ABSTRACT

WHEELER, JOSHUA JAMES. Peripheral MediatordNaiciception inPsoriasis and Atopic
Dermatitis. (Under the direction of Dr. Santosh Misana Dr. Duncan Lascelles

Pain and itch are symptoms of many cutaneous disdsasand itch are both symptoms
of psoriasis. Psoriasis occurs in roughly 3% of adults and costs billions of dollars per year in
excess medical costBain occurs in roughly one third of psoriatic pats. The molecular
mediators of psoriatic pain are unknown. Previous research from our collaborators has found
elevated concentrations thfe oxidizedinoleic acid metabolite¢§OLAM), 13-hydroxy-9,10
epoxyoctaecenoate (13;BIEL), and its soluble epoxideydrolase metabolite, 13,910
trinydroxyoctadecnotate (13,9/0HL) in psoriatic skin. We found that 13,9;TtHL induces
acute nocifensive responses when injected into the argmkv. Additionally, 13,9,10rHL was
found to use TRPAL to mediate acutedeabr responses and DRG neuron calcium influx.
13,9,10THL can also sensitize responses to noxious hot and cold responses using both TRPA1
and TRPV1.

ltch associated with psoriasis occurs in greater than 70% of psoriatic patients. Like
psoriatic associatepain, the molecular mediators of psoriatic itch are not known. EKODE,
anothetOLAM, 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 gpress TRPAL. Calcium influx into sensory neurons upon EKODE binding requires
TRPAL. Behavior responses to EKODE requires both TRFRPV1and BNP W also found
that antagonism of GPR35 reduces skin thickness in the imigtimdaded 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 adktidgpic dermatitis patients



incur billions of dollars in excess medical costs each yidPAL1 and TRPY ion channels are
involved with transmitting itch signals. We induced atopic dermatitis in wild type, TRPAL
knockout and TRPV1 knockout sing the MC9@8uced atopic dermatitis mouse model. We
measure the whole skin thickness, epidermal thickness, antdfepghitch behavior in these
mice. We found that removal of TRPAL TRPV1did not result in a significant decrease in skin
thicknessor epidermal thicknesas compared to MC903 treated wild type mise found that
epidermal thickness was not decreasedC903 treated TRPAL 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 atopictderiheh 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 epid@iokaless, and decreased
scratching behaviaas 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 alsxdlabkhe
expression of these genesdé cognate receptors
that interleukin31, histamine, serotonin, and capsaintiucescalcium 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, ratsimam 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 jusiramon.
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CHAPTER 1: INTRODUCTION

1.1: An Introduction to ltch

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
Ascratch reflexo. Scratching an itch causes t
dissipate (Kosteletzky et al., 200€xh can be broadly cla$i®d 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 sensatriZlkoet al.,
2014). The severity of itch is closely linked with a patient's mental status and stress levels
(ChrostowskePlak et al., 2013, Lien et al., 2012, Mochizizuki et al., 2018, Schut et al., 2014,
Schut et al., 2015a, Yamamoto et al., 20G8h affects multiple aspects of quality of life
especially wheiit is chronic (Carr et al., 2014, Holm et al., 2006, Kiebert et al., 2002, Misery et
al ., 2007, Mi sery et al ., 2019, O0O6Donnell et
guality-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 rejgbettincidences of negative
body image compared to thealthy individual§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., 2015p@uLet al., 1994, Tey et al., 2013, Verhoeven et al.,
2008). On a pepatient basis, itch sufferers spend roughly $4,800.00 per year on healthcare than
nortitch sufferers, resulting in a cost of over $90 billion dollars every year in the United States

(Tripathi et al., 2019).



Itch becomes classified as chronic once it persists for greater than 6 weeks (Cevikbas and
Lerner, 2020). The two most wedhown chronic itch diseases are atopic dermatitis and
psoriasis. Atopic dermatitis occurs in approximately % dults and approximately 30% of
children Garg and Silverberg, 2015, Odhiambo et al., 2009, Sacotte and Silverberg, 218
annual cost of treating atopic dermatitis is estimated to be greater than $5 billion US dollars
(Drucker et al., 2017). Psasis 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 &,, J20Ats et
al., 2002, Vaderpuv®rgle 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 ak, 2020, Durovic et al.., 2015, Durovic et al., 2019.
Durovic et al., 2020a. Durovic et al., 2020b) and come witkthifeatening comorbidities
(Arruda et al., 2020, Barry et al., 2019, Chidwick et al., 2620dman et al., 2017, Feldman et

al., 2018 Gilaberte et al., 2020, Jaworek et al., 2020, Misery et al., 2020, Ronnstad et gl., 2018
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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 expressingeir cognate receptors. MrgprA3 defines a different subset of itch neurons. Recei@dqNata 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 dezwby arrowsA ). SST, Dynoprhin, GABA, and glycine binding to their cognate receptors are
inhibitory interactions and are denoted by truncated ar(Q¥®BN parabrachial nucleudrgpr: Masrelated Gprotein
coupled receptor; HRH: Histamine ReceptoPAR: Proteasé\ctivated Receptor; OSMR: Oncostatin M receptor; TSLPR:
thymic stromal lymphopoietin receptdk;-7r: interleukin receptor v : i nt egrin subunit Uv: b3: i nt
like receptor; PTAFR: platelet activating factor recepTBXAR2: thromboxane A2 receptor; CsyLTR2: Cysteine leukotriene
receptor 2; NMBR: Neuromedin B receptor; S1P: sphingekipkosphate receptor: LPAR: lysophosphatidic acid receptor;
TRPAZL: Transient receptor potential ankyrin 1.

First order itch neurantransduce 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
neurors are defined based on which Habsociated neuropeptides they express. An exception to

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

3



MrgprA3 (Han et al., 2013, Liu et al., 2009); however, recent RNA sequgnesults 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 identifiedAkiyamaet al., 2010a, Akiyama et al., 2010b, Akiyama et al., 2010c, Akiyama
et al., 2012a, Akiyama et al., 2012b, Costa et al., 2088ikbas et al., 2014, Feng et al., 2017
Furue et al., 201 Hartmann et al., 201%nagaki et al., 2002, Kim et al., 2004aMotte et al.,

2009 Lembo et al., 2004.in et al., 2010Liu et al., 2009, Liu et al., 201®8ishra et al., 2020,
Moser and Giesler Jr., 2014, Nojima and Carstens, Z08en et al., 201, Ostadhadi et al.,
2015,Qu et al., 2015, Reddy et al., 20Rbbeson et al., 201,35chemann et al., 281Shimada

et al., 2006Sikand et al., 20Q%teinhoff et al., 2003rhomsen et al., 2001, Tsujii et al., 2008,
Tsuijii et al., 2009Yamaguchi et al., 199%hang et al., 2010All 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 TRPVZXexpressing progétor neurons (Mishra et al., 2011). DRG neurons expressing
Natriuretic Polypeptide B (Nppb), also known as brain natriuretic peptide (BNP) are one such
subset of TRPV-Expressing neurons (Mishra and Hoon, 2013). These neurons are thought to be
mediators ofnflammatory 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
neuronshave been found to alexpress somatostatin (SST) (Huang et al., 2018, Usoskin et al.,

2015) and demonstrated as pruriceptors. Expression of gastrin releasing peptide (GRP) has also



been reported in the DRG; however, these results have beetedig@oswami 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 @albr et al., 2019), along with expression of BNP,

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

Excitatoryand nhibitory neurotransmitterand their effects on second order itch neurons

BNP released from the DRG following pruritogdrattenge binds to its receptor NPR1
located in the dorsal horn of the spinal cord (Mishra and Hoon, ZBitRire 1) These neurons
are also required for propagation of chronic itch signals (Liu et al., 2019, Liu et al., 2020) In the
acetoneetherwater malel of dry skin, expression of NPR1 mRNA increased in the spinal cord
(Liu et al., 2019). Since the BNRPR1 axis plays an important role in both acute and chronic
itch sensation, blocking this interactigia NPR1 antagonists could serve as a usefulamtiitic
therapeutic (Solinski et al., 2019.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 folloagtigation 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 rekec from these neurons binds to SSTR2 expressing neurons
that are also located in lamina | and Il 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

GRPRexpressing tertiary itch neurons (Sun and Chen, 2007, Frietag et al., 2019). TAe BNP



NPR1A GRPA GRPR is a direct activation pathway where all inputs argagacy, while the
SSTA SSTR2A DynorphinA ¢-opioid 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 parabtanitkeus (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 nheuromedin B (NMB) are alsed 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 Il of the dorsal horn of the spinal cord.
Following stimulation these neons 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 NeuropeptideRY) for spinal itch
transnission (Bourane et al., 2016ao et al., 20)§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 Neurepdpteteptor
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 allowingRBRexpressing 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 (Karddraeg, 2014). These Bhlhb5 neurons receive inputs from

TRPV1 and TRPMS afferents, thereby allowing noxious thermal sensations to inhibit itch



derived responses from reaching the brain (Kardon et al., 2014) in adults (Brewer et al., 2020).
Glutamine releagkfrom TRPV1 afferents also serves to enhance itch signals emanating from
the DRG (Lagerstim 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&lvia0
activation of GABA receptors on GRPR expressing neurons (Freitag et al., 2019).

ltch in the Brain
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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 cingulée darring itch. Other brain regions are activated during itch
and during scratching. The interaction between known itch regions and these brain regions are less understood andisre denoted
dashed arrows. Hunger activates Nexpressing neurons in thggothalamus 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 terarala
processing of itch continues into the brain (Vierow et al., 2009). The spinal parabrachial nucleus
provides inputs into several brain regigRggure 2) (Tokita et al., 2009Mistaminergic itch is

processed in the anteromedial thalamic nucleus; afieeh, the signal is sent to the anterior



cingulate cortex (Deng et al., 2020). However,-h@taminergic itch appears to be processed
through a different brain circuit (Deng et al., 2020). At the level of the primary somatosensory
cortex, neurons irhe 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 significaaasein
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 thkthus 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., 20G68BAergic neurons and
dopaminergic neurons within thentral 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 etll., 2018), itch perception is inhibited by the competing need state
of hunger and is mediated by hypothalamic agmléted protein expressing neurons (Alhadeff
et al., 2020). While not explicitly identified, it is likely that this suppression occufdR
neurons projecting from the hypothalamus to the parabrachial nucleus similar to the pain
suppression by hunger circuit (Alhadeff et al., 2018).

Descendindtch ModulationPathways

Currently, tvo independent descending itcincuitshave been descrideThe descending
regulation pathway of itch originates in the periagueductal gray (Gao et al., 2019). These neurons
express Substance P (Tacl) and interact with GRPR expressing neurons in the dorsal horn of the

spinal cord (Gao et al., 201®Hctivation d GABAergic neurons within the periagueductal grey



inhibit scratching and control, at least in part, the affective and aversive coding of itch (Samineni
et al., 2019).

The role of glial cells intch

The role of glial cells in itch processing is curremtbt 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 increaseastrocyte number, and an increase in astrocyte activation was
observed in lamina- Il of the spinal dorsal horn (Inami et al., 2020). Astrogliosis also occurs in
the AcetoneDiethyletherWater model of dry skin (Liu et al., 2016). Further, a decreaisehin
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 addibidriLR4, astrocytes utilize
IL-33/ST2 signaling to modulate chronic itch in the AEW and DNFB models of chronic itch (Du
et al., 2019).

These I1-:33/ST2 utilizing astrocytes appear to modulate chronic itch by sensitizing
GRPRexpressing interneurons to GRPu et al., 2019). These 483/ST2 utilizing astrocytes
were shown to use the JAKRZTAT3 pathway to modulate chronic itch (Du et al., 2019). Other
research into STATS3 utilizing astrocytes determined that these astrocytes release {#ocalin
which then inceases the activity of GRP#urons (ShiratorHayashi et al., 2015). Astrocytes
alsoexpressTNE ( Benveniste et al ., 1994) and are re
(Miao et al., 2018). The chemokine receptor CXCR3 is also expressed in astamcytes
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).



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, technicaly referred to as pruritus, is a psychosomatic or physiological response to
irritation that results in a scratching reflex (Leslie, 2013). Scratdmpgens when peripheral
neuronsare activated bpruritogensThese pruritogens can be exogenous or endogenous.
Exogenous itcimediatoranclude chloroquine (Liu et al., 2009, Roberson et al., 2013),
compound 48/80 (Inagaki et al., 2002, Schemann et al., 2Z0i@pwhage (Hartmann et al.,

2015, LaMotte et al., 2@) Sikand et al., 2009Endogenous mediators inclukbistamine (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 etdal., 201
Furue et al., 2017, Liu et al., 2016, Oetjen et al., 20iyAnds forToll-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, Akiyashal., 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, Tsuijii et al., 2009, Zhang et al.,,26¢Riding

perisotin (Mishra eél., 2020)are all endogenous compounds that elicit iduronal 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 associatgd with
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Figure 1.27 - Structures of prurtiogenic fatty acid mediators. Structures of 12)-HPETE @), LTB4 (B), LTD4 (C), TXA:2
(D), Platelet Activating FactoH), LPA (F), Sphingosinel-phosphate®), and EKODE €).

Another group of endogenous pruritic compounds are fatty acid metabolites (Bighare
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 fowadse 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). Gdigjnd&atty
acid compounds, five are arachidonic acidabelites, one is a linoleic acid metabolite, and

area result of phospholipase fPLA2) cleavage of a membrane phospholipid.
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Figure 1.28 - lllustration showing the four different neuronal subpopulations that express the regptors for pruritogenic
fatty acid mediators. The numberd, 2, 3, and4 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 population {) 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 itchprocessing (Mishra et al., 2011, Mishra and Hoon, 20213, Huang et al., 2018). In this
first population, expression of the receptors for sphingekipeosphate (S1P), S1P receptor 1
(S1PR1) and S1P receptor 3 (S1PR3); platelet activating factor (PAE)epkattivating

receptor (PTAFR); and leukotriena,@ysteine 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 S1IPR1 and S1PR3 has been démaiaal to require TRPV1 (Kitakka et

al., 2020).

The second subpopulatio) (seen in Figure 4 expresses TRPV1, transient receptor
potential ankyrin 1 (TRPAL), voltage gated sodium channelg)(IN& and 1.9, and neruomedin
B (NMB) (Usoskin et al., 2015)n addition to TRPV1, TRPA1, NMB, N4.8 and Nal.9 have
all been demonstrated to be required for itch transmiskiom €t al., 2020, Wan et al., 2017,

Wilson et al., 2011, Wilson et al., 2013 his second subpopulation of itch meditating neurons
expreses receptors for thromboxane A2, thromboxane A2 receptor (TBXA2R), and
lysophosphatidic acid (LPA) receptors LPAR1, 3, and 5.

The third subpopulatior8) seen in Figure 4 expresses TRPV1yN&, N&1.9, and
Masrelated gprotein coupled receptor A3 (MpgA3). 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 (Xg et al., 2020). Despite this recent result, MrgprA3 neurons still
seem to be split into a MrgprA3+/Nppb+/SST+ and a MrgpoAB/ based on the combination
results ofXing et al., (2020) and Usoskin et al., (201%his subpopulation that expresses
TRPV1+Nay1.8+/Na/1.9+/MrgprA3population expresses mRNA for S1IPR1 (Usoskin et al.,

2015).
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The fourth and final population does not express any knowsagsbciated proteins, but
does express the receptor for leukotriene B4, LTB4R1 and the S1PR3 receptbirfgosine
1-phosphate. The lack of a currently identified iadsociated gene does magpriori exclude this
population as a population that can transmit itch signals; however, more research is needed to
determine how this population transmits itch slgna
Known Fatty Acid Metabolite Pruritogens
12(SYHPETE

The arachidonic acid metabolite Shydroperoxyeicos&Z, 8Z, 10E, 14Aetraenoic
acid (129-HPETE) is the simplest fatty acid itch mediator. In sensory neurons, arachidonic acid
is freed fromthe lipid bilayer as part of pruritic or nociceptive GPCR signal cascades (Kim et. al,
2004, Patwardhan et. al, 2010) and enzymatically converted irfipHPETE by 12
lipoxygenase (Holtzman et al., 1989). Because of thi§)A2PETE is able to inducect via
both intra and extracellular mechanisms.

When injected directly into ICR mice, IR{HPETE induces approximately 60 bouts of
scratching over the course of 40 minutes (Kim et al., 2007%)-HPETE has been shown to
bind to leukotriene Breceptor2 (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 18)-HPETE is conversion into 13-HETE (125)-
hydroxyeicosebZ, 8Z, 10E, 14Z&etraenat acid) via cellular peroxidases (Paksciak CR,

2015). 129-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, tRardhan et al., 2010, Shin et al., 2002, Wen et al., 2012), providing a

second mechanism for itch induction via32APETE. 12§-HPETE has also been shown to
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modulate voltage gated sodium and potassium chann&fdysia(Buttner et al., 1989). Recent
deep sequencing has revealed LTB4R2 is expressed-thieshold mechanoreceptors (Usoskin
et al., 2015). The low levels of LTB4R2 expression in sensory neurons coupled with expression
in mechanosensory neurons indicateS-APETE itch via intradermal jaction is sensory
neuron independent.
Leukotriene B

Leukotriene B (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 currentlunder 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 expressibruKotriene B 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 TRRritiched or TRPV4L
depleted sensory neurons (Table 1) (Goswetral., 2014). Both Andoh and Kuraishi (2005)
show immunohistochemical and functiomabging by measuring calcium infldar LTB4R1
and TRPV1 in sensory neuronis their calcium imaging analysidndoh and Kuraishi did not
determine the percentage @umons responding to both LTB4 and TRP¥#lditionally,
immunohistochemical staining for LTB4R1 and TRPV1 performed by Andoh and Kuraishi is
presentedn absentiaof a merged figure bringing into question whether the LTB4R1 population
exists within the TRW1 population. Zinn et al. (2014) recently showeeespression of
LTB4R1 and calcitonirgene related peptide (CGRP). CGRP has been shown tedogpssed

with TRPV1 (Murata and Masuko, 2006, Nakanishi et al., 2010, Price and Flores, 2007)
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indicating LTB4AR1 and TRPV1 could be @xpressed in sensory neurons. However, LTB4R1
and TRPV1 ceexpression is not guaranteed because only half of CGRP neurons also express
TRPV1 (Price and Flores, 2007).

Deep sequencing analyses appear to confirm the low LTB4R&sstpnn DRG
sensory neuorngith 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 viectiactivation of sensory
neurons.

Leukotriene @

Leukotriene @ is another member of the cysteine leukotriene farhigykotrieneDs is
release during mast cell degranulation (Lewis et al., 1980) after which it can bind to its receptor
on DRG neurons expressihgppbandSST to induce itch (Solnski et al., 2019, Usoskin et al.,
2015).

Thromboxane A

Intradermal injection ofhromboxane A(TXA2) induces approximately sewdrundred
fifty bouts of scratching in ICR mice (Andoh et al., 2007). Expression of the TXA2 receptor,
TBXA2R, occurs in |lightly myelinated AU0 nocic
2015). Inab pi ¢ d e rmelanbdytéstimsilatinglhormone and PARactivation can
increase the amount of TXA2 produced by keratinocytes (Andoh et al., 2016, Andoh et al.,
2019). TXAZ2 has also been reported to play a role in itch experienced by chronic reral failu

patients (Li et al., 2019).
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PlateletActivating Factor:

Plateletactivating factor (PAF) is a structurally unique fatty acid compound consisting of
O-alk-1-enyt2-acylglycerec3-p hosphochol ine, where fal ko is
al., 1977, Prescott et al., 1990). In ddY mice, PAF has been shown to induce approximately
seventyfive 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 (Wabeinal., 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 throughtroalt dependent (via histamine
release (Petersen et al., 1997)) and independent pathways (Krause et al., 2013). It remains to be
investigatedvhetherPAF induces pruritus via sensory neurons due to PTAFR expression in
sensory neuronar via indirect mechaism through immune and nammune cells in the skin.
Expression of PTAFR in sensory neurdwas only been shown via RN3eq (Goswami et al.,

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

Lysophosphatidic Acid

Lysophosphatidic acid (LPA) has begemonstrated 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 mig also be a mediator of cholestatic itch (Kremer et al., 204.0).
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 kL R¥&eptorto set off aseries on
intracellular signaling pathways which then activadéh TRPAL1 and TRPV1 (Kittaka et al.,

2017).
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Sphingosin€l-phosphate

Another fatty acid mediator, sphinogosifig@hosphate (S1P) is also capable of inducing
itch (Kittaka et al., 2019). S1P lities both TRPV1 and TRPAL to mediate itch sensation (Hill et
al., 2018, Kittaka et al., 2019). Within the DRG, S1R&ceptor are located in BNP+/SST+
neurons (Solinski et al., 2019), while S1PR3 is co expressed with a subset of MrgprA3 neurons
(Hill et a., 2018). Regarding chronic itch conditions, S1IPR3 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 12,3 oxy-9-keto-10(trans)-octadecenoic acidEKODE)
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 linoleicacidinthew er age Amer i canbés di et
increased over the course of thd'2@ntury (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. @2, Ramsden et al., 2016, Sorokin et al., 2018).

EKODE has been shown toduce approximately forty bouts of scratching in thirty
minutes when injected into C57bl/6J mié&a(nsden et al., 20L7Antradermal injection of
EKODE into mast cell deficient mecinduces approximately forty scratches, showing EKODE
induced itch is mast cell independenthese behavior results indicate that EKODE is,
hypothetically, a mediator of itch in psoriagurrently the receptor for EKODE is unknown,
but it is safe to hymthesize that the receptor for EKODE is an orphaned GRIERtifying 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.€llHeodies 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 movingverds 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 | and Il 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 a-<fattymcidunmanag that thetfirstdouhte bond isiegt the
sixth carbon from t he en b fatyfacidisHimolei€ aid.The aci d c
bioavailability of linoleic acid in the diet, particularly of Americans, nearly doubled over the
course of the twentieth century (Blasblag et all,190Furthermore, 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 bioaailability 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 relin pain (Osthues and Sisignano, 2019). The first such group of oxidized
linoleic acid metabolites that play a role in pain are the hydroperoxide derivatdQ[EB and

9-HODE. The intracellular pathways that produed©ODE and 13HODE are not yet
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undersbod; however, at least some amount oHBDE is produced through peroxidation via
15lipoxygenase follwed by a reduction step utilzing a glutatipe®xidase (Reinaud et al.,

1989). There is also evidence that synthesisldODE and 13HODE are producedsing
prostaglandin kisynthase (Daret et al., 1989, Goddessart et al., 1996). These two HODE
compounds are produced in damaged keratinocytes (Green, 1989) and undieduned

blistering (Alsalem et al., 2013, Green et al., 2013, Patwardhan et dl,,26ignano et al.,

2013). Incrased serum levels oH®DE 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 (sketim et al., 2016). BothhHODE 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 leds of 3HODE are increased during chemotherapy induced neuropathic
pain (Hohmann et al., 2017). The receptor foHK3DE has yet to be identifed and it shows
moderate activity at the receptor feH®DDE, 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: 9HOME and 12,1-EpOME (Oliw et al., 1994). These
two compounds are produced following thermal insult and arebtmpéactivating both TRPAL
and TRPV1 directly (Green et al., 2016). These leukotoxins assist in mediating thermal and
mechanical allodynia in a pebtirn model of pain (Green et al., 2016). In a model of
chemotherapy induced neuropathic pain, mice tdeatth paclitaxel experienced an increase in

9,10EpOME 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
periagueductal grey in inflamnaat chronic pain conditions (Jensen et al., 2016).

These EpOMEs then undergo further metabolism by soluble epoxide hydrolase to form
9,10diHOME and 12,1DIHOME (Inceoglu et al., 2006, Moghaddam et al., 1997, Morriseau et
al., 2010). The soluble epoxideetabolite 12,13DiHOME 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, 3RMIHOME sensitizes thermal and mechanical responses

(Green éal., 2016) through TRPAL (Zimmer et al., 2018).
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CHAPTER 2: Endogenous Derivatives of Linoleic Acid and Their Stablénalogues as
Potential Mediators of Pain

INTRODUCTION

Esterified lipids play an important physiological roles as structural components of tissues
including skin. Since 1930, I|linoleic acid (LA
becausea mal | amount is needed in the diet to pre
def i ci ency 0;epidermal ivated loss and dcalyalerraatitis (Burr and Burr, 1929,
Hansen et al., 1958). Deficiency symptoms were classically attributethts of linoleic acid
esterified in the skin acderamides 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 LAgther 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) amterparts. 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 decadmyveral studiesave shown that-BlODE, 13HODE 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.J&0i0es et al., 2020. Our
group recently identified a family of hydroxgpoxide and ketepoxide 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-HE®Q was observed to be higher in

psoriatic lesions as compared to control skin, and to augment release of calcitomel@tede
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peptide by sensory neurons in a low pH environment, suggesting that ateaeeat! product of
13,9HEL 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 mokelij 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 reprted 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 (TRR&1Lhannels. Both of
these ion channels can be activated by endogenous lipid mediators binding their respective
GPCR receptorslfevisani et al., 2007, Andersson et al., 2008, @uengo et al., 2008,
Materazzi et al., 2008, Tayl&lark et al., 2008, Tdor-Clark et al., 2008, TyaleClark et al.,
2009, Gregus et al., 2012, Motter and Ahern, 2012, Sisignano et al., 2012, Hwang et al., 2000,
Moriyama et al., 2005, Moraldsazaro et al., 2013, Green et al., 2016, Zimmer et al., 2018,
Schéafer et al., 2020 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 reseaatir, collaboradrs quantified the amount 13,9
HEL and the trihydroxyfinoleate derivative, 13,9,10HL, in free and total pools of skin from
humans and rats using liquid chromatografdnydem mass spectrometry. We then determined
whether 13,HEL or 13,9,10THL are capale of activating sensory neuroimsvitro. Since both

13,9HEL and 13,9,10rHL activated sensory neurons we looked at the nocifensive properties of
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13,9HEL and 13,9,10rHL in vivo. Based on the behavior results we also synthesized a series of
stable analgues to better understand their biochemistry.
MATERIALS & METHODS

Chemicals

All compounds were stored in ethanol&® °C. Ethanol was evaporated under a steady
stream of nitrogen and the compounds werdissolved into 1X PBS containing 1% ethanol
(v/v). All Oxylpin compounds were synthesizedhause. PGE(14010) and HHODE (34800)

were purchased from Cayman Chemical.

Mouse Cheek Behavior:

All experimenters were blind to the structure of the compounds when performing
behavior assays. Each compouwvek injected into the right cheek (100 pg in 20 pL) of adult
male C57BL/6J mice (either from Jackson Lab or breldonse from mice purchase through
Jackson Lab)-40 weeks of age using sterile insulin needles. Nocifensive behavior responses in
mice wereasssdusing 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 occutiied on

ipsilateral cheek.

Mouse Hindpaw Behavior:

9-HODE, PGE, and 13,9,1rHL were dissolved in 1% ethanol in 1X PBS (v/v) at a
concentration of 327 uM. Followinigtraplantarnjection, mice were placed ina 4 in x 4 in
Plexiglas chamber on a clear Rigas 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 i¢Brenner et al., 2012¢lectronic von Frey, o¥5 °C cold
plateand the amount of time to withdrawal was determined with a stopwiieh+ 50°C and

+5 °C tests were recorded form the side and the recording was useigtmihe the time to
withdrawal.Each mouse was tested three times wlknainuterest period in between stimuli

for all tests The cut off time for the 50 °Botplatewas 20 seconds and the cut off time for the 5

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

DRG Preparation:

DRG were isolated from C57BI6/J mice and dissociated in 1 mL of media containing 2.5
U/mL of Dispase (VWR, 426133-2) and 2.5 mg/mL of collagenase (Milipore Sigma, C0130
500MG) for 30 minutes, followed by meaheal 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 hotwatenbath. After dissociation, the cells were washed with complete media
(DMEM with 10% FBS (VWR, 9706885) 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 pely-lysine (Sigma Aldrich {Stock #}}) and
incubated for 1.5 h Afterwwads,d imL & dompletevnedialwasmddedC O
to each well and the cell s wenc€elswermdygedt ed ove

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 ethaneB@t’C. Ethanol was evaporated under
a steady stream oitrogen and the compounds weredissolved into 1X PBS containing 1%
ethanol (v/v). All oxylipin compounds, PGEand 9HODE were tested at a concentration of 1
MM. Capsaicin was tested at a concentration of 1 uM and AITC was tested at a concentration of
100 puM. KCL (100 mM) was used as a positive control during analysis. Each coverslip, cells
were exposed to one of the oxylipin species, followed by PfBHEowed by capsaicin. All slides
tested utilized this sequence of testing. When AITC was testedrdeewas: oxylipin

compound, PGE AITC, Capsaicin, and KCI.

Before imaging, cells were incubated in 350 pL of complete media containing 4.2 pM
Fura2 AM (Enzo,EN252006) f or 30 mi n Duirgintging, theeellst h 5% C
were perfused with Lake buffer containing the following: 135 mM sodium chloride, 3.2 mM
potassium chloride, 2.5 mM magnesium chloride, 2.8 mM calcium chloride, 667 UM monobasic
sodium phosphate, 14.2 mM sodium bicarbonate, and 10.9 rgMdoase (all from VWRwith a
pHbetweery . 00 and 7.40. The buffer and the hol din
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 angothesA
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
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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 a3EL 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 uM and normalized to 1 mM KCI

responses. Data is presented as Mean + SEM.
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To invegigate if 13,9HEL, 13,9,10THL and their analogues evoke calcium influx in
sensory neurons, we used FURAM 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 teFHIODE, 13.1 + 3.8% of neurons responded to PGE2, 7.0 £ 3.1% of
neurons activated to 13MEL, 8.0 + 6.2 % of neurons responded to 13,9HL, 8.0 £ 6.2 %
of neurons responded to 2,2M,9HEL, 13 £ 3.8% of neurons responded to 138/9-HEL,

23.8 £ 6.8% of neurons activated to 2,2,33B|9-HEL, 8.5 + 6.3% of neurons reacted to 2
hydroxy-5,6-epoxy-hept3(E)ene, 5.4 £ 5.6% of neurons responded to 213y9,10THL, 6.6 +
4.5% of neurons exposed to 2,2,1-318,9,10THL, and 7.7 + 0.7% ofe&urons exposed to 2,5,6
trindroxy-hept3(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 analog@g¢Number of

cheek wipes occurring in the first 5 minutes following injection of 100 pg/ 20 pL i.d. of 1% ethanol in 1X PBS (v/v):
vehicle, 9HODE, PGE, 13,9HEL, 13,9,16THL and their analogues. B) Number of cheek wipes over 30 minutes

following injection of 100 pg/ 20 pL i.d. of 1% ethanol in 1X PBS (v/v): vehick¢ODE, PGE, 13,9HEL, 13,9,10THL
and their analogues. C) The total number of ipsilateral cheek directed scratching bouts following injection of 100 pg/ 20 pL
i.d. of 1% ethanol in X PBS (v/v) vehicle, HODE, PGE, 13,9HEL, 13,9,10THL and their analogues. D) Total time
spent performing nocifensive behaviors directed at the hindpaw following intraplantar injection of vehiGBE PGE,
and 13,9,10THL over 5 minutes. Data is @sented as mean + SDyalues are presented in the text. Significance was
determined using-2 ai | e d -gedtin 4Aeandt4B for alt compounds versus vehicle, except KOBE. Significance
for -HODE, 4C and 4D was determined using@ifed ManaWhitney 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
compoundsn 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,(®8BDE, 13,9HEL, or13,9,10
THL) or their analogues (100 pg/ 20 uL 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 foarglgnificant increase in the number of
wiping bouts for 13,9,20riHOME (p = 0.0008), 2,2ML3,9-HEL (p = 0.0155), 13ML3,9HEL
(p =0.0007),2.2,13M3,9HEL (p O 0. Otfh§dtoxyhepes(Erenep =50,0@37)
when compared to the number of wigibouts 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 bous for all compounds except 13L: PGE (p = 0.0010), HODE (p = 0.0251),
13,9,16THL (p = 0.0013), 2,2ML3,9HEL (p = 0.0036), 13ML3,3-HEL (0.0004), 2,213M
13,9HEL (p = 0.0004), zhydroxy-5,6-epoxy-hept3(E)ene (p = 0.0121), 2,2N3,9,10THL (p
=0.0070), 2,2,13M13,9,10THL (p = 0.0378) and 2,5;8ihydroxy-hept3(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 tmdawuof ipsilateral
cheekdirected 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 reesporesliated by the trigeminal

ganglia, we next perform intraplantar injections of vehicle, P&BODE, and 13,9,1:0HL 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 dw®oto focus on 13,9,1DHL because of the two natural

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

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

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

response times when compared to vehicle: PGE

(p = 0.0011), HODE (p = 0.0006), and 13,9, ATHL (p = 0.0002) (Figure 2D).
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Figure 2.31 - Acute nocifensive responses to 13,9,HL is mediated by both TRPA1 and TRPV1.A) Number of wipes
performed following intradermal injection of 100 pg/ 20 pL 13,9THL in WT, TRPA1 KO, and TRPV1 KO mice. B) Kinetics
of the cheek wipe behavior seen in PaneCACalcium imaging responses in neurons responding to 13THLQ1 pM), AITC

(100 pM) and capsaicin (1 uM) in WT, TRPA1 KO, and TRPV1 KO mice. Data is presented as meanvagPsmre
presented in the text. Significance was determined using anadydiwvay ANOVA (Panel A), 2vay ANOVA with multiple

comparisons
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To better understand how 13,9,IBIL causes pain, we ran the cheek assayRRV'1
KO and TRPA1 KO mice and scored their behavior over 30 minutes (FiguB).3Ae 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 3%seresults were
verified usingin vitro calcium imaging (Figure 3C). We found a significant decrease in the
percentage of neurons responding to 13;9H0Q in TRPA1 KO mice (p = 0.0009) and TRPV1
KO (p = 0.0026) mice. We found the expected decreases@emtage 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, TIO0HOME. A) Changes in withdrawal latency on a
+50 °C hotplate after Eminute incubation of intraplantar injection of 13,9,THL (327 uM). B) Changes in withdrawal latency
on a +5 °C cold plate afterfinute incubation of intraplantar injection of 13,9,IAL (327 uM). C) Changes in withdrawal
force in the eletronic von Frey assay aftefrbinute incubation of intraplantar injection of 13,9,IAL (327 uM). D) Changes
in withdrawal latency in the dry ice assay afteniute incubation of intraplantar injection of 13,9,TAL (327 pM). Data is
presented as meanSD. Significance was determined by comparing vehicle injected versus 1B lidjected behavior
responses within each genotype. Significance was determined using aMéney U-test, ns = not significant-palues are
presented iftext.

Since 13,90-THL is found in higher amounts in psoriatic skin lesions (Ramsden et al.,
2017) we further tested to see if 13,9]1AL can induce thermal (hot and cold) or mechanical

hyperalgesia. We found that following intraplantar injection of 13;3HQ, 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 13,9,20HL injected TRPA1 KO mice, further validag our acute behavior

wherein wiping responses are diminished in TRPAL1 KO mice. As expected, we saw no
difference in behavior response between vehicle and 13[#HL0njected TRPV1 KO mice.
Further, we did not see any significant differences in withdréatency 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 13,9,4THL injected wild type, TRPAL1 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,¥DHL versus vehicle on the 5 °C cold plate (p = 0.0357), but
not whencomparing the vehicle and 13,9;T6IL injected TRPAL1 KO, TRPV1 KO, or

TRPA1/V1 DKO mice (Figure 4B). There were no significant differences between vehicle
injected an 13,9,20HL injected wild type. TRPA1 KO or TRPV1 KO mice in the electronic

von Frey tes(Figure 4D), indicating that 13,9,4HL 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, MiHOME .A) Sex based responses of male and female mice

injected with vehicle or 13,9,30HL 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/HL on a +5 °C cold plate)s = not significant. C) Sex based responses

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

female vehicle injected). D) Sex based responses of male and female mice injectethieithor 13,9,10HL in the dry ice
assay; ns = not significant. All data was tested using an ordinarw@an@&NOVA with multiple comparisons with @osthoc
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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 lotheiravwal 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 witwal 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 C57BI6/J background.
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Figure 2.34- 139,10 TriHOME utilizes the G p ssubunits, but not the Gy subunit, of its GPCR Receptor A) Calcium
imaging response of primary culture DRG neurons preincubated with vehicle or Gallein (100 pM) exposed tal' HR, 9110
uM) and capsaicin (1 pM) and normalizedll mM KCI responses. B) Calcium Imaging responses of primary culture DRG
neurons preincubated with vehicle or pertussis toxin (PTX, 1 ng/mL) and exposed to-T8{f,(DuM) and capsaicin (1 uM)
and normalized to 1 mM KCI responses. Data is shown anMeD, *p = 0.034, ns = not significant based ortail2d paired
Studetest. 6s t

In an effort to understand which type of receptor to which 13;BHI0 binds, we used
Gallein, which inhibits dissociation of the, Gubunits of GPCRs, and pertussis toxin (PTX),
which inihibits the functions of theg3ubunits of GPCRS, to determine whjgathway 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 hssindicate that 13,9,2UHL binds
to a yet unknown GPCR which causes nocifensive responses through intracelipaih@ays,
but not through PTX mediateds@athways (Figure 6).
DISCUSSION

In the present studypur collaboratorgharacterized the abundance, chemical structure,
and locations of 13(9EL and 13,9,10rHL in human and rat skin, and investigated the
activities of these endogenous lipids, novel stable analogs, and related small molecules in
sensitizing dorsal root ggha neurons and eliciting paielated behaviors. Collective findings
confirm that 13(9HEL and 13,9,10'HL are present in esterified skin lipids and introduce free
13,9,10THL as a potential lipid autacoid capable of mediating acute pain responsein\ei
also found that the endogenous mediator 13,9,10THL utilizes TRPAL to propagate nocifensive
responses from the DRG.
Structurefunction relationships and metabolism of 13(EL and 13,9,10rHL

The effects of 13,9,X0HL and related compounds micehad a rapid onset and short
duration, with >80% effects observed in first 5 min. These acute/hyperacute jaaéu
responses observed in mice suggests free acids are labile and are rapidly inactivated in vivo. Two
possible mechanisms for rapid inactieatinclude reesterification back into membranes and
dehydrogenation, conversion hydroxyl to ketone.

To clarify structurefunction relationships, we use targeted synthetic chemistry approach
using free 13(9HEL and 13,9,10rHL as biotemplates for desigmy three classes of stable
analogs: (1) Addition of 2;8imethyl moiety to prevent: racylation/esterification, effectively

trapping lipids in the free acid 2) methyl addition to block dehydrogenation of hydroxyl moiety,
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or 3) both. Ouin vitro calcium maging and behavior results demonstrate that analogs generally
maintained activities of free acids and that stable analogs of-H&(9)vere more bioactive,
that is they induced more robust behavior responses, than unmodified free acid. There were no
changes in bioactivity between 13,9 AIHL and its stabilizeénalogues.

Comparing ouin vitro calcium imaging data and behavior data of 43 with thein
vitro calcium imaging and behavior data for 13,9THL indicates that 13,9,1UHL is the
active metholite in this family. This is further evidenced by results from 223/0-HEL, 13M-
13,9HEL, and 2,2,13M13,9HEL which indicate that 13;BlEL alone is quickly taken out of
circulation, since modifying 13;BIEL was required to induce behavior respondes13,9,10
THL following injection.
Free 13,9,10THL 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. Ygeipusly observed that 1319EL is elevated
in the free pool of human psoriatic skin lesions, and that freeHB|9evokes CGRP release
only in a low pH environment (Ramsden et al., 2017). Therefore, we reasoned that an acid
derived trihydroxy derivativef linoleic acid, rather than 13/9EL itself, may be responsible for
the observed sensitization. Consistent with this hypothesis, cheek injection of free-I8{R,10
(but not 13(PHEL) in mice evoked acute nocifensive behaviors with more rapid onseteish
duration, and similar overall effect as PGE2, a classic oxidized lipid mediator of pain (Yaksh et
al., 1999, Kawabata, 2011) andH®DDE, a known linoleic actdierived pain mediator (Alsalem
et al., 2013, Patwardhan et al., 2010). Injection of 13;9HD into the mouse hind paw evoked
spontaneous nocifensive behaviors PGE2 aR@®E, providing confidence that these effects

are reproducible in mice. Together, these findings suggest that preformedHER(@nd
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13,9,10THL act as structural lipids imembranes 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
bioactve lipids that are highly enriched in psoriatic skin. @uvitro andin vivoresults indicate
that 13,9,10THL induces acute pain via TRPA1. TRPAL has been demonstrated to mediate the
responses to other lipid autocoids (Trevisani et al., 2007, Andeztshn 2008, CruDrengo et
al., 2008, Materazzi et al., 2008, Tayflark et al., 2008, TayleClark et al., 2008, Tyaler
Clark et al., 2009, Gregus et al., 2012, Motter and Ahern, 2012, Sisignano et al., 2012).

We found that 13,9,20HL induce hypermnsitive responses to noxious warm and
noxious cold temperatures. TRPAL1 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). Interestipgour results indicate that 13,9;IBL requires both TRPAL
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,BHIObehavior and calcium
imaging responses are lost in TRPAL1 KO mice, but not in TRPV1 KO mice and 2) 18,10
hypersensitivity to noxious heat is lost in TRPV1 KO mice, even though these mice have intact
TRPAL. Further, we found sensitivity to noxious cold temperatures that was lost in both TRPA1
and TRPV1 KO mice. This result was unexpected, and adds tyypathesis that 13,9,17DHL
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 dematestito be the mechanism behind bradykinin and

PGE6s ability to cause hypersensitivity to nox
compounds require TRPAL for acute nocifensive behavior (Kwan et al., 2006, Materazzi et al.,

2008), and calciunnflux (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 uncomfortae 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 ofTI319fddm
lipid membranes. These hot/burning/cold sensations were not rated highly using the pain
gualities assessment scale (Patruno et al., 2015); however, it has been demonstrated that psoriatic
skin has higher thresholds for heat and cold sensation (Yosipaatitl., 2003). These
properties could be a result of fatigue. Repeated activation of TRPAL1 and TRPV1 channels leads
to desensitization of these ion channels (Numazaki et al., 2003, Akopian et al., 2007, Vylicky et
al., 2008, Ruparel et al., 2011, Kistret 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,IBL works through a BCR, specifically
through the & ssubunits. Biased activation of downstream effects from GR§zRd
interactions does occur (Rankovic et al., 2016, Bologna et al., 2017, Onfroy et al., 2017);

therefore, 13,9,20HL preferentially activating sensory neusotihrough G gnediated processes
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is not improbable. DRG do express relatively high levels of th€&BCR subunit (Kelleher et
al., 1998), which is a PTsensitive @ subunit (Ho and Wong, 1998). Furthes, § involved
with the signaling of many neuransmitters and other neuron specific intracellular processes
(Ho and Wong, 2001). RNAequencing data shows that thegbunit has higher mMRNA
expression in TRP\Aineage neurons (Goswami et al., 2014). Further, in an unbiasedsatigle
RNA-sequencingtudy, G aonRNA expression is enriched in several nocifensive DRG neuron
subpopulations (Usoskin et al., 2015). Overall, our results indicate that X3l 1fequires
dissociation of the gsubunits and does not use an PTX sensitiysuBunits. Withouan
effective G @mntagonist, determining whether 13,9;liAL uses the Gsubunits will require the
use of shRNA or siRNA and would be an interesting avenue for future studies.

Small molecules

Ourin vitro andin vivoresults for the seven carborhgdroxy-5,6-epoxy-hept3(E)ene
and 2,5,arihydroxy-hept3(E)ene indicate that these are the active pharmacophores fer 13,9
HEL and 13,9,107HL, 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,BHIOproduction.

Our results presented here have identified an endogenous fatty acid mediators that
induces acute pain and calcium influx through the TRPAL ion channel: linoleic acid derived
trinydroxy octadecenoate. Furthermore, these compounds sensitize responses to noxious heat and
cold using both TRPA1 and TRPV1. In addition, we have identified theca@gion 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 developdreat 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;bahizer
(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,ilRaas, 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, Palletral., 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) rasyfiiom 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,
VanderpuyeOrgle ¢ 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 ir70% 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 (Shahwamndadl,Ki
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 hedikbrders (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, ho moleediators
have been determined to induce itch. In atopic dermatitis, another pruritic skin disease, thymic
stromal lymphopoietin (TSLP), interleukBi (IL-31) and periostin have been correlated with
the severity of atopic dermatitiBé¢rna et al., 2020, Biand 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/Vood et al., 2000 These compounds are found in higher abundance in
lesional atopic dermatitis skir\(ima et al., 2015, Bogaczewicz et al., 2016, Kim et al., 2015,
KlukowskaRotzler et al., 2013, Luo et al., 2014, Mineshige et al., 2015, Nattkemper2018,
Sano et al., 2013, Sonkoly et al., 2006, Wood et al., 26Q@)her, these mediators have been
shown to cause itch behavior via sensory neuron activaievikbas et al., 2014, Gonzales et
al., 2016, Lewis et al., 201Mishra et al., 2020, Rike et al., 201&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, Misha et al., 2020, Pitake et al., 2018, Wilson 2013). TRPAL1 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 alsodbensitive
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;&Boxy-9-o0x0-10 (E)-octadecenoic acid,

EKODE, has prewusly 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 otrel atieroids
(Goodfriend et al., 2002). Changes in serum EKODE levels have been associated with seasonal
affective disorder (Hennebelle et al., 2017) and cirrhosipékzVicario et al., 2020). EKODE
wasalsofound in higher amounts in psoriatic skeamdwasshown 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@irang, 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,
MaravillasMontero et al., 2015, Neetdsselijee et al., 2013, Oka et al., 2010, Taniguchi.et a
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 et28l14), the hippocampus (Alkondon et al.,

2015, BerlinguePal mi ni et al ., 2013), the gastrointes
(Kaya et al., 2020, Maravillalslontero et al., 2015, Sharmin et al., 2020, Sparfel et al., 2010,

1998, Zheng et al2019), 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., 2@j.8t au,

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 RN&Seq libraires (Goswami et al., 2014, Usoskin et al., 2015)
identified GPR35 as a putative target for EKOEHerefore, 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 treatmtevith CID2745687 can ameliorate psoriatic symptoms.
Materials & Methods

Chemicals & Reagents

The fatty acid mediator, 12,3poxy9-oxo-10E-octadecenoic acid (EKODEigure 3
was synthesized by chemists i n Drsda).EKODEst ophe
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 AldricblD2745687, a GPR35 antagdniswas purchased from

Tocris (Catalog # 4293).

Figure 3.35- Structure of EKODE.

Animals

All animals were treated in acco03FBnce wit
and #19047-B). Mice were given food and watad libitumand kept on a XBour lightdark
cycle (6 ani 6 pm light). The initial TRPV1 knockout (KO) (Stock No. 003770), TRRO

(Stock No. 006401) and C57BI6/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 TRPAL knockout mice were
maintained on the C57BI6/J background. BNP KO mice were maintained on a miz@tans
background (Mishra and Hoon, 2013); therefore, any experiments using these mice utilized BNP
KO and Wild type littermates (WTLM) generated by crossing heterozygous (BINmale and
female mice. Mice were genotyped using the recommended primetisesimbcycler cycles
found in Mishra and Hoon (2013).

The primers for genotyping the TRPV1 KO mice are as follows: 1) Wild type Forward:
5 GGGCTCATATTTGCCTTCAG3 6, 2) Commen Reverse: 560
CAGCCCTAGGAGTTGATCGA3 6, and 3) Mutant Forward 56
TAAAGCGCATGCTCCAGACT-3 6 . For the TRPV1 KO primer mas
of primers so that the final concentration of each primer is 33 uM. The following cycle
parameters were used for genotyping BNP KO mice: 94 °C for 1 min(iiee following cycles
are repeatedQLtimes]: 94 °C for 15 secondg 65 °C for 20 second§ 68 °C for 30 secondg
[the following cycles are repeated 28 times]: 94 °C for 1 miAug0 °C for 20 secondy 72
°C for 30 secondg, [The following cycles performed once]: 72 °C for 7 minudeg °C until
taken off the thermocycler.

The primers for genotyping the TRPA1 KO mice are as follows: 1) Wild type Forward:
5 GCCTGCAAGGGTGATTGCGTTGTCTA3 06 , 2) Wild-type Reverse:
TCATCTGGGCAACAATGTCACCTGCT-3 6 , 3) Mut ant Forward 50
CCTCGAATCGTGGATCCACTAG@TCTAGAT-3 6 , and 4) 560
GAGCATTACTTACTAGCATCCTGCCGTGCE3 6 . F o rAl KChpeimell rRaBter, mix an
equal volume of primers so that the final concentration of each prir2éiisl. The following

cycle parameters were used for genotyping BNP KO mice: 94 °CrfonuteA [the following
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cycles are repeated 10 times]: 94 °C for 15 secén@s °C for 20 secondd 68 °C for 30
second®\ [the following cycles are repeated 28 times]: 94 °C for 1 miAute0 °C for 20
second®y 72 °C for 30 secondd [The following cycles performed once]: 72 °C for 7 minutes
A 4 °C until taken off the thermocycler.
The primers for genotypingthe BNP KOmic ar e as foll ows: 1) 56
TACAGCCCAAACGACTGACGGATC-3 6, -GGLCARBGCTGCTTTTTGTACAAAGS 0 ,
and -GNCTEGCAGAGCAATTCAAGATGCAG3 6 . For the BNP primer n
eqgual volume of primers so that the final concentration of each primer is 33 uM. The fgllowin
cycle parameters were used for genotyping BNP KO mice: 94 °C for 1 mijn[ites following
cycles are repeated 35 times]: 94 °C for 15 secén@? °C for 20 second§ 72 °C for 30
second®\ [the following cycles are carried out once]: 72 °C for 7 miaé§e4 °C until taken
off the thermocycler.
Somatostatin cre (SSdre) (Jackson Labs, Stock No. 02886dice were crossed with
tdTomato (Ai9)(Jackson Labs, Stock NO. 007908ice to generate SSdre::Ai9 for FACS
sorting.
The primers for genotyping ttf8sT-cremi ce ar e as foll ows: 1) Wi
GAGGTCTGCCAACTCGAAG3 6 ,CormonR e v e r-AGTCAABGGCTTGCTCTTCA-
3@nd3d3) Mut ant-TCAGEGTREGATBGGAT@CACTAGTTCT-3 .&Forthe SSFcre
primer master, mix an equal volume of primers so thatitlaéconcentration of each primer is
33 uM. The following cycle parameters were used for genotyping BNP KO mice: 94 °C for 1
minuteA [the following cycles are repeated 10 times]: 94 °C for 15 secAn@s °C for 20

second®h 68 °C for 30 secondd [the following cycles are repeated 28 times]: 94 °C for 1
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minuteA 60 °C for 20 secondd 72 °C for 30 secondd [The following cycles performed
once]: 72 °C for 7 minute& 4 °C until taken off the thermocycler.

The primers for genotyping th&9 miceareasd | | ows: 1) Wi l-d type Fc
AAGGGAGCTGCAGTGGAGTA-3 6, 2) Wil d-type Reverse: 560
CCGAAAATCTGTGGGAAGTC-3 6 , 3) Mut L£LAGTTECI ETWEGGEATSG
30, Muataht Réversed - &GGCATTAAAGCAGCGTATCC-3 6 . FA mprimerimaster,

mix an equal volumefgrimers so that the final concentration of each prim@bigM. The
following cycle parameters were used for genotyping BNP KO mice: 94 °C for 1 mjn[ite
following cycles are repeated 10 times]: 94 °C for 15 secén@$ °C for 20 secondd 68 °C
for 30 secondg, [the following cycles are repeated 28 times]: 94 °C for 1 miAu&0 °C for
20 secondgy, 72 °C for 30 secondd [The following cycles performed once]: 72 °C for 7
minutesA 4 °C until taken off the thermocycler.

Acuteltch Behavia

As in our previous work (Ramsden et al., 2017), 4. E KODE in 20 eL w

injected into the nape of C57BI6/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 ltch 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 Aich, Catalog # T48402). For the daily
application of imiquimod, Vaseline, CID2745687, or vehicle, mice were briefly anesthetized

using isoflurane (Primal Critical Care, Catalog # NDC 66094-25).
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To induce psoriasis, we applied imiquimod (5% imiquinsoeam w/w) (Taro
Pharmaceutical Industries Ltd., Catalog # NDC 518¥256) daily for seven days (Figure 2).

Vaseline was used as the vehicle for a negative cqi@atdai et al., 2017, van der Fits et al.,

2009)
A NH, B
N~ N
| »
= N
Baseline . )
. Behavior Behavior
C Behavior Recorded Recorded
. Recorded
Nair
[ | ] | | | ] | |
D-2 DO D1 D2 D3 D4 D5 D6 D7

I—l Daily Imiquimod Applicataion |

|*| Daily 100 uM CID2745687 Application |

Figure 3.36 - Details of the imiquimod psoriasis model. ABtructure of imiquimodB) lllustration of where the skin is exposed
and imiquimod applicatiorC) 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 pL of a
100 uM 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. Applafation
100 uM 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 thbarwfapplication

site directedscratch bouts occurring during this period were scored. The skin thickness was
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measured daily using calipers (Long Island Indicator Ser@atalog # JZ15C). Skin thickness
measurement were performed prior to imiquimogligation in the evening.

Calcium Imaging

The ethanol vehicle for EKOD®as evaporated under a steady stream of nitrogen and
then EKODE wage-dissolved into 1X PBS containing 1% ethanol (v/v). All oxylipin
compounds, PGEand Capsaicin were tested atomcentration of 1 uM. 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 PGFEfollowed by capsaicinBefore imaging, cells were
incubated in 350 pL of completaedia containing 4.2 uM Fwa AM (Enzo{Stock #}}) for 30
mi n at 37 2 Dwingirhagirsg%he 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 UM monobasic sodium phosphate, 14.2 mM
sodium bicarbonate, arid.9 mM Dglucose (all from VWR) with a pH between 7.00 and 7.40.
The buffer and the holding plate were kept at
on a TE200 inverted microscope using NIS Elements software (Nikon). Cells were exposed to
340 nmand 380 nm wavelengths for 100 ms and th&/Assoratio 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
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Figure 3.37 - Example parameters used for sorting tdTomatepositive (tdTom+) versus tdTomatenegative(tdTom-) DRG
cells.

Prior to sorting, DRG were isolated and dissociated according to the method found in Li
et al., (2016) and Solinskt 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 |. DRG were then incubated at ‘& for 30 minutes. After incubation 2 mL of complete
media (DMBM 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 -p83itive and SShegative 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 melétadsd in the

next section.
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RNA Isolation, cDNA Synthesis, and gPCR

RNA was isolated fromwild type C57BI6/J, from sorted S&Fe::Ai9+/, and SST
cre::Ai9-/- DRGthat had been stored-@0 °C in RNAlaterDRG werehomogenized for 45
secondsih ysi s buf f er-maercaptoethanoh(v/v) gnd the RIWA iBolation 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 Wwith the following protocol: ~200
ng RNA (in a max volume of 8 L), plus 2 uL random hexamers (Invitrogen, Catalog #S0142),
and enough water to bring the final volume up to 10 pL. This mixture was incubated for 72 °C
for 3 minutes. Following this incubatip4 pL of 5X reaction buffefClontech, Catalog #

ST0062) 2 uL DTT (Clontech, Catalog # ST0063nd 2 L reverse transcriptase (Clontech,
Catalog #5T0065, and 2 pL of a 10 mM dNTP stock (Rocl@atalog #1181436200Lwas
added to each reaction andubated at 42 °C for 90 minutes followed by arifhute incubation
at 72 °C. Samples were stored &0 °C until used.

The following probes for gPCR were ordered from Invitrog@RR35
(Mm01973683_s)l somatostatifMm0034667_m), BNP (MmO01255770_sjl MrgprA3
(Mm02620679_sjl TRPAL (Mm01227437_m), TRPVL (Mm01246300_m), and GAPDH
(Mm99999915 gl)Each biological replicate was run in duplicate and all samples were

normalized to GAPDHEach sample contained 0 of Tagman Gene Expression Master Mix
(Applied Biosystems, Catalog # 43690168 PCR grade water, AL cDNA and 1uL

Tagman Probeésamples were run on a StepOnePlus thermocycler (Applied Biosystems) and Ct
values were using the StepOne Software version D2lfa Ct values were calculated in Excel.

Data was analyzed using the comparative Gt92method. We alsoalculated the fold change
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in expressiofin paired SSTere::Ai9+- and SSTcre::Ai-/- DRG neurons using tHeP®Ct
method

In Situ Hybridization

In situ hybridization was carried out using the RNAscope Multiplex Fluorescent Reagent
Kit v2 (ACD, Catalog # 323100PRG were isolated from-&eekold mice (two males and one
female) and frozem OTC mediaat-80 °C within 30 minutesThese sections wersectioned at
thickness of 1Qum and placed ontSuperfrost Gold Plus Slides (Fisher, cat. #188-48).
Sections were hybridized on the same day; therefore, the saline sodium citrate was not used.
After sectioning, sections were air dried2@ °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 dehydda(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 kepf@tin 100%
ethanol overrght. Ethanol was purchased from Millipore Sigma (Catalog # 4592836

The following day, the slides were removed from 100% ethanol and alloweediy ait
room temperature for 5 minutes. A hydrophobic barrier was drawn around the samples using a
hydroghobic 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 Liesat room
temperature. The slides were then washed in DEPC treated water. After this wash, roughly 5

drops of RNAscope Protease Ill was added to fill the area within the hydrophobic barrier and
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incubated for 30 minutes at room temperature. The slides tiven washed twice in 1X PBS
made with DEPC water.

For hybridization, probes for GPR35 (ACD, Catalog # 317411), TRPAL1 (ACD, Catalog #
400211), BNP (ACD, Catalog # 45021), and Tubb3 (ACD, Catalog # 423391) were used. For
one set of slides GRP35, TRPADdaTubb3 probes were combined. For the other set of slides
GPR35, TRPAL, 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 40C 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 Ampl or Amp2 was added to the area within the hydrophobic barrier and
incubated for 30 minutes at 4Q. 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 wésrbaf 2 minutes at
room temperature.

To develop the HRP signal the following steps were performed: roughly 6 drops of
RNAscope Multiplex FL v2 HREC1, HRRC2, or HRRPC3 were added to the area within the
hydrophobic barrier on the slide and incubatedLfdminutes at 4. Slides were then washed
twice for 2 minutes in 1X wash buffer at room temperature. To the area in the hydrophobic
barrier 200uL of Opal 520 (channel 1) (Akoya Biosciences, Catalog # FP1487001KT), Opal 570
(channel 2) (Akoya BiosciensgCatalog # FP1488001KT), or Opal 690 (channel 3) (Akoya
Biosciences, Catalog # FP1497001KT) was added and the slides were incubat&d far 80
minutes. All dyes were diluted 1:1500. After incubation, slides were washed twice in 1X wash

buffer for 2minutes 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 40C. After this incubation, the slides were washed twice in 1X wash buffe f
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 ProigoGold 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 sto@i°at until imaging.

Cell Counting

Cells that were staed for Tuj and contained a visible region for a nucleus were counted
as positive cells. Cells were considered positive for GPR35 or TRPAL1 if they contained either of
the following 1) three or more color pips or 2) were stained similar to Tuj stainingpateined
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 Shapie/i | k Test . For all testSpeclic = 0.05

statistical tests are stated in the figure legends.
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RESULTS

EKODE activates sensory neuransvitro
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Figure 3.38 - EKODE activates sensory neurons in vitro. ADose response of EKODE in primary culture C57BI/6J (WT)
mouse DRG sensory neurons. The optimal dose was determined to be 250 nM, showB)iGueek used to determine the
EGso value for EKODE in wild type primary culture DRG sensory neur@<Calciumresponse of primary culture WT DRG
sensory neurons responding to EKODE (250 nM), Histamine (50 uM), AITC (100 uM), Capsaicin (1 uM), and KCI [@)mM).
Representative traces dfipary culture WT sensory neurons responding to EKODE (250 nM), Histamine (50 uM), AITC (100
pUM), Capsaicin (1 uM), and KCI (1 mME) Population map of the responses seen in pahehdD). All responses were
normalized to 1 mM KClindividual data poirg 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/paarel at least 3 biological replicates were used to
generate the data in panés E.

To better @étermine 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 weoe able
extrapolate an E4g 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, aviéhisseoncentration 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 activates9188.6% 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 KCI (or a
combination of these compoundBigure 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.
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Figure 3.5 - EKODE binds to a GPCR that utilizes both the G sand Gu pathways.A) A 5-minute pretreatment with gallein
(100uM) caused a significant decrease in the number of neurons responding to ERDDErnight incubation with pertussis
toxin (PTX, 1 ng/mL) cased a significant decrease in the number of neurons responding to EKODE. For both experiments,
[EKODE]=250 nM. Data is shown as Mean N SD, ns = estt signific

We next sought to determine if EKODE wés a GPCR as its binding target. To do this,
we preincubated primary culture DRG sensory neurons with Gallein, which prevents
dissociation of the gsubunit (Lehmann et al., 2008), or pertussis toxin (PTX), which prevents

the ribosylation of the €&subunit (Burns, 1998), followed bin 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 expresse& 8o
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Figure 3.6 - GPR35 is expressed in a subset of DRG neurom) Relative mMRNA expression of GPR35 in the DRG, Spinal
cord, brain. Liver, skin, and mast cel®). Relative mMRNA expression of select itch associated genes in FACS sorted SST

positive (red) and SShegative (black)C) Fold change in mRNA expression oftitassociated genes in Spdsitive neurons as

compared to SSTegative neuron®) Percentage of neurons expressing GPR35, TRPAL, or both normalized to Tuj mRNA

expressionE) Percentage of neurons expressing GPR35 only or GPR35 and TRPAL and norm&@R&Bfoexpressioft)
Percentage of neurons expression TRPAL only or TRPAL and GPR35 normalized to TRPAL ex@gB&presentative 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 igrh0

After determining that EKODE activates sensory neurons using a GPCR that utilizes the
Gor ;and pathways, we reviewed the RN®eq databases generated by Goswami et al., (2014)

and Usoskin et al., (201%and found that expression of the orphan GPCR, GPR35, is higher in
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TRPV1 lineage neurons and in TRPAL and TRPV1 expressing neurons. To verify expression of
GPR35 in DRG neurons, we first performed gPCR on whole tissue, DRG, spinal cord, brain,
skin, and pimary 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 msuegpressing SST
and a population of SSiegative cells. We then performed gPCR on these sortegh&Sfive
and SSTnegative cells to look at the relative mMRNA expression of GPR35, along with SST,
Nppb, MrgprA3, TRPAL, and TRPV1 within these populatifffigure 5B). We also looked at
the fold change in expression of these genes in thep®Silive population as compared to the
SST-negative population (Figure 5C). Our relative expression results and fold change results
found expression of GPR35 in both piations of cells.

To better understand the expression of GPR35 in the DRG, we perforsiad
hybridization (ISH) to quantify the expression of GPR35. We also looked at the expression of
TRPAL using ISH since TRPAL is required for EKODE induced cal@nflmx. We found that
GPR35 mRNA is found in 11.3 + 3.7% of DRG sensory neyrbR®PAL1 mRNA is found in
22.0+ 6.5% of DRG sensory neurons and that©9£21% of DRG neurons are positive for both
GPR35 and TRPA(Figure 60. We found that, on average, 8% of neurons positive for
GPR35 also expressed TRPA1 (Figure 6E) and that, on average, 39.3% of-p&s§tiE
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 GPR3. A) Structure of Pamoic Acid, a known GPR35 ligaBjl Structure
of CID2745687, a known GPR35 specific antagori$tDose response curve for Pamadaid in primary culture DRG neurons.
D) Population map of neurons responding to EKODE (Blue), Pamoic Acid (Black) and CapsaicirEjRed)easing
concentrations of CID2745687 results in a significant decrease in calcium influx in primary culture IBRG seurons
exposed to EKODE and Pamoic Ack). Representative traces of HEK293T cells transfected with a GPR35 plasmid. Data is
shown as Mea# SD, *p < 0.05.

Because our ISH and gPCR data provides indirect evidence that EKODE uses GPR35 to
induce catium influx and scratching behavior, we followed up this experiment with semeral
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 pamoi¢Figigre
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 determinegahthiat 1
sufficient to activate DRG sensory neurons. Figure 7D is a pioqnui@ap 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 theibmdf 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 theateg decrease in pamoic agiduced

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 GPRA&er transfection, we exposed these cells to several
concentrations of EKODE, alowgth 1 uM pamoic acidand ionomycin. Figure 7F is contains a
representative trace of a GPRBansfected HEK293T cell and an untransfected HEK293T cells
from the same cture.

EKODE-induced behavior and calcium influx requires TRPA1 and TRPV1
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Figure 3.8 - EKODE behavior and calcium imaging responses in TRPV1 KO, TRPA1 KO, and BNP KO micé)
EKODE-evoke scratching is significantly decreased in TRPV1 KO, TRPA1 KO, and BNP KOB)E&ODE-evoked calcium
influx is significantly decreased in TRPA1 KO mideit not TRPV1 KO mice. Data is presented as Mean £ SD, **p < 0.001, as

determined by a-tvay ANOVA with a HolmSidak correction for multiple comparisons.

We have demonstrated that EKODE is a ligand for GPR35. We have also determined that
GPR35 expressiooverlaps with expression of the TRPAL 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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responss, weinjected EKODE into the nape of wild type, TRPAL1 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 performedth vitro calcium imaging on primary culture DRG sensory neurons
from wild type, TRPAL1 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 = 0.00260),

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 (Bélejoih

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 (Figur®&ify) topical application of

CID2745687, a GPR35 antagonist, reduces skin thickndssiguimodinduced psoriasis
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Intravenous administration of increasing doses of CID1745687 reduces scragdmavgpbs; the maximum concentration shown,
100 €M was used f or a IBIE.B)Dallyaopicakagpfication oMEDR745687 does Roaaffextlsken
thickness of miceC) Daily topical application of CID2745687 does not induce a behaviponsg D) Daily topical application
of CID2745687 causes a significant decrease in skin thickness as compared to imiquimod treated mice that receivedldaily topic
ethanol applicatiorE) The number of scratching bouts in Imiquimod treated mice doesffetladétween mice receiving daily
applications of ethanol versus mice receiving daily applications of CID2745687. Data is presented as Mean = SD. Significance
was determined using avZay ANOVA with a HolmSidak test for multiple comparisons, **p < 0.0@bd ***p < 0.0001,
absolute pvalues are presented in the text.

Finally, we tested whethén vivoadministration of CID2745687 blocked EKOBE
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 datgned that a concentration of 10M 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 andémale 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 nydedated
with Vaseline and ethanol. We also found that application of CID2745687 did not affect the
number of scratching bouts occurring during theolir recording period (Figure 9C). We found
that mice treated with imiquimod and CID2745687 experiergrgfgiantly 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 rdcmy 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 iehicle 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 @4dilinoleic 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 TRPAL expressingurons. 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 specitdenkins et al., 2012 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 E§£bf EKODE for activating sensory neurons is lower
than other enogenous 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 deteenthat EKODE responding neurons
make up a subset of TRPAEpxresisng neurons, and a subpopulation of TReXfitessing
neurons. Further, we determined that calcium influx into EK@&&ponding neurons is
dependent on TRPAL. Interestingly, we found thah BdRPA1 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.,) presetiie 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 igquired 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 TRPAL.

GPR35 has been demonstrated to have spspaxsfic ligand specificities (Funke et al.,
2013, Jenkins et al., 2010, Neetsseljee 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
efficacyin vivoin our behavior responses and skin thickness respassegected.

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 incdmplesorption 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 termirdI®RG 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 tha
resulted m 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 naive wild type
mice. This result, combined with our result demonstrating a significaneae in skin thickness
of imiquimod-induced psoriasis mice treated with CID2756787, suggests thatgkiassed
GPR35 contributes to the skin thickening seen in psoriasis plaques. Periostin and TSLP have
been demonstrated to cause hyperproliferatidterdtinocytes 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.

Macrophageare an immune cell which mediate the innate immune response and trigger
the early phases of inflammation. Macrophages also express GPR35 (Kaya et al., 2020,
MaravillasMontero 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
gPCR 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 GRIRBEA 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 \Welters, 1994). Activation of GPR®&4&h
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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 2@il8). 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 inflammatiaa this same pathway. Importantly, this result

would depend on which macrophage subtype (Gordon and Taylor, 2005, Patel et al., 2016,

R! szer, 2015, Wang et al., 2018, Yao et al., 2019) expresses GPR35, given that loss of pro
inflammatory macrophages attetes psoriasis symptoms (Stratis et al., 2006, Wang et al.,
2006). Antagonism of GPR35 might also disrupt the macrophage-My®88 signaling

pathway activated by imiquimod (Eng et al., 2018, Hemmi et al., 2002) resulting in the reduction
of skin thicknes 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 treatfEsoriasis
symptomsFutureexperiments are needed to determine if systemic administration of a GPR35
antagonist can block itch and to determine if antagonism of GPR35 blocks E@iBEd
scratching. Another important experiment would be to test Iy dapical 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 SilveQisy,
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.eR@lL7). AD is also associated with
several lifethreatening 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,sodiated 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 can be acute or chronic; in fact, there is strong
evidence that the acute disease can be a precursor to the chronic conditstrmedications are
targeted to treat the inflammation and itch associated with acute AD, antktamgse of these
therapeuts 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).
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In humans,tiere are twentgeven 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 ghaamsikent
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 reguior acute itch, loss of TRPV1
expressing neurons and TRPRYdeage neurons results in a decrease in itch response to a
number of pruritogens (Mishra et al., 2011). The TRPAL population of neurons also mediates
itch induced by several pruritogens (Xieddd, 2019), including thymic stromal lymphopoietin
(TSLP) (Wilson et al., 2013). Additionally, both TRPV1 and TRPA1 are required 31 IL
(Cevikbas et al., 2014, Pitake et al., 2018) and periostin (Mishra et al., 2020) induced itch; two
other pruritogengvolved with pruritus in atopic dermatitis. Further, TRPAL 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)Jpon release, BNP binds to its receptor NPR1
(Suga et al., 1992T.he BNRNPR1 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 interleukBil (IL-31) when compared to wild type littermate control mice
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(Pitake et al., 2018). H31 has a demonstrated role in the itchiness associated with AD in
humans (Hawro et al., 2014, Nemoto et al., 2016).

To determine the rolef TRPAL, 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 thin vivoskin thickness and scratching behavior of these mice over the duration of
the experiment. Wharvested the skin at the end and used this skin for gPCR and H&E staining.
MATERALS and METHODS

Al'l animals were treated in accoB3FBnce wit
and #19047-B). Mice were given food and watad libitumand kept on a 2Bour lightdark
cycle (6 ani 6 pm light). The initial TRPV1 knockout (KO) (Stock No. 003770), TRRZO
(Stock No. 006401) and C57BI6/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 C57BI6/J background. BNP KO mice were maintaiaedioed
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 recommenichedspand
thermocycler cycles found in Mishra and Hoon (2013).

The primers for genotyping the TRPV1 KO mice are as follows: 1) Wild type Forward:
5 GGGCTCATATTTGCCTTCAG3 6, 2) Commen Reverse: 560
CAGCCCTAGGAGTTGATCGA3 6, and 3) Mutant Forward 56
TAAAGCGCATGCTCCAGACT-3 6 . For the TRPV1 KO primer mas
of primers so that the final concentration of each primer is 33 uM. The following cycle

parameters were used for genotyping BNP KO mice: 94 °C for 1 nin{tiee following cycles
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arerepeated 10 times]: 94 °C for 15 secoAd$5 °C for 20 secondd 68 °C for 30 secondy
[the following cycles are repeated 28 times]: 94 °C for 1 miAug0 °C for 20 secondy 72
°C for 30 secondg, [The following cycles performed once]: 72 °C for 7 otiesA 4 °C until
taken off the thermocycler.
The primers for genotyping the TRPA1 KO mice are as follows: 1) Wild type Forward:
5 FCCTGCAAGGGTGATTGCGTTGTCTA3 0 , 2) Wild-type Reverse:
TCATCTGGGCAACAATGTCACCTGCT-3 6 , 3) Mut ant Forward 50
CCTCGAATCGTGSATCCACTAGTTCTAGAT-3 0 , and 4) 50
GAGCATTACTTACTAGCATCCTGCCGTGCE3 6 . For the TRPV1 KO prin
eqgual volume of primers so that the final concentration of each primer is 33 uM. The following
cycle parameters were used for genotyping BNP KO rBigeC for 1 minutey [the following
cycles are repeated 10 times]: 94 °C for 15 secén@s °C for 20 seconds 68 °C for 30
second®\ [the following cycles are repeated 28 times]: 94 °C for 1 miAut0 °C for 20
second®y 72 °C for 30 secondd [The following cycles performed once]: 72 °C for 7 minutes
A 4 °C until taken off the thermocycler.
The primers for genotyping +1t+he BNP KO mice
TACAGCCCAAACGACTGACGGATC-3 6, -CGLCARBGCTGCTTTTTGTACAAAGS 6 ,
and -GNCTEGCAGAGCAATTCAAGATGCAG3 6 . For the BNP primer n
eqgual volume of primers so that the final concentration of each primer is 33 uM. The following
cycle parameters were used for genotyping BNP KO mice: 94 °C for 1 min[ites following
cycles are repeated 35 tig)e94 °C for 15 seconds 62 °C for 20 secondd 72 °C for 30
second® [the following cycles are carried out once]: 72 °C for 7 minéfe4 °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 st@@dGit

Nair was purchased from a local store.

C Video Vldeo v:deo V:deo Vrdeo Vldeo
Recorde Recorded Recorded Recorded Recorded Recorded

| DayO I Day 1 ] Day 2 [ Day3 I Day4 ] Day 5 [ Day 6 | Day 7 I Day 8 I Day 9 Inayml

-2 Days

App’rita:iartion \ Y J

Daily Application of Ethanol or MC903

Figure 4407 Components of the MC903 Experimental Model. ABtructure of MC903B) lllustration demonstrating where
on the dorsal nape MC903 is appli€.Timeline of the MC903 experiment.

To induce atopic dermatitis using MC903 (Figure 1) (Li et al., 2006, Maggler
Martinz et al., 2017), mice are anesthetized with 1.5 mg/kg-gjB@moethanol (Avertin20
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 nmolL1of 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 ab o viglassicambers with a dlear top. MEe®wene feeorded 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 sratching bouts were counted over theribute recording period. All mice were
agematched so that removal of the hair udiejr was done when the mice were at age P54.
The experiment began 48 hours later when the mice were at age P56.

Immunohistochemisgr

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 asB@#6se solutioto rehydrate
the tissueand kept at 4 °C for 24 hours. Samples were then frozen in OCT media on dry ice and
stored at80 °C until sectioned.

For hematoxylin and eosin Y (H&E) staining,-1@ um sections were cut onto
Superfrost Gold PluSlides (Fisher, cat. # 1B38-48). After sectioning, slides were immersed in
4% PFA for 10 minutes, rehydrated for 30 seconds irr@dEnough hematoxylin (Carolina
Kits, Catalog # C71065) to cover the sections was dropped onto individual slides ditkthe s
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 washegOmiltiHentle
swirling. The slides were then dried and enough eosin Y (@arKits, 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 asddCoplin 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. {d&ihed images were imaged

on a1 Olypus CX41 miasscopedo 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 demtialh.

sanples 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.

Svynthesis of cDNA and gPCR

RNA was isolated from skin ethanol or MC903 treated slkan ltlad been stored &0
°C in RNAlater. A roughly 5 mm x 5 mm square of skin was homogenized for 45 seconds in
l ysi s buf f er-mercapioethanah(v/v) and the RIA iBolation was carried out using
the RNeasy Fibrous Tissue Mini Kit (Qiagen, &ag # 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 pL), plus 2 uL random hexamers (Invitrogen, Catalog #S0142),
and enough water taring the final volume up to 10 pL. This mixture was incubated for 72 °C
for 3 minutes. Following this incubation, 4 uL of 5X reaction buffélontech, Catalog # Sr
62), 2 uL DTT (Clontech, Catalog # ST006&nd 2 L reverse transcriptase (ClonteChiglog
# ST0069, and 2 uL of a 10 mM dNTP stock (Rocl@atalog # 118143620pwas added to
each reaction and incubated at 42 °C for 90 minutes followed byrariltBe incubation at 72
°C. Samples were storedia0 °C until used.

The following probes fogPCR were ordered from Invitrogen: matrix metallopeptidase 9
(MMP9) (Mm00442991 m} , gl ycogen synt hEm0®44%l mhse 3b ( GS
thymic stromal lymphopoietin (TSLPIMM01157588 m), periostin (POSTN)

(Mm01284919 _m), interleukin31 (IL-31) MmMO0119496_m3, TRPV3 (MmO0455003_m),

TRPV4 (MmO0499025_m), NPR1 Mm0435309_m}, and GAPDH §Im99999915_g)L 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 BiosystantsCt values were using the
StepOne Software version 2.2.2. Data was analyzed using the comparati®nethod. We

also averaged together all values from each group and calculated the fold change in expression
(2%%®§ method.

Statistical Analyis

Statistical tests were run in GraphPad version 8.4.3. All data sets were tested for a normal
distribution using the Shapi/ilk Test. Outliers were tested for using Grubbs Test for outliers

and any outliers were r entemwsastatedcor all tests
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Results

The Role of TRPA1 and TRPV1 in MC908uced Atopic Dermatitis
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Figure 4.41- Sex differences in skin thickness of EtOH and MC903 treated mice. Aex differences in ethanol treated mice
(n =6 F and 7 M)B) Sex differences in wild type mice (r4F and4 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 E))Sex differences in all MC®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 Geis&yeenhouse 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 2AD shows the skin thickness results in EtOH treated and WT, TRPAAKITRPV1
KO, mice broken down by sex. In Figure 2E, the skin thickness values for MC903 Treated WT,
TRPA1,andTRPV1 mice were combined. Overall, our results do not show a statistically
significant difference in skin thickening when comparing male amdie 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 tegckne
(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 determthere is a sex difference in the
MC903 skin response of TRPAL1 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

U = 0.01, andO9msing a power of 0
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Figure 4.42 - Changes in skin physiology in Ethanol treated (EtOH) and WT, TRPA1 KOand TRPV1 KO, in the MC903
AD model. A) Changes in skin thicknegsvivo. Data is presented as Geometric Mean + Geometric SD, *p < 0.01, **p <0.001,
***p O 0.0001 when comparing Et¥K00l*atOed . Hr0d IWWhM®@I &D mprae d
treated with TRPA1 KO MC903 treated miép;< 0.01” < 0.001 vihen comparing EtOH treated and TRPV1 KO MC903
treated mice as determined via a Mixed Effect model ANOVA using Geissee e nhouse correction, Fisher
= 0.01.B) Representative H&tained sections from EtOH treated WT, TRPA1 KO, and TRR® mice; and MC903 treated
WT, TRPA1 KO, TRPV1 KOC) 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 mougeebatadd
as Geometric Mean + Geometric SD, *&jrai= 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 usiay a 1
ANOVA with multiple comparisons and Hok8idak correction for multiple comparisoii3) representative images of EtOH
treated and MC903 treated mice on day 10.

Epidermal Thickness (um)
o
o

Since changes in skin physiology are common during atopic dermatitisiflar@roksch
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 differencgkin 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 throughy 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 diseasag;luding 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
betweenhe 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 skia of th
treatments on Day 10 (FiguB®). 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 miceData is presented &ean +
SD. Significance was determined using a multiple comparisons ANOVA within each day using th&idalntorrection for
multiple comparisons,-palues are presented in textq# mice.

Itchiness is one of the main symptoms of atopic derm@itisvn et al., 2009)we
guantified the number of scratching bouts occurring over 30 minutes in ethanol treated, wild
type, TRPA1 KO, and TRPV1 KO mice on Daysl, 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 bavior 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 TRPAL1 KO mitie ¥ 0.0486) as compared to
ethanol teated 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 nid@eyah On Day
10, there was significant increase in scratching bouts of wild type mice (*p = 0.0231), and
MC903 treated TRPA1 KO micé&’p = 00050) as compared to ethanol treated control mice. On

Day 10 there was also a significant increase in scratdduats in MC903 treated wild type mice
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(Yp = 0.0305) as compared to MC903 treated TRPV1 KO mice amuhifigant increase in
scratching bout in MC903 treated TRPAL1 KO mite% 0.0231) as compared to MC903 treated
TRPV1 KO mice. There was nossgnificant 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 gPCR results of several makers of atopic dermatitis in MC903 treated mic€hanges in gene
expression of atopic dermatitis associated genes. Data is shown as Mean + SD. Significance was determinedaysing a 1
ANOVA using the HolmSidak correction for multiple comparisons.

135



Since several genassociated with inflammation and ptus in atopic dermatitibave
been demonstrated to have changes<pressia, we ran qPCR othesecandidate 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 significanhcrease in mRNA expression of MMP9 in
TRPA1 KO mice (**p = 0.0035).We found a significant increase in periostin expression in
wild type mice(***p < 0.0001), TRPA1 KO (*p = 0.043), antRPV1 KO (*p = 0.043)mice as
compared to the ethanol treated cohinice. We also found a significant increase in expression
of NPR1 in TRPV1 KO mic€*p = 0.0002)as compared to the ethanol treated control mice. We
did not find any significant changes in mRNA expressibR®LP, IL-31, TRPV3, TRPV4, or
GSK3B in thewild type, TRPA1 KO, or TRPV1 K@s compared to the ethanol treated control
mice.There was no significant difference in mMRNA expression of NPR1 in wild type or TRPAL

ko mice as compared to ethanol treated control mice.

Table 4.27 Average Fold Change values for genes compared between the Ethanol {{egd¢t) group and the MC903 treated
Wild Type (WT), TRPA1, and TRPV1 mice.

onnl/ il

Gene 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 14
TRPV3 4.7 1.8 15
TRPV4 2.13 0.96 0.76
NPR1 2.02 2.9 354
GSK3B 1.8 1.9 1.2

Table 1 details the average fold change in mMRNA 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 asuaahio ethanol

treated mice. We found fold change decreases in mRNA expressioi8bfitLwild type and
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TRPA1 KO mice, but not TRPV1 KO mice. TRPV3 mRNA expression increasedld.in

wild type mice as compared to ethanol control mice. TRPV3 mRNAesgmn 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 TRPVIi#&@ as compared to ethanol

treated mice.

A Functional Role of BNP in Inflammation and ltch in the MC903 Atopic Dermatitis Mouse
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Figure 445 - Sex differences in skin thickness of MC903 treated BNP KO and WTLM mice. Ajex differences in BNP KO
mice (n =4 F and 3 MB) 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 effectdNOVA with multiple comparisons, using the Geis§&reenhouse 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 B0@Pand WTLM. Figures displays the

results of our sebkased 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 differeninn 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 ADmodel. A) Changes in skin
thicknessdn vivo.Data is presented as Mean * SD, *p < 0.05, **p < 0.01 as determined via a Mixed Effect model ANOVA using
GeissetrGreenhouse correction, angg@sthocT u k e y 6 B) Rapreseritative H&E stains from BNP KO anMd'LM mice. C)
Representative images of the skin of BNP KO and WTLM nilgeQuantification 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 unpairégd2 i | ed -®student 6s t

Since changes in skin physiology are common during atopic dermatitisifiar@roksch
et al., 2006) we measured changes in skin thickness (Hglifer ten days starting from Day O,
epidermal thickness at Day 10 (Figui® and7D) and looked at the overall condition of the skin
on Day 10 (Figur&@C). We found a difference in skin thickness the BNP KO mice and their
WTLM beginning on Day 5 and contiing 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 afte euthanasia on Day 10. We found a significant difference in thickness between the two
genotypes (Figuré@D). Figure7B shows representative H&&tained photomicrograph of a BNP
KO and WTLM mouse. We also compared the overall condition of the skin afithgenotypes
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 &sean + SD.
#Comparisons between the number of scratching bouts / 30 minutes for Day 0 andiDay010@41), Day 3p = 0.0012),

Day 5 ¢p = 0.0383), Day 7#p = 0.0264), and Day0 (p = 0.0264) were calculated with a multiple comparisons ANOVA
comparing Day N means with the contral Day (Day 0) using a +Bittak correction for multiple comparisons. No significant
difference was seen between Day 0 and Day 1, 3, 5, 7, and 1Ce(par@nd ns) in the BNP KO mice. Comparisons between
scratching bouts on a given day were calculated using mukipgtst with a HolrSidak correction for multiple comparisons:

Day 0 (ns), Day 1 (ns), Day 3 (*p = 0.0227), Day 5 (***p = 0.0004), Day*%(x 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 resultdwihe WTLM and baseline (Figu8. 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 ofratching 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 gPCR in MC903 treated BNP wildtype 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 mMRNA 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 (Figa)réWe found a sigificant
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 controé. We did not find any

significant changes in mMRNA expression of TSLR3I, TRPV3, TRPV4, NPR1, or GSK3B.
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Table 3 - Average Fold Change 2*§ values for genes compared betweenMi@903 treated Wild Type control litternest and
the BNP KO littermates.

Gene onnl i
MMP9 17.2
TSLP 51
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 mMRNA expression of MMP9, TSLF,,ILRPV3, and
TRPV4 in BNP KO mice as compared to would type control mice. We also foundeasiean
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

Ourtotal skin thicknesgdermis plus epiderra) andepidermal thicknessesults indicate
that loss of TRPA1 or TRPV1 alone does not affect the developmeutasfeoustopic
dermatitissymptomsn the MC903 modelJnlike in psoriasis (Keiny et al., 2018, Kodjet al.,
2019, Zhou et al., 2019), TRPV1 ahRPA1 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). Bothax@azwid house dust
mite allergic contact dermatitis induce atopic dermatitis by activating the immune system
whereas MC903 induces atopic dermatitis by inducing-expression of TSLP in keratinocytes.

Since MC903 induces atopic dermatitis by alteringegexpression 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 MC903duced atopic dermatitis.

In another model of contact dermatitis, squari 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 thidkess 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 resths in
increased skin thickness seen in our results. SADBE is also capable of binding directly to
TRPAL; however, in this instance TRPAL is responsible for mediating acute itch induced by
SADBE (Feng et al., 2017).

In other models of atopic dermatitis la#sSTRPAL 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, oxazolesendiny!
phthalate (DINP)house dust mite, and 2¢dnotrochlorobenzene (DCNB), twhits 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 compoupglisdexter 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 TRPAL.
Additionally, scratching bouts and skin thickening urcin 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 itckscratch cycle, which has been demonstrated to exacerbate atopic dermatitis

symptoms (De Benedetto et &012). 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
keratirocytes, 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 ceapression of IE13 (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, esgpression of 113 results in increased
expression of TRPAL in DRG, increased innervation of the skirRIJAIL neurons, and an
increased amount of mast cells expressing TRPAL. In this study, the clinical AD score was
guantified, but a measure of skin thickness (either epidermal or total) was not taken; therefore, it
is difficult to draw a direct comparison beten the two

Sex differences have been noted in TRP channel KO mice put through the IMQ Psoriasis
model (Follansbee et al., 201 ®)erefore, it is possible that female TRPAL1 KO mice might not
experience the same amount of skin thickening as male TRPAiE® 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 TRR2O 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 TRPXd&ficient cells. Neruomedin B (NMB) is another
neuropeptide that has been dematstt to play a role in itch (Wan et al., 2017). Roughly a
quarter of NMBexpressing neurons also express TRPV1 (Fleming et al., 2012, Mishra et al.,
2012), indicating that this population might be response for mediatingesgionses in neurons

that expres 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 DRGgemswons (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. RNAsequencing data indicates titNMBR is likely found within the TRPV1
population; however, some expression is seen within the TRi®aitive TRPV1negative
population as well as the population expressing parvalbumin (Usoskin et al., 2015).

In other models of contact dermatitis, losS&PV1 or TRPAL 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).d¥ 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 deatitis induces the production of excess TSLP (Li et al.,
2006). TSLP can increase the production of periostin in keratinocytes (Mishra et al., 2020).
Periostininduced itch required both TRPAL1 and TRPVL1. It is currently unknown which of these
two TRP chanels 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 TRPVéaekeoutd 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, Zhad.£2@06), which is mirrored by theféld

increase in mast cell counts in MC908ated skin (Li et al., 2006). Mast cells also release
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tryptase upon degranulation, which, in turn, activates proteseated recepte? (PAR2)
(Reed et al., 2003). Inssory neurons PAR 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 TRPAL, fdyetddaior.
Further BNPexpressing 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); thexefoss of BNP signaling due
to nonfunctional TRPV1 would also account for decrease in itch behavior seen in MC903
treated TRPV1 KO mice and for the normal itch behavior seen in M@88&d TRPA1 KO
mice.

TRPV1-expressing neurons have been demorestrat play a role in newionmune 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 ttigate 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 K&PV1
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 respongeslungs (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 drivitige development of atopic dermatitis (Brandt and Sivaprasad,

2011). Other studies have determined that CGRP released from T&¥&ssing 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 wouldmdswter 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 hypothesigsi 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 surroundingrosstalk between TRPAdxpressing sensory neurons and the
immune system are scarce. Loss of TRPAL 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 denrskisethickness 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 TRPAL
KO and MC903 treated wild type mice. Qabyserved results indicate one of the following: 1)
TRPAL expressing neurons mediate some other type of-maarane cross talk (i.e TRPA1
expressing neurons mediate Thl immunity), 2) TRPV1 based-imaarane crosstalk
overrides/compensates for the los§BIPA1 mediated neusimmune crosstalk, or 3) TRPAL is

not directly involved with any sort of neunmmune 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 fronkitheesmonstrate 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 respems chemical insult, suggesting an interplay
between sensory neurons and keratinocytes in epidermal hyperdlaBi&, the receptor for
BNP, has been shown to be expressed by dendritic cells (Morita et al., 2003, Morita et al., 2009)
and mast cells (Chait al., 2000). These dendritic cells are responsible for recruiting adaptive
immune cells, specifically {2 cells, to the site of infection (Morita et al., 2003). A subset of
dendritic cells is directly involved with inflammation (Segura and Amigorena3)2@hether
this particular subset of dendritic cells express NPR1 remains to be seen.

BNP- expressing neurons are thought the be the maipgpblation of itch neurons
mediating inflammatory itcUsoskin et al, 2015BNP- expressing neurons express R¥Rfor
the receptors of several immuredated pruritogens involved with inflammatory itch (Solinski et
al., 201%, Usoskin et al., 2015). The severity of atopic dermatitis correlates with the amount of
inflammation present (Hachisuka et al., 2009); treesfcommon therapies for treating atopic
dermatitis include common astiflammatory drugs, such as glucocoritocsteriods (Hong et al.,
2011). Since inflammation severity increase the severity of atopic dermatitis, selective silencing

of the BNP neurons ctd 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 module@&dekpression,
leading thenvestigators to hypothesize that BNP activation of NPR1 on keratinocytes had a role
in AD pathology. However, the role of this BNNPR1 axis in AD pathology is unknown. The
proliferation of epidermal cells, including keratinocytes, occurs in AD (Proksah €006).
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-nearonal cell types, specifically
embryonic stem cells, lymphocytes, and cardiac dbésBNRNPR1 axis can induce cell
proliferation (Abdelalim and Tooyama, 2009, Bielmann et al., 2015, de Bold et al., 2010,
RignaultClerc et al., 2017). The skin results presented here showed no change in skin thickness,
cell proliferation, or lichenificabn in the BNP knockout (KO) compared to wild type
littermates.Taken together, we hypothesize that the BNFR1 axis might play a role in
hyperproliferation of keratinocytes in AD, which is due to the crosstalk between skin and
sensory neurons. Future was 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., 1993yIMP9 expression and serum levels are significantijpér in atopic
dermatitis patients (Devillers et al., 2007, Harper et al., 2@ltough the reason for this
increase has not yet been determi@en.gPCR results only show an increase in MMP9 mRNA
expression in the BNP KO mouse, indicating that mRNgression levels of MMP9 in atopic

dermatitis is controlled by BNP. Further we found a large increase in MMP9 mRNA expression
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in the BNP KO mice using thé?® hethod. MMP9 aids neutrophils in their migration through
the basement membrane (Delclaux etl#196); 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 andCitli, 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 pruritss @val., 2019).
Interestingly our results indicate that BNP binding to NBR keratinocytescts a protective
measure to reduce the amount of MMP9 mediateédhcellular matrix destructictestruction
and neutrophil infiltration in lesional atopic deritia 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, Nygaardle 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, Klukowsizler et al., 2013, Luo et al., 2014,
Sano et al., 2IB). Keratinocytes (Fu and Hong, 2019, Leyastillo 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., 2048pduce TSLP. TSLP can activaesident dendritic cells
(Brulefert et al., 2020, Ebner et al., 2007, Elentner et al., 2009, Lang et al., 2019, Marschall et al.,
2020), Tcells (Reefer et al., 2010, Tatsuno et al., 2015, Wallmeyer et al., 2017, Wu et al., 2010),
mast cells (Babina et ak021, 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, Ritalussi e
2020, Fu and Hong, 2019, Ko et al., 2019, Han et al., 2014a, Han et al., 2014b, Han et al., 2014c,
lyengar 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 increadimg 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, TRRA1 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 aralogues (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 deiéMRRAL,
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 esati@fTh2 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 uggtdictors 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

(Ariéns et al., 20@, GuttmaRrYassky et al., 2019Dur gPCR results demonstrate a significant

increase in periostin MRNA expression in the skin in wild type C57BIl/6 and TRPV1 KO mice.
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Further we found a significant decrease in periostin mMRNA 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 skienwiikcoment.
Periostin has been demonstrated to cause an increase in TSLRommisla positive feedback
loop resulting in the expression of more periosBhifaishi et al., 2012Mlishra et al., 2020).
Periostin has also been demonstrated to cause an increase in keratinocyte growth (Mineshige et
al., 2018). Furthermore, our resulisBNP KO mice indicate that this process is BNP dependent.
IL-31

IL-31 is a cytokine produced predominantly i2Thelper cells (Cornelissen et al., 2011),
mast cells (Ishii et al., 2009, Niyonsaba et al., 2010) and dendritidCeliselissen et al., 2011).
IL-31 has been found in higher concentrations in the serum of atopic dermatitis patients (Byeon
et al., 2020). Over expression of81 can induce atopic dermatitis like symptoms on its own
(Dillon et al., 2004). IE31 has beeshown to cause itch in mice (Cevikbas et al., 2014, Pitake et
al., 2018), dogs (Gonzales et al., 2016), andmanan primates (Lewis et al., 2017). In a phase
Il clinical trial, administration of an antlL -31 antibody reduced itch in participants in @&lo
dependent manner (Ruzicka et al., 2017). Further increases in mRNA expression lev8ls of IL
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 of3L mRNAiIn BNP KO mice as compared to
BNP wild type control littermates. In wild type and TRPAL1 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 compareethanol 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-B1 is likely due to MC903 not being a spontaneous model of
atopic dermatitis. Andter important note is that the inflammation seen in the MC903 model is
T-cell independent; therefore, an increase #81Lwould not necessarily occur as seen in our
results.
TRPV3

Removal of TRPV1, TRPA1L, or BNP did not cause any significant changésRN3
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., 2002k it mediates heat
evoked calcium currents (Chung et al., 2004). Keratineeypgessed TRPV3 is required for
thermosensation (Mogrich et al., 2005). In atopic dermatitis, this thermosensation drives the
release of pruritogen release, generatingansignal (Seo et al., 2020). Further, TRPV3 is
needed for PAR2voked itch; loss of TRPV3 reduces responses to-PABtivating proteases
(Zhao et al., 2020). Mutations in TRPV3 have been associated with Olmsted syndrome, a rare
disease characterized bgver 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 a)., 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 GrhI3PAR2/+ mice, a model of spontaatapis dermatitis
(Larkin et al., 2020). Our results do not demonstrate a significant increase in TRPV3 mRNA

expression in the skin; however, using tR&2hethod to analyze our data shows an increase in
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TRPV3 mRNA expression in WT, TRPA1 KO and TRPVO lkice as compared to ethanol
treated control mice.
TRPV4

Removal of TRPV1, TRPAL, 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 channelédsandrHaber 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., 2@2TRPV3, TRPV4 mediates
heatevoked arrents in keratinocytes (Chung et al., 2004). Keratineeyfressed TRPV4 also
modulates responses to seroteimduced itch when thermally activated (Sanders et al., 2018).
Keratinocyteexpressed TRPV4 mediates intracellular junction formation betweratirkocytes
(Akazawa et al., 2013, Sokabe et al., 2010), mediate immune responses in response to osmolarity
changes (Galind¥illegas et al., 2016), and affects proliferation and differentiation of
keratinocytes (Huang et al., 2016). Keratinoegtpressé TRPV4 helps to mediate natflergic
chronic itch in mice, while macrophagepressed 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 exprassare not unsurprising. Further our qPCR results
suggesthat TRPV4 does not play a role in atopic dermatitis pathology.
NPR1

NPR1 is the receptor for BNP (Suga et al
lies in the spinal cord, where it is expsed 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.

153



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 NPRL1 in the skin taken from MC903 treated TRPV1
KO mice. This could be due to sampling error. Another hypothesied lmasthe 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 bindingtd?NP and af fecting NPR16s
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). Inkeratinocytes, GSK3B is phosphorylated following NPR1 activation by BNP (Meng et
al., 2018). Overall, we found a nearhfdd increase in expression of GSK3B mRNA in MC903
treated wild type and TRPA1 KO mice as compared to ethanol treated control reiced Yot
find a fold change increase in GSK3B mRNA expression in TRPV1 KO mice and we found a
decrease (<1.0) fold change in mMRNA expression of GSK3B in BNP KO mice. These data from
the BNP KO and TRPV1 KO mice indicate that GSK3B expression is regiatie BNP
NPR1 axis in keratinocytes.
Conclusions

Our results here demonstrate that BNP, released from TRRMESSIng neurons, is
required for the dermal hyperplasia seen in atopic dermatitis. Further, our results indicate that
BNP release into the sl cord is also responsible for transmitting the itch signals from the
DRG into the spinal cord for further processing. We did not find that TRPAL1 is involved with the

skin thickening seen in atopic dermatitis, nor is TRPAL required for itch seen io atopi
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dermatitis. Finally, these results indicate that therapies targeting the\NBIRR axis might be

useful for the treatment of atopic dermatitis.
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CHAPTER 5: Itch -Associated Neuropeptides and Their Receptors Expression in Dog
Dorsal RootGanglia and Spinal Cord.
This chapter is a published article
Wheeler, J. J., Lascelles, B. D. X., Olivry, T., & Mishra, S. K. (2019)-dts$ociated
neuropeptides and thegceptor expression in dog dorsal root ganglia and spinal cord.
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Itch-associated Neuropeptides and Their Receptor Expression in
Dog Dorsal Root Ganglia and Spinal Cord
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Most canine visits to veterinarians are related to skin
diseases with itch being the chief complaint. Histori-
cally, several itch-inducing molecules and pathways
have been identified in mice, but whether or not these
are similar in dogs is not yet known. Herein, we set out
to study the expression of pruritogenic neuropeptides,
their cognate receptors with a limited functional valida-
tion thereof using a multidisciplinary approach. We de-
monstrated the expression of somatostatin and other
major neuropeptides and receptors in canine dorsal
root ganglia neurons. Next, we showed that interleu-
kin-31, serotonin, and histamine activate such neu-
rons. Furthermore, we demonstrated the physiological
release of somatostatin from dog dorsal root ganglia
neurons in response to several endogenous itch medi-
ators. In summary, our results provide the first evi-
dence that dogs use similar pruritogenic pathways to
those characterized in mice and we thus identify mul-
tiple targets for the future treatment of itch in dogs.

Key words: dog; canine atopic dermatitis; somatostatin; NPPB;
NMB; GRP.
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Outsidc of preventative health care, dermatological
issues account for nearly 20% of all causes for dog
veterinary visits; approximately 30% of which are due
to pruritus, canine atopic dermatitis being one of the
leading causes of such prunitus (1). Research aimed at
understanding the etiology of pruritus in dogs has begun
with the characterization of receptors for several com-
mon pruritic agents found to be expressed in dog dorsal
root ganglia (DRG) (2). In mice, a few neuropeptides are
released from the DRG into the spinal cord synapses upon
a cutaneous pruritic challenge: the natriuretic precursor
peptide B (NPPB) (3), somatostatin (SST) (4), neuro-
medin B (NMB) (5) and the gastrin-releasing peptide
(GRP) (6). However. itch-associated neurotransmitters/
neuropeptides and their respective receptors have not yet
been reported in dogs.

Here, we used gRT-PCR to determine the mRNA
levels of itch-associated neuropeptides and neuropep-
tide receptors expressed in dog DRGs and spinal cords.
Additionally, we used immunohistochemistry (IHC) to

This is an open access article under the CC BY-NC license. www.medicaljournals.sefacta

Journal Compilation © 2019 Acta Dermato-Venereologica.

SIGNIFICANCE

In the last few years, molecular studies have characterized
multiple itch mediators, receptors, and neurotransmitters/
neuropeptides that are required for itch signaling in mice.
However, it is unclear if similar signaling components and
pathways are involved in the propagation of itch in dogs.
Herein, we focus on the physiological expression and func-
tion of itch-associated receptors and neurotransmitters
that were first implicated in generating the itch sensation
in mice. Our work identifies several new potential targets
for antipruritic therapies in dogs.

localize the expression of the SST proteinin DRGs. Next,
we performed calcium imaging on primary cultured dog
DRG neurons to identify if they have functional recep-
tors for selected itch mediators. Finally, we performed
enzyme-linked immunosorbent assay (ELISA) on the
supernatants from primary cultured dog DRG neurons
stimulated with itch mediators to demonstrate the sub-
sequent release of the 1tch-associated neuropeptide SST.

MATERIALS AND METHODS
RNA isolation

RNA was isolated from fresh-frozen lumbar L4 and .5 DRG from
3 to 5 euthanized Beagles (3 females, 1-year-old: and 2 males,
7-year-old, 27 £ 2,0 kg, all from Marshall Farms). DRG had been
flash frozen or placed in RNA later and stored at -80°C until use
RNA was similarly isolated from the lumbar spinal cords from 3
adult beagles. Dogs had no prior history of any known pain oritch
conditions. Both DRG and spinal cord tissues were isolated under
protecols approved by NC State’s animal care and use policies
for different studies. A roughly 2 mm® piece was cut from each
DRG and transferred to a 10 ml tube containing 3 ml lysis buffer
with 1% p-mercaptoethanol from Qiagen’s RNeasy Fibrous Tissue
Mini Kitand then homogenized for 30—45 s. For the spinal cord, a
length of ~4 mm was transferred to a 10 ml tube containing 3 ml
of lysis butter with 1% [-mercaptoethanol from Qiagen’s RNeasy
Fibrous Tissue Mini Kit and then homogenized for 30-45 s. Fol-
lowing homogenization, RNA was extracted following Qiagen’s
protocol without performing a proteinase K digestion.

cDNA synthesis

To synthesize cDNA 200 ng RNA (in <8 ul), 2 ul random hexamer
primers (Invitrogen, Waltham, MA_ USA) and PCR grade water
(for a final volume of 10 ul) was heated at 72°C for 3 min. Af-
terwards, 4 pl of 5x Reaction Buffer, 2 ul DTT, 2 ul SmartScribe
Reverse Transcriptase (Clontech, Mountain View, CA, USA), and
2 ul of'a 10 mM dNTP stock (Roche, Branchburg, NI, USA ) were

dol: 10.2340/00015555-3297
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added and the mixture was incubated at 42°C for 90 min followed
by 72°C for 15 min and stored at —20°C until needed.

Quantitative real-time PCR

The following Tagman probes for the genes studied in this work
were purchased from Thermofisher, Carlsbad, CA, USA: NPP4
(Cf04393960), NPPB (Cf04393958), NPPC(Cf02714191), NPR!
(Cf02655890), NMB (Cf02713174), NMBR (Cf02697155), SST
(Cf02995138), SSTR1 (Cf02695139), SSTR2 (Cf02695151) and
GAPDH (Cf04419463). Custom Tagman probes were generated
for GRP and GRPR using Thermofisher’s custom design software
with bicinformatic analysis. The NCBI deposited sequences used
to generate the custom Tagman Probes were: XM _861026.5
(GRP) and XM_014111958.2 (GRPR). GRP had two possible
Tagman probe sets and we selected the 96 bp amplicon Tagman
set. All samples were run on an Applied Biosystems StepOneFlus
Real Time PCR System using Tagman Gene Expression Master
Mix (Applied Biosystems, Waltham, MA, USA, 4369016) with
the recommended qPCR cycle. CT values were calculated using
StepOne Software v2.2.2 (Applied Biosystems). GAPDH was
used as a housekeeping gene for normalization. A minimum of
two technical replicates were used for each gene in the DRG and
3 technical replicates were used for each gene in the spinal cord.
Samples from 5 dogs were used to test for NPR4, NPPB, NPPC,
and NPRI; from 3 dogs were used to test for NAMBR, SSTRI, and
SSTR2; and 4 dogs were used to test for GRP and GRPR in the
DRG. All genes were tested in 3 dogs in the spinal cord. Relative
tissue expression values were calculated using the following
equation: relative expression = 2°*°T, where AC, =C, garon C cord
where GOIT is the gene of interest. The graphs depict the median
values. The median for each gene is shown in the results section.

Immunohistochemistry

Pieces of fresh frozen DRGs were placed in Tissue-Tek (Sakura,
4583) and sectioned to 10—14 um thickness. Sections were placed
onto Superfrost Plus Gold Microscope slides (Fisher, 15-188-48).
Following sectioning, slides were placed in a 4% PFA (Sigma,
St. Louis, MO, USA, P6148) for 10 min, washed with 1X PBS
3 times, and then stored at room temperature for 60 min with a
5% BSA (VWR, 0332-100G; w/v), 0.1% Triton-X100 (Sigma,
T8787; v/v) blocking solution. The slides were then washed in
1X PBS 3 more times and then stored overnight at 4°C with the
primary antibody in a 5% BSA, 0.1% Triton-X100 solution. The
following day, slides were washed 3 times in 1X PBS and then
incubated at room temperature for 60 min in a 2% BSA, 0.01%
Triton-X100 solution with the secondary antibody. Slides were
then washed 3 times in 1X PBS, vacuum dried, and mounted with
Prolong Diamond Antifade mountant with DAPT { Thermofisher,
P36962). Slides were stored at 4°C in the dark until imaging on
a Nikon TE200 microscope. The following primary antibody
was used to stain for SST; rat anti-human SST (abcam, ab30788;
1:500, which was selected because human and dog SST are 98%
identical according to an alignment run using NCBI’s BLASTp
program. The following secondary antibody was used at a 1:200
dilution goat anti-rat IgG conjugated to Cy3 (Life Technologies,
Waltham, MA, USA, A10522).

Dorsal root ganglia collection and dissociation for enzyme-linked
immunosorbent assay end calcium imaging

DRG from euthanized shelter dogs (two pit bull crossbred dogs,
one Labrador crossbred, and one basenji crossbred, all adult spayed
females of unknown age) were collected within 5 h of euthana-
sia. During isolation, DRG were kept in ice cold HBSS without
calcium or magnesium (VWR, Suwanne, GA, USA, 02-0121).

www. medicaljournals.se/facta

DRG were then moved to dissociation media containing 5 mg/ml
collagenase type 3 (Fisher, Waltham, MA, USA, 150704) and 5 U/
ml dispase (VWR, 42613-33-2) and incubated for 60 min at 37°C
with 5% CO,. The tissue was then disrupted using an autoclaved 1
ml, pipette tip with the bottom ~0.5 cm cut off attached to a pipette
setto 1 mL. The DRG were then placed back in the incubator for
45 min at 37°C with 5% CO,. The DRG were disrupted again with
an autoclaved 1 ml pipette tip with the bottom ~0.2 mm cut off
attached to a pipette set to 1 ml. Following this, the DRG were
splitinto two 1.5 ml Eppendorftubes and placed into a 37°C water
bath for 30 min so that the debris could settle into the bottom of
the tube and any fat at the top of the tube. A fter this incubation, the
middle layer containing cells was moved intoa 50 ml conical tube
containing 5 ml of 12% B3SA (VWR, 0332-100G) and then centni-
fuged for 15 min at 1,000 rpm. The supematant was removed, and
the cells were resuspended in 10 ml of complete media (DMEM
with 10% FBS (VWR, 97068-085) with 1% PenStrep (Millipore,
Burlington, MA, USA, TMS-AB2-C) and then centrifuged for 3
min at 1,000 rpm. The supernatant was removed and then the cells
were resuspended in 10 ml of fresh complete media, spun down
for 3 min at 1,000 rpm. The previous step was repeated one more
time for a total of 3 resuspensions and spin downs.

Enzyme-linked immunosorbent assay (ELISA)

After dissociation, cells were resuspendedin 1 ml complete media
and counted on a hemocytometer. For each compound tested ap-
proximately 10,000 cells/dish were added to wells that had been
coated with a solution containing poly-L-lysine (Sigma, P4707)
and 100 pg/ml laminin (Sigma, L2020) in a 24-well plate. Two
dishes/per dog was tested for each mediators. Complete media was
then added so that the final volume in each well was 1 ml. Cells
were then incubated overnight at 37°C with 5% CO,. Cells were
stimulated with either 0.3 pM canine IL-31 (Novus Biologicals,
Centennial, CO, USA, NBP2-59591), 100 uM serotonin (Sigma,
H9523), 50 uM histamine (Sigma, H7125), or vehicle (DMEM)
with and without cells. Cells were incubated for 8 h at 37°C with
5% CO,. This time point was selected because it has produced the
maximal response in other ELISA assays using 0.3 pM IL-31 (7, 8).
The serotonin and histamine concentrations are based on the con-
centration used for calcium imaging (9, 10). A fter this incubation,
the supematant was removed and stored immediately at —80°C.
The amount of SST released from these cells was measured using
the ELISA protocol for LSBio’s Dog SST ELISA kit (L.S-F14876).

Calcium imaging

The remaining cells were plated on coverslips coated with the same
laminin and poly-L-lysine coating. Cells were incubated for 3h at
37°C with 5% CO,. Following this incubation 1 ml of complete
media was added and then the cells were incubated overnight at
37°C with 5% COQ,. Before imaging, cells were incubated with
4.2 pM Fura-2AM (Enzo, Farmingdale, NY, USA, ENZ-52006)
for 30 min at 37°C with 5% CO,. 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 uM monobasic sodium
phosphate, 14.2 mM sodium bicarbonate, and 10.9 mM D-glucose
(all VWR) with a pH between 7.00 and 7.40. The buffer and the
holding plate were kept at 37°C while imaging. All compounds
were added directly to the perfusion buffer in the following con-
centrations: 0.3 uM IL-31, 100 pM serotonin, 50 puM histamine,
1 uM capsaicin, and 1 mM K.CI. 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 300
ms and the A340/A380 ratio was calculated. Cells not responding
to KCl, which was applied at the end of each experiment, were

190



ActaDV

ActaDV

regarded as non-neuronal cells and excluded from analysis. Traces
were analyzed using Excel and responses greater than 1025 of the
baseline were counted. Error bars represent +SD.

Statistical tests

Statistical tests were run using Prism (Graphpad) version 8.0.2.
Because there were fewer than 10 samples from dogs with
mixed-breed backgrounds, a Shapiro-Wilk test was run to deter-
mine if the caleium imaging and ELIS A data followed a normal
distribution. This test determined that the distributions of the
calcium imaging data results for IL-31, serotonin, histamnine,
and capsaicin were normally distributed. Further, Grubb’s test
for outliers with @ = 0.05 found that none of the results was an
outlier. Therefore, all calcium imaging data points were inclu-
ded. The Shapiro-Wilk test determined that the distribution of
the ELISA results for vehicle, IL-31, serotonin, and histamine
were not normally distributed. Therefore, the ELISA data was
analyzed uging a one-tailed MMann-Whitney [test with individual

Meural components of ifch in dogs 1133

comparisons between the vehicle-treated cells and cells treated
with IL-31, serotonin, and histamine.

RESULTS

‘We found that dog DRGs produced mRNA coding for the
itch-associated neuropeptides NPPE (0.67 t0 1.2x 107,
GRP (2.6 to 5.1 x 107, NAB (2.05 to 3.18x 107, and
SST (3.84 to 5.11 %107 (Fig. 1A). Additionally, we
found a minimal expression of NP 24 (0.99 10 2.09 % 107)
and NPPC (2.0 to 5.7 x 107, two neuropeptides in the
natrivretic family. We also discovered that dog DRGs
expressed mRNA coding for NPRT (0.60 to 4.43 % 107,
GRPR (1.2 to 5.5x107%, SSTR! (2.4 to 4.0x 107" and
SSTR2 (1.02 to 1.54=107% (Fig. 1B) with relatively
small levels of expression of NMBR (0.88t0 5.2 107).
Since these neuropeptides are released

centrally and activate receptors expressed
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we also performed qRT-PCR onnormal dog
spinal cord samples. There, we detected a
positive expression of the itch-associated
neuropeptides SS7 (0.2 to 5.4x 1072 and
NME (0.2 to 6.7x107%), with only a mini-
mal mRNA expression of NPP4 (1.04 to
2.38x 107 and NPPB (1.15t0 3.68x 107
(Fig. 1C). Interestingly, transcripts levels of
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' NPPC (0.28 to 1.82x 1072) were similar to
those of ¥PR1 in the spinal cord. Finally, we
detected a positive expression of mRNA en-
coding for the neuropeptide receptors VPR
(4.5 to 8.1 % 107%), NMBR (0.7 t0 8.6 107
and both SSTR! (0.02 to 9.1x 107" and
o SSTR2 (0.1 to 1.0% 10°%) (Fig. 1D). As in
—— mice (5, 6). the expression of mRNA for
. both GRP(0.05to 1.0 107y and its receptor
GRPR(0.04 10 1.0x107%) was also found in

the dog spinal cord (Fig. 1D). Since our gRT-

PCR demonstrated that SST was the most

. abundantly expressed itch-associated neuro-
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peptide at the mRNA level in the dog DRGs,
we performed immunohistochemistry for
this neuropeptide on sectioned dog DRGs:
as expected, we detected SST-positive
neurons therein (Fig. 1E).

Fig. 1. Expression of itch associated neurotransmitters and
their receptorsin canine dorsal root ganglia {DRG) and spinal
cord. &) Relative mRMNA expression of itch neurctransmitters in the
DRG. B)Relative mRNA expression ofitch neurotransmitter receptars
inthe DRG. C)Relative mRNA expression of itch neurctransmittersin
the spinal cord, D) Relative mRMNA expression ofitch neurotransmitter
receptors in the spinal cord. Results for gPCR are displayed
as individual points with a bar denoting the median value, E)
Representative image showing somatostatin positive neurcns (red)
with DAPT (blue). Biclogical replicates are represented by a dot on
scatter plat which is & mean of two techinical replicates (DRG) or 3
technical replicates (spinal cord) for all genes tested. The median
value was highlighted by the bar in panels A-D.
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Next, we studied if itch mediators induced a calcium
mnflux in dog DRG neurons. Interestingly, we found
that IL-31, serotonin, histamine, and capsaicin were all
capable of causing calcium influx into these sensory
neurons (representative trace; Fig. 2A). A quantitative
study demonstrated that 11.-31 induced a calcium influx
in 7.7+2.5% (12/163), serotonin in 5.6+5.3% (9/163),
histamine in 13.6+4.2% (21/163) and capsaicin in
27.0+6.0% (42/163) of such neurons, respectively (Fig.
2B). All 3 endogenous mediators 11.-31, histamine, and
serotonin were within the capsaicin-positive subset of
canine DRG neurons (Fig. 2C).

Finally, we studied the physiological release of the
itch-associated neuropeptide SST in response to itch
mediators, as, in mice, both SST and NPPB are co-
expressed almost exclusively with each other and we
found a similar expression of SST in dog DRGs, We
thus stimulated a primary culture of dog DRG neurons
withIL-31, serotonin, and histamine (Fig. 2D). We found
that stimulating dog DRG neurons with vehicle did not
cause a significant increase in SST release (7.8 +6.8
pg/ml) when compared to no stimulation (0.6+1.1 pg/
ml). A challenge with IL-31, serotorin, and histamine
caused a significant release in the amount of 3ST re-
leased (58.2132.5 pg/ml, p=0.014 and 56.8+38.2 pg/
ml, p=0.014; 64.0+15.0 pg/ml, p=0.014 respectively).

DISCUSSION

This appears to be the first study that reports the expres-
sion of common itch-associated neurotransmitters/neuro-
peptides and their receptors in the normal dog. Calcium
maging studies on primary culture neurons isolated from
euthanized dogs demonstrated functional receptors for
IL-31, serotonin, and histamine. Additionally, we showed

that itch mediators induce neuropeptide release from dog
DRG neurons in culture and we thus provided evidence
of neurotransmitter-induced itch propagation.

We found a positive expression of NPP4, NPPB, NPPC,
GRE NMB, and S87 in dog DRGs. Our data illustrated
that NPP4 and NPPC had the lowest levels of expres-
sion, followed by NPFB, GRE, NA{B and S8T having the
highest. These relatively low expression levels of NPPB,
GRP and NMB do not exclude the involvement of these
neuropeptides i the neurotransmission of itch, as has been
demonstrated in mice (3, 5, 6). However, as we found a
minimal expression of NMBR in the spinal cord, it is
unclear if the dogs utilize an NMB spinal itch pathway as
in mice. The role of NPE4 and NPPC in DRG-to-spinal
cord signaling transmission 1s unknown in dogs as inmice.

Interestingly, we also detected NPRI, SSTRI and
SSTR2 mRNA 1n the normal dog DRG. §§7R2 has been
shown to be expressed in human and mouse DRGs, both
at the protein (11) and mRNA levels (12), and this opens
the possibility of an autocrine amplification loop invol-
ving SST and SSTR2 within the DRG upon peripheral
stimulation. An important limitation of our methodology,
however, 1s that we extracted total RNA from whole dog
DRGs, which means that we captured RNA from both
neuronal but also non-neurcnal populations. Hence, it
1s possible that some of the transcripts detected might
have been from the DR G-associated satellite glial cells,
fibroblasts, macrophages, and other cell types present in
these ganglia. Based on these results, it 1s likely that dogs
use these neurotransmitters in a yet-unknown combina-
tion to generate itch signals that are later propagated to
the central nervous system.

In the dog spinal cord, we unexpectedly found a
positive expression of mRNA encoding for NPPC at a
transcription level similar to that of NFRI in the spinal

Fig. 2. Itch-inducing compounds are capable of activating
primary cultured canine dorsal root ganglia (DRG). A)
Representative trace of a neuron responding to interleukin (IL)-
31, histamine, capsaicin and KCl. B) Quantification of neurons
responding to IL-31 (0.3 uM), serotonin (100 uM), histamine (50
pM), capsaicin (1 pM), each dot in the scatter plot represents
single dog. C) Venn diagram represents overlapping population,
n=4,p_.. =39, 32, 60, 32 for a total of 163 neurons. D)
Stimulating primary culture dog DRG neurons with IL-31 (0.3
pM), serotonin (100 pM), histamine (50 pM) causes a significant
+ 4  increase in the amount of somatostatin released as compared
to vehicle (both with and without cells). Data is presented as
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cord. This natriuretic peptide has been shown to modulate
the activity of TRPV1 in the DRG (13). Further research
is needed to determine the role of NPPC in the sensory
transmission of itch and pain in the dog.

Our calcium 1maging results demonstrated that the per-
centage of neurons responding to serotonin, histamine,
and capsaicin was similar to that reported in mice (9, 10,
14, 15). Interestingly, we found that the percentage of
neurons responding to IL.-31 in dogs was roughly twice
as large as that reported for mice (8) and humans. While
dogs mount a strong pruritic response when challenged
with IL-31 (16), they do not when provoked with hista-
mine or serotonin (17). This difference is hard to explain
as dog DRG neurons respond with a calcium influx when
challenged with both histamine and serotonin as for IL-
31. There are, in fact, more neurons responding to the
formers than the latter. Tt is possible that dogs are similar
to mice wherein the percentage of neurons responding to
apruritogen does not correlate with the behavior response
{9). Future studies should address this dilemma. Either
way, these results are compatible with earlier reports of
dog DRG neurons expressing the IL31Ra (18).

We demonstrated the release of SST in primary culture
dog DRGs. We found that I1.-31, serotonin, and histamine
treated cells were all capable of causing a significant
increase in the amount of SST released as compared to
vehicle treated cells.

In summary, our results demonstrate that the gene-
ration of itch sensation in dogs might utilize multiple
neuronal pathways from DRGs to the spinal cord, similar
to those found in mice. Our study opens the door for the
development of new therapeutics by using combinatorial
approaches for the treatment of canine pruritus associa-
ted with atopic dermatitis and other forms ofintractable
pruritus in dogs.
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A systematic review of animal models and sex as a

variable in itch research
Joshua J. Wheeler, MSc?®, Kathering N. Allen-Maoyer, PhDF, John M. Davis, MD*, Santosh K. Mishra, PhD2®e*

Intreduction: Pruritus (or itch} research has gained momentum in the last decades and use of animal models to study itch beha\h
are awvital part of the research. Recent studies have found that many fields using animal models, including neuroscience, are
predisposed toward using male animas in preclinical research. To address sex bias in animal research, the Mational Institutes of
Health (NIH} began requiring researchers to include sex as a variable beginning in June 2015, Here, we test whether researchers
stuclying itch are biased toward using males in preclinical research.

Methods: The NIH's Pubhed database was searched for primary research articles written between August 2007Y and December
2018 using the words “ltch™ and “Pruritus.” The following information was extracted from articles fitting our inclusion criteria; tyioe of
itch (acute or chronic), the animal model and the sex of the animals used, and whether researchers considered sex as a variable.
z-Tests, binomial tests, and the Cochran-Armitage test for trend were used to explore relationships between animal models and the
usage of both sexes.

Results: e found 5.3% + 1.2% of papers in a given year used 1 of our 4 animal models. Mice were the most frequently used animal
model, followed by rats, nonhuman primates, and dogs. Overall, researchers used male animals regardiess of the animal model
used. In preclinical research conducted on both male and female animals, sex was not considered a variale in a majorty of these
studies. Finally, since 2015, there has not been a change inthe usage of male of fermale mice. Briefly, the incidence of papears utilizing
both sexes has not changed.

Discussion: YWe have found that itch researchers have abias towards males in animal research. This bias has not changed since the
NIH's mandate to include sex as a varable in preclinical research.

Keywords: lich, Mice, Rats, Dogs, Nonhuman primates

Histarically, sex as a variable has been overlooked despite early calls
to report the sex of animals in biomedical research™. Tn 1993, the
National Institutes of Health {INIH) began requiring the inclusion of
wamen in clinical studies™ {Congress, 1993). Even with the NIF’s
mandate to include women in clinical studies, animal studies con-
tinued to be biased toward using male animals over female animals in
preclinical studiesP¥, Realizing that preclinical studies were biased
towards using male mice, the NIH and other researchers set out to
generate policy to require the use of both male and female anfrals in
preclinieal research®. As of June 2015, the NIH officially requires
researchers to report sex as a variable in preclinical animal studies
NOT-OD-15-102} to reduce sex bias.
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the end of this article.
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Sex bias, preferentially selecting one sex in animal studies,
appears to have its roots in a 1923 study that identified a sex
difference in rat locomotion due to the rat estrous cycle. However, in
20085, a meta-analysis determined female rodents were not any more
variable than male rodents in pain studies™. Tn addition, more recent
meta-analyses have shown female rodent variability &s no greater than
male rodent variability™ L, A recent representative look at sex bias in
general neuroscience research found that neurcscience continues to
prefer male animals in preclinical biomedical sudies!"®). These sex
biases are informmnate considering sex differences have been repeat-
edly found in neuroscience moedels, especially in the structure and
functicn of the nervous system!™ 15,

In humans, sex differences have been observed in the somatosen-
sory cortex ™ 7 peripheral nervous system ™21, and somatosensory
processing™, In humans, chronic itch presents differently in men and
women™, Further, sex differences in iich perception in humans have
been found®¥. Even the skin, the organ most cdosely associated with
itch outside the nervous system, has sex-dependent physiology in
humand®52¢. Unformunetely, use of males and femeles in animal
models to study somatosensory processes, including itch, appears to
be inconsistent at best. Knowing whether animal models display sex
differences is critical for translation of study results to humans.

Our systemic review was designed to study the use of male and
female animals in itch-related research {August 2007 to
December 2018). It was also intended to find what, if any, pro-
gress has been made toward reducing male animal bias in pre-
clinical biomedical research since the NIF's mandate in June
2015. We also explored the usage of 4 common animal models in
itch research: mice, rats, nonhuman primates, and dogs.
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Kch

Articles Returned from PubMed
Query “ltch or Pruritus”™
n=10,571

L

Articles Screened Based on
Inclusion Criteria
n=10,571

Reviews, Case Reports/Studies, Clinical Trials, Only used cell lines, Used
2l an unusual model organism (Guinea Pig), Veterinary study on'in Horse,
Sheep, or Cat, or other unusual animal medel, Studied the ubiquitin ligase

Articles Excluded:

ITCH, or Published in a foreign language
n=10,003

A
Articles Used for
Analysis
n =568

Figure 1. PRISMA flow chart used when screening Pubhed indexed articles used 1o for this meta-analysis.

Methods

Inclusion criteria and article coding

Utilizing the PRISMA guidelines™ (Fig. 1), we searched for articles
indexed in the National Instnutes of Health PubMed database for
articles containing the words “TTCH or PRURITUS™ from August 1,
2007 to December 31, 2018. The first paper fdentfying a central
molecular mechanism for ieh was published in August 2007; therefore,
we selected August 2007 as our start date for our PubMed querym],
Similar to other neuroscience based mem-analyses #1027 31 g
excluded review articles, editorials, case studies, clinfeal tiials, and other
nonprimary research literature. Papers studying the ubiquitin ligase
ITCHP? were also escluded. Other exclusion erfterfa can be found in
the PRISMA flow diagram in Figure 1. One author (J..W.} read the
material and method sections to identfy the following: whether it fitthe
inclusion criterfa, animal model used, sex of the animal model used,
and whether sex was considered 2 varfable.

Articles fitting our inclusion criteria were assessed to determine
which species was {or were} used in the study. The species cate-
gories are mouse, rat, dog, and nonhurman primate. We included
nonhuman primates because they have been used for itch
researchl®*** as well as models for human diseases in other areas
of research, including neuroscience’® *¥), due to the homology of
the nervous system"”.

Dogs have been used as models for many nocifensive processes
in humans including: atopic dermatits {AD)? 43, allergic res-
ponses ™ 451 asthmal® ¥ ostecarthritis™=% food  aller-
gies!™2 and spinal cord infury®®). In addition, results from
dogs are frequently more translatable to humans largely due to
the fact that dogs and humans share the same environmentst %4
and that some diseases, like AD, have similar eticlogies! 25 781,
Further, dogs are one of the more frequently used nonrodent models
for human disease? 5% besides nonhuman primates and pigs.

The type of itch {acure, chronic, or both) was coded. Acute frch was
determined to be sudied when the behavior responses to a compound
were measured after injecion or in models that lasted fewer than
3 days. Chironic ich was determined to be studied when the paper used
NC/MNga mice, any atopic dermatitis model, any psoriasis model, and
acetone-ether-water model, neonstal infections of capsafein, or allergic
conitact dermatitis. Both types of itch were determined to be studied
when an acure behavior and a chronic itch model were used.

Statistical analysis

For each year, values were recorded as absolute percentage of
articles where the varfable of interest was reported. Some studies
used multiple animal medels or mouse strains in a given year;
therefore, these years have total percentages > 100%. Values in
the text are presented as meant SD, where mean s the average
number of articles across years. Most statistical tests featured in
this paper explore the animal, species, or sex appearing most
frequently in studies conducted across the entire time period
considered. These total percentages are reported in Table 1.

When analysis objectives were to discover which animal, spe-
cies, or sex was most frequently studied, ¥ goodness of fit tests
were used when sample sizes allowed (expected counts for each
group > 5) to explore whether each group was reported equally
often in studies across all considered years. If sample size
requirements to conduct the y* goodness of fit test were not mes,
groups with small sample sizes would be tested in aggregate or a
binomial test would be run comparing the two largest categories
ar the largest category against all other categories combined. If
the preliminary test found a significant difference between
groups, the group appearing the largest proportion of times was
then compared via 1-sided z-tests when assumptions of normality
were met or binomial tests otherwise against all other groups in
aggregate, or against the second most commonly ocourring group
to see if the group reported most often was studied most fre-
quently. Assumptions of normality were met when, for n the
number of articles considered for the test, p the proportion of
articles about the variable of interest,np > 10 and n{l -p) =10.

The Cochran- Armitage test for trend was used to evaluate changes
in proportions of arteles written on varfables of interest over dme.
The Cochran-Armitage test evaluates linear trends with both positive
and negative slopes against the null hypothesis that proportions
remain constant over time'®", With one proportion recorded per year
and 12 years’ worth of data, more data would be required o check
for quadratic trends or seasonality. In addiion, with few data poing,
it is always possible any linear trend found is spurious.

To test if the mean nurnber of a particular sex category changed
from before the NIH’s mandate (Pre-2015} to after {Post-2015),
used multple unpaired t-tests using Prism’s GraphPad version 8.1.

Significance claims were made at the level of ®=0.05. Note that
the symbol “=” denotes P-values smaller than 0.0001. Numerical
P-values are listed in text.
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Counts and percentages for each variable of interest, as well as information on statistical tests performed on specified variables.

Average + SD Percentage Percentage Across
Variahles No. Studies Across Years all Years Test Statistic P
lich type 568
Acute 335 62.7% = 10.9% 58.98% Ztest: acute itch more likely than other types <0.0001
Chronig 211 34.0% = 9.3% 37.15% % =17.96
Bath 22 3.3%+3.4% 3.87%
Demographics™ 572 (568)
Mice 476 82 6% = 4.5% 83.22% z-test: mice more likely than other species <0.0001
Rats 54 10.3% = 4.0% 9.44% ¥ =25112
Monhuman primates 19 4.3% = 3.6% 3.52%
Dogs 23 3.6%=29% 4.02%
Sex* 572 (568)
Male 322 56.1% + 8.9% 56.29% ztest: males more likely than other sexes 0.001
Female 74 13.7% £ 4.2% 12.94% x =881
Both 5 10.2% £ 2.9% 10.32%
Not specified 17 20.5% £ 5.9% 20.45%
Sex differences 549
Tested 6 10.0% £ 15.2% 10.17% Binomial test: more likely not to test for sex «0.0001
Not tested 53 891% +17.6% 89.83% differences across all animal models
Mice" 503 (476)
G57BI6 background 195 34.7% = 20.4% 38.77% Ztest: C57BI6 background mice more likely «0.0001
than ICR
CD-1 or ICR 121 30.4%x 16.9% 24.06% % =2459
BALB/c 75 15.1% = 8.0% 14.91%
Swiss Webster 22 4.3% + 2.9% 4.37%
NG/MNga a4 10.2% +52% 8.75%
Other 45 10.0%£52% 9.14%
Mouse sex 476
Male 274 59.3%=+11.9% 57.56% ztest: male mice more likely than other sexes 0.0005
Femals 66 13.6% = 6.5% 13.87% x=1059
Both 36 6.6% = 3.8% 7.57%
Not specified 100 205% +6.1% 21.00%
Sex differences 36
Tested 4 9.0%+157% 11.11% Binomial test: more likely not to test for sex «0.0001
Not tested 32 74.4% + 37 9% 88.89% differences
Rats 54
Sprague-Dawley 35 60.5% £ 31.0% 64.81% 2test: Sprague-Dawley rats more likely than other 0.0206
species
Wistar 9 15.2% = 20.6% 16.67% =417
Other 10 235%+31.3% 18.52%
Rat sex 54
Male 44 82.4% + 19.9% 81.48% Binomial test: male rats more likely than other <0.0001
Female 3 54%+83% 5.56% SE%E8
Both 0 0 0
Mot specified 7 14.2%=19.6% 12.96%
Nonhuman primates 19
Macaca mulatta 10 43.8% = 42.8% 52.63% Binomial test: no evidence to assume Macaca 0.4073
Macaca fasciciaris s} 30.6% + 41 9% 42 11% mifatta more common than Macaca fascicufaris
Macaca fuscata 1 8.3%+289% 5.26%
Nonhuman primate sex 19
Male 4 20.8% = 39.6% 21.05% Binomial test: no evidence to assume both sexes 0.8204
Female 4 20.8% + 39.6% 21.05% reported more often than other sex categories
Both 8 31.3% 41 5% 42 1%
Not specified 3 18.8% £ 32.2% 15.79%
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