 minutes at room temperature. Finally, roughly 6 drops of RNAscope Multiplex FL 
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v2 HRP blocker was added to the area within the hydrophobic barrier and incubated at 15 

minutes at 40 °C. After this incubation, the slides were washed twice in 1X wash buffer for 2 

minutes at room temperature.  

Following all the hybridization steps, roughly 4 drops of DAPI was added to each slide 

and incubated for 30 seconds at room temperature. The DAPI containing liquid was removed and 

the slides were dried. Two drops of ProLong Gold Antifade Mountant without DAPI 

(Thermofisher, Catalog # P10144) was added to the slide and a slide cover was place on top. 

Slides were dried overnight at room temperature, and then stored at -20 °C until imaging.  

Cell Counting 

Cells that were stained for Tuj and contained a visible region for a nucleus were counted 

as positive cells. Cells were considered positive for GPR35 or TRPA1 if they contained either of 

the following 1) three or more color pips or 2) were stained similar to Tuj staining and contained 

an area for the nucleus.  

Statistical Analysis 

Statistical tests were run in GraphPad version 8.4.3. All data sets were tested for a normal 

distribution using the Shapiro-Wilk Test. For all tests Ŭ = 0.05 unless otherwise stated. Specific 

statistical tests are stated in the figure legends.  
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RESULTS 

EKODE activates sensory neurons in vitro 

 

Figure 3.38 - EKODE activates sensory neurons in vitro. A) Dose response of EKODE in primary culture C57Bl/6J (WT) 

mouse DRG sensory neurons. The optimal dose was determined to be 250 nM, shown in red. B) Curve used to determine the 

EC50 value for EKODE in wild type primary culture DRG sensory neurons. C) Calcium response of primary culture WT DRG 

sensory neurons responding to EKODE (250 nM), Histamine (50 µM), AITC (100 µM), Capsaicin (1 µM), and KCl (1 mM). D) 

Representative traces of primary culture WT sensory neurons responding to EKODE (250 nM), Histamine (50 µM), AITC (100 

µM), Capsaicin (1 µM), and KCl (1 mM). E) Population map of the responses seen in panel C) and D). All responses were 

normalized to 1 mM KCl. Individual data points represent one coverslip (n > 35 neurons/slide). All data is shown as Mean ± SD. 

At least two biological replicates were used to generate the data in panel A, and at least 3 biological replicates were used to 

generate the data in panels C ï E. 

To better determine how EKODE causes itch, we used calcium imaging to test if EKODE 

can activate sensory neurons (Figure 4). We first generated a dose response curve in primary 

culture DRG sensory neurons (Figure 4A). Using the data from this experiment we were able to 

extrapolate an EC50 value of 35.89 nM for EKODE binding to primary culture DRG from wild 

type mice (Figure 4B). Additionally, we found that a concentration of 250 nM was sufficient to 

activate the maximal percentage of sensory neurons; therefore, we used this concentration going 
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forward for all experiments. In Figure 4C we found that EKODE induces calcium influx in 8.88 

± 3.6% of DRG sensory neurons. We also found that histamine induces calcium influx in 31.7 ± 

12.1% of sensory neurons, AITC activates 18.9 ± 8.6% of sensory neurons, and Capsaicin 

activates 35.2 ± 7.6% of sensory neurons. Figure 4D demonstrates some representative calcium 

imaging traces of neurons responding to EKODE, histamine, AITC, Capsaicin, and KCl (or a 

combination of these compounds). Figure 4E is a population map generated from calcium 

imaging traces demonstrating the relative percentage of overlap of neurons responding to 

EKODE, histamine, AITC, and capsaicin in primary culture DRG sensory neurons.  

 
Figure 3.5 - EKODE binds to a GPCR that utilizes both the Gɓɔ and GŬ pathways. A) A 5-minute pretreatment with gallein 

(100 µM) caused a significant decrease in the number of neurons responding to EKODE. B) Overnight incubation with pertussis 

toxin (PTX, 1 ng/mL) caused a significant decrease in the number of neurons responding to EKODE. For both experiments, 

[EKODE] = 250 nM. Data is shown as Mean Ñ SD, ns = not significant, as determined using a 2 tailed Studentôs t-test.  

We next sought to determine if EKODE utilizes a GPCR as its binding target. To do this, 

we pre-incubated primary culture DRG sensory neurons with Gallein, which prevents 

dissociation of the Gɓɔ subunit (Lehmann et al., 2008), or pertussis toxin (PTX), which prevents 

the ribosylation of the GŬ subunit (Burns, 1998), followed by in vitro calcium imaging. We 
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found a significant decrease in EKODE responding neurons pretreated with gallein (Figure 5A) 

(*p = 0.011) and PTX (Figure 5B) (**p = 0.0026).   

EKODE is a ligand for DRG sensory neuron expressed GPR35 

 

Figure 3.6 - GPR35 is expressed in a subset of DRG neurons. A) Relative mRNA expression of GPR35 in the DRG, Spinal 

cord, brain. Liver, skin, and mast cells. B) Relative mRNA expression of select itch associated genes in FACS sorted SST-

positive (red) and SST-negative (black). C) Fold change in mRNA expression of itch associated genes in SST-positive neurons as 

compared to SST-negative neurons. D) Percentage of neurons expressing GPR35, TRPA1, or both normalized to Tuj mRNA 

expression. E) Percentage of neurons expressing GPR35 only or GPR35 and TRPA1 and normalized to GPR35 expression. F) 

Percentage of neurons expression TRPA1 only or TRPA1 and GPR35 normalized to TRPA1 expression. G) Representative ISH 

images of neurons expressing GPR35, TRPA1, TUJ, and combined. Arrows indicate neurons positive for GPR35, TRPA1, and 

Tuj. Data is shown as Mean ± SD. Scale bar is 10 µm.  

After determining that EKODE activates sensory neurons using a GPCR that utilizes the 

Gɓɔ and GŬ pathways, we reviewed the RNA-Seq databases generated by Goswami et al., (2014) 

and Usoskin et al., (2015) and found that expression of the orphan GPCR, GPR35, is higher in 
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TRPV1 lineage neurons and in TRPA1 and TRPV1 expressing neurons. To verify expression of 

GPR35 in DRG neurons, we first performed qPCR on whole tissue, DRG, spinal cord, brain, 

skin, and primary cell culture generated mast cells (Figure 6A). Since whole tissue DRG also 

contains glial cells, fibroblasts, and other cell types, we FACS sorted DRG neurons isolated from 

SST-cre::Ai9 mice. The result of this FACS sort is a population of DRG neurons expressing SST 

and a population of SST-negative cells. We then performed qPCR on these sorted SST-positive 

and SST-negative cells to look at the relative mRNA expression of GPR35, along with SST, 

Nppb, MrgprA3, TRPA1, and TRPV1 within these populations (Figure 5B). We also looked at 

the fold change in expression of these genes in the SST-positive population as compared to the 

SST-negative population (Figure 5C). Our relative expression results and fold change results 

found expression of GPR35 in both populations of cells.  

To better understand the expression of GPR35 in the DRG, we performed in situ 

hybridization (ISH) to quantify the expression of GPR35. We also looked at the expression of 

TRPA1 using ISH since TRPA1 is required for EKODE induced calcium influx. We found that 

GPR35 mRNA is found in 11.3 ± 3.7% of DRG sensory neurons, TRPA1 mRNA is found in 

22.0 ± 6.5% of DRG sensory neurons and that 9.2 ± 4.1% of DRG neurons are positive for both 

GPR35 and TRPA1 (Figure 6D). We found that, on average, 80.4% of neurons positive for 

GPR35 also expressed TRPA1 (Figure 6E) and that, on average, 39.3% of TRPA1-positive 

neurons also expressed GPR35 (Figure 6F). Figure 6G is representative ISH image showing 

neurons positive for TRPA1, GPR35, and Tuj.   
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Figure 3.7 - EKODE is an endogenous ligand for GPR35. A) Structure of Pamoic Acid, a known GPR35 ligand. B) Structure 

of CID2745687, a known GPR35 specific antagonist. C) Dose response curve for Pamoic acid in primary culture DRG neurons. 

D) Population map of neurons responding to EKODE (Blue), Pamoic Acid (Black) and Capsaicin (Red). E) Increasing 

concentrations of CID2745687 results in a significant decrease in calcium influx in primary culture DRG sensory neurons 

exposed to EKODE and Pamoic Acid. F) Representative traces of HEK293T cells transfected with a GPR35 plasmid. Data is 

shown as Mean ± SD, *p < 0.05.  

Because our ISH and qPCR data provides indirect evidence that EKODE uses GPR35 to 

induce calcium influx and scratching behavior, we followed up this experiment with several in 

vitro calcium imaging experiments to determine whether EKODE is a ligand for GPR35. To 

properly determine if EKODE is a ligand for GPR35, we first determined if pamoic acid (Figure 

7A) can activate sensory neurons directly. Figure 7C is a dose response curve for pamoic acid in 

primary culture DRG sensory neurons. Our dose response curve determined that 1 µM is 

sufficient to activate DRG sensory neurons. Figure 7D is a population map of neurons 

responding to EKODE, pamoic acid, and capsaicin. Our population map demonstrates that a 

majority of EKODE responding neurons also respond to pamoic acid. To determine if EKODE is 
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a ligand for GPR35, we pharmacologically blocked the binding of EKODE to GPR35 using the 

selective GPR35 antagonist, CID2745687 (Figure 7B). We found that increasing the 

concentration of CID2745687 resulting in calcium influx occurring in fewer primary culture 

DRG sensory neurons (Figure 7E). We also saw the expected decrease in pamoic acid-induced 

calcium influx in primary culture DRG sensory neurons and no change in the number of neurons 

responding to capsaicin. Finally, we transfected HEK293T cells with a plasmid vector containing 

the sequence for mouse GPR35. After transfection, we exposed these cells to several 

concentrations of EKODE, along with 1 µM pamoic acid and ionomycin. Figure 7F is contains a 

representative trace of a GPR35-transfected HEK293T cell and an untransfected HEK293T cells 

from the same culture. 

EKODE-induced behavior and calcium influx requires TRPA1 and TRPV1 

 
Figure 3.8 - EKODE behavior and calcium imaging responses in TRPV1 KO, TRPA1 KO, and BNP KO mice. A) 

EKODE-evoke scratching is significantly decreased in TRPV1 KO, TRPA1 KO, and BNP KO mice. B) EKODE-evoked calcium 

influx is significantly decreased in TRPA1 KO mice, but not TRPV1 KO mice. Data is presented as Mean ± SD, **p < 0.001, as 

determined by a 1-way ANOVA with a Holm-Sidak correction for multiple comparisons.  

We have demonstrated that EKODE is a ligand for GPR35. We have also determined that 

GPR35 expression overlaps with expression of the TRPA1 ion channel. GPCRs, in general, 

required activation of a TRP channel to induce behavior and for the calcium influx needed for 

neuronal activation. Therefore, To better understand how EKODE evokes itch behcaior 
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responses, we injected EKODE into the nape of wild type, TRPA1 KO, and TRPV1 KO mice to 

determine if GPR35 requires TRPA1 alone or TRPV1. We found a significant decrease in 

scratching bouts in TRPV1 KO (**p = 0.0090) and TRPA1 KO (**p = 0.0090) mice, (Figure 

8A). Next, we performed in vitro calcium imaging on primary culture DRG sensory neurons 

from wild type, TRPA1 KO, and TRPV1 KO mice (Figure 8B) we found a significant decrease 

in calcium influx in primary culture DRG neurons from TRPA1 KO mice (**p = 0.0026), but 

not TRPV1 KO mice as compared to wild type mice. We also found the expected decrease in 

AITC response in TRPA1 KO mice and capsaicin response in TRPV1 KO mice. Many 

compounds that induce scratching responses utilize brain natriuretic peptide (BNP). Therefore, 

we also injected EKODE into the nape of BNP KO mice and found a significant decrease (**p = 

0.0067) in the number of scratching bouts in these mice (Figure 8A).Daily topical application of 

CID2745687, a GPR35 antagonist, reduces skin thickness in Imiquimod-induced psoriasis 
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Figure 3.39 - Daily topical application of CID2756787, a GPR35 antagonist, affects skin thickness, but not behavior. A) 

Intravenous administration of increasing doses of CID1745687 reduces scratching behaviors; the maximum concentration shown, 

100 ɛM was used for all other experiments in Panels B-E. B) Daily topical application of CID2745687 does not affect skin 

thickness of mice. C) Daily topical application of CID2745687 does not induce a behavior response. D) Daily topical application 

of CID2745687 causes a significant decrease in skin thickness as compared to imiquimod treated mice that received daily topical 

ethanol application. E) The number of scratching bouts in Imiquimod treated mice does not differ between mice receiving daily 

applications of ethanol versus mice receiving daily applications of CID2745687. Data is presented as Mean ± SD. Significance 

was determined using a 2-way ANOVA with a Holm-Sidak test for multiple comparisons, **p < 0.001, and ***p < 0.0001, 

absolute p-values are presented in the text.  

Finally, we tested whether in vivo administration of CID2745687 blocked EKODE-

evoked scratching in psoriasis. First, we intravenously injected wild type mice with different 

concentrations of CID2745687 to determine a physiologically relevant dose for future 

experiments (Figure 9A) and determined that a concentration of 100 µM would be sufficient to 

see a significant decrease in behavior experiments with larger sample sizes. To assess whether 

antagonism of GPR35 could influence psoriasis symptoms, we measured the skin thickness of 
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male and female mice over the course of the imiquimod psoriasis induction model. First, we 

determined that application of CID2745687 and Vaseline, the vehicle for imiquimod, did not 

cause any significant changes in skin thickness (Figure 9B) as compared to mice being treated 

with Vaseline and ethanol. We also found that application of CID2745687 did not affect the 

number of scratching bouts occurring during the 1-hour recording period (Figure 9C). We found 

that mice treated with imiquimod and CID2745687 experience significantly reduced skin 

thickness as compared to mice treated with imiquimod and vehicle (Figure 9D). Further this 

significant decrease in skin thickness began on Day 2. Finally, we scored the total number of 

scratching bouts that occurred during the recording period on Day 0, Day 4, and Day 7 (Figure 

9E). We did not find any significant differences in scratching bouts on Day 0. As expected, we 

saw a significant increase in the number of scratching bouts in both groups imiquimod treated 

mice as compared to vehicle treated mice on Day 4 and Day 7 (Figure 9E); however, we did not 

find a significant difference in the number of scratching bouts between the two imiquimod 

treatment groups on Day 4 or Day 7. 

DISCUSSION 

Here, we have determined that EKODE, an oxidized linoleic acid metabolite, binds to the 

orphan GPCR GPR35 to activate sensory neurons, which likely induces the scratching behavior 

seen in previous research (Ramsden et al., 2017). We also found that GPR35 is expressed 

predominantly in TRPA1 expressing neurons. Additionally, we found that EKODE uses BNP to 

transmit pruriceptive signals from the DRG to the dorsal horn of the spinal cord.  

GPR35 is an orphan GPCR which has had several putative ligands identified, many of 

which appear to be species specific: (Jenkins et al., 2012). In vitro, we found that EKODE 

activates GPR35 present in sensory neurons. We also confirmed the expression of GPR35 using 
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in situ hybrization. We found that the EC50 of EKODE for activating sensory neurons is lower 

than other endogenous agonists of mouse GPR35 (Jenkins et al., 2012). These results indicate 

that EKODE released in to the extracellular milieu bind to the GPR35 receptor on sensory 

neurons to trigger an itch response.  

Using calcium imaging, we were also able to determine that EKODE responding neurons 

make up a subset of TRPA1-epxresisng neurons, and a subpopulation of TRPV1-expressing 

neurons. Further, we determined that calcium influx into EKODE-responding neurons is 

dependent on TRPA1. Interestingly, we found that both TRPA1 and TRPV1 are required for 

EKODE to evoke scratching bouts in the skin. This interaction likely arises due to 

TRPA1/TRPV1 heteromeric associations (Fischer et al., Patil et al., 2019, Salas et al., 

Staruschenko et al., 2010, Weng et al.,) present in the cell membrane. Additionally, EKODE 

utilizes BNP to transmit itch signals from the DRG to the spinal cord. BNP neurons are 

exclusively found within the TRPV1 population (Mishra and Hoon, 2013, Usoskin et al., 2015); 

therefore, activation of TRPV1 is required to release BNP. It is currently unknown whether 

activation of TRPA1 alone is capable of inducing release of BNP, or, whether BNP neurons also 

express TRPA1.  

GPR35 has been demonstrated to have species-specific ligand specificities (Funke et al., 

2013, Jenkins et al., 2010, Neetoo-Isseljee et al., 2013); therefore, testing the response of human 

GPR35 to EKODE is important. These results could explain why we did not see as much 

efficacy in vivo in our behavior responses and skin thickness responses as expected.   

Our lack of an observable decrease in scratching behavior in the imiquimod treated mice 

that received topical application of CID2745687, while mice receiving systemic CID2745687 

dosing via intravenous administration, could be due to incomplete absorption of CID2845687 
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into the epidermis. Without complete absorption and transport of CID2745687 into the epidermis 

and dermis, the effective concentration available would not be sufficient to block GPR35 

receptors located on the afferent terminals of DRG neurons. More research is needed to 

determine which administration route provides the highest bioavailability of CID2745687 to treat 

psoriatic symptoms.  

One of our more interesting results is that topical application of 100 ɛM CID2745687 

resulted in a significant decrease in skin thickness but did not result in a significant difference in 

scratching behavior. We did find expression of GPR35 mRNA in the skin of naïve wild type 

mice. This result, combined with our result demonstrating a significant decrease in skin thickness 

of imiquimod-induced psoriasis mice treated with CID2756787, suggests that skin-expressed 

GPR35 contributes to the skin thickening seen in psoriasis plaques. Periostin and TSLP have 

been demonstrated to cause hyperproliferation of keratinocytes in atopic dermatitis (Mishra et 

al., 2020, Shiaishi et al., 2012), via an autocrine signaling pathway; based on our results here it is 

possible that EKODE also acts an autocrine mediator to induce skin hyperplasia in psoriasis.   

Macrophages are an immune cell which mediate the innate immune response and trigger 

the early phases of inflammation. Macrophages also express GPR35 (Kaya et al., 2020, 

Maravillas-Montero et al., 2015, Sharmin et al., 2020, Sparfel et al., 2010, 1998, Zheng et al., 

2019). Using qPCR, we found expression of GPR35 mRNA in the skin of naive mice. For this 

qPCR experiment, the whole skin sample was used to extract mRNA; therefore, it is highly 

likely that we lysed macrophages which contributed to the amplification of GPR35 mRNA in 

whole skin lysate. Whether keratinocytes express GPR35 has yet to be determined.  

In psoriasis, macrophages migrate to the basement membrane in psoriatic lesions 

(Boehncke et al., 1995, van den Oord and de Wolf-Peeters, 1994). Activation of GPR35 with 
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lodoxamide, another GPR35 agonists, has been reported to inhibit migration of monocytes 

(which are precursors to macrophages) (Park et al., 2018). Further, antagonism of this interaction 

restored the migratory ability of these monocytes (Park et al., 2018). Since macrophages assist in 

the resolution of inflammation, repelling these macrophage precursor cells presumably adds to 

the inflammation seen in psoriatic lesions. Since EKODE binds to GPR35, EKODE could 

presumably modulate psoriatic inflammation via this same pathway. Importantly, this result 

would depend on which macrophage subtype (Gordon and Taylor, 2005, Patel et al., 2016, 

Rǃszer, 2015, Wang et al., 2018, Yao et al., 2019) expresses GPR35, given that loss of pro-

inflammatory macrophages attenuates psoriasis symptoms (Stratis et al., 2006, Wang et al., 

2006). Antagonism of GPR35 might also disrupt the macrophage TLR7-MyD88 signaling 

pathway activated by imiquimod (Eng et al., 2018, Hemmi et al., 2002) resulting in the reduction 

of skin thickness seen in the imiquimod treated mice that received topical application of 

CID2745687. 

We have determined that the linoleic acid metabolite, EKODE, binds to GPR35 which is 

expressed in a subpopulation of TRPA1 DRG neurons. EKODE binding to GPR35 induces 

calcium influx into DRG sensory neurons through intracellular pathways that lead toTRPA1 

activation. Our behavior results indicate that TRPA1, TRPV1 and BNP are required for EKODE-

evoked itch. Overall, our results have identified a new target for the treatment of psoriasis 

symptoms. Future experiments are needed to determine if systemic administration of a GPR35 

antagonist can block itch and to determine if antagonism of GPR35 blocks EKODE-evoked 

scratching. Another important experiment would be to test if daily topical application of 

CID2745687 affects the length of time it takes for psoriasis skin to return to its physiological 

baseline.  
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CHAPTER 4: Characterizing the MC903 Mouse Model in TRPA1 Knockout, TRPV1 

Knockout, and BNP Knockout Mice 

Intro duction 

Atopic dermatitis (AD) occurs with high prevalence within the general population; 

roughly 10% of adults and 30% of children/young adults will be diagnosed with AD in their 

lifetime (Garg and Silverberg, 2015, Odhiambo et al., 2009, Sacotte and Silverberg, 2018). 

Unfortunately, the incidence of AD in developed countries has been increasing over the past few 

decades (Deckers et al., 2012). In the United States, the yearly cost of treatment of AD is 

estimated to be greater than 5 billion dollars (Drucker et al., 2017). AD is also associated with 

several life-threatening comorbidities (Arruda et al., 2020, Barry et al., 2019, Chidwick et al., 

2020, Gilaberte et al., 2020, Jaworek et al., 2020, Misery et al., 2020, Ronnstad et al., 2018). The 

quality of life in AD sufferers and their family/caretakers is correlated with disease severity (15-

22). Sleep quality is also affected by AD (Chidwick et al., 2020, Lei et al., 2020, Misery et al., 

2020). Despite this high prevalence, the effect on the quality of life, and associated yearly costs, 

only a few approved medications are capable of treating AD (Leonardo et al., 2020, Newsom et 

al., 2020).  

In AD research, most of the work has been done to understand the mechanisms behind 

inflammation and itch associated with AD.AD can be acute or chronic; in fact, there is strong 

evidence that the acute disease can be a precursor to the chronic condition.  Most medications are 

targeted to treat the inflammation and itch associated with acute AD, and long-term use of these 

therapeutics poses potential serious side effects (Leonardo et al., 2020, Newsom et al., 2020). 

These drugs are also plagued with poor effectiveness, which is a major reason for discontinuing 

AD therapy in up to ~33% of patients (Arruda et al., 2020).  



   

123 

 

In humans, there are twenty-seven transient receptor potential (TRP) channels which 

mediate thermal, mechanical, and chemical responses to stimuli (Himmel and Cox, 2020, 

Montell, 2005, Venkatachalam and Montell, 2007). Transient receptor potential vanilloid 1 

(TRPV1) is one such channel that has been shown to be involved with mediating noxious heat 

and response to several noxious chemicals (Caterina et al., 1997, Macpherson et al., 2005, 

McNamara et al., 2005, Xu et al., 2005, Zygmunt et al., 1999). Another TRP channel, transient 

receptor potential ankyrin 1 (TRPA1), mediates noxious cold, mechanical, and chemical 

sensations (Bandell et al., 2004, Bautista et al., 2006, Jordt et al., 2004, Kwan et al., 2006, Story 

et al., 2003). The TRPV1 population of neurons is required for acute itch, loss of TRPV1-

expressing neurons and TRPV1-lineage neurons results in a decrease in itch response to a 

number of pruritogens (Mishra et al., 2011). The TRPA1 population of neurons also mediates 

itch induced by several pruritogens (Xie and Li, 2019), including thymic stromal lymphopoietin 

(TSLP) (Wilson et al., 2013). Additionally, both TRPV1 and TRPA1 are required for IL-31 

(Cevikbas et al., 2014, Pitake et al., 2018) and periostin (Mishra et al., 2020) induced itch; two 

other pruritogens involved with pruritus in atopic dermatitis. Further, TRPA1 has been 

demonstrated to be required for chronic itch signaling (Wilson et al., 2013). 

Brain Natriuretic Peptide (BNP), also referred to as Natriuretic Polypeptide B (Nppb) 

initially identified in 1988 (Sudoh et al., 1988). Upon release, BNP binds to its receptor NPR1 

(Suga et al., 1992). The BNP-NPR1 axis has been demonstrated to play a role in both acute and 

chronic itch in mice (Mishra and Hoon, 2013, Mishra et al., 2020) through interaction with the 

central nervous system (CNS). Further, BNP KO mice demonstrate fewer bouts of scratching 

when exposed to interleukin-31 (IL-31) when compared to wild type littermate control mice 
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(Pitake et al., 2018). IL-31 has a demonstrated role in the itchiness associated with AD in 

humans (Hawro et al., 2014, Nemoto et al., 2016).  

To determine the role of TRPA1, TRPV1, and BNP in atopic dermatitis, we induced 

atopic dermatitis using MC903 in wild type, TRPA1 KO, TRPV1 KO, and BNP KO mice. We 

measured the in vivo skin thickness and scratching behavior of these mice over the duration of 

the experiment. We harvested the skin at the end and used this skin for qPCR and H&E staining.  

MATERALS and METHODS  

All animals were treated in accordance with NC Stateôs IACUC protocols (#16-037-B 

and #19-047-B). Mice were given food and water ad libitum and kept on a 12-hour light-dark 

cycle (6 am ï 6 pm light). The initial TRPV1 knockout (KO) (Stock No. 003770), TRPA1 KO 

(Stock No. 006401) and C57Bl6/J (Stock No. 000664) mice were ordered from the Jackson Lab. 

BNP KO mice were a gift from Dr. Mark Hoon. TRPV1, TRPA1, and TRPA1/V1 knockout 

mice were maintained on the C57Bl6/J background. BNP KO mice were maintained on a mixed 

C56BL6/N background (Mishra and Hoon, 2013); therefore, any experiments using these mice 

utilized BNP KO and Wild type littermates (WTLM) generated by crossing heterozygous (BNP 

+/-) male and female mice. Mice were genotyped using the recommended primers and 

thermocycler cycles found in Mishra and Hoon (2013).  

The primers for genotyping the TRPV1 KO mice are as follows: 1) Wild type Forward: 

5ô-TGGCTCATATTTGCCTTCAG -3ô, 2) Common Reverse: 5ô-

CAGCCCTAGGAGTTGATCGA -3ô, and 3) Mutant Forward 5ô-

TAAAGCGCATGCTCCAGACT -3ô. For the TRPV1 KO primer master, mix an equal volume 

of primers so that the final concentration of each primer is 33 µM. The following cycle 

parameters were used for genotyping BNP KO mice: 94 °C for 1 minute Ą [the following cycles 
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are repeated 10 times]: 94 °C for 15 seconds Ą 65 °C for 20 seconds Ą 68 °C for 30 seconds Ą 

[the following cycles are repeated 28 times]: 94 °C for 1 minute Ą 60 °C for 20 seconds Ą 72 

°C for 30 seconds Ą [The following cycles performed once]: 72 °C for 7 minutes Ą 4 °C until 

taken off the thermocycler.  

The primers for genotyping the TRPA1 KO mice are as follows: 1) Wild type Forward: 

5ô-TCCTGCAAGGGTGATTGCGTTGTCTA -3ô, 2) Wild type Reverse: 5ô-

TCATCTGGGCAACAATGTCACCTGCT -3ô, 3) Mutant Forward 5ô- 

CCTCGAATCGTGGATCCACTAGTTCTAGAT-3ô, and 4) 5ô-

GAGCATTACTTACTAGCATCCTGCCGTGCC-3ô. For the TRPV1 KO primer master, mix an 

equal volume of primers so that the final concentration of each primer is 33 µM. The following 

cycle parameters were used for genotyping BNP KO mice: 94 °C for 1 minute Ą [the following 

cycles are repeated 10 times]: 94 °C for 15 seconds Ą 65 °C for 20 seconds Ą 68 °C for 30 

seconds Ą [the following cycles are repeated 28 times]: 94 °C for 1 minute Ą 60 °C for 20 

seconds Ą 72 °C for 30 seconds Ą [The following cycles performed once]: 72 °C for 7 minutes 

Ą 4 °C until taken off the thermocycler.  

The primers for genotyping the BNP KO mice are as follows: 1) 5ô-

TACAGCCCAAACGACTGACGGATC -3ô, 2) 5ô-CGCCAGCCTGCTTTTTGTACAAAC-3ô, 

and 3) 5ô-GTCTCCAGAGCAATTCAAGATGCAG-3ô. For the BNP primer master, mix an 

equal volume of primers so that the final concentration of each primer is 33 µM. The following 

cycle parameters were used for genotyping BNP KO mice: 94 °C for 1 minute Ą [the following 

cycles are repeated 35 times]: 94 °C for 15 seconds Ą 62 °C for 20 seconds Ą 72 °C for 30 

seconds Ą [the following cycles are carried out once]: 72 °C for 7 minutes Ą 4 °C until taken 

off the thermocycler.  
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The MC903 Model 

MC903, also referred to as Calcipotriol, was purchased from Tocris Biosciences (Catalog 

#, 2700) and dissolved into a 50 mM stock solution using 100% ethanol and stored at -20 °C. 

Nair was purchased from a local store.  

 

Figure 4.40 ï Components of the MC903 Experimental Model. A) Structure of MC903. B) Illustration demonstrating where 

on the dorsal nape MC903 is applied. C) Timeline of the MC903 experiment.  

To induce atopic dermatitis using MC903 (Figure 1) (Li et al., 2006, Moosbrugger-

Martinz et al., 2017), mice are anesthetized with 1.5 mg/kg 2,2,2-tribromoethanol (Avertin, 20 

mg/kg) two days prior to the start of MC903 application (Figure 1). Hair was removed from the 

anesthetized mice using Nair. Beginning on Day 0, 4 nmol / 10 µL of MC903 or 100% ethanol 

(EtOH, vehicle) was applied to the mice. MC903 or EtOH was applied after video recordings. 

Mice were recorded for 30 minutes on Day 0, 1, 3, 5, 7, and 10. Up to four mice were recorded at 

a time from above in 4ò x 4ò x 6ò plexiglass chambers with a clear top. Mice were recorded in 

the same order between 2:30 pm and 7 pm to eliminate/reduce any variability due to circadian 
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rhythms. No experimenters were present during the behavior recordings. The total number of 

site-directed scratching bouts were counted over the 30-minute recording period. All mice were 

age-matched so that removal of the hair using Nair was done when the mice were at age P54. 

The experiment began 48 hours later when the mice were at age P56. 

Immunohistochemistry 

MC903 or Ethanol treated skin was harvested on Day 10. Half of the affected area was 

placed in 4% paraformaldehyde (PFA) for 1 hour following tissue collection on ice. Following 

the 4% PFA incubation, the skin sections were placed into a 30% sucrose solution to rehydrate 

the tissue and kept at 4 °C for 24 hours. Samples were then frozen in OCT media on dry ice and 

stored at -80 °C until sectioned.  

For hematoxylin and eosin Y (H&E) staining, 10-14 µm sections were cut onto 

Superfrost Gold Plus Slides (Fisher, cat. # 15-188-48). After sectioning, slides were immersed in 

4% PFA for 10 minutes, rehydrated for 30 seconds in ddH2O. Enough hematoxylin (Carolina 

Kits, Catalog # C71065) to cover the sections was dropped onto individual slides and the slides 

were incubated for 1 minute. Following this incubation, excess hematoxylin stain was removed 

by dabbing the slides on super absorbent cloth and the slides were washed in ddH2O with gentle 

swirling. The slides were then dried and enough eosin Y (Carolina Kits, catalog # C71064) to 

cover the sample was placed onto the slides for 30 seconds. Following this application, excess 

eosin Y was removed by dabbing the slides on super absorbent cloth and washed in 95% 

Ethanol. The slides were then placed in a second Coplin Jar containing 95% ethanol. The ethanol 

was then removed by two successive washes in xylene. The slides were then allowed to dry for 

10 minutes followed by having a coverslip mounted on them. H&E-stained images were imaged 

on an Olypus CX41 microscope to collect the images and measure the epidermal thickness. 
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Epidermal thickness was determined using the Olypmus LS software by drawing a straight line 

perpendicular to the base of the epidermal layer to the top layer of the skin section. For all 

samples 5 sections from a biological replicate were imaged and averaged together. A total of five 

biological replicates were measured from all genotypes and/or treatments.  

Synthesis of cDNA and qPCR 

RNA was isolated from skin ethanol or MC903 treated skin that had been stored at -20 

°C in RNAlater. A roughly 5 mm x 5 mm square of skin was homogenized for 45 seconds in 

lysis buffer containing 1 % ɓ-mercaptoethanol (v/v) and the RNA isolation was carried out using 

the RNeasy Fibrous Tissue Mini Kit (Qiagen, Catalog # 74704) protocol without the proteinase 

K digestion step. 

Following RNA isolation, cDNA was synthesized by with the following protocol: ~200 

ng RNA (in a max volume of 8 µL), plus 2 µL random hexamers (Invitrogen, Catalog #SO142), 

and enough water to bring the final volume up to 10 µL. This mixture was incubated for 72 °C 

for 3 minutes. Following this incubation, 4 µL of 5X reaction buffer (Clontech, Catalog # STð

62), 2 µL DTT (Clontech, Catalog # ST0063), and 2 µL reverse transcriptase (Clontech, Catalog 

# ST0065), and 2 µL of a 10 mM dNTP stock (Roche, Catalog # 11814362001) was added to 

each reaction and incubated at 42 °C for 90 minutes followed by a 15-minute incubation at 72 

°C. Samples were stored at ï 20 °C until used. 

The following probes for qPCR were ordered from Invitrogen: matrix metallopeptidase 9 

(MMP9) (Mm00442991_m1), glycogen synthase kinase 3ɓ (GSK3B) (Mm0044911_m1), 

thymic stromal lymphopoietin (TSLP) (Mm01157588_m1), periostin (POSTN) 

(Mm01284919_m1), interleukin-31 (IL-31) (Mm01194496_m1), TRPV3 (Mm0455003_m1), 

TRPV4 (Mm0499025_m1), NPR1 (Mm0435309_m1), and GAPDH (Mm99999915_g1). Each 
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biological replicate was run in duplicate and all samples were normalized to GAPDH. Samples 

were run on a StepOnePlus thermocycler (Applied Biosystems) and Ct values were using the 

StepOne Software version 2.2.2. Data was analyzed using the comparative Ct (2-ȹCt) method. We 

also averaged together all values from each group and calculated the fold change in expression 

(2-ȹȹCt) method.  

Statistical Analysis 

Statistical tests were run in GraphPad version 8.4.3. All data sets were tested for a normal 

distribution using the Shapiro-Wilk Test. Outliers were tested for using Grubbs Test for outliers 

and any outliers were removed. For all tests Ŭ = 0.05 unless otherwise stated.  
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Results 

The Role of TRPA1 and TRPV1 in MC903-Induced Atopic Dermatitis 

 

Figure 4.41- Sex differences in skin thickness of EtOH and MC903 treated mice. A) Sex differences in ethanol treated mice 

(n = 6 F and 7 M). B) Sex differences in wild type mice (n = 4 F and 4 M). C) Sex differences in TRPV1 KO mice (n = 3 F and 3 

M). D) Sex differences in TRPA1 KO mice (n = 2 F and 6 M). E) Sex differences in all MC903 treated mice, regardless of 

genotype (n = 8 F and 16 M). Data is presented as Mean ± SD, *p < 0.05 as determined by a Mixed effects ANOVA with 

multiple comparisons, using the Geisser-Greenhouse correction and the Sidak correction for multiple comparisons.   

To determine if there were any sex differences in response to MC903 or EtOH treatment 

in TRP channel knockout mice, we used a mix of male and female mice in our experiments. 

Figure 2A-D shows the skin thickness results in EtOH treated and WT, TRPA1 KO, and TRPV1 

KO, mice broken down by sex. In Figure 2E, the skin thickness values for MC903 Treated WT, 

TRPA1, and TRPV1 mice were combined. Overall, our results do not show a statistically 

significant difference in skin thickening when comparing male and female mice. The statistically 

significant Day 0 value in the TRPV1 KO mice (Figure 2C) is likely due to which male and 

female mice were selected to undergo MC903 treatment.  

Our results for the TRPA1 KO mice visually demonstrate a difference in skin thickness 

(Figure 2D); however, this is likely due to the number of female TRPA1 KO mice used for this 
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experiment. It should be noted that, based on our current results, testing an additional cohort of 

five females and five males should be sufficient to determine if there is a sex difference in the 

MC903 skin response of TRPA1 KO mice. This sample size was calculated using G*Power 

3.1.9.4 (Faul et al., 2007), with the current results here indicating an effect size of 6.378, setting 

Ŭ = 0.01, and using a power of 0.95.  

 

Figure 4.42 - Changes in skin physiology in Ethanol treated (EtOH) and WT, TRPA1 KO, and TRPV1 KO, in the MC903 

AD model. A) Changes in skin thickness in vivo. Data is presented as Geometric Mean ± Geometric SD, *p < 0.01, **p <0.001, 

***p Ò 0.0001 when comparing EtOH treated and WT MC903 treated mice; ##p < 0.01, ###p Ò 0.0001 when comparing EtOH 

treated with TRPA1 KO MC903 treated mice; Àp < 0.01 ÀÀp< 0.001 when comparing EtOH treated and TRPV1 KO MC903 

treated mice as determined via a Mixed Effect model ANOVA using Geisser-Greenhouse correction, Fisherôs LSD, and setting Ŭ 

= 0.01. B) Representative H&E-stained sections from EtOH treated WT, TRPA1 KO, and TRPV1 KO mice; and MC903 treated 

WT, TRPA1 KO, TRPV1 KO. C) Quantification of epidermal thickness in EtOH treated and MC903 treated WT, TRPV1 KO, 

and TRPA1 KO at the end of 10 days of MC903 treatment. N = 5 mice/genotype with n = 5 sections per mouse. Data is presented 

as Geometric Mean ± Geometric SD, ***pOverall = 0.0001; EtOH treated compared with WT: ***p = 0.0002; EtOH treated 

compared with TRPA1 KO: **p = 0.0053; EtOH treated compared with TRPV1 KO: ***p = 0.0003 as determined using a 1-way 

ANOVA with multiple comparisons and Holm-Sidak correction for multiple comparisons. D) representative images of EtOH 

treated and MC903 treated mice on day 10. 

Since changes in skin physiology are common during atopic dermatitis flare-ups (Proksch 

et al., 2006), we measured changes in skin thickness (Figure 3A) for ten days starting from Day 

0, epidermal thickness at Day 10 (Figure 3B and 3C) and looked at the overall condition of the 
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skin on Day 10 (Figure 3D). We found a significant difference in skin thickness the ethanol 

treated mice and wild type mice beginning on Day 3 and continuing out until Day 10. We found 

a significant difference in skin thickness between the ethanol treated mice and TRPV1 KO mice 

beginning on Day 4 and continuing through Day 8. There was significant difference between 

skin thicknesses of TRPA1 KO mice compared to ethanol controls beginning on Day 4 and 

continuing through to Day 10. Proliferation of keratinocytes and other epidermal cells occurs in 

most cutaneous diseases, including atopic dermatitis (Proksch et al., 2006); therefore, we 

measured the thickness of the epidermal layer of ethanol treated, wild type, TRPA1 KO, and 

TRPV1 KO mice after euthanasia on Day 10. We found a significant difference in thickness 

between the ethanol treated mice and the MC903 treated mice of all genotypes (Figure 3C). 

Figure 3B shows representative H&E stained photomicrographs of ethanol treated, wild type, 

TRPA1 KO, and TRPV KO mice. We also compared the overall condition of the skin of the 

treatments on Day 10 (Figure 3D). Visually, the ethanol treated mice had hair growth, while the 

MC903 treated mice of all genotypes had scaly, licheniferous skin.   
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Figure 4.43 - Behavior results of ethanol treated, wild type, TRPA1 KO, and TRPV1 KO mice. Data is presented as Mean ± 

SD. Significance was determined using a multiple comparisons ANOVA within each day using the Holm-Sidak correction for 

multiple comparisons, p-values are presented in text, n җ 4 mice.  

Itchiness is one of the main symptoms of atopic dermatitis (Dawn et al., 2009), we 

quantified the number of scratching bouts occurring over 30 minutes in ethanol treated, wild 

type, TRPA1 KO, and TRPV1 KO mice on Days 0, 1, 3, 5, 7, 10 after starting MC903 

application (Figure 4). There were no significant differences in scratching bouts between ethanol 

treated mice and MC903 treated TRPV1 KO mice on any of the days. There were no significant 

differences in scratching behavior between ethanol treated, wild type, and TRPA1 KO mice on 

Days 0, 1, and 3. We found a significant increase in scratching bouts between the MC903 treated 

wild type (**p = 0.0031) and MC903 treated TRPA1 KO mice (#p = 0.0486) as compared to 

ethanol treated control mice on Day 5. We found a significant increase in scratching bouts in the 

MC903 treated wild type mice (*p = 0.0161) on Day 7. There was not a significant increase in 

MC903 treated TRPA1 KO mice as compared to ethanol treated control mice on Day 7. On Day 

10, there was significant increase in scratching bouts of wild type mice (*p = 0.0231), and 

MC903 treated TRPA1 KO mice (##p = 0.0050) as compared to ethanol treated control mice. On 

Day 10 there was also a significant increase in scratching bouts in MC903 treated wild type mice 
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(ÿp = 0.0305) as compared to MC903 treated TRPV1 KO mice and a significant increase in 

scratching bout in MC903 treated TRPA1 KO mice (§p = 0.0231) as compared to MC903 treated 

TRPV1 KO mice. There was not a significant difference the number of scratching bouts between 

MC903 treated wild type and MC903 treated TRPA1 KO mice on Day 10. 
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Figure 4.44 - Whole skin qPCR results of several makers of atopic dermatitis in MC903 treated mice. Changes in gene 

expression of atopic dermatitis associated genes. Data is shown as Mean ± SD. Significance was determined using a 1-way 

ANOVA using the Holm-Sidak correction for multiple comparisons.  
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Since several genes associated with inflammation and pruritus in atopic dermatitis have 

been demonstrated to have changes in expression, we ran qPCR on these candidate genes in 

control mice treated with ethanol and MC903 treated skin from wild type, TRPA1 KO, and 

TRPV1 KO mice (Figure 5). We found a significant increase in mRNA expression of MMP9 in 

TRPA1 KO mice (**p = 0.0035). aWe found a significant increase in periostin expression in 

wild type mice (***p < 0.0001), TRPA1 KO (*p = 0.043), and TRPV1 KO (*p = 0.043) mice as 

compared to the ethanol treated control mice. We also found a significant increase in expression 

of NPR1 in TRPV1 KO mice (*p = 0.0002) as compared to the ethanol treated control mice. We 

did not find any significant changes in mRNA expression of TSLP, IL-31, TRPV3, TRPV4, or 

GSK3B in the wild type, TRPA1 KO, or TRPV1 KO as compared to the ethanol treated control 

mice. There was no significant difference in mRNA expression of NPR1 in wild type or TRPA1 

ko mice as compared to ethanol treated control mice.  

Table 4.2 ï Average Fold Change values for genes compared between the Ethanol (EtOH) treated group and the MC903 treated 

Wild Type (WT), TRPA1, and TRPV1 mice. 

 
Gene 

2-ɲɲ/ǘ 

vs WT vs TRPA1 KO vs TRPV1 KO 

MMP9 14.3 27.5 7.7 
TSLP 60.8 45.1 100.2 

POSTN 5.8 2.4 2.4 
IL-31 0.86 0.88 1.4 

TRPV3 4.7 1.8 1.5 
TRPV4 2.13 0.96 0.76 
NPR1 2.02 2.9 35.4 
GSK3B 1.8 1.9 1.2 

  

Table 1 details the average fold change in mRNA expression of these genes in MC903 treated 

mice as compared to ethanol treated control mice. We found a fold change increase in mRNA 

expression of MMP9, TSLP, periostin, and NPR1 in all three genotypes as compared to ethanol 

treated mice. We found fold change decreases in mRNA expression of IL-31 in wild type and 
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TRPA1 KO mice, but not TRPV1 KO mice. TRPV3 mRNA expression increased 4.7-fold in 

wild type mice as compared to ethanol control mice. TRPV3 mRNA expression increased in 

TRPA1 KO and TRPV1 KO mice as compared to ethanol control mice; however, this increase 

was not as large as in wild type mice. TRPV4 mRNA expression increased in wild type mice, did 

not change in TRPA1 KO mice, and decreased in TRPV1 KO mice as compared to ethanol 

treated mice.  

A Functional Role of BNP in Inflammation and Itch in the MC903 Atopic Dermatitis Mouse 

Model 

 

Figure 4.45 - Sex differences in skin thickness of MC903 treated BNP KO and WTLM mice. A) Sex differences in BNP KO 

mice (n = 4 F and 3 M). B) Sex differences in WTLM mice (n = 2 F and 5 M). Data is presented as Mean ± SD, *p < 0.05 as 

determined by a Mixed effects ANOVA with multiple comparisons, using the Geisser-Greenhouse correction and the Sidak 

correction for multiple comparisons.    

To determine if we should expect any sex differences, we first compared the skin 

thickness of male mice versus female mice for BNP KO and WTLM. Figure 6 displays the 

results of our sex-based analysis. We did not find any sex differences in the skin thickness results 

between BNP KO or the WTLM controls. Not enough BNP KO mice survived to Day 10 to 

determine if there is a sex difference in behavior between males and females. Since no sex 

differences were observed, all other experiments combined male and female data for analysis.  
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Figure 4.46 - Changes in skin physiology in BNP KO and WTLM mice in the MC903 AD model. A) Changes in skin 

thickness in vivo. Data is presented as Mean ± SD, *p < 0.05, **p < 0.01 as determined via a Mixed Effect model ANOVA using 

Geisser-Greenhouse correction, and a post-hoc Tukeyôs test.  B) Representative H&E stains from BNP KO and WTLM mice. C) 

Representative images of the skin of BNP KO and WTLM mice. D) Quantification of epidermal thickness in BNP KO and 

WTLM mice at the end of 10 days of MC903 treatment. N = 5 mice/genotype with n = 5 sections per mouse. Data is presented as 

Mean ± SD, ***p = 0.0005 determined using an unpaired 2-tailed Studentôs t-test.  

Since changes in skin physiology are common during atopic dermatitis flare-ups (Proksch 

et al., 2006) we measured changes in skin thickness (Figure 7A) for ten days starting from Day 0, 

epidermal thickness at Day 10 (Figure 7B and 7D) and looked at the overall condition of the skin 

on Day 10 (Figure 7C). We found a difference in skin thickness the BNP KO mice and their 

WTLM beginning on Day 5 and continuing out until Day 10. Proliferation of keratinocytes and 

other epidermal cells occurs in most cutaneous diseases, including atopic dermatitis (Proksch et 

al., 2006); therefore, we measured the thickness of the epidermal layer of BNP KO and WTLM 

mice after euthanasia on Day 10. We found a significant difference in thickness between the two 

genotypes (Figure 7D). Figure 7B shows representative H&E-stained photomicrograph of a BNP 

KO and WTLM mouse. We also compared the overall condition of the skin of the two genotypes 

on Day 10. In addition to the lack of thickening, the skin of the BNP KO mice was flaky, but did 

not have the same degree of plaque formation seen in the WTLM mice.  
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Figure 4.47 - Scratching bouts of WTLM and BNP KO mice treated with MC903. Data is presented as Mean ± SD. 

#Comparisons between the number of scratching bouts / 30 minutes for Day 0 and Day 1 (#p = 0.0241), Day 3 (##p = 0.0012), 

Day 5 (#p = 0.0383), Day 7 (#p = 0.0264), and Day 10 (#p = 0.0264) were calculated with a multiple comparisons ANOVA 

comparing Day N means with the contral Day (Day 0) using a Holm-Sidak correction for multiple comparisons. No significant 

difference was seen between Day 0 and Day 1, 3, 5, 7, and 10 (purple bar and ns) in the BNP KO mice. Comparisons between 

scratching bouts on a given day were calculated using multiple t-tests with a Holm-Sidak correction for multiple comparisons: 

Day 0 (ns), Day 1 (ns), Day 3 (*p = 0.0227), Day 5 (***p = 0.0004), Day 7 (***p = 0.0015), and Day 10 (**p = 0.0083).  

 

BNP has been demonstrated to play a role in acute itch, but the role of BNP in chronic 

itch has not yet been explored. Therefore, we quantified the scratching behavior in BNP KO 

mice and compared these results with the WTLM and baseline (Figure 8). We found no 

significant differences in scratching behavior between baseline and Days 1, 3, 5, 7, and 10 in the 

BNP KO mice, nor between Day 0 and Day 1 of the WTLM. We found no significant 

differences in the number of scratching bouts between BNP KO mice or WTLM mice on Day 0 

and Day 1; however, we did find a significant difference in the number of scratching bouts 

between the two genotypes on Days 3, 5, 7, and 10.  
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Figure 4.48 - Whole skin qPCR in MC903 treated BNP wild-type control littermates and BNP KO mice. Changes in 

mRNA expression of atopic dermatitis associated genes in ethanol and MC903 treated mouse skin. Data is Mean ± SD, ns = not 

significant, *p = 0.0317 for BNP control littermate vs BNP KO MMP9 and *p = 0.0238 for BNP control littermate vs BNP KO 

POSTN.  

 

Since several genes have been demonstrated to have changes in mRNA expression in 

atopic dermatitis, we ran qPCR on several candidate genes on MC903 treated skin from BNP 

wild type control littermates and in the BNP KO mice (Figure 9). We found a significant 

increase in expression of matrix metalloprotease 9 (MMP9) in the BNP KO mice as compared to 

the BNP wild type littermate controls. We also found a decrease in periostin (POSTN) in the 

BNP KO mice as compared to the BNP wild type littermate control mice. We did not find any 

significant changes in mRNA expression of TSLP, IL-31, TRPV3, TRPV4, NPR1, or GSK3B.  
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Table 3 - Average Fold Change (2-ȹȹCt) values for genes compared between the MC903 treated Wild Type control littermates and 

the BNP KO littermates. 

Gene 2-ɲɲ/ǘ 

MMP9 17.2 
TSLP 5.1 

POSTN 0.38 
IL-31 2.43 

TRPV3 1.9 
TRPV4 2.2 
NPR1 1.1 
GSK3B 0.54 

 

Table 2 details the fold changes in expression levels of the genes tested in this study. We 

found, on average, an increase in mRNA expression of MMP9, TSLP, IL-31, TRPV3, and 

TRPV4 in BNP KO mice as compared to would type control mice. We also found a decrease in 

mRNA expression of periostin and GSK3B. We did not find a change in expression of NPR1 

mRNA expression between the two groups.  

DISCUSSION 

The role of TRPV1 and TRPA1 in MC903 induced atopic dermatitis 

Our total skin thickness (dermis plus epidermis) and epidermal thickness results indicate 

that loss of TRPA1 or TRPV1 alone does not affect the development of cutaneous atopic 

dermatitis symptoms in the MC903 model. Unlike in psoriasis (Kemény et al., 2018, Kodji et al., 

2019, Zhou et al., 2019), TRPV1 and TRPA1 do not seem to play a protective role in MC903 

induced AD. Antagonism of TRPV1 has been shown to reduce allergic contact dermatitis 

induced by house dust mites and oxazolone (Yun et al., 2011). Both oxazolone and house dust 

mite allergic contact dermatitis induce atopic dermatitis by activating the immune system 

whereas MC903 induces atopic dermatitis by inducing over-expression of TSLP in keratinocytes. 

Since MC903 induces atopic dermatitis by altering gene expression in keratinocytes, and not by 
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directly triggering an immune response, this is likely why we found no significant decrease in 

skin thickness in TRPV1 KO mice with MC903-induced atopic dermatitis.   

In another model of contact dermatitis, squaric acid dibutylester (SADBE) bind directly 

to TRPV1 (Feng et al., 2017). Similar to what is seen in the MC903 model, loss of TRPV1 in the 

SADBE model results in an increase in skin thickness (Feng et al., 2017). In the SADBE model, 

the increase in skin thickness is due to the loss of signals that downregulate the formation and 

function of inflammatory macrophages (Feng et al., 2017). It is possible that this mechanism of 

skin inflammation is also occurring in the MC903 atopic dermatitis model which results in the 

increased skin thickness seen in our results. SADBE is also capable of binding directly to 

TRPA1; however, in this instance TRPA1 is responsible for mediating acute itch induced by 

SADBE (Feng et al., 2017).  

In other models of atopic dermatitis loss of TRPA1 results in fewer scratching bouts and 

a decrease in skin thickness (Kang et al., 2017, Liu et al., 2013, Shiba et al., 2012, Zeng et al., 

2021). In all of these models, fluorescein isothiocyanate, urushiol, oxazolone, di-iso-nonyl 

phthalate (DINP), house dust mite, and 2,4-dinotrochlorobenzene (DCNB), two-hits are required 

to induce dermatitis. In the first hit, the mouse is sensitized to the compound of interest, which 

primes the immune system for a response. In the second hit, the compound is reapplied after a 

recovery period. This second hit activates the immune system, resulting in inflammation at the 

site of the second hit. This inflammation triggers scratching, which is dependent on TRPA1. 

Additionally, scratching bouts and skin thickening occur in the animal model following this 

second hit. In all these two hit models, it is likely that damage to the skin from scratching 

triggers the itch-scratch cycle, which has been demonstrated to exacerbate atopic dermatitis 

symptoms (De Benedetto et al., 2012). The mechanism of dermatitis induction in these two hit 
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models is vastly different than the mechanism of dermatitis induction in the MC903 model. As 

mentioned previously, MC903 induces atopic dermatitis by increasing the production of TSLP in 

keratinocytes, resulting in epidermal hyperplasia, which results in a compromised epidermal 

barrier, which then results in inflammation and immune cell infiltration (Li et al., 2006).  

In a model of atopic dermatitis induced by over-expression of IL-13 (Oh et al., 2013), 

loss of functional TRPA1 results in a decrease in a decrease in severity of atopic dermatitis 

symptoms (Oh et al., 2013). Furthermore, over-expression of IL-13 results in increased 

expression of TRPA1 in DRG, increased innervation of the skin by TRPA1 neurons, and an 

increased amount of mast cells expressing TRPA1. In this study, the clinical AD score was 

quantified, but a measure of skin thickness (either epidermal or total) was not taken; therefore, it 

is difficult to draw a direct comparison between the two  

Sex differences have been noted in TRP channel KO mice put through the IMQ Psoriasis 

model (Follansbee et al., 2019); therefore, it is possible that female TRPA1 KO mice might not 

experience the same amount of skin thickening as male TRPA1 KO mice. More testing is needed 

to determine if this is the case, or if our current results are due to some form of sampling error.  

We did find that loss of TRPV1 does result in a significant decrease in scratching 

behavior as compared to wild type and TRPA1 KO mice on Day 10.This loss of scratching 

behavior was incomplete, indicating that another pruritogenic neuropeptide is compensating for 

the loss of BNP release from TRPV1-deficient cells. Neruomedin B (NMB) is another 

neuropeptide that has been demonstrated to play a role in itch (Wan et al., 2017). Roughly a 

quarter of NMB-expressing neurons also express TRPV1 (Fleming et al., 2012, Mishra et al., 

2012), indicating that this population might be response for mediating itch-responses in neurons 

that express receptors associated with itch, but do not utilize TRPV1 activation to transmit this 
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pruritogenic signal to the spinal cord. NMB is also produced in lesional atopic dermatitis skin 

(Olivry et al., 2016) and its cognate receptor is expressed in DRG sensory neurons (Ehling et al., 

2019, Mishra et al., 2012). Which cell type in lesional atopic dermatitis skin produces NMB has 

not yet been determined, nor has the subpopulation of sensory neurons express NMBR been 

determined. RNA-sequencing data indicates that NMBR is likely found within the TRPV1 

population; however, some expression is seen within the TRPA1-positive TRPV1-negative 

population as well as the population expressing parvalbumin (Usoskin et al., 2015). 

In other models of contact dermatitis, loss of TRPV1 or TRPA1 results in a decrease in 

itch (Kang et al., 2017, Liu et al., 2013, Oh et al., 2013, Shiba et al., 2012, Zeng et al., 2021). IN 

the SADBE model, loss of scratch behavior is due to the loss of functional TRPA1 or TRPV1 

(Feng et al., 2017). For other models, the decrease in itch is likely due to the loss of calcium 

influx from TRPA1 or TRPV1 activated downstream of the receptor for pruritogens released 

during the inflammation and immune cell infiltration process.  

The MC903 model of atopic dermatitis induces the production of excess TSLP (Li et al., 

2006). TSLP can increase the production of periostin in keratinocytes (Mishra et al., 2020). 

Periostin-induced itch required both TRPA1 and TRPV1. It is currently unknown which of these 

two TRP channels is more required for periostin induced itch; however, a more significant 

decrease in scratching responses was seen in TRPV1 KO mice (Mishra et al., 2020). Therefore, it 

is possible that our decrease in scratching responses in MC903 treated TRPV1 KO mice could be 

due to loss of periostin induced scratching responses. TRPV1 also mediates histamine induced 

scratching (Shim et al., 2007). Higher amounts of histamine and degranulated mast cells are seen 

in atopic dermatitis (Ring and Thomas, 1989, Zhao et al., 2006), which is mirrored by the 4-fold 

increase in mast cell counts in MC903-treated skin (Li et al., 2006). Mast cells also release 
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tryptase upon degranulation, which, in turn, activates protease-activated receptor-2 (PAR-2) 

(Reed et al., 2003). In sensory neurons PAR-2 enzymatically activates cathepsin S. Cathepsin S 

requires TRPV1 to transduce itch behavior (Chung et al., 2019). Our decrease in itch behavior is 

likely because all of these pruritic mediators require TRPV1, but not TRPA1, for itch-behavior. 

Further BNP-expressing neurons make up a subset of TRPV1 neurons (Mishra and Hoon, 2013). 

Additionally, itch behavior to several of these pruritogens is lost in BNP KO mice. Stimulation 

of TRPV1 is required for BNP release (Meng et al., 2018); therefore, loss of BNP signaling due 

to non-functional TRPV1 would also account for decrease in itch behavior seen in MC903-

treated TRPV1 KO mice and for the normal itch behavior seen in MC903-treated TRPA1 KO 

mice.  

TRPV1-expressing neurons have been demonstrated to play a role in neuro-immune cross 

talk (Kabata and Artis et al., 2019); therefore, it is surprising that loss of TRPV1 had no effect on 

skin thickness. Recent research has determined that CGRP release from TRPV1 expressing 

neurons has been shown to activate innate Type 17 immunity in mice (Cohen et al., 2019). Innate 

immunity is the first line of protection against pathogens and defects in this system have been 

reported to exacerbate atopic dermatitis (reviewed in Wollenberg et al., 2011). Since TRPV1 KO 

mice lack a functional TRPV1 they lose this ability to activate this innate immune system 

pathway, likely ultimately resulting in an increase in skin thickness. Further, in airway epithelia, 

loss of TRPV1 can cause a shift towards Th2 immune responses in the lungs (Mori et al., 2011). 

This study (Mori et al., 2011) used a global knockout mouse and could not determine if their 

responses were due to a lack of TRPV1 in immune cells or neurons. Either way, the Th2 immune 

response is responsible for driving the development of atopic dermatitis (Brandt and Sivaprasad, 

2011). Other studies have determined that CGRP released from TRPV1-expressing neurons drive 
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a shift towards Th2 immune mediated responses through Langerhans cells (Ding et al., 2008, 

Hosoi et al., 1993, Kashem et al., 2015). Hypothetically, since Th2 immune responses result in 

the release of pruritogen cytokines and other pruritogens from mast cells into the external milieu 

of the skin, where sensory neurons are located, loss of TRPV1 would result in fewer amounts of 

these pruritogenic mediators to be present, which then results in fewer compounds available to 

activate sensory neurons, culminating in the significantly reduced bouts of scratching in the 

MC903 treated TRPV1 KO mice. This hypothesis does not; however, provide a reasonable 

explanation as to why the skin thickness of MC903 treated TRPV1 KO mice does not 

significantly differ from wild type mice. More research is needed to determine the cause of this 

phenomenon. 

The literature surrounding crosstalk between TRPA1-expressing sensory neurons and the 

immune system are scarce. Loss of TRPA1 resulted in a decrease in airway inflammation due to 

a loss of eosinophil infiltration (Caceres et al., 2009). Eosinophil counts have been correlated 

with severity of atopic dermatitis (Dhar et al., 2005, Wu et al., 2011) and increased eosinophils 

have been reported in atopic dermatitis lesions with epidermal hyperplasia (Kiehl et al., 2008). 

Based on this previous research, we would expect to see a decrease in skin thickness and/or a 

decrease in behavior. Our observed results are the opposite of these expected results: we saw no 

significant differences in skin thickness or behavior responses between MC903 treated TRPA1 

KO and MC903 treated wild type mice. Our observed results indicate one of the following: 1) 

TRPA1 expressing neurons mediate some other type of neuro-immune cross talk (i.e TRPA1 

expressing neurons mediate Th1 immunity), 2) TRPV1 based neuro-immune crosstalk 

overrides/compensates for the loss of TRPA1 mediated neuro-immune crosstalk, or 3) TRPA1 is 

not directly involved with any sort of neuro-immune crosstalk.  
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The role of BNP in MC903 induced atopic dermatitis 

Our behavior results demonstrate that the BNP KO mice perform fewer scratching bouts 

than their wild type littermates in models of AD. This result indicates that BNP might act as a 

neurotransmitter between the DRG and the spinal cord to transmit itch. These behavior results in 

BNP KO mice were expected; however, the data collected from the skin demonstrate that BNP 

plays a major role in epidermal hyperplasia, which is the neuronal response that triggers skin 

thickening. These results from the skin show marked differences between the skin of BNP KO 

mice and the wild type littermates in response to chemical insult, suggesting an interplay 

between sensory neurons and keratinocytes in epidermal hyperplasia. NPR1, the receptor for 

BNP, has been shown to be expressed by dendritic cells (Morita et al., 2003, Morita et al., 2009) 

and mast cells (Chai et al., 2000). These dendritic cells are responsible for recruiting adaptive 

immune cells, specifically TH2 cells, to the site of infection (Morita et al., 2003). A subset of 

dendritic cells is directly involved with inflammation (Segura and Amigorena, 2013); whether 

this particular subset of dendritic cells express NPR1 remains to be seen.  

BNP- expressing neurons are thought the be the main sub-population of itch neurons 

mediating inflammatory itch (Usoskin et al, 2015). BNP- expressing neurons express mRNA for 

the receptors of several immune-related pruritogens involved with inflammatory itch (Solinski et 

al., 2019b, Usoskin et al., 2015). The severity of atopic dermatitis correlates with the amount of 

inflammation present (Hachisuka et al., 2009); therefore, common therapies for treating atopic 

dermatitis include common anti-inflammatory drugs, such as glucocoritocsteriods (Hong et al., 

2011). Since inflammation severity increase the severity of atopic dermatitis, selective silencing 

of the BNP neurons could help lessen the burden of disease in atopic dermatitis sufferers. 
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Recently, NPR1 expression in keratinocytes was reported (Meng et al., 2018). This 

research also determined that NPR1 activation in keratinocytes modulated IL-31 expression, 

leading the investigators to hypothesize that BNP activation of NPR1 on keratinocytes had a role 

in AD pathology. However, the role of this BNP-NPR1 axis in AD pathology is unknown. The 

proliferation of epidermal cells, including keratinocytes, occurs in AD (Proksch et al., 2006). 

Lichenification, a scaly patch of skin, frequently occurs in AD (Yew et al., 2019) and is likely 

due to cell proliferation (Katayama et al., 1992). In non-neuronal cell types, specifically 

embryonic stem cells, lymphocytes, and cardiac cells, the BNP-NPR1 axis can induce cell 

proliferation (Abdelalim and Tooyama, 2009, Bielmann et al., 2015, de Bold et al., 2010, 

Rignault-Clerc et al., 2017). The skin results presented here showed no change in skin thickness, 

cell proliferation, or lichenification in the BNP knockout (KO) compared to wild type 

littermates. Taken together, we hypothesize that the BNP-NPR1 axis might play a role in 

hyperproliferation of keratinocytes in AD, which is due to the crosstalk between skin and 

sensory neurons. Future work is needed test this hypothesis.  

Changes in mRNA expression of Atopic Dermatitis linked genes 

MMP9 

Matrix metalloprotease 9 (MMP9), also referred to as gelatinase B, belongs to a family of 

proteases responsible for cleaving proteins found within the extracellular matrix (Birkedal-

Hansen et al., 1993). MMP9 expression and serum levels are significantly higher in atopic 

dermatitis patients (Devillers et al., 2007, Harper et al., 2010), although the reason for this 

increase has not yet been determined.Our qPCR results only show an increase in MMP9 mRNA 

expression in the BNP KO mouse, indicating that mRNA expression levels of MMP9 in atopic 

dermatitis is controlled by BNP. Further we found a large increase in MMP9 mRNA expression 



   

149 

 

in the BNP KO mice using the 2ȹȹCt method. MMP9 aids neutrophils in their migration through 

the basement membrane (Delclaux et al., 1996); presumably MMP9 secreted by keratinocytes 

would assist with this function. In atopic dermatitis, an increase in circulating neutrophils is seen 

and has gained some use as a marker for identifying atopic dermatitis patients (Batmaz, 2018, 

Dogru and Citli, 2017, Jiang and Ma, 2017). This increase in neutrophils in circulation likely 

leads to the increase in migration through the basement membrane is seen in atopic dermatitis 

patients (Chen et al., 2019) whereupon these neutrophils induce pruritus (Walsh et al., 2019).  

Interestingly our results indicate that BNP binding to NPR1 on keratinocytesacts a protective 

measure to reduce the amount of MMP9 mediated extracellular matrix destruction destruction 

and neutrophil infiltration in lesional atopic dermatitis skin.  

TSLP 

TSLP is an immune cytokine that has been correlated with both the onset and severity of 

atopic dermatitis (Berna et al., 2020, Bin and Leung, 2016, Jaworek et al., 2020, Lee et al., 2010, 

Lou et al., 2019, Margolis et al., 2014, Nygaard et al., 2016, Wan et al., 2017, Wang et al., 2016, 

Wang et al., 2020). Increased TSLP expression has been found in lesional atopic dermatitis skin 

(Bogaczewicz et al., 2016, Kim et al., 2015, Klukowska-Rötzler et al., 2013, Luo et al., 2014, 

Sano et al., 2013). Keratinocytes (Fu and Hong, 2019, Leyva-Castillo et al., 2013, Li et al., 2020, 

Tashiro et al., 2019), epithelial cells (Soumelis et al., 2002), dendritic cells (Kashyap et al., 2011) 

and mast cells (Moon et al., 2018) produce TSLP. TSLP can activate resident dendritic cells 

(Brulefert et al., 2020, Ebner et al., 2007, Elentner et al., 2009, Lang et al., 2019, Marschall et al., 

2020), T-cells (Reefer et al., 2010, Tatsuno et al., 2015, Wallmeyer et al., 2017, Wu et al., 2010), 

mast cells (Babina et al., 2021, Han et al., 2014), innate lymphoid cells (Kim et al., 2013) and 

can activate sensory neurons to induce itch. Overall, reducing the amount of TSLP available 
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decreases the severity of atopic dermatitis (Chen et al., 2020, Dai et al., 2017, Fitoussi et al., 

2020, Fu and Hong, 2019, Ko et al., 2019, Han et al., 2014a, Han et al., 2014b, Han et al., 2014c, 

Iyengar et al., 2013, Kim et al., 2019, Lee et al., 2018, Liu et al., 2016, Moon et al., 2016, Moon 

et al., 2019, Yoon et al., 2015), while increasing the amount of TSLP available exacerbates 

atopic dermatitis symptoms (Bergot et al., 2015, Hener et al., 2011, Moon et al., 2019, Sawada et 

al., 2019, Yang et al., 2018, Yoo et al., 2005). We did find an increase in expression of TSLP in 

our wild type, TRPA1 KO, and TRPV1 KO mice as compared to ethanol treated controls. We 

found an increase in TSLP mRNA production in BNP KO mice as compared to wild type 

littermate control mice. It should be noted that TSLP expression is induced by vitamin D and 

vitamin D analogues (Li et al., 2006). This TSLP expression increase is the mechanism by which 

MC903 induces atopic dermatitis; therefore, any increases in TSLP expression are likely due to 

the MC903 treatment. Other models of atopic dermatitis are needed to determine if TRPA1, 

TRPV1, or BNP plays a role in TSLP production in atopic dermatitis.  

Periostin 

In the skin, periostin plays a role in wound repair (Elliott et al., 2012, Hamilton, 2008, 

Nishiyama et al., 2011, Ontsuka et al., 2012, Yang et al., 2014) and mediates the Th2 immune 

response (Masuoka et al., 2012). Increased periostin expression in the skin has been 

demonstrated in skin from atopic dermatitis lesions (Arima et al., 2015, Mineshige et al., 2015, 

Wood et al., 2009) Serum levels of periostin are useful predictors of the severity of atopic 

dermatitis (Kou et al., 2014, Ozecker et al., 2019, Sung et al., 2017, Uysal et al., 2017, Wood et 

al., 2009) and a decrease in periostin expression is correlated with resolution of atopic dermatitis 

(Ariëns et al., 2020, Guttman-Yassky et al., 2019). Our qPCR results demonstrate a significant 

increase in periostin mRNA expression in the skin in wild type C57Bl/6 and TRPV1 KO mice. 



   

151 

 

Further we found a significant decrease in periostin mRNA expression in the skin of BNP KO 

mice when compared with wild type littermate control mice. These results suggest that periostin 

expression is dependent on BNP release from sensory neurons into the skin micro-environment. 

Periostin has been demonstrated to cause an increase in TSLP which forms a positive feedback 

loop resulting in the expression of more periostin (Shiraishi et al., 2012, Mishra et al., 2020). 

Periostin has also been demonstrated to cause an increase in keratinocyte growth (Mineshige et 

al., 2018). Furthermore, our results in BNP KO mice indicate that this process is BNP dependent.  

IL-31 

IL -31 is a cytokine produced predominantly in TH2 helper cells (Cornelissen et al., 2011), 

mast cells (Ishii et al., 2009, Niyonsaba et al., 2010) and dendritic cells (Cornelissen et al., 2011). 

IL -31 has been found in higher concentrations in the serum of atopic dermatitis patients (Byeon 

et al., 2020). Over expression of IL-31 can induce atopic dermatitis like symptoms on its own 

(Dillon et al., 2004). IL-31 has been shown to cause itch in mice (Cevikbas et al., 2014, Pitake et 

al., 2018), dogs (Gonzales et al., 2016), and non-human primates (Lewis et al., 2017). In a phase 

II clinical trial, administration of an anti-IL -31 antibody reduced itch in participants in a dose 

dependent manner (Ruzicka et al., 2017). Further increases in mRNA expression levels of IL-31 

in atopic dermatitis skin in humans and has been reported (Nattkemper et al., 2018, Sonkoly et 

al., 2006).   

We found a fold change in expression of IL-31 mRNA in BNP KO mice as compared to 

BNP wild type control littermates. In wild type and TRPA1 KO vs ethanol treated control mice, 

we found a small fold change decrease in expression, and a small fold change increase in 

expression in the TRPV1 KO mice as compared to ethanol treated control mice. The MC903 

atopic dermatitis model is an induced mouse model of atopic dermatitis; therefore, our lack of 
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increase in mRNA expression of IL-31 is likely due to MC903 not being a spontaneous model of 

atopic dermatitis. Another important note is that the inflammation seen in the MC903 model is 

T-cell independent; therefore, an increase in IL-31 would not necessarily occur as seen in our 

results.  

TRPV3 

Removal of TRPV1, TRPA1, or BNP did not cause any significant changes in TRPV3 

mRNA expression in the skin. TRPV3 is a thermosensitive ion channel in the same family as 

TRPV1. TRPV3 is activated by temperatures above 33 °C and is expressed in keratinocytes 

(Peier et al., 2002) in addition to sensory neurons (Smith et al., 2002), where it mediates heat 

evoked calcium currents (Chung et al., 2004). Keratinocyte-expressed TRPV3 is required for 

thermosensation (Moqrich et al., 2005). In atopic dermatitis, this thermosensation drives the 

release of pruritogen release, generating an itch signal (Seo et al., 2020). Further, TRPV3 is 

needed for PAR2-evoked itch; loss of TRPV3 reduces responses to PAR-2-activating proteases 

(Zhao et al., 2020). Mutations in TRPV3 have been associated with Olmsted syndrome, a rare 

disease characterized by sever pruritus and skin inflammation (Choi et al., 2018, Duchatelet et 

al., 2014, Lin et al., 2012, Zhong et al., 2020) and, in mice, a substitution mutation has been 

determined to play a role with the development of atopic dermatitis (Yoshioka et al., 2009). 

Further, pharmacologic and genetic inhibition of TRPV3 alleviates atopic dermatitis symptoms 

in mice (Qu et al., 2019). Increases in TRPV3 mRNA expression have been found in human 

atopic dermatitis lesions and in Grhl3PAR2/+ mice, a model of spontaneous atopic dermatitis 

(Larkin et al., 2020). Our results do not demonstrate a significant increase in TRPV3 mRNA 

expression in the skin; however, using the 2ȹȹCt method to analyze our data shows an increase in 
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TRPV3 mRNA expression in WT, TRPA1 KO and TRPV1 KO mice as compared to ethanol 

treated control mice.  

TRPV4 

Removal of TRPV1, TRPA1, or BNP did not cause any significant changes in TRPV4 

mRNA expression in the skin. TRPV4 is a mechanosensitive, pressure sensitive, and 

osmosensitive calcium ion channel (Alessandri-Haber et al., 2003, Liedtke et al., 2000, Suzuki et 

al., 2003a) expressed in keratinocytes (Suzuki et al., 2003, Chung et al., 2003b) which is 

activated at temperatures above 38 °C (Watanabe et al., 2002). Like TRPV3, TRPV4 mediates 

heat-evoked currents in keratinocytes (Chung et al., 2004). Keratinocyte-expressed TRPV4 also 

modulates responses to serotonin-induced itch when thermally activated (Sanders et al., 2018). 

Keratinocyte-expressed TRPV4 mediates intracellular junction formation between keratinocytes 

(Akazawa et al., 2013, Sokabe et al., 2010), mediate immune responses in response to osmolarity 

changes (Galindo-Villegas et al., 2016), and affects proliferation and differentiation of 

keratinocytes (Huang et al., 2016). Keratinocyte-expressed TRPV4 helps to mediate non-allergic 

chronic itch in mice, while macrophage-expressed TRPV4 mediates allergic itch (Luo et al., 

2018).  Since the MC903 model does not affect changes in these pathways, our lack of 

significant changes in TRPV4 mRNA expression are not unsurprising. Further our qPCR results 

suggest that TRPV4 does not play a role in atopic dermatitis pathology.  

NPR1 

NPR1 is the receptor for BNP (Suga et al., 1992). Currently, NPR1ôs main role in itch 

lies in the spinal cord, where it is expressed in the dorsal horn (Bell et al., 2020, Goswami et al., 

2014, Liu et al., 2020). Inhibition of NPR1 has been shown to reduce both chronic and acute itch 

(Solinski et al., 2019a). NPR1 expression in the skin has recently been described (Meng et al. 
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2018) where it plays a role in the upregulation of TRPV3 and Serpin E1 (Larkin et al., 2020). We 

found a significant increase in expression of NPR1 in the skin taken from MC903 treated TRPV1 

KO mice. This could be due to sampling error. Another hypothesis, based on the partial loss of 

behavior in TRPV1 KO , which indicates that some BNP was released from these neurons; 

therefore, is that the skin of these MC903 treated TRPV1 KO mice produce more NPR1 so that 

they can increase the likelihood of BNP binding to NPR1 and affecting NPR1ôs downstream 

actions within the cell.  

GSK3B 

GSK3B has been demonstrated to play a role in sweating, and inhibition of GSK3B 

function is thought to contribute to the abnormal dryness of atopic dermatitis skin (Matsui et al., 

2014). In keratinocytes, GSK3B is phosphorylated following NPR1 activation by BNP (Meng et 

al., 2018). Overall, we found a nearly 2-fold increase in expression of GSK3B mRNA in MC903 

treated wild type and TRPA1 KO mice as compared to ethanol treated control mice. We did not 

find a fold change increase in GSK3B mRNA expression in TRPV1 KO mice and we found a 

decrease (<1.0) fold change in mRNA expression of GSK3B in BNP KO mice. These data from 

the BNP KO and TRPV1 KO mice indicate that GSK3B expression is regulated by the BNP-

NPR1 axis in keratinocytes.  

Conclusions 

Our results here demonstrate that BNP, released from TRPV1-expressing neurons, is 

required for the dermal hyperplasia seen in atopic dermatitis. Further, our results indicate that 

BNP release into the spinal cord is also responsible for transmitting the itch signals from the 

DRG into the spinal cord for further processing. We did not find that TRPA1 is involved with the 

skin thickening seen in atopic dermatitis, nor is TRPA1 required for itch seen in atopic 
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dermatitis. Finally, these results indicate that therapies targeting the BNP-NPR1 axis might be 

useful for the treatment of atopic dermatitis.   
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