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Abstract

Cannabishasalwaysbeen used to treat gastrointestif@l) symptomsand painBy considering the
beneficial effects obtained in human medicine, the research in veterinary medicine has focused on
the endocannabinoid system (ECS), developing productse&d inflammatory conditions and
nociception. The target of these products are cannabinoid recépBIRs), with the two canonical
cannabinoid receptor 1 (CB1R) and 2 (CB2R), and different putative cannabinoid receptors, such as
G protein coupled recept8r(GPR3) and 55 (GPR55), peroxisome proliferaictivated receptord
(PPAR) ando (PPAR), transient receptor potential vanniloid (TRPV1) and ankirin (TRPA1), or
serotonin receptor (BlT1a, 5HT2a or 5HT3a).

The principal aim of tis research was tevaluate the role dBRsin theGl tract and in the
dorsal root ganglia (DR€} of different speciesThe first chapterfocuses on the ECS and its
componentsThesecond chaptdocuses on th&l tract, describing its structure, the interaction with
the ECS and the principal pathologies affecting the speaidgaterest in which the ECS could be
involved. Thethird chaptefocuses oiDRGs,describinghe structure, the role in neuroinflammoat
and the interaction with the ECS.

Theexperimental studiesredivided in:

1 experimental studieaboutthe Gl tract;
1 experimental studiesbouttheDRGS

1 other experimental studie®¢us: endoscopy).

Thelocalization ofCBRshas been investigated in thet@&lct of dog, cat and horse and in canine and
equine DRGsThe receptors showed similarities and differences in their distribution, underlining how
the ECS modulas its expression adapting paysiological(and pathologicaltonditions between

the different species

This research could provide an anatomical sutestngaon whichit would be possible talevelop
preclinical and clinical studiemmed to investigate and possibly suppbé therapeutic use of non

psychotropic canranoid in veterinary medicine.
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Nomenclature

ECS Endo@nnabinoid system
CB1R Cannabinoid receptor 1
CB2R Cannabinoid receptor 2
GPR55 G protein coupled receptor 55
PPAR | Peroxisome proliferateactivated receptors

TRP transient receptors potential channel
5-HT Serotonin
AEA Anandamide
2-AG 2 arachydonlyglicerol

PEA Palmitoylethanolamide

CBD Cannabidiol
THC Tetrahydrocannabinol

mm Muscularis mucosae
LML Longitudinalmuscle layer
CML Circular muscle layer

ENS Enteric nervous system

MP Myenteric plexus

SMP Submucosal plexus

EGC Enteric glial cdl

SGC Satellite glial cell
DRG Dorsal root ganglion

IBD Inflammatory Bowel disease

CE Chronic enteropathy







Chapter 1

The endocannabinoid system

The endocannabinoid system (ECS) is composed of cannabinoid receptors, their endogenous ligands,
and the enzymesvolved in endocannabinoids turnover (Ste#l@04; Ligrestiet al.,2016; Lu and
Anderson2017).Thet er m fiendocannabinoid systemo was fi
1995. The etymology of this term derived frartannabis becase this phytocommnd as the
endocannabinoidsan act on cannabinoid receptdree medical use afannabishas a long history
thousand ofyears agdhe Chinese and Indian societged itfor the control ofanxiety andvisceral
pain(Figure 1) The ECShas great impoance for the physiological functions of the organisns It

widely expressed in the central nervous system (CNS), cardiovascular, gastrointestinal, immune and
reproductive system and, moreover, it is similar among different species (Maccetran@015

Cabralet al.,2015).The ECS is present in mammals, birds, fish, echinodandmussels (Salzet et

al., 2000).A growing body of evidenseindicates that activation of cannabinoid receptors by
endogenous, plaitterived, or synthetic cannabinoids magebeneficial effects on inflammation

and visceral pain.

bannabineae
o

(annabis sativa 1

Figure 1: lllustration of Cannabis sativeéScientific drawing (1887)In Franz Eugen Koéhler's Medizin&flantzen.
Published and copyrighted by Getimtermhaus, FE KdhleDrawing by W. Mdller.
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Cannabinoids receptors

G proteincoupled receptors

The G proteircoupled recepts{GPCHR) are the largest family of receptors and the principal target

of current therapeutic drugsefkowitz, 2004) In the human genome, about 1000 genes encode such
recepbrs Fredrikssoret al.,2003). GP®Rs are involved in all known physiological processes in
mammals (Lefkowitz2004).A GPCR system is composed of a ligand, a receptor, and a transducer.
Stimulated by hormones, neurotransmitters, and lipids, GPCRs chaagéiact i ve 0 conf o
that lead to a wide range of intracellular respongEgure 2) (Hodavanceet al.,2016). The most
important cannabinoid receptors are part of this family (Maccar@0ib). After the discovery of

CB1R and CB2R receptors in theEighties, other G protentoupled receptors were identified,
considered Aput at i wech asadaPRREE, GPR3pGPRG6, GRRAZ GRRAS and
GPR119GribbleandReimann, 2016, Ryberg et al., 2007, Morales et al., 2018)

1. Ligand 8

binding

3. Cellular response

Figure 2: G protein coupdd receptor systerModified fromMandik and Kruse 2017
CB1R

The cannabinoid receptor 1 (CBJ)lis a G proteircoupled receptor expressed mostly in the CNS and
peripheral nergus system (PNS)It is primarly involved in cognition and shdgdrm memory
(cerebral cortex and hippocampus) and in motor function and movement (basal ganglia and
cerebellum), so #receptor is more concentrated in these a(Bartwee 1997; Hu and Mackie

2015; FreundRevilla et al, 2017).CB1 receptor isalso present, with bower concentrationin a

variety of peripheral tissues and céPacher et al., 2006LB1Ris involved in feeding behavior: its

activation can increase appetite, wherdahs inhibition of CB1R suppresses hunger and induces
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hypophagigTerragon and Morem 2019).Thewide distribution of theCB1Rin the CNSlimits its
properties due to the psychoactive side effelitiked toits activation(Moreiraet al.,2009). For
example, the CBR antagonistimonabant was used for several years for the treatmentiasity,
reducing food intake as well as abdominal adiposity and cardiometabolic risk f@@tonsudez
Silvaet al., 2010)In 2009 it was banned due to psychiatric side effaatduding depression, anxiety
and suicidal thoughtsSimon and Cotg2017).

CB2R

CB2 receptor, another G protetoupled receptor, is mainly expressed by cells of the hematopoietic
and immunesystemssuch as moraytes, macrophages, and lymphtesyB and T hihglighting its
immunomodulatory propertiéStaiano et al., 200%actler et al., 2006MatiasandDi Marzo, 2007.

In human medicine, CB2Rasa potential as target in the treatment of chrorpammatory diseases,
such as rheumatoid arthritis, atherosclerosis | apagmmatoryBowel Diseas€IBD) (Turcotte et al.,
2016).CB2R seems to be involved also in the pathogenesis of iiBBumansthe CB2Q63R
genetic variant increases the risk of pedatD. This variant is linked to the balance betweéd T
and Th2 cells. Children affected by pediatric IBD with the CBI63R variant develop a more severe
phenotype of IBD (Strisciuglie@t al., 2018). CB2R has recently been identified in neurons and
microglia (Malfitano et al.,2014). This receptor seems to be upregulated in diffef@NS diseases
involving microglia and/or astrogliactivation, suggesting a possible role of CB2 receptor as
phamacological target in neuroinflammatory diseases (Skepat.,2013; Navarroet al.,2016;
Cassaneet al.,2017; Cheret al.,2017; FreundRevilla et al.,2018). The absence o€B2R inthe
brain resultinng s y ¢ h ot r dipkedcto ite actvatior@hopeshwarkar and Mackie, 2014)
Moreover, recentvidences demonstratbe role of ECS immodulaing cell-signaling targetsin
diabetes mellitu¢DM) (Kumawat and Kayr2019). The activation of CB2R inhibits the expression
of inflammatory cytochines, asimor necrosis factor alpha (TNF)Interleukin 6(IL-6), Nuclear
factor kappa bta(NF-a b(Horvéath et al., 2002 Moreover, CB2Rs present irpancreatid®-cellsin
human and rat, and can stimulate the secretiamsafin throughCe* signal regulatiorfJuanPicé et

al., 2006).In human and rat kidneB2 receptor has been localized in glomeruli and tul{@ekir

et al, 2019). ®veralstudies demonstrate th@B2R activationcanreduce kidney damage, while
CB2Rinhibition increase renal damagdukhopadhyayet al, 2010; Zoja et a]2016).Activation of
CB2 receptor wittCB2R-agonistgeduce apoptosis, inflammatiamdoxidative stresg the kidney
(Cakir et al, 2019).


https://www.ncbi.nlm.nih.gov/pubmed/24877594
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GPR55

The G proteircoupled receptor 55 (GPR5®%)s first described in 199%&wzdargo et 311999).
GPRb55shares 1014% homology withCB1 and CB2 receptors (Lauckner al.,2008).It is widely
distributed in the enteric nervous system (ENS) of humans and rodents, especially in the myenteric
and submucosal plexus (Let al., efal., 2011; Ros®t al.,2012; Liet al.,2013; Goyakt al.,2017).

GPR55 has been identified in a large number of cell types, as macrophages, plasma cells, neutrophils,
natural killer, monocytes, or lymphatic cells-¢€lls) (Balenga et al., 2011; Stan@tal., 2015;
Chiurchiu et al., 2015; Taylor et al., 2015; Lanuti et al., 2015; Grill et al., 2019)lso expressed

by microglia, the principal cells in the CNS involved in the innate immune response, playing essential
roles in the homeostasis anesponsg to inflammatory stimul(Ransohoff and Pery2009). An
overexpression of microglia is associated wit
(AD) or Parkinson disease (PD) (Strat al., 2005). GPR55 antagonists, blocking microglia
adivation, can potentially provide antflammatory effects (Salibaet al., 2018). As other
cannabinoid receptors, GPR55 seems to be involved in human IBD. In inflammed colonic samples
of patients affected by Cr ohn 0 sficadtly Bigher thain GP R
patients withUlcerative Colitis or noanflammed patientsGPR55 shows strong affinity with
palmitoylethanolammide (PEA)a lipid mediator structurally related to the endocannabsoid
(Petrosino and Di Marzo, 2016)Otherwise cannaidiol (CBD), another therapeutic
phytocannabinoidacts as an antagonist of the GPR55 (Ligresti et al§)28d the function of this
receptor is still questioned.

Peroxisome proliferatofactivated receptors

Peroxisome proliferateactivated receptorsPPAR) are liganéhctivated transcription factors
belonging to the family of nuclear hormone recep(biRs), part of the steroid receptor superfamily
(Figure 3) (Berger and Moller2002) After interacting with specific ligand$\Rs move to the
nucleus, mdify their structure ad regulate gene trascription (Gryg@brniak 2014).They actas
transcription factors, modating various metabolic processes, principally lipid and glucose
homeostasigBurstein, 2005; O'Sullivan, 2007; Morales et al., 2017).
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Superfamily of nuclear
hormone receptors

Thyroid Steroid vitamin D3 retinoid acid peroxisome
hormone hormones receptor - receplor proliferator
receptor - THR receplors VDR RAR activated
receptor -
PPAR

Figure 3: Superfam¥ of nuclear hormone receptors. Modified fr&arger andMoller, 2002

The structure of PPARSs is a thrdenensional structure, composed by a DNA binding domain (N
terminus) and a ligand binding domaintg@minus) GrygiekGorniak 2014) There are different eo
activators and coepressors of PPAR, which can activate or inhibit receptors function (Viswakarma
et al.,2010). The family of PPAR comprises PPBRPPARD/U and PPAR (Berger and Moller
2002).Natural ligands of PPARs are essahtatty acids (EFA) or eicosanoids, involved in glucose
and lipid homeostasis (Krest al.,1997). Synthetic ligandsre for example, fibrates, involved in the
treatment of hypertriglyceridemia, and thiazolidinediones, used in the treatment of DM €raeigu
al.,2001)

PPARJ

The PPARJreceptor is a ligandctivated transcription factor. PPARanmodulategene expression,
playing a key role in glucose and lipid homeostasis and inhibiting inflammation (Naidsradvy
2016).This receptor is highly expssed in metabolic e tissudike heart, liver, mucosal intestine,
skeletal muscle, and brown adipose tissnehe liver, increased fatty acid concentrations activate
PPARU, which uptakes oxidized forms of fatty acids. Oxidation prevents steatosis of the liver, in case
of starvation/fasting (Settat al.,2001). Administration of PPABagonists prevents hepatic fibrosis

in animal modelgIp et al.,2003).The antinflammatory action of palmitoylethanolamidenatural

fatty acid ethanolamidés also mediated by the intetoon with PPARJ. Indeed, PPAR'" mice

display longer inflammatory respongban wild type mice (Lo Vermet al.,2005).
PPAR

PPAR is anotherligand-activated transcription factolt is widely expressed in whgt andbrown
adipose tissue, spa and itestine.PPAR plays a key role in adipogenesis and lipid metabolism,
and it is essentidbr the control of insulin sensitivityGrygielGorniak 2014) The activation of
PPAR> balanceghe secretiorof adipocytokines, mediators of insulin action in pkdpal tissues
(Kintscher and Law2005).PPAR is also present in endothelial and vascular smooth muscle cells,

and it is involved in regulation of vascular inflammation and atherosclerosis @¥larx1999).This
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receptorseems to haveeuroprotective @ential inCNS diseases (Hung et al., 2019he natural
agoniss of PPAR are polyunsatured fatty acid (PUFA), but they not always determiaetavation
of the receptor and consequentlygane transcription (Grygigborniak 2014) This interaction
betveen PUFA and PPARseems to regulate cancer developmigteed, the activation G(1PAR

has arapoptoticaction on cancer cellsvhile in vitro activatiorof PPARJor PPARb/U in human cell
lines of breast cancer stimulateell proliferation (Suchaneétal.,2002) PPARis a target of CBD,
which redue intestinal inflammation mainly through a modulation of the neommune axis (De
Filippis et al.,2011; Cowh et al., 2017).

Transient receptors potential channel

The transient receptors potential chdnfld&RP) areintegralmembrane proteinthat modulate the
entrance of ions Ca in the cells (Morales et al., 2017Hormones, growth factors and
neurotransmitters allow Caentry through recepteactivated cation channels. All channks/e six
transmembane segments (from S1 to S6), with a pore region (P) between S5 and S64Hiyunes
and Owsianik2011).These proteins are conserved in invertebrates and verted@Rsare widely

expressed, both in excitable and rextitable tissues; they arechlized mostly in all cellular

membranes.The superfamily of TRP contains seven subfamilies: TRPC (canonical), TRPV

(vanilloid), TRPM (melastatin), TRPP (polycystin), TRPML (mucolipin), TRPA (ankyramd
TRPN (NOMPCIike, only in invertebrates and fisfi)ilius et al.,2007). Cannabinoids can interact
with threesubfamiliesof TRP: TRPV TRPA and TRPMIn particular TRPV1TRPV2, TRPV3,

TRPV4, TRPM8 e TRPAL interact with cannabinoids (De Petrocellis et al., 2008; De Petrocellis et

al., 2011, De Petrocedliet al., 2012).

our_geszpelipfbizassss il
HITIT {% H(Hﬂ\
N )

NH, COOH

Figure 4: Predicted stragtural topology of TRP channels. Modified frdditius and Owsianik2011

TRPV1

The TRPV family contains six members, from TRPV1 to TRPWUeesereceptors are tetrameric

complexes, and every subunit containshsiterminal ankyrin repeats (Det al.,2019).The TRPV1

islocated in DRG and trigeminal ganglia, spinal and peripheral nerve terminals, brain, skin, pancreas,

6
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gastrointestinal tract and bladder (Nilius and Owsig2id 1).In the brain, TRPV1 has been fall

in dopaminergic neurons of treibstantia nigra hippocampal pyramidal neurons, hypothalamic
neuronsjocus coeruleus the brainstemand in various layers of the cortex (Mezsyal.,2000).

TRPV1 is activated by heat (>43°C), low pH and capsaiciaté@na et al., 1997)it usually
undergoes desensitization by endocannabindisb(osino et al., 2013Zygmunt et al.,2013.

TRPV1 is involved in different functions, such as thenagulation, nociception, pain management

or food intake regulation (Niis and Owsianik2011).The stimulation of TRPV1 by caspaicin seems

to prevent adipogenesis and obesity in wild type mice (Zlerg., 2007).In primary sensory
neurons, TRPV1 is essential for the developmentfmnmmatory hyperalgesia (Daws al.,2000).

In the gastrointestinal tract, TRPV1 is mainly expressed by the submucosal plexus (SMP), myenteric
plexus (MP)muscolaris mucosagastric mucosalnd parietatells and gastric antral G cells (Akbar

et al., 2010). On gastric functions, TRPV1saetlucing gastric acid secretion (Hiroketial.,2012),
accelerating gastric emptying process (Debreceni et al., 1999), increasing mucosal blood flow
(Satyanarayana, 2006) and protecting gastric mubosaghthe secretion of prostaglandins (PGE

and epdermal growth factor (EGF)IRPV1 is involved also in Irritable Bowel Syndror(iBS), a

human functional bowel disorder that causes abdominal pain, abdominal distention, and changes in
stool characteristics (Det al.,2019). Shiet al.(2013) demostratethat TRPV1expressioron nerve

fibers was significantly upregulated in colonic sampléh IBS, and this upregulation was positively

correlated with the severity of abdominal pain.
TRPAL

The TRPA family contains one mammalian receptor, TRPAL (Nétug, 2007). TRPAL is an ion
channel that reasto mechanicalthermal(cold) and chemical stimulatiorit can be activated by
different chemical substances present in herbs and spices, like allicin (obtained from garlic),
cinnamaldehyde (from cinnamon) evasabi. It is expressed by nociceptileérmareceptive
neuronswhich detect temperature below7°. This receptor is also expressed bymauronal cells,
such asin human and mic4q, cells.Sahocet al.(2019)found that TRPAL is expressed at the stefa
of these immune cells, rather than intracellularly, and it is overexpressed in activated Wieks
it mediates Cq influx and determines the release of certain citok{régure5). TRPA1 seems to
act as a proinflammatory regulators, involved eurogenic inflammation (Bautis&t al.,2013),
dermatitis(Liu et al.,2013)and colitis in micemodels(Utsumiet al.,2018) So, TRPAL inhibition
should reduce T cells activatio@thewise, otherstudies suggest an amiflammatory role of
TRPAL, viaCD4" T cells involvement (Bertiret al.,2016). TRPA1L, coldsensitive channel and
TRPV1, a heasensitive channel, are often-espressed (Storgt al.,2003).The antiinflammatory,

antinociceptive and analgesic properties of CBD might be due, in pdhe tcapaihty to activate

7
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and/ordesensitie both the TRPAL (De Petrocellis et al., 2088) the TRPV1Risogno et al., 2001,
Ligresti et al., 2016)TRPAL is involved in the etiology of FEPS (Familial Episodic Pain Sydrome),
an autosomal dominant dase that gives upper body pain, provoked by physical strefsstorg
(Kremeyeret al.,2010).

Cytokine release

Mitogen .
receptor TRPA1}

TCR\ 13

Other Ca®*

——— LT L channels
CDGQ’& g

encounter

Antigenic/mitogenic

Figure 5: Expression anihvolvement of TRPAL in Tcells. Modified fr&ahoocet al.,2019

Serotonin receptors

Serotonin $-HT) was first discovered by Vittm Esprameimn 1938,isolated from the gastrointestinal
tractand named ({BEspramerraadrBorette TO500he name serotonin derives from its
vasoconst r i cdelico rns eprrumpnesiotdnstiic) Ngwiiit is one of the most studie
chemicalmessengersor its wide distribution and functions. Serotonin recept&siTR) family
comprises seven subtypesix G proteircoupled receptor and one-kBr'3) ligand-gated cation
channelkeceptor, and 3 receptors (Mc Corvy and Roth, 2016).the human CNS, almost all the
HTRs are expressed (excé&pHT5b), and they are involved in different functions, such as sleep
wake cycle, appetite, emesis, mood, memory or breathingegRaly2011). Surprisingly, the major
guantity of 5-HT in the bodyis found in the gastrointestinal tract, playing an important role in
motility, secretion and gastrointestinal syntoms (Gershon et al., X3&¥abinoids can interact with
different serotonin receptorsuchas5-HT1a,5-HT2a and5-HT3a, as both agonisind antagonist
(Russo et al., 2005; Cascio et al., 2010; Cascio et al., 2015 Vifals et al., 2015).

5-HT1laR

5-HT1aR is the most widely distributed of &HT receptors (Pytlialet al.,2011).In the CNS, the
highest density d-HT1aR was found in areas portant for learning and memory, such as the frontal
cortex, hippocampus and septum (King et al., 20083. expressed as psynaptic receptor in the
raphe nuclei, where inhibits the release of serotonin at CNS level, and a&ymegstic receptor in
different cortical areas, where it modulates the release of dopéhiireei et al.,2013).5-HT1aR is
involved in anxiety, and its agonssdre getting interest as awkepressant and assychotic drugs

8
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(Celadaet al.,2013).CBD acts as an agonist 8fHT1aR, with ansiolitic properties (Campasd
Guimaraes, 2008pDther phytocannabinoids, as cannabigerol (CBGaseintagonist (Cascio et al.,

2010). In an animal model of Alzheinfedisease (AD), 81T1aR antagonist (NAE299) helps to
attenuate the neonal apoptosis, as reported in AD (Shahidi et al., 2@8)T1aR can be found in

the gastrointestingGl) tract, comprising the myenteric plexus (Pytliedkal.,2011).5-HT1aRis

involved in numerous Gl functions, such as secretion and motility. Giadhechb-HT1aR agonists

act as mucosal protectants, reducing acid and pepsin secretion and increasing adherent mucus
production (Farrét al.,1995).These agonists are also involvednhibition of the gastric motility

(Tacket al.,1992), and modulain of colonic motility (Dicksoret al.,2010).

Glycine receptors

Glycinereceptors are ionotropic receptors thatong to the cy#oop superfamily. These receptors
are composed by (UL to U4) andb subunits, with &1 andU3 subunit mainly expressed in the spinal
cord, andR in the brain (Hejazit al.,2006). Glycine receptors are involved in pain trasmission and
dopamine release, so they play a key role in analgesia and ditigraddhey are an important target
for nociception at the spinal level (Xioegjal.,2012).Tetrahydrocannabinol (THC) and anandamide
(AEA) directly interact with glycine receptgrthis interaction contributes the anhflammatory and

analgesic effestof phytocannabinoids in neuropathic diseaes (Morales et al., 2017).

Endocannabinoids

The endocannabinoids are the endogenous ligands of cannabinoid receptors, first isdteted in
Nineties(Devane et al., 1995). These molecules eicosanoidsapableof binding to and activating
cannabinoid (Malfitano et al., 2014 ndocannabinoids derived frdong chainpolyinsatured fatty

acids, especially arachidonic ad@irculating endocannabinoids come from different organs, such as
brain, muscle, adipose $ise and circulating cells (Hillay@018).Variousstimuli can enhance the
production of endocannabinoids, and these molecules can have effects on different organs or tissue,

as the brain, adipose tissue, liver, gastrointestinal tract or immune systeme @Fig
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Circulating endocannabinoids are metabolic and
immune effectors

Stimuli for Cannabinoid
increased endocannabinoids receptor-mediated effects
Stress
Stress SNS Elovate mood
Glucocorticolds Reduce anxiety
Brain
B Increasa food consumption
Obesity Liver? ce1 Suppress orexigenic signals
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Figure 6: Stimuli and effects of circulatinendocannabinoids. Modified froillard, 2018.

The principal endocannabinaidre anandamide @drachidonylethanolamine or AEA) andA% (2
arachydonyglicerol). Other endocannabinoids arearachianyl-glycerylether (or noladin), ©
arachidonoylethanolamine (or virodhamine, or&REA), N-arachidonoyl dopamine or (NADA) and
other compounds (Pertwe2015). Palmitoylethanolamide (PEA) or oleoylethanolamide (OEA) are
considered endocannabindike and can directly or indirectly act on cannabinoid receptors
(Bradshaw and Walker, 2005).

AEA

Anandamide was the first endocannabinoid to be discowenedrcine brain and belongs to the N
acylethanolamine familyDevane et al., 199. Anandamide is synthesideon demand from the
hydrolysis of a phospholipid precursor, -adachidonoyphosphatidylethanolamine, by a
phospolipase D enzyme, in a calcium-mependent manner (Di Marasb al.,1994). The release of

AEA is not by vescicles, but via facilitated diffosi through the cell membrane (Mechoulatal.,

1998). AEA is a partial agonist of CB1R and CB2R, with greater affinity for CB1R (De Petrocellis

and Di Marzg 2010). Moreover, it can bind to PPAR O 6 S u,l12007)\GRRBE5(Ryberg et al
2007)andTRPV1l,supposing a possible role of @&@tnahndami
2001; Ross2003)
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2AG

The 2AG is a monoacylglicerol, first isolated from rat brain and canine gut (Mechailam1995;
Sugiuraet al.,1995).The production of AG is medated by diacylglycerol lipase, which converts

the phospholipase C (PLC) product diacylglycerol tacglglycerols, including -AG and 2
oleoylglycerol (20G) (Hillard, 2018). 2AG is a pure agonist of CB1R and CB2R, wgreater
affinity for CB2R than AEA Pertweeet al.,2010). ASAEA, it can interact with PPARand GPR55.

2AG is also a metabolic intermediate in lipid synthesis, being the principal source of arachidonic acid

in the synthesis of prostaglandin (Nometaal.,2011).

Palmitoylethanolamide

Paimitoylethanolamide (PEAIs a lipid mediator structurally related to AEK.was firstisolated

from egg yolk, soybeans, and peanut m@burnet al.,1954) and then from a variety of food
sources (Petrosinet al.,2016).PEA can also be synthesizedlie organism, through the dirplysis

of N-palmitoylphosphatidyethanolamine by the enzyme -adylphosphatidyethanolamine
selective phospholipase D (NAHHE.D) (Okamotoet al.,2004). The degradation is mediated by
FAAH and NAAA (N-acylethanolamindaydrdyzing acid amidase) (Uedat al., 2001). The
mechanismsf action of PEA are different. The first method was identified by Rita-Mauitalcini

| aboratory, and was named AALI A0 €ald99%).dheyo i d L
showed how lipicamides, when administered systematically, could reduce mast cell degranulation,
suggesting a strong local amilammatory effectof PEA PEA can also act directly on different
receptors, as PPARLo Vermeet al.,2005; Gabrielssoret al.,2016), GPR55 (Ryberet al.,2007)

and weakly orCB2R. The action or€B2Ris principally mediated by aentourageeffect, reducing

the metabolisthstimulating the synthesis of endocannabinoids AEA a#d52(Di Marzo et al,
2001).Finally, PEAactsdirectly and indirectly on TRPV1 (De Petrocellis and Di Mar2010)
increasing the activation of TRPV1 by AEA and 2AG, or activating it through RR&Beptors
(Ambrosino et al., 2013). PEA is usedboth in human ad veterinary medicine for its anti
neuroinflammatoryneuroprotectiveanalgesic, and angiruritic propertiesand for the action against
visceral pain (Ret al.,2007; Gabrielssn et al.,2016; Petrosino and Diarzo, 2016. The benefits

of PEAhavebee evi denced in sever al neurodegenerat.i
( AD) , Par ki ns,orrMalple 8dlesnsisad MSy. PEARERINS to antneuralegenerative
diseasemodulating the altered expression of proteins in ADP@r andinhibiting pro-apoptotic
markersor pro-inflammatory factors (Petrosino and Di Marz@017). The antiinflammatory
properties, as the antipuritiare principally linked to the AIA mechanismwith the down regulation

of mast cellsThe analgesic properties seemderive from the direct action on PPBRNd the
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indirect modulation o€B2R (Petrosino and Di Marzp2017).A recent study demonstrated that the
analgesic effestof PEA are progressive, not linked to agend gendey and notrelated to the

aetiopathogenesis of chronic pain (Paladini et alL62.
Phytocannabinoids

Phytocannabinoids are cannabis meroterpenoids and their analogues of plantoaiginu(g., et
2016).To date, about 104 phytocannabinoids have been isolated, divided in 11(typéstta9-
transtetrahydrocannabinol of-THC), (-) -delta8-transtetrahydrocannabinol q§-THC),
cannabigerol (CBG), cannabichromene (CBC), cannabinol (CBN), cannabidiol (CBD),
cannabinodiol (CBDN), cannabielsoin (CBE), cannabicyclol (CBL), cannabitriol (CBT), and
myscellaneousype cannabinoids (Elety andGul, 2014).They have different affinity and function

on cannabinoid receptors (Figufe

Phytocannabinoids

A®-tetrahydrocannabinol I Psychoactive. Most abundant in drug-type plants
(A®-THC) ( k - Partial agonist CB1 =~ CB2
'@
Cannabidiol (CBD) T Non psychoactive. Most abundant in fiber-type plants. Not specific antagonist of CB1 e CB2

Inhibitor of AEA uptake and metabolism

Cannabinol (CBN) Weak CB1 agonist, partial CB2 agonist

A%-tetrahydrocannabivarin A9-THCV antagonizes A9-THC at low doses (<3 mg/kg)

CB1 agonist at greater doses ( 10 mg/kg)

Cannabidivarin (CBDV) Mechanism of action unknown

Cannabidiolic acid Selective inhibitor of COX2 TRPA1 and TRPV1 agonist

Cannabigerol J“ ‘ i TRPA1 and TRPV1 agonist
2 CB agonist; inhibitor of AEA reuptake

Cannabichromene TRPAT1 agonist

{ j Inhibitor of AEA reuptake
s
e
. r/

Figure 7: Molecular structure and mechanism of action of phgto@abinoids. Modified from Pisanti et 22017.

Yoo
Xee

A

g®-THC is themaincompound ofCannabis stiva, isolated for the first time in 196d4nd well known
for its psychoactiveside effects(Gaoni and Mechoulaji964). Many of the other compounds are
nonpsychotropic,so they are of extreme interest for their therapeutic properties (Fsyutdne

principal norpsycoactive compound in cannabis is Cannabidiol (CBD).
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Cannabidiol

Cannabidiol is the second major qumnentof cannabisafter THG andit is not associatewith
psychoactiity, alteration of motor function, memory or thermoregulatiBisognoet al, 2001).For

this reasonCBD has been investigated several models of pathologies, likiflammatory and
neurodegenerative diseases, epilepsy, or autoimrdisoeders likemultiple sclerosis arthritis,
schizophrenia anth neoplastic diseasg$zzo et al., 2009; Pisantiet al., 2017). CBD plays an
important role in IBD treatment, through modulation of inflammatory cytokines (Sacextiate

2005), inhibition of mast cells and macrophages recruitment (De Figppis,2011), and reduction

of intestinal permeability (Coudét al.,2019).Cannabidiolcan act directly on cannabinoid receptors,
with low affinity with CB1RandCB2R, or as arentouragemolecule bothreducing side effects of
g®-THC (Pisanti et aJ 2017).1t is also an agonist of TR/1 (Bisogncet al.,2001), PPAR and5-

HT1aR (Russcet al.,2005). Moreover, CBD acts on AEBy inhibiting its uptake and preventing its
hydrolisis (Bisogneet al.,2001). CBD can reduce intoxication, sedation and tachycardia induced by
THC; on the othehand, it can enhance its analgesic, -antetic or antcarcinogenic properties
(Russo and Gyy006).So combined preparations with THC and CBD can allow to use higher doses
of THC, mantaing the safety for patien®BD is getting more interest in receygars, as treatment

for peopleunsatisfied by conventional therapies or absence of therapies. CBD is not considered an
abuse drudyut the regulation for its sale is not clear. Several products as CBD oil, tinctures and vapor
are in commerce, but the abse of regulation exposes to the risk gia@rquality product, with

lower concentration than the effective ome,with biological contamination of the compounds
(Pisantiet al.,2017)
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Enzymes forsynthesis anddegradation
Synthesis

AEA and 2AG both contain arachidonic acid, but synthesis and degradation are mediated by different
enzymes (Pachaat al.,2006). They are synthesized and releasgddenand in a Cd- dependent
way, following physiological or pathological stimuli (Di Mam@ and DeutschL998).

AEA belongs to the family of Micylethanolamines ang produced from the hydrolysis of the
corresponding NAPEs (dcylphosfatidylethanolamingsin a phospholipidlipendent pathway.
The enzyme responsible for this hidrolysis is NAPED, a phospholipase D selectif@ NAPE
(Schmid and Berdyshe2002).

2-AG is principally produced from diacylglycerols (DAGSs) hydrolysis by a DAG lip@&s&GL)
(Bisognoet al., 2005). There are two iSorms of DAGL: DAGLU and DAGLb: the first one is
predominant in adult CNShe secondlays an important role in 2AG synthesis during immune
responses (Hset al.,2012).

Degradation

FAAH (fatty acid amide hydrola3és the principal enzyme involved in anandamide turnover and, in
some cases;AG hydrolisis (Cravatet al.,1996; Cravatt and LichtmaB002). FAAHis responsible

for the degradation of multiple fatty acide amides, including PE&.dtmembran proteiand it has

a high degree of conservation between moadehaman (Bisognet al.,2005).In addition to FAAH,
AEA can be degradated via oxidation by CQ@X(cyclooxygenas®), to create prostamides
(Woodwardet al.,2008).The third route of degradationv& N-acylethanolamindydrolizing acd
amidase (Tsubagt al.,2005).2-AG can bedegradatethy FAAH hydrolysis or COX2 oxidation but
there are other enzympsmarly involved in its degradation, as MAGL (monoagyycerol lipase)
alpha/beta domainontaining hydrolase 6 (ABHD6) and alpha/beta donwintaining hydrolase 12
(ABHD12).

14



Chapter 2

The gastrointestinal tract

The digestive systenfsystemadigestoriun) includes all the organs involved in the digestive
processes. In addition tigestion and absorptipdue to its continuous contact with the external
environment, theligestive systens the largest immunological organ in the b@g®gnbow 2015).
The gastrointestinal tract is a long tube starting withothécavity €avum ori$ and terminating with
the armal canal ¢analis anali$, and, with the teetfdente¥ and the annexed glandsomposes the
digestve system(Figure9) (Barone,2006. All the anatomical references are based or\thi@ina

Anatomica VeterinarigConstantinescet al.,2017).

Figure 9: The canine gastrointestinaldct. Modified fromBarone 2006
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Anatomy

From the esophagyssophagusto the colon(colon), the gastrointestinal wall is composed of four
layers (from the inner to the outer layer): muc@saica mucosp submucosétela submucogamain
muscular coatt(nicamusculari$ and seroséunica serosa(Figure10).

Thetunicamucosas composed by the epitheliug@pitheliun), lamina propria (LPlamina propria
mucosag and muscularismucosae(mm lamina muscularis mucospeThe epithelium, in close
contact with the ingested food, is responsible for the absorption of nutrient, water and electrolytes.
The lamina propria is the home of intestinal immunitary cells, i.e. B and T lymphocytes,
macrophages, mast cells and denditlls. Themmis composed of two layers: the inner circular
layer and the outer longitudinal layer (Frapp2€00).

Thetela submucosas composed by connective tissue, rich in lymphatic and blood vessels, nerves,
immune cells and, in some tracts (dsagus, duodenum), submucosal glands (Ge]@éiy). Where

there is nanm, the submucosa, in contact with the lamina propria, becompes&aa-submucosan

the submucosdhere isthe Meissner plexus, or submucosal plexus (S(@lexus submucosygpart

of the ENS.

Thetunica musculariss made of two parts: the circular muscle layer (Cltkatum circularé and

the longitudinal muscle layer (LMLstratum longitudinalle The CML is the inner part, and it is
responsible for the mixing movements of thesgtinal contents, while the external portion (i.e. LML)
helps in the progression of the digested food. Between the two muscular layers resides the Auerbach
plexus, or myenteric plexus (M@)lexus myentericyisresponsible for the contractile actions ¢ th
tunicamuscularigCollins and Badireddy, 2019)

Thetunicaserosais the externalayerof the gastrointestinal wall, in the portion included in serosal
cavities (mediastinum, abdomen and pelvic cavity). It is composed by connective tissue covered by
mesothelium, a simple squamous epithelium. In the portions of the gastrointestinal tract outside from
serosal cavity (cervical esophagus, retroperitoneal rectum), the external portion istuwated

adventitia This layer is not covered by mesothelium (fpiar et al. 2000).
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Figure 10 Schematic diagram of the anatomic and histologic oigmtion of the digestive tube. Modified from
Kierzenbaum2002.

Esophagus

The esophagus is a muscutaembranous tube that connects the pha(gha&ryny with the stonach
(ventriculug. It starts with a proximal esophageal sphincter and ends with the céodiasm
cardiacum)the sphincter that controls tipassage in the stomach (Barog@06). The esophagus,
through the course in the neck, is dorsal to the tractwsgpefor the distal part, where it moves to the

left (in Carnivores it remains quite dorsal). In the mediastinum, it moves again to a dorsal position
and passes to the right of the aorta. Through the esophageal hiatus, the esophagus crosses the
diaphragmand after a small abdominal portion, it becomes stomach (B2008&).

The mucosa is composed of three layers: the stratified epithdtemnatinizedin swines, equids,
ruminants,rats, and mice and nonrkeratinized in carnivores and humartise LP, commsed by
collagens and elastic fibers; ati mm, which is incomplete in the dog and the pig (just in the distal

part) (Barong2006; Gelberg2014). The submucosa is made of connective tissue, rich in elastic
fibersand reallyloose,to allowwide movemets of the mucosa (Baron2006).Submucosal mucus
glands(i.e.B r u n n e rspare prgsem at the pharyngeal junctioeguids ruminants rabbits and

rodents; in the first half of the esophagus and just some sporadic glands in the rest of the esophagus
in the pig;throughout the esophagusdogs and humans (Gelbe&§14). In the horse, these glands
arealsopresentn the third caudal of the esophag@hiocchetti et al., 2015 hetunica muscularis

is composed byhe LML and the CML,; it includes sated muscle cellpartially mixed with smooth

cells. Smooth muscle cells replace entirely the striated cells at the cardias in ruminants and dogs and

in the last 45 cm in the pig. In humans, cats and equids, the change is gradual and it becomes complete
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when the esophagus crosses the aorta (Chiocchetti et al., 2018unidee adventitiawraps the
esophagus in the cervical portion, becoming thicker in the thorax;sefolas present in the small
abdominal portion of the esophad@elberg 2014).

Stomach

The stomach is the first essential organ for the digestion, where the enzymatic and hydrolytic
processes start (Frappie2000). It is connected to the esophagus with the cardia$ to the
duodenun{duodenurpwith the pylorugpylorus; it is divided in fundugfundus ventricu)i, corpus
(corpus ventriculiland antrun{antrum pyloricun. It is more developed and dilatable in carnivores
than omnivores or herbivores (Baror@06). The mucosa is completely glandular in carnivores,
humans and rabbitk equids, pigs ans rodentse mucosa is just partially grandular; the aglandular
portion is covered with stratified epithelium, and is linked to the glandular portion with an irregular
linear area callethargo plicatus The mucosa has big gastric fottat disappear with the distension

of the organ. The surface of the mucosa has diffuse gastriffqitlae gastricae which denote
entrances to tubular shaped gastric glahosated in theLP. The mucous secrete of the glands
protects the mucosa froautolytic processes. The mucosa is dividesed ornthe kind of glands, in

cardial regior{pars cardiag, fundic regionfundus ventricu)iand pyloric regiorfantrum pyloricum
(Frappier 2000). The cardial region is widely extended in the pig but lohisethemargo plicatus

in other species. These glands have a mucous secrete. In the fundic region, glands are composed by
a bottomabody, a collarand an isthmus that comes out at the level of the ga#isicThese glands
containmucous cells of theollar (mucocytes) principal cells,and parietal cellsin the bodyand
endocrine cell$n the bottom. Mucocytes are cuboid cells secreting mucus that covers the collar of
the glands. Principal cells are the most numerous in the gastric region, andoansitds of the
production of pepsinogen, transformed in pepsin by cloridric acid (HCI) (Fragpi@g). The latter

(HCI) is the product of parietal cells. Endocrine cells provide gastrointestinal hormones, such as
gastrin,cholecystokininor PYY (Fothergll et al., 2019).The pyloric region occupies half of the
stomach in carnivores, and the pyloric glands contain typical mucus secreting cells. The submucosa
is closely linked to the mucosa, following the gastric folds (Bardd@6). Thetunica muscularisas

the other intestinal tracts, includes a LML and CML; the serosa is made up by the visceral peritoneum
(Barone 2006).

Small intestine

The small intestin€intestinum tenueis afundamentaktomponent of the digestive systewhich

allows the absorptin of important nutrientsThe small intestine includes duodenujgunum
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(jejunum andileum (ileum). The duodenunis thefirst section, connected to the antrum of the
stomach by the pylorus. Theiedenum surrounds the right lobe of the pancreas (in @aes) in

the shape of a "C." The duodenunaidmixingpodb , wher e t he i nt eec¢iviesnal ¢
the chyme from the stomach, pancreatic enzyméseak down the products from the stomaaid

bile from the liver for the digestion arabsaption of fat from food productsThe jejunumis the
longest (andhe most mobileportion of the small intestine, and with the ileigprincipally involved

in absorption. The ileum is the last part of the small intestin@ajsr absorptive producsse vitamin

B12 and bile acid¢Collins and Badireddy, 20187 he histological structure of the wall is almost
similar in all the small intestine, showing just little differences. The serosa consists of loose
connective tissue covered by mesothelium (Frae0). Theaunica muscularigonsists of the thin

LML (thicker in the horse), and the CML. In the connective tissue between the two layers there is the
MP (Frappier2000; Collins and Badiredd2018) The submucosis made otonnective tissue that
confains bloodandlymphaicsvesselsand t he SMP. B submuoosahndcsus gandsn d s
in dogs and ruminants, serosal glands in equids anehsgcosal in the cat (Frappje2000). All

along the small intestine, but especially in the ileum, thesubmo sa i ncl udes t he
which are aggregated lyrmatic nodes. The mucosa is composed by epithelltPnand mm. The
mucosa is designed for the maximal absorption, so it is cobgredestinalvilli (villi intestinales,
protrusion of the mucasthat increases the surface af@allins and Badireddy2018) Theintestinal

glands, alsocalledcrypt of Lieberkihror intestinal cryptarelocatedoetweerthevilli . Villous height

and crypt depth decrease aboralliiereis a variety of epithelial @l types in the intestine, produced

by progenitorcells in the cryptsenterocytes, mucous goblet cells, enteroendocrine cells (EECs),
Paneth cells, and M cells (Figurg)iLeibich, 2012).

Stem cell

Paneth cell Neuroendocrine cell Goblet cell Enterocyte M cell

Figure 11: Schematic illustration ahe epithelial cdltypes of the small intestine. Modified fr@elberg 2014.
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Enterocytes are the principal cells of the intestinal muclerovilli, on the apical surfacef
enterocytesncreaseheirsurface areacreating the brush border. Mucoublg cells decrease going

from the botton to the apex of the villi, and increase going aborally towards the large intestine
(Gelberg 2014). These cells produce mucus, fundamental to help the progression of the intestinal
content, protect the mucosa froradterial invasion or to avoid autolytic processes (LieR2€12).
Enteroendocrine cells (EECs) are the source of gastrointestinal hormones, like gastrin, secretin,
cholecystokinin PYY, 5HT or others (Fothergrill and Furng2818). Historically, they wernamed

with a letter code, considering the hormone produced or ultrastructural features identified by electron
microscopy (Table 1). In the last decades, different studies highlight the fact that EECs usually
contain more than one hormone, usually corre¢ed in separated vesciclége{ander and Fandriks

2012; Drucker2015;Fothergrill and Furnesg018).
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IDENTIFYING Exemole of
LETTER CODE NAMED FOR HORMONE pie
L . colocalization
(historical view)
. . CCK, seretin,
(enterO(I:Er(l:romaffin) Reactlor;;/\l/tlgh chrome SHT tachykinins, motilin,
ghrelin, GLR1, PYY
S Small vescicles secretin Ghrelin, CCK, 5HT
. . Proglucagon, PYY,
I Intermed@te size CCK GIP, ghrelin, secretin
vescicles ;
neurotensin
GIP, CCK, secretin,
L Large vescicles GLP-1 and PYY ghrelin, 5HT,
neuotensin
ECL (EClike) Similarity to EC cells histamine pancreastatin
X for unknown
/A pr'od'uct_ Ghrelin Secretin, CCK,. _
A for similarity to proglucagon, motilin
pancreatic A cells
D S'm"af't-‘/ 0 Somatostatin GIP
pancreatic D cells
Vescicles that GLP-1, secretin,
K differentiate from L GIP CCK, PYY,
cells somatostatin
N Neurotensin content Neurotensin GLP-1, PYY
Co-expression not
G Gastrin content Gastrin investigated
adeguately
M Motilin content Motilin 5HT, ghrelin

Tablel: The historical mming of enteroendocrine cellglodified fromFothergrill and Furness2018.

Paneth cells anaterspersetietweerthe intestinal stem cells in the intestinal glandseir cytoplasm
contains large acidophil granules, rich in lysozymeagprer 2000). M cells are consideteas
phagocytary cells, able to tie to alimentary, bacterial or viral antigens and to bring them to the closest
lymphocytes, causing an immunitary response (Samue&l®0@). The lamina propria of the mucosa
creates thaxis of the villi and surrounds the intestinal glands. Inside this layer, there are blood and
lymphatic vessels, smooth muscle cells, fibrocytes, lymphocytes, plasmacells, and mast cells
(Frappier 2000). In the central portion of the lamina propria ofuitles, there is the central lacteal,
alymphatic capillary that absorbs dietary faksvo layers of smooth muscular cells, longitudinal and

circular, as usually compose the muscular lager)(of the mucosa.

Large intestine

The large intestindintestinun crassum beginsat the terminal ileum with the cecuoecun),

continues with the colon, rectufrecturm), and terminates with the anal canal (Kahai efall8). In
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the large intestine there is the absorption of water and electrolyte and the secmatimusfto help
washing the intestinal contents and extracting the last nutrients (Fr&ijf6r Barong2006). The

large intestine is more developed in herbivores (especiallyrumamants) than carnivores, to help

the demolition of great amount of akmts containing cellulose. The characteristic of the large
intestine, preserved in all the tracts, are absence of villi and development of intestinal glands, increase
number of goblet cells, and increasing number of lymphatic nodubekili lymphaticj (Frappier

2000). The cecum is a fermentation chamber, important in equids and not developed in carnivores.
In all its extension, the cecum shows a great number of lymphatic nodules. The colon, as the cecum,
is developed in equids and in the pig. The muadghe colon is thicker than in the small intestine
because of the longer intestinal glands. The rectum is the terminal part of the large intestine. The
mucosa is similar to the cecum and colon, with an increased number of goblet cells. The serosa
surround the rectum in the cranial portion, while the retroperitoneal tract is covered by an adventitia.
The anal canal is the termination of the digestive tube that connect the rectum with the outside
(Barone 2006). As highlighted before, the structure of @ugé intestinal wall is quite similar along

its course.The serosa surrounds the large intestine until the cranial portion of the rectimeiThe
circular and outer longitudinahusclelayers compose thtinica muscularis The submucosa is
similar to thesmall intestine, except for the cecum and rectum, where it is thicker for the presence of
numerous lymphatic nodules. The mucosa shows thioka lamina propria rich in lymphocytes,

and an epithelium with numerous intestinal glands, longer than in tHeistestine and richer in

goblet cells that deepen until thren At the bottom of the glands, numerous stem cells are responsible
for the epithelial renewal (Baron2006). The anal mucosal drastically changes, showing a stratified

squamous epithelium.
The Enteric Nervous System

The enteric nervous system (ENSi complex network of neursand glial cells in the gwtall that
controls nany functions of theintestinal tract, such as motility, absorption, secretion, and it is
involved in pathological mrcesses of the digestive syst@rake and Heuckerofl2013) The ENS
interacts witithe CNS, but in the same way, it can contineldigestivefunctions without relying on
commands from thENS. The enteric nervous system interacts also twérendocrin@nd immune
systemsand has roles in modifying nutrient absorption and maintaining the mucaoseat ffaurness
2012). In humans, the ENS is composed of-800 millions of neurons and even more supporting
cells. Nerve cells and glial cedlare grouped ismall clustershat compose thenteric ganglia, whit
are connected t oberebandlagfFuness2aD06). Thgre arestwovrmjor plexuses,
the MP and the SMP (Figur@)jL
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Myenteric plexus,

Deep muscular plexus
Inner SMP

Outer SMP

'Longitudinal
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Muscularis'
mucosae Submucosal
artery

Figure 12: Organization of the ENS inuman and medium/large mammals. Modified flflumess2012.

The MP is located betvea the longitudinal and circular layers of tii@ica muscularis while the

SMP is located in the submucosa, betweemthscularis mucosaand the CML. MP and SMP are
connected between each other by vertical fibers, perpendicular to the CML (FR00&sThe MP

is continuous around theall and alonghe entiregastrointestinal tracfrom the upper esophagus to

the internal anal sphincter (Figur8)1MP ganglia are larger and more numerous than those within
the SMP, and are connected with primaryredsg with longitudinal course, which constitute, together
with the ganglia, the MP primary plexus. The secondary plexus is composed by nerve fibers parallel
to the CML. The tertiary plexus includes the smallest interconnecting strands, which supply the LML
The SMP can be identified in the intestine; sporadic ganglia can be found also in esophageal and
gastric submucosa, but they do not constitute a real plexus (Scheman20€t1gl.In the esophagus

of the horse, the SMP is well developed and organizédo layers (Chiocchetti et al., 2015). As the

MP, the SMPis continuous around the circumference &dall the length of the small and large
intestine(Furness2006). In the SMP of large mammals, ganglia form different plexuses that lie on
distinct layers, constituting an inner and an outer plexus. Briefly, neurons of the MP mainly regulate
muscle functions, while SMP neurons should control epithelial functions. However, it is known how
some neurons of the outer SMP patrticipate, in large mammalse inrtbrvation of the CML and

LML, while the inner SMP supplies principally the mucosa (Porter €t389). Both plexuses control

immune functions, cell proliferation and microcirculation (Schemann,&(dl9).
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Esophagus

Stomach

Large Intestine

Figure 13: Distribution of enteric ganlip in the tubular digestive tract. Modified froRurness 2006

Neurons

Enteric neurons are classified considering their shaproochemical code, projections,
electrophysiological properties, and function. In 1989, using a methylene blue staining, Dogie
identified three type of neurons, named Dogiel types |, 1l and lll. In the following years, several
authors proposed new classifications, arriving at a new classification including type 1,1I, W,

VI and VII and fimini-neuron®  ( B r, 2008).eTke neurochemical code is the combination of
messengers that a neuron contains (Costa et1886). Primary neurotransmitters include
Acetylcholine (Ach)and tachykiningas substance P, SI)excitatory motor neurons, vasoactive
intestinal polypeptide (\R) and nitric oxide (NO) in inhibitory motor neurondVhile primary
neurotransmitters are conserved across species and along the gastrointestinal tract, secondary
neurotransmitters are different considering the various tract and the different speciesyE006).

Examples of primary and secondary neurotransmitter are shown in Table 2.
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OTHER
PRIMARY SECONDARY
TYPE OF NEURON NEUROCHEMICAL
TRANSMITTER TRANSMITTERS MARKERS
Tachykinin,
Enteric excitatory muscle motor neuron Ach enkephalln Calretin
(presynaptic
inhibition)
Enteric inhibitory muscle motor neuron NO VIP; ATP (_:arbon PACAP, opioids
monoxide
Ascending interneuron Ach Tachikinin, ATP Calretinin, enkephalin
ChAT, NOS descending interneuron ATP, Ach ND NO, VIP
ChAT, 5HT descending intermeon Ach 5HT, ATP ND
ChAT, somatostatin descending interneur Ach ND Somatostatin
Intrinsic Sensorv neuron Ach, CGRP, ND Calbindin, calretinin,
y tachykinin IB4 binding
Interneurons supplying secretomotor Ach ATP, SHT ND
neurons
Non cholinergic secretoator neuron VIP PACAP NPY (in most species
Cholinegic secretomotor neuron Ach ND Calretinin
Motor neuron to gastric cells GRP, Ach ND NPY
Motor neurons to parietal cells Ach Potentially VIP ND

Sympathetic neurons, motility inhibiting

Noradrenaline

ND

NPY in some species

Sympathetic neurons, secretion inhibitin

Noradrenaline

Somatostatin (in
guinea pig)

ND

Sympathetic neurons, vasoconstrictor

Noradrenaline, ATP

Potentially NPY

NPY

Intestinofugal neurons to sympathetic
ganglia

Ach

VIP

Opioid peptidesCCK,
GRP

Table2: Neurotransmittersn the digestive tract. Modified froffurness2012.

Abbreviations: BHT, 5-hydroxytryptamine; ACh, acetylcholine; CCK, cholecystokinin; ChAT, choline acetyltransferase;
CGRP, calcitonin gestrelated peptide; GRP, gastrin releasing peptide; ND, not determined; NPY, neuropeptide Y; NOS,

nitric oxide synthase; PACAP, pituitary adenytyiclase activating peptide; VIP vasoactive intestinal peptide.

25



Chapter 2

Considering their function, enteric neuroas de classified in motor neurons, interneurontansic
primary afferent neurondPANSs), andintestinofugal primary afferent neuro(§ANs) (Furness

2003). Motor neurons can be excitatory and inhibitory, and are responsible to innervate gut
musculatwe (LML, CML andmm); they are located principally in the MP and, to a lesser extent, in
outer and inner SMP (outer> inner) in humans and large mammals (Hens2€04). Enteric
interneurons are present in all the gut, but differ among the differets {feurness2006); these
neurons are mainly localized in the MP, but have long projections that extend orally and anally
(Bornstein et a)2004). IPANS are intrinsic primary afferent neurons that respond to different stimuli,
such as luminal chemicaldjstortion and mechanical stimulation of the mucosa (Fuyr283s5).

IFANS areintestinofugal primary afferent neurons that have the cell bodies in the gut watheiith
processegoingto prevertebral ganglia, where theyeractwith postganglionic §mpathetic neurons
(Szurszewski et g12002. The sympathetic neurons innervatediBNs areinhibitor neuronsfor

motility and secretion (Furnes006)
Enteric glial cells

Enteric glial cells (EGCs) were first observed in 1899 by Dogiel. The wiadigrived from the

Gr e o kb ®@hat meanigluedof the enteric nervous system (ENBECs are satellite cells, which
represent the largest cell population of the EN&numbering from three tbive times enteric
neurong(Gabella 1981; Jesser2004; Funess 2006). EGCs aremall cellswith a starlike shape,
comparable to astrocytes in the CN®eyenvelop enteric neuronal cell bodies and axon bundles
andtheir processes reathe intestinal mucos@ruhl, 2005) Differently from neurons, they are not
excitable cells, but they communicate through*Ganalling, and integrate their informations with
neurons, immune cells, and other cells of the gastrointestinal@elab&Cortes et a.2016. EGCs

can be found in MP and SMP, but also in smooth euagers and gut mucosa (Hoff et, 2008).
Considering theirlocalization EGCs are dividedinto four types: type || with a starshaped
morphology vithin ganglia;type Il, more elongatedor interganglionic EGCs; type Il for mucosal;
andtype IV for intramuscular EGCs (Boesmans et 2015).Until recently, structural support was
considered their main function, but recently it was highlighted their vital role in gut homeostasis
(OchoaCortes et a).2016).In physiological conditiong=GCsare princi@lly involved inneuronal
functions (neuroprotection, neuromediator expression, or neuronal renamdhlyegulation of
intestinal epithelial barrier (IEB) homeostasis. Under pathological conditions, such as inflammation
or bacterial stimulation, reactiventeric gliosis can develop. ltgred enteric gliosiscan both
exacerbates intestinal inflammation and protect IEB and neurons from inflamnpatmgsses
(Neunlist et al.2014).
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Intertitial cells of Cajal

Interstitial Cajal cells (ICC) were firstescriled by Santiago Ramon y Cajal in 1889, and he defined
them fAintersti ttheg Werelabeladthoongh staining technigses specificalty
neurongasmethylene blue or silver impregnatipapd werdound in the interstitium between nerve
endngs and smooth muscle ce{8ajal 1911) ICC are fusiform cells with few processes, with a
large oval nucleus containing one or more nucleoli (FausBeflegrini and Thuneberd999).
According to Cajal, these cells modulate the contraction of smoagklencells of the Gl tract. After
him, seveal grous studied these cells, understanding they were not neuronal cells, and defined them
as Interstitial Cajal celldCC are considered as pageker cells of the alimentary tra€ajal cells

are charactesedby ability to spontaneolisdepolarig and creat slow waves generating the basic
electrical rhythm of smooth muscle cel&ow waveanigraing from ICC toward myocytes othe
longitudinallayer, induce electrotonic energy within internal circulyer. Removal of ICCcauses
alack of slow waves in the remainipgrt of smooth muscleells (Pasternak et aR016). Pacemaker
ICC activity starts with periodic release of ‘Cdrom endoplasmatic reticulum, which activates

mitochondria to intake ions, gerating the potential energy (Ward et 2000).
The endocannabinoid systenand the GUT

The endocannabinoid system (ECS) participates in many physiological functions of the gut (Taschler
et al, 2017). Its role has been demonstrated in regulatioreddplpetite, intestinal motility, secretion,
nausea and emesis, visceral nociception and inflammation (Izzo and Sharkey 2010). The CB1R is
involved in the regulation of appetite: CB1 agonists, such as THC, stimulate appetite and promote
weight gain (Matiasnd Di Marzg 2007). Otherwise, CB1 antagonists, as rimonabant, were used in
the treatment of obesity, reducing the ingestion of food and the body weight (Ried&lGag). The

PPARD sti mul ation evokes satiety as an aflewer t
principal problem with CB1R drugs is the distribution in BBIS with psychoactive effects.
Therefore, in these last yeaessearchers focus on developing newgs to actselectively in the
periphery, avoiding the action on tB#&S (Izzo and Sharkey010).

Different cannabinoid receptors, e.g. CB1R, GPR55 and TRPV1, reduce intestinal motility both in
physiological and pathological conditions. Their actionrisgipally linked to the presence of CBRs

in the muscular layers and in the myenteric and submucosal plexuses, highlighting the importance of
the interaction between the ECS and ENS (Pert2@@1). The CB1R has also an inhibitory effect

on gastrointestiraecretion and on visceral hyperalgesia, as CB2 receptor; this effect is enhanced in
inflammatory conditions (Mahmud et @2009). Moreover, CBR agonists are used to reduce nausea
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and emesis associated with chemotherapy. In animal models, the phytacaighabnnabidiol

(CBD) has been demonstrated to significantly reduce nausea and vomit (Izzo and,20di&ey
Increasing evidences show that CBR expression and/or the level of endocannabinoids are altered in
patients with intestinal diseases, suggestirpossible role of the ECS in intestinal pathophysiology
(Izzo and Camilleti200; Alhouayek and Muccigli2012). Studies on animal models reinforce the
hypothesis that drugs acting on ECS, such as CBR agonists or inhibitors of degradating enzyme
FAAH and MAGL (resulting in increased endocannabinoids), can have protective properties from
intestinal inflammation (Kimball et al2006; Alhouayek et gl2011). For example, CBD, with low
affinity for CB1 and CB2, exerts its protective role in colitis acboth directly on other cannabinoid
receptors and inhibiting FAAH (Bisogno et,a001). PEA reduces intestinal inflammation and
permeability in murine colitis acting via CB2 GPR55, PPARand TRPV1 (Esposito et a013;

Borrelli et al, 2015).

Chronic enteropathies

Chronic gastrointestinal inflammatory pathologies can affect humans and animals, with deep
consequences in the quality of life and, considering productive livestock, in the production. These
enteropathies show some common elements in tti@ganesis, clinical presentation or therapies
between different species. Therefore, studying chronic enteropathies in animals can be useful both

for veterinary and human medicine.

Humans

Inflammatory bowel disease (IBD§ aglobal healthcare problepwith an increasing incidence in

the last years (Xavier and Podolsi007). IBDis a chronic, uncontrolled inflammation of the
gastrointestinal traglthough the etiology remains uncertain, the environment, genetic alterations,
the intestinal microbiota athe immune system are involved in the pathogenesis (Figu(ZHang

and L, 2014). Thea wo most common subtypes are CrlWhnods ¢
which present some differendg$anauey2006).CD can affect every part of the Gldtgprincipally

ileum and perianal region), while UC is usually limited to the colon. Moreover, CD inflammatory
process is transmural, UC tendentially mucosal. Finally, CD is associated with complications such as
fistulas, abscesses or stenosis (AbrahadnGim 2009).
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ENVIROMENTAL
FACTORS

DIET
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CYTOKINES
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NOD-like receptors
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Figure 14: Factors implicated in the pathophysiology olammatory bowel disease (IBNlodified fromKarantos
and Gazouli2011

Laboratory animals as rats, mice or guinea pigs are often used as model for human pathologies,
inducing iatogenic mucosal inflammation with chemicals. Dextran sulfate sodium (D8&ged

colitis is a model of Th2 mediated immune response; trinitrobenzene sulfonic acid findB&gd

colitis is more dominated by a Thl response (Wirtz et24l07; Alex et al. 2009). In these
experimental models of IBD, the ECS is overexpressed compared to healthy animals (Kimball et al.
2006). Indeed, the tissue levels of CBR are also altered in these experimental models: CB1R is
increased in MP neurons of colon of inflamed®&piand blocking CB1 with antagonists increases the
severity of DNBS 2,4-dinitrobenzene sulfonic agidind DSS colitis (Massa et,@004). In another

study in models of inducecblitis in mice, CB1R and CB2R agonists both reduced inflammation
improvingdiseasesymptomsand decreasinigistological inflammatory scorgiimball et al, 2006).

Analysis of the ECS in biopsies from IBD patients evidences increased AEA levels in mucosal
bi opsies of UC col ons v s, 2006)nHowavdrandihercstdy sheves ( D6
that AEA levels were lower in inflamed mucosa than in controls, with a reduced I&N&P&E-PLD

(AEA- synthesizing enzymeand increased FAAH (AEAlegrading enzyme) (Di Sabatino et, al.
2011). In the same study CB1R but not CB2R wxae-expressed in CD and UC patients; otherwise
other studies evidenced an increased CB2R in inflamed tissues (WrighéD&tMahmud et al.

2009. Although results from literature are often in contrast, different prospective studies found a
benefitin the use of cannabinoids for IBB.prospective placeboontrolled study in 21 patients with

CD, consisting in 8 weelgrotocol with cannabis, shows beneficial effects as improved appetite and
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sleep in 90% of patients (Naftali et,&013). Another stugdon 100 patients with UC and 191 with

CD reveals that 33% of UC subjects and 50% of CD were canlifetiime users, to reduce IBD
related symptoms such as diarrhea and abdominal pain (Longstrefl2@0@).

In addition to CD and UChe role of the ES has been evidenced in different intestinal diseases in
humansas Irritable Bowel Syndrome (IBS), diverticulitis, celiac disease and colon cancer (Table 3)
(Lee et al.2016).

Diverticulitis Celiac disease IBS CRC

Increased
Increased Increased Increased No change No change Decreased or Increased Increased No change
Decreased

Decreased Increased Increased No change No change No change No change Increased Increased

No change (R,P)
Increased (R,P) or
Genetic Genetic Increased (P)
polymorphism | polymorphism Genetic
polymorphism Genetic
polymorphism

No change (R,P) | Increased (R,P) Increased (P) |Decreased (R,P)| No change (R)

Incrogsen (RiF) Increased (P) | Increased (P) Increased (P)
onala Increased (R) No change (R)
polymorphism

or or or
No change (R,P) |No change (R.P) No change (R)

Increased (P) Increased (P) Decreased (R)

E. n EE
L L

Decreased (P)
" Decreased

Metabolic NAPE-PLD Increased (R,P) activity Decreased

enzymes Activity

(Synthesis)

DAGL Increased (P)

No change (R) No change (P)

_ Increased
Genetic Dacreased (1t) activity Increased

polymorphism activity

Metabolic No change (R.P) No change (R)
enzymes

(Hydrolysis)

Increased (P)

Table 3: Expression levels of the endocannabinoid system in intestinaetiddadified fromLee et al. 2016.

A great body of evidences demonstrated a bidirectional pathway between the gastrointestinal tract
and the central nervous system (CNS), both in healthy conditions and neurodegenerative diseases,
such as Alzheimer's an@arkinson's disease?atients affected by AD or PD often show
gastrointestinal symptoms. Therefore, investigating the ECS in the Gl tract can give benefits to the
research in different fields.

Although there are different prospective studies and reviewstahe use of cannabinoids for
gastrointestinadiseases, the evidences are not enough to suggest these molecules as approved
therapies. Their use is nowadaggarded as individual therapeutical trisdsed orthe effecs on
nociception angymptomsn every different paent (Hauser et gl2017).

We performedne study about the ileum of the rat:

1 Localization of cannabinoid receptors in the myenteric plexus of the rat.ileum
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Dogs

Canine chronic enteropathies (CE) were described as IBD until someeagra The multifactorial
etiology (environment, genetic, microbiota and immunity) corresponds to human IBD, but the clinical
presentation, with a major involvement of the small intestine (duodenum and ileum), and the

treatment Figure B) are quiet diffeent (Jergens and Simps@®12; Dandrieux2016).

—_— 5-ASA, antibiotics — Diet modification

— Corticosteroids — Antibiotics

Azathioprine, methotrexate,
— . - Immunosuppressants
cyclosporine

— Biologic therapy

Figure 15: Stepwise medical treatment approa¢hRBD in humans and CE in dogs. Modified fr@andrieux 2016
5-ASA: Baminosalicylyc acids compounds; biologic therapy: TNF antagonistsaahtsion ralecule.

The clinical signs are quiet aspecific: vomit and diarrhea, decreased or increased food intake, weight
loss and other gastrointestinal signs that persist for more than 3 weeks defined a chronic pathology.
Signalment and medical history can helpeiraluating any predisposition, such as breed (Boxer or
German Shepherd dogs are exemples of predisposed breeds), age (usually allergies are more frequen
in young ©patients, while Al BDO phenotype is
gastrointeshal pathologies (e.g. parvovirus, giardiasis) (C&g4.3). The initial diagnostic protocol
(Table4) must exclude other pathologies, because thgsptemscan be referred to gastroenteric,
extragastroenteric or metabolic syndrome (Simpson and JeRfdriy. After the exclusion of other
diseases and the identification of a chronic enteropathy, the diagnosis of the phenotype depends on

the response to the therapeutic trial.
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Initial diagnostic approach to chronic diarrhea

Integrate signalment, history, and physical Breed predisposition, environment, diet,
examination other clinical signs, localizing findings

Detect endoparasites and enteric pathogens _ Fecal analysis (eg, Giardia)

Perform clinicopathologic testing

Detect non-Gl disease CBC, biochemistry profile, UA, L TLI, ACTH
stimulation test, freeT4/TSH levels, bile acid
levels

Detect/characterize Gl disease Hypoproteinemia, hypocalcemia,

hypocholesterolemia, leukopenia,
leukocytosis, low cobalamin or folate
levels?

Perform diagnostic imaging

Detect non-Gl disease Radiography, ultrasonography of liver,
spleen, pancreas, lymph nodes, masses,
and effusions

Detect and characterize Gl disease Radiography, ultrasonography®® to detect
obstruction, intussusception, focal masses,
thickening, loss of layering, hypoechoic
appearance, hyperechoic striations

Abbreviations: ACTH, adrenocorticotropic hormone; CBC, complete blood cell count; T4, levorota-|
tory thyroxine, TSH; thyroid-stimulating hormone, TLI, trypsin like immunoreactivity; UA|
urinalysis.

Table4: Initial diagnostic approach to chronic diarrhea. Modified froBimpsorand Jergens2011

The first step is to introduce, for a period of at least two weeks, an exclusive diet, with a novel protein
or a hydrolyzed diet (Verlinden et a2006; Mandingers et al2010). It is known that many dogs
respond to diet alone, sois important to consider it the firfihe treatment with mild to moderate
symptoms (Dandrieyx2016). If there is not a complete remission of the symptoms, the second step
is usually the association of an antibiotic, to act on the dysbiosis to restom@et gut microbiota.

The first lineantibiotics in CE are tylosine or metronidazole (Westermark,&105).However, the
increasing problem of thantibiotic resistancand the uncomplete response of dogs with CE to
antibiotics is limiting their uself these therapies are not sufficient to treat the patients, it is
fundamental to pick up gastrointestinal biopsies during a gdatdenurvleal-colonscopy, for
histopathological examination. The chronic intestinal inflammation is usually charactegized b
different degrees (from mild to severe) of lymplasmacytienteritis or eosinophilic enteritis, but it

is fundamental to exclude intestinal lymphoma. Typically dogs that do not respond to the change of
diet and the antibiotic therapy, need the intraducof an immunosuppressant therapy (Allenspach

et al, 2007).

In 2016 Dandrieux proposed a new classification for caohrenic enteropathiefjasedon the
answer to the terapeuthical tr{@llenspach et al.2007). Canine CE were finally classifiedfood
responsive enteropathy (FRE), antibiotic responsive enteropathy (ARE), immunosoppressant

responsive enteropathy (IRE) and fresponsive enteropathy (NRE) (Dandrie2@16).

32



Chapter 2

o

L RE
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A

Figure 16: Classification of canine chronic enteropathies lihsa the reponse to treatment. Modified from
Dandrieux 2016.

This classification(Figure 16) highlights how little group of dogsthe top of the pyramidjoes not
respond to any treatmerfNRE), so researdrs are continuosly studying for new therapeutic
approach following findings in humanmedicine Probiotics, fecal microbiota transplantation or
intestinal stem cells (ISCa)e considered a new therapeutical approach during canine CE (Makielski

et al, 2019). Probiotics have different action on the Gl, inclgdire support of the epithelial barrier,

the regulation of the mucosal immaisystem and the modulation of the microbiota (Jer@&ig).

Between all the new therapeutical possibilities, cannabinoids are gaining more and more interest, due
to their antiflammatory, analgesic and other beneficial propertigsrature about cannabinoids and

the dog is still in its infancy. Excluding the CNS distribution, CB1R has been immunohistochemically
identified in cani ne s a])2019,aairfollides Mercati et 20125 ( Da
and skin, in both healthy subjects and dogs with atopic dermatitis (Campor@e12). As CB1R,

CB2R were present in hair follicles and skin of healthy and AD dogs; the level of the two receptors
in atopic dogsvere higher than in healthy subjectfie expression of these receptors on cutaneous
mast cells, notoriously enrolled in allergic diseaagggestgpotential benefits of cannabimimetic
compounds, as PEA, in canine allergic cutaneous disease (Campora 2213). A recent
randomized, vehicle controlled, double blindeudy in atopic Beagles using #opical
endocannabinoid membrane transporter inhibiOL067-531) showed a reduction in allergic

flares and pruritus without adverse effects (Marsella g2@1.9).

Despite the multiple evidences in human gastrointestinal dsehsee are no studies about the
treatment of canine chronic enteropathies with cannabinoids or related compound. For this reason,

we decided to analyze the distribution of cannaitimeceptors in the gastrointestinal tract of dogs.
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In dogs, we performed one studblated tahe endocannabinoid system:

T Localization of cannabinoid receptors CE
gastrointestinal tract

We performedtherstudies focusing on chronic enteropathies:

1 The relationship between duodenal enterochromaffin cell distribution and degree of

inflammabry bowel disease (IBD) in dogs.

1 Effect of an extruded animal protefree diet on fecal microbiota of dogsthvfood

responsie enteropathy.

1 Effects of Chronic Enteropathies on VIPergic and Nitrergic Immuaciiee Neurons in
the Dog lleum.

34



Chapter 2

Cats

Chronic enteropathies in cats include food responsive enteropathyariBntestinal lymphoma
(Bottero et al. 2019) Risk factorssuch asgenetic and molecular alterations, diet, and chronic
inflammationhave beerconnectedo the development dhesedisorders(Garraway et al.2018).
Chronic intestinal inflammatiom cats seems to bmked to an aberrant T cell response to emteri
bacteria in predispose subjects. As seen in dogs and buenamonmental factorsan stimulate an
inflammabry onsetor modulate genetic susceptibility to diseédergens2012) Affected cats are
usually middle age, and some breeds as Siamese orAsia® breeds seem to be ovepresented
(Jergens et gl1992). Gastrointestinal signs in cats with CE incladeonic weight loss, vomiting,
disorexiaand diarrheg§Garraway et al., 2018Jhe clinical presentation is often cyclical, with period

of remissions and other of exacerbations (Jergens et al., 2012). Trigger factors include dietary
indiscretions, exposure to intestinal pathogens or drugs (Jergens, 1999). After the exclusion of
infectious, extra Gl or metabolic diseases, anatomical abnormalhieslifferential diagnosis are

FRE, feline IBD and intestinal lymphoma, with some differences in predisposition and clinical
presentation (Tabl).

Feline IBD Food-responsive enteropathy Alimentary lymphoma
Signalment Predominantly middle-aged cats Young cats Middle-aged to older cats
Siamese breed at risk? No breed predisposition No breed predisposition
Clinical signs Lethargy, weight loss, inappetence, Large bowel diarrhea, + weight Lethargy, weight loss, inappetence,
of illness vomiting, diarrhea loss, + cutaneous lesions (alopecia) vomiting, diarrhea, + icterus
Clinical course Progessive signs or cyclical flares Progessive signs or cyclical flares  Progessive signs
Physical examination May be normal, + thickened bowel loops, ~[Often normal, + alopecia May be normal, thickened bowel loops,
findings abdominal pain (cholangitis/pancreatitis) + palpable masses
Diagnostic Rule out non-Gl causes for clinical signs;  Rule out Gl parasites, perform Rule out non-Gl causes for clinical signs;
evaluation FNA cytology of mesenteric lymph nodes  dietary trial fine-needle aspirate (FNA) cytology of
or masses; intestinal biopsy for definitive mesenteric lymph nodes or masses;
diagnosis intestinal biopsy for definitive diagnosis
Potential pitfalls of  False negatives when enlarged lymph nodes None; clinical response to False negatives when enlarged lymph
diagnostic testing are present; differentiation from alimentary ~ elimination diet confirms diagnosis nodes are present; differentiation from
lymphoma may be difficult; cholangitis or feline IBD may be difficult; may require
pancreatitis may be concurrent immunophenotyping or PCR for confirmation

Table 5 Comparative features of feline IBBRE and lymphoma. Modified frodergens2012.

Therefore the first step, as seen in dogs, is a dietary trial with antggncted or hydrolyzed
petfood. In a study including 55 cats with CE, 49% of the patients responded to dietary modifications
as primary treatment (Guildford et al., 2001). DifferentiatBig from alimentary lymphoma is more
challenging, and requires the acquisition of endoscepit better laparotomic biopsies for
histological, immunohistochemical examination or clonality (Evans et al., 2006). The use of
antibiotics in feline CE is natell demonstrated as in dogs. The principal antibiotics are, as for canine
CE, tylosine or metronidazole. Treatment for feline IBD includes corticosteroids and various

immunosuppressive agents, as chlorambucil or ciclosporin (Jergens et al., 2010).
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In cas, we performed one studglated tahe endocannabinoid system
1 Localization of cannabinoid receptorstime cat gastrointestinal tract.
We performed a comparison between the dog and the cat:

1 Localization of cannabinoid receptors in the canine and fejasroirtestinal tract.
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Horses

Colic is a frequent digestive disorder of equines and includes different form of abdominal pain
(Pilliner and Davies2004). It is an important cause of death for horses and a primary health concern
of owners (Worku et al2017). There could be a breed predisposition: thoroughbreds and Arabs are
overrepresented (Traubargatz et al.,, 2001). Horses suffering for chronic gastrointestinal
inflammation usually presemecurrent colic, weight loss, poor performas@ndletharg (Kalck,

2009). Malabsorption syndrome in horses are classified as IBD. EquineatB&ffecboth thesmall
and/orthe large intestingand it is classified considering the mucosal or submucosal infiltration,
includinggranulomatous enteritis (GE), lymptytic-plasmacytic enterocolitis (LPE), multisystemic
eosinophilic epitheliotropic disease (MEED), diffuse eosinophilic enterocolitis (DEE) and
proliferative enteritis (PE)Boshuizen et al., 2018F.olic can be either medical or surgical; it usually
involves large colon, followed by small intestine, caecum and small colon (Worku et al., 2017).
Usually medical treatment includes fluid therapy, analgesics and antimicrobials (Fidi&).

Colic is one of the most dangerous emergency problem for horsemarad the principal cause of

death (Curtis et al., 2019). For this reason, also in equine medicine, the research is focusing on novel
therapies for management of pain and gastrointestinal diseases, but studies on the evaluation of the

ECS in horses ardil lacking.

Therefore, inhorses we performeda preliminarystudy about thendocannabinoid system in the

equinegastrointestinal tract

1 Localization of cannabinoid receptors in therse ileum
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Pigs

Gut health in pigs is fundamental in all the stafyjgrowth and development, and have consequences

in swine production (Pluske et al., 2018). Infective pathogens are often involved in diarrhea and
gastroenteritis in pigs (BurrougB017; Rhouma et al., 2017). Stressors associated with breedings
and critc period as weaning and pagéaning can affect the structure and the function of the Gl tract
(Celietal, 2017). Therefore, management of an adeguate diet, a functional gut barrier, an appropriate
microbiota and an effective gut immune system are fued&shto guarantee the gut health. Studies
about the porcine gastrointestinal tract have consequences both on veterinary and human medicine.
Pigs areomnivorousanimalswhose digestive tract is functionally similar to humartse interaction
between the ES and the gastrointestinal tract in pigs has been poorly investigated. A study in 2000
analyzed the distribution of CB1R in porcine enteric nervous syemkarni-Narla and Brown
2000).In the porcineileum and colon CB1R immunoreactivity was found meurons and fibers

MP and SMP, often colocalized with ChAT. The inhibitory effect of CB1R on cholinergic
neurotransmission in the MP can induce a reduction in peristaltic contractions. The presende of CB1
in SMPneurons and nerve fibeegplains the #ect of this receptoin mucosal secretory and immune
function. Acetylcoline stimulates also chloride secretion in the mucosa of the colon, therefore
colocalization between CB1R and ChAilay regulateion transport across thgorcine colonic
epithelium.Another study found that the vanilloid receptor TRPV1 was also expressed by myenteric
and submucosal neurons and fibers in the porcine il®aonyachotet al, 2002).Enteric neurons
expressing vanilloid receptqgras cannabinoidspay constitute targefor the development of drugs

alleviating @inful intestinal inflammatory adysmotility diseases.
In pigs we performedane studyabout the gastrointestinal tract

1 Distribution and ceexpression patterns of specific cell markers of enteroendocele n

pig gastric epithelium.
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Dorsal root ganglia

Dorsal root ganglion (DRG) looks like the enlargement of a nerve, made by a group of cell bodies
(Fletcher, 2009)The DRG contains the cell bodies of primary sensory nauresponsibldor the
transductiorand modulation o$ensory informatiomndthe trasmission to the spinal cord (Krames

et al., 2015)Different studies in the last years highlighted the important role of DRGs in managing
neuropathic pain (Deer et aR013; Pope edl., 2013). Therefore, RGs could be an interesting

therapeutical target in neuropathic paonditions.

Anatomy

Spinalnervescomposed bwfferent sensory dorsal axons (the dorsat) and motor ventral efferent
axons (the ventral roogarry autonomic, motor, and sensory mmh@tiors between tk spinal cord

and the periphery (Sheng et al., 20Mhenthe dorsakensory root exits thiatervertebraheural
foraminabetween two vertebral segments, it forms the dorsal root ganglion (Krames, 2014). The
DRG isacollection ofcell bodies of neurons surroundeddiial cells the axons of the DRG sensory

cells formthe primary afferent sensory neni2RG neurons are defidepseudounipolar neurons
becausehe axon is divided in two branchesne branch extending from thejdinction to the
periphery and onbranch to the spinal cor@therwise in bipolar cellsthe bodylies within the path

of the axon (Figure 7). Primary afferent neurons could be classified according to various
morphological, physiological and biochemical charastes. An old morphological classification
dividedneurongnto two main groupsd i g(lj tells, rich in neurofilament, and the neurofilament
poorcd a r(X) gells, according to the appearance at layid electromicroscopy.These cells have

been futher subdivided considering other characteristics, but the most adopted is the subdivision by
size (Willis and Coggeshall, 1992). The classification in small and largaesizens has been done

in different species, such as mouse, rat, cat and horsedhatvsl., 1979; Lawson et al., 1984; Lee

et al., 1986; Russo et al., 201Moreover,DRG neurons can be classified by the characterization of
their neurochemical code. The neuronal content is a great marker of the functional activity of primary

afferentneurons (Garry et al., 1989).
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Figure 17: A pseuodunipolar sensory neuron (1) and a bipolar cell (2). In a pseuodunipolar sensory nheuron one axon is
divided into two separate branches, one from the periphery to the body and one from the body tamltlwershiln
bipolar cells,the body lies within the path of the axon. Modified from Krames, 2014.

Except of neuronseachDRG contains fibrais tissue,macrophagesyerve fibers and supporting

cells whichareglial cells (Kolesaret al., 2017)The glialcells of the PNS primarily include Schwann
cells and satellite glial cel(SGCs)

Schwann cells arthe most abundant gligells in the PNSTheyinclude two major phenotypes
myelinating and nomyelinatingSchwanrcells(Wey et al., 2019)

Schwann cé$, asSGCs originate from migrating cells of the neural crest, which can convert to
different large polarized cell types, such as peripheral neurons, melanocytes or endocr{ne cells
thyroid C cells omadrenaimedullg (Lobsiger et al., 2002; Mirskytal., 2008).

Initially, Schwann cells surround the external margins of the axon bundles (Kidd et al., 2013). During
maturation, myelinating Schwann cells incorporate larger axons to produce a myelin sheath,
otherwise non myelinating Schwann cells embedlker axons (Pereira et al., 2012; Kidd et al.,
2013). Schwann cells support axonal outgrowth by producing a variety of growth factors, such as
brainderived neurotrophic factor (BDNF), nerve growth factor (NGF), and glial celdanwed
neurotrophic &ctor (GDNF) (Kidd et al., 2013).

SGCssurround the cell bodies of DRG neurons (Ballakdl.€2004).In generaleach sensory neuron

hasi t s o wn ,fiveiah coadists pfevéral SGCehe neuron and its surroundiBgCscreate

a morphological and factional unit (Hanani, 2005). Neurons, sending fine processes into
invaginations of SGCs, create an extension to their surface area-@g8#@0and may allow an

interaction between the two cell types (Pannese, 2002).

DRG and neuroinflammation

A growing baly of literature indicates thdDRGs are involved in developing and maaiting

neur@athic pain (Figure 18) (Vancamp et al., 201In).response to tissue inflammatjobRG
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produces changes in glial cells, nerve growth factdremokines; angroduce geretic change and

change in ion channels, as an answer to an inflammatory sti(krarees 2014).

Increased electrical activity from the DRG to the spinal cord.

\

¥

ION CHANNEL CHANGES

CHEMOKII IANGES

GENETIC CHANGE

i D

MICROGLIAL CHANGES

Figure 18: DRG response to tissue inflammation. In response to tissue inflammation or injury of a peripheral afferent
fiber, the dorsal root ganglion (DR®yoduces changes in glial cells, chemokines, nerve growth factors, gene expression,
and ion channels including N&hannels, Kchannels, and Cé& channels. Modified from Krames 2014.

Schwann cells play a key role in the study of neuropathic. Jdiese cés are involved in the
development of allodynia through a MHC clasamiédiated mechanism. Schwann cells act as
conditional APCs (antigen presenting cells) under inflammatory conditions: MHC class Il activation
stimulate CD4 T cells, promoting neuropathpain (Hartlehnert et al., 2017). TRPA1 expression on
Schwann cells seems to be involved in the pathogenesis of neuropathic pain. In mice, TRPAL
silencing in Schwann cells decreased mechanical allodynia and neuroinflammation (De Logu et al.,
2017). By theother hand, Schwann cells are also involved in mechanisms of regeneration after injury.
These celldboth give physical support to the axon and release growth factors for nutriment and
myelination of associated axons (Kiddakt 2013). In pathological calitions, such as sciatic nerve
injury, Schwann cells activation stimulates phenotype modulation, proliferation, migration and
release of numerous factors, which may promote nerve regeneration (Scheib and Hoke, 2013).
SGCsplay a pivotal role in pathophigdogical processes involving pain and inflammation (Watkins

and Mayer 2002). As spinal glial cells (microglia and astrocytes) undergo activation in pain models
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(gliosis), SGCs are stimulated after painful injuries, and play a key role in the developotenna

pain (Hanani et al., 2002; Dublin and Hanani, 2007; Chen et al., 2008). In particular, SGCs are
involved in the induction and early maintenance of neuropathic pain: their reaction after injuries is
estabilished within 4 hours, peaks at one weekl, decreased in the first three weeks (Zhang et al.,
2009; Liu et al., 2012). Sensory neurons have different receptors for neurotransmitters and hormones
(i.e. ATP, glutamate, substance P), which allow them to comunicate each other or with other cell
types, especially glial cells (Amir and Devor, 1996). By the other hand, SGCs have receptors for
different molecules and can influence neighboring cells, including DRG neurons (Hanani 2005). For
example, ATP release from neuronall bodiesactivates P2X7 (i channel) in SGCs, which release
tumor necrosis factod (TNFU), which acts on surrounding neurons increasing their excitability
(Sorkin et al., 1997)n addition, the ATP released by SGCs activates P2X3 receptor in neurons, to
trigger peripheral sensitizatiofPersistent nociceptive activity, or opioid retmep-activation by
morphine, results in release of matrix metalloproteirfta@@dMP-9) from primary sensory neurons,
causing the interleukib (IL-1b)-releasen SGCs, which elicit neuronal hyperexcitability (Figure

19) (Ji et al., 2013). Therefore, thasea bidirectional communication between neurons and glial
cells, which is mediated by gap junctions, and the interaction between these celSEEEE SGE
neuron) is enhanced during chronic pain conditions (Dublin and Hanani 2007; Hanani 2012). Neurons
in DRGs are completely surrounded by SGCs, forming a tight envelope which functions as a partial
barrier between the circulation and the neurons (Hanani, 2Bibsjever, DRGs are devoid of a
blood-brain barrier, therefore molecules released from neuro8&@scan from the bloodstream,

reach and stimulate other DRA@%e role of SGCs seems to be central in neuronal communication:

nGlial cells tell the nervous system what to
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GAP
junction

DRG/TG
neuron

Figure 19: Schematic representation of neuregksl interactions in dorsal root and trigeminal ganglia. After painful
injury, neurons release adenosine triphosphate (ATP) in neuronal somata, leading to the activation of P2X7 and
subsequent release of tumor necrosis fattgTNF-U) in satellite glial cells (SGCs). Persistent nociceptive activity
results in matrix metalloproteinas®e (MMP-9) release from neurons, causing the cleavage and release of interldukin
(IL-16) in SGCs. TNRJ and IL-1b bind respective TNFR and 41IR on sensory neurons to elicit hyperexcitability.
Modified from Ji et al., 2013.

Summarizing, neuropathic pain developes from an interaction between peripheral immune system,
different cell types (DRG cell bodiesd glial celly and neuronal pathways, sovestigating these
elements can lead to new prospectives to treat neuropathic pain (Watkins et al., 2001).

DRG and the Endocannabinoid system

Chronic pain(inflammatory or neuropathiagepresents a complicated condition thdluences the
guality of life in both animals and humairisderives from an injury to the CNS or PNS, resulting in

an enhancement of the transmission of pain stimuli. Consequently, painful stimuli are amplified
(hyperalgesia) and normal stimuli are perceived as painful (allodyriango et al., 2014)nithe

last yearsthe DRGs have been identified as a possdrigetin managing neuropathic pain (Deer et

al., 2013; Pope etal., 2013). Among the different therapeutical strategies, the activation of
cannabinoid receptors has bewmmpported by various studies in animal models (Goya et al., 2003;
Cravatt and Lichtman, 2004; Maione et al., 2006). The distribution of canonical and putative
cannabinoid receptors in dorsal root ganglia have been partially investigated.

CB1R has been iagified in DRG neurons and SGCs in laboratory rodents, dogs and humans
(SanudePena et al1999 Anand et al., 2008; Freunevilla et al., 2018). A recent study observed
CB1R-immunoreactivity in 100% of Schwann cells in the canine sciatic nerve (FrBewdta et al.,
2017).
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CB2 receptor was observed in neurons and glial cells in rodents, dogs and humans (Anand et al.,
2008; Stella 2009; FreunéRevilla et al., 2018; Sanch&avaleta et al., 2018). In a neuropathic pain
model in rats, with unilateratmtic nerve injury, CB2R protein and mRNA were increased bilaterally

in DRG neurons and glial cells when compared with naivei mal s ( Sv2 gensk§8 e
bilateral change can be explain with the propagation of inflammation along the neuraxis, and with the
neuroprotective effects of CB2R. Being upregulated during PNS diseases, CB2R may be an
interesting target for manexy neuropathic pain and neuroinflammation (Navarro et al., 2016).
GPR55immunoreactivity has been detected only in mice DRG neurons (Lauckner et al., 2008). The
authors observed that GPR55 was abundantly expressed wuliangeter DRG neuroriswhich can

be involved in nociception (Neumann et al. 1996; Ruscheweyh et al. 26i0@ywise smaltliameter

DRG neurons expressed it at low levels. GPR55 acts on ion channels inhibiting potassium current
and increasing intracellular calcium, thus enhancing maliexcitability. Contrary, CB1R activates

some potassium channels, suppressing neuronal excitability (Mackie et al., 1995; Kreitzer et al.,
2002). The stimulation of neuronal excitability together with the expression indagester neurons
suggest a ®sible role of GPR55 in the etiopathogenesis of neuropathic and inflammatory pain states.
The role ofPeroxisome proliferateactivated receptors (PPARB)alleviatingperipheral neuropathic
painhas been confirmed in the last decades. This could bateddiy their artinflammatory effects
(Morgenweek et al., 2010). PPARind PPAR are both expressed DRG neurons(Dunn et al.,

2015; Wu et al., 2017)Aldossary et al. (2019) showed that the analgesic properties of
palmitoylethanolamidare- at leasipartially - mediated by PPAR

TRPV1-immunoreactivity has been observed in DRG neurons of rodents, pigs and humans (Helliwell
etal., 1998; Anand et al., 2008; Obreja et al., 2008; Russo et al., 2013). In rats and pigs, the percentage
of positive neurons &s higher than in mice (Zwick et al. 2002; Russo et al. 2013). TRPV1 is a cation
channel that plays a key role in the transduction of noxious stimuli to the spinal cord (Caterina and
Julius, 2001). During chronic inflammatory nociception, TRPV1 expressioreases in DRG
neurons in rats. This receptor is involved in the pathogenesis of thermal hyperalgesia and mechanical
allodynia (Yu et al., 2008).

5-HT1aR has been observed in rat type 1 DRG cells, which resemble nociceptors (Cardenas et al.,
1997), in ontrast with the results obtained by Pierce et al. (1996). In a study on human BRG, 5
HT1aR mRNA has been detected by PCR in one to four subjects (Pierce et al., 1997). Peripheral 5
HT2aR is involved in the development opammatory and neuropathic paBiHT2aR have been
identiyed as a potential therapeutic target for treatment of sciatica in lumbar disc herniation (LDH)
in an animal model (Kato et al., 2008}H32aR antagonists attenuate pain and suppress the
expression of &T2aR in the rat DRG (Kata al., 2015). In the rat, about 40% of lumbar DRG cells
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were immunoreactive for-BIT2aR, principally small to mediwsized cell bodies (Van Steenwinckel

et al., 2009). 81T3 receptor was expressed by rat DRG cells in culture preparations (Robertson and
Bevan, 1991; Smith et al., 1997). Nicholson et al. (2003) used in situ hybridization to detect serotonin
receptor mMRNA expression in rat dorsal root ganglion neurons. In this study, mMRNAdTab5 5

HT1d, 5HT2a, 5HT2b, 5HT3b and 5HT4 receptors were datted in small, medium and large
diameter neurons. Contrary, mRNAs feH3 1a, 5HT1e, 5HT2c, 5HT5a, 5HT5b, 5HT6 and 5

HT7 receptors were undetectable in these neurons (Nicholson et al., 2003). Serdtr)im(dracts

with different 5HT receptorsn pain modulation. Phytocannabinoid, as cannabidiol (CBD), interacts
with 5-HT1a, 5HT2a, and BHT3a receptors (Pertwee 2015). CBD seems to act on neuropathic pain
conditions through TRPV1 andiT1aR activation (De Gregorio et al., 2019).

Given that the ES system influences neuronal and immune cell function, both involved in the

etiopathogenesis of pain, targeting this system may hold promise as novel analgesic therapy.

For this reason, we developeadot anatomical studies to identify the distributioncainabinoid
receptors in dorsal root ganglia:

A Cellular distribution of canonical and putative cannabinoid receptors in canine cervical
dorsal root ganglia

A Localisation of cannabinoid receptors in the equine dorsal root ganglia

45



Experimental studies

Experimental studies

46



Experimental studies

Gastrointestinal tract

47



Experimental studies
Paper published on Histochemistry a@dll Biology (2018) 150(2), 18205. Modified from:

Localization of cannabinoid recept

in the canine gastrointestinal tract
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Monica Forni, Marco Pietra, Roberto Chiocchetti

Department of Veterinary Medical Scien¢edniversity of Bologna, Italy
Abstract

Introduction - The endocannabinoid system (EGS)composed of cannabinoid receptors, their
endogenous ligands, and the enzymes involved in endocannabinoid turnover. Modulating the activity
of the ECS may influence a variety of physiological and pathophysiological processes. A growing
body of evidencéndicates that activation of cannabinoid receptors by endogenousgdplared, or
synthetic cannabinoids may exert beneficial effects on gastrointestinal inflammation and visceral
pain.

Objectives The present ex vivo study aimed to investigate immistothemically the distribution

of cannabinoid receptors CB1, CB2, G proteaupled receptor 55 (GPR55), and peroxisome
proliferation activa i on receptor alpha (PPARU) in the carl
Results CB1 receptor immunoreactivity was observed in the lamina propria and epithelial cells. CB2
receptor immunoreactivity was expressed by lamina propria mast cells and immunoogds, bl
vessels, and smooth muscle cells. Faint CB2 receptor immunoreactivity was also observed in neurons
and glial cells of the submucosal plexus. GPR55 receptor immunoreactivity was expressed by lamina
propria macrophages and ptonimminbreactivitg wab exprassed by s .
blood vessels, smooth muscle cells, and glial cells of the myenteric plexus.

Conclusions and relevane€annabinoid receptors showed a wide distribution in the gastrointestinal
tract of the dog. Since cannabinoideptors have a protective role in inflammatory bowel disease,

the present research provides an anatomical basis supporting the therapeutic use of cannabinoid
receptor agonists in relieving motility disorders and visceral hypersensitivity in canine acute or

chronic enteropathies.

Introduction

The endocannabinoislystem (ECS) is composed of cabinoid receptors, endocannabinoids, and
the enzymes for their production and degradation ($t2084; Ligresti etal., 2016; Lu and

Anderson2017). It classicallgompriseshe cannabinoid receptors types 1 and 2 (RBdd CBR),
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the endocannabinoids-&tachidonylethadamine (anandamide; AEA) and&aachidonylglycerol

(2-AG), and the enzymes responsible for endocannabinoid biosynthesis and degradation (lannotti et
a., 2016). Currently, the defiton of the ECS is expanding to include, besides the classical
cannabinoid receptors and endocannabinoids, several fatty acid der&vaheessoecalled
endocannabinoidlike mediators, such as palmitoylethanolamide (REA3well as other notCB
receptors (Kreitzeand Stella2009; lamotti etal., 2016). This is the case, for example, for the G
proteincoupled receptor 55 (GPR55), nuclear peroxisome prolifeeatbrated receptor alpha
(PPARU) , and transient receptor potenti al vV a
considered as pabte cannabinoid receptors (Brown adt, 2005; Di Marzo etl., 2002; 1zzo and
Sharkey 2010; Lauchner adl., 2008; Lin etal., 2011; Petrosino and Di Marza017; Tuduri eal.,

2017). Notably, the ligands of thmsanifold receptor system often activatere than one target site

i n conjunction t o e X e 16). Thug ithre ewelVing eided of (th@d S u
fiendocannabinoidond® a more complex system including endocannabinoids and endocannabinoid
like mediators, their redundant metabolic enzymesda 6 6 pr omi scuous66 mol
receptors) is increasingly gaining ground (Maioneatt 2013). The ECS is widely expressed in the
central nervous system (CNS), cardiovascular, gastrointestinal, immune, and reproductive system
(Maccarrone edl., 2015; Cabral eal.,2015).The CBL1 receptor is expressed mostly in the CNS and
peripheral nerves (Hu and Mack#915; FreundRevilla etal.,2017), and the CB2 receptor is mainly
expressed inimmune cells (Di Marzo and |2@06). Many neuronal delypes, distributed in several

CNS areas, express the CB1 receptor; however, the wide distribution of the CB1 receptor limits its
potential as a pharmacological target for CNS diseases, due to the psychoactive side effects associatec
with CB1 receptor agusts and antagonists (Moreiraat, 2009). A recent study highlighted the
expression of the CB2 receptor in neurons and inflammatorynaoronal cells of the CNS, e.g.,
microglia (Malfitano etl., 2014). The evidence that the CB2 receptor is upregliat a variety of

CNS diseases characterized by microglia and/or astroglia activation suggests that the CB2 receptor
might represent a promising pharmacological target to be considered in diseases characterized by
neuroinflammation (Skaper at,2013 ;Navarro etal.,2016; Cassano at.,2017; Chen edl.,2017;
FreundtRevilla etal., 2018). In the gastrointestinal tract (GIT), cannabinoid receptors regulate
motility, secretion, sensation, emesis, satiety, and inflammation, @282, Duncan eal., 2005a,

Duncan et al., 20Q5 Duncan et al.2008; Storr and Sharke®007; Wright etl., 2008; Sharkey and

Wiley, 2016 Lee etal., 2016; Di Patrizip2016). The CB1 receptor is expressed by neurons of the
enteric nervous system (ENS) of rodents (Dundaad.e2005a; Duncan et al., 2005 guineapig

(Coutts et a].2002), pig (KulkarniNarla et al.2000), and ferret (Van Sickle et,£2001). The CB2

receptor may be expressed by macrophages, plasma cells, mast cells, dendritic cells, lymphocytes,
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smodh muscle cells, epithelial cells, and enteric neurons (Fd&di, 1995;Duncan etal., 2005b;

Wright etal.,2008;Duncan etl.,, 2008; Svensson at.,2010; Ke etl.,2016). Several investigations
suggest that CB1 or CB2 receptors might have aptioe role in inflammatory bowel disease (IBD)

in humans, and support the potential therapeutic effects of targeting these pathways using
pharmacological agents (1zz2004 ; Di Marzo and 1zz&006; Duncan eal., 2008; Di Marzo and
Piscitelli 2011; Di Patrizig 2016; Gyires and ZadqrR016; Fabisiak and Fichn&2017). The
activation of CB1 receptor reduces emesis, intestinal motility and secretion, and inhibits gastric acid
secretion and relaxation of the lower esophageal sphincter (Izzo and, 00f{s Activationof the

CB2 receptor in pathological conditions such as inflammatory bowel disease (IBD) or endotoxic
inflammation reduces intestinal motility (1zz8004); thus, activation of CB2 receptor seems to
represent a novel meatiam for the reeseblishment of normal gastrointestinal transit after an
inflammatory stimulusPalmitoylethanolamide (PEA), a lipid mediator structurally related to AEA,

is used in human and veterinary medicine for its neuroprotectivejeuntdinflammatory, analgesic,

ard antipruritic properties (Re et a22007; Gabriedson efal., 2016 Petrosino and Di Marz@017;
Cremon etl., 2017). It was isolated for the first time from lipid fractions of soybeans, egg yolk, and
peanut meal and was then found in a wide variefgad sources (data reviewed in Petrosino and Di
Marzao, 2017). Several investigators have identified different mode of action of PEA (lanradtti et
2016; Petrosinoand DiMarza 01 7) , whi ch seems to have a dir
et al.,, 200ba; Lo Verme efal., 2005b; Gabrielsson «il., 2016), GPR55 (Ryberg «il., 2007;
Cantarella efl., 2011), and CBR (Facci etal., 1995). The latter receptor may also be activated
through an indirect mechanism (De Petrocelliale2001; Guida eal.,2017). Finally, PEA directly

and indirectly acts on TRPV1 (Ho&lt,2008; De Petrocellis and Di MarzZ2010), a receptor usually
expressed by nociceptive dorsal root ganglia sensory neurons (Catexind®37) that undergoes
desensitiation by endocanabinoids (Zygmunt edl., 1999; Ambrosino eal., 2013).PEA, which

also seems to act favourably on visceral pain (Jaggal.,et998; FarquharSmith etal., 2002;
Gabrielsson etal., 2016), represents a promising natural approach for hypersensiaitggement

in dogs with intestinal inflammation. A prerequisite for the therapeutic potential of PEA in
pathological GIT conditionsuch as acute or chronic enteropathgthe cellular distribution of the
receptorsPEA is known to act upon, i.e., tkannabinoid receptors, in different tracts of the canine
digestive system. Therefore, the present study aimed to immunohistochemically characterize the
cellul ar expression of CB1l, <Q®LTtiGURRDBIdMgs. and P
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Materials and methods

Animals

Gastrointestinal tissues were collected from three dogs (#1 fematen®old Chihuahua; #2
spayed female, 1f§earold Labrador Retriever, and #3 male,-y&arold West Highland White
Terrier), that did not have a history of gastresiinal disorders and did not show gross alteration of
the gastrointestinal walAnimals died spontaneously or were euthanized for human reasons due to
different diseases and tissues were collected following consent from the oAr®osling to the
Directive 2010/63/EU of the European Parliament and of the Council of 22 September 2010 on the
protection of animals used for scientific purposes, the Italian legislation (D. Lgs. n. 26/2014) did not
require any approval by competent authorities or ethics ctigesnj because this research did not

influence any therapeutaecisions.

Tissue collection

GIT samples (pylorus, descending duodenum, ileum, and distal colon) were collected within 1 h of
death and were longitudinally opened along the pyloric small ainevand intestinal mesenteric
border. Tissues were then washed in phosghattered saline (PBS), fixed, and processed to obtain
cryosections (2.0 cm x 0.5 cm), which were later processed for immunohistochemistry, as previously
described (Chiocchetti ek, 2015; Giancola etl., 2016,Giancola et al.2017).

Immunofluorescence

Cryosections were hydrated in phospHatéfered saline (PBS), and processed for immunostaining.
To block nonspecific binding, the sections were incubated in a solution contéifitgnormal goat
or donkey serum (Colorado Serum Co. Denver, CO, USA), 0.5% Trita00X(SigmaAldrich,
Milan, Italy, Europe), and bovine serum albumin (1%) in PBS for 1 h at room temperature (RT). The
cryosections were incubated overnight in a humid deamat RTwith a cocktail of primary
antibodies (Table 1) diluted in 1.8% NaCl in 0.01M PBS containing 0.1% sodium azide. After
washing in PBS (3 x 10 min), the sections were incubated for 1 h at RT in a humid chamber with the
secondary antibodies (Tablg d@luted in PBS. Cryosections were then washed in PBS (3 x 10 mi
and mounted in buffered glgcr o | at p Hia®idiro2-phenylihdold RAPE(Santa Cruz
Biotechnology, Santa Cruz, CA, USASince classic (CBR and CBR) and finewd can
receptors (GPR55and PPAB) mi ght be | ocated on different
specific antibodies with the aim of colocalizing the cannabinoid recégtorsunoreactivity on
enteric neurons, enteric glial cells (EGCs), mast cells (MCs)raphages, and plasma cells. In
particular, to identify enteric neurons and glial cells,-antnan neuronal protein (HuC/HuD) and
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anttGFAP antibodies were used, respectively. To identify MCs, different antibodies against MC
tryptase were used. To identifigacrophages, we utilized the amnized calcium binding adapter
molecule 1 antibody (IBA1). Plasma cellem identified using the ardigA antibodies. Endothelial

cells were identified using two different endothelial markers, i.e., the mousg@Btiantibody, and

the rabbit antiFactor VllI-related antigen/von Willebrand factor. To identify enterochromaffin cells,

we utilized the antserotonin antibody.
Specificity of the primary antibodies

The specificity of the mouse a#ttiuC/HuD antibody was recty demonstrated inaly tissues by
Western blot angkis (Giancola eal., 2016). The supplier of the af@B1 receptor antibody, raised

in rabbit against the human CB1 receptor, predicts aemdivity with the dog, mouse, and rat
antigen. The sequenoé canine CB1 protein is homologous (98.3%) to the sequence of human CB1
protein (https:// www.uniprot.org/) (Anday and Mercier 2005). The-@B®2 receptor antibody was

raised in rabbit and directed against residues 200 of the rat CB2 receptor. Thegsence of the

canine CB2 protein is homologous (98.3%) to the sequence of the rat CB2 protein
(https://www.uniprot.org/). The ar€B2 receptor antibody utilized in the present study has already
been tested on dog tissues (Camporal.e012). Based orhe sequence identities, the antibodies
against CB1 and CB2 receptors should cres&t with the same antigens in the dbge antibody
ant-rGPR55 receptor was raised against al7 amino acid synthetic peptide of human GPR55 receptor.
The sequence of cani@PR55 protein is homologous (83.5%) to the sequence of human GPR55
protein (https:// www.uniprot.org/); furthermore, the antibody supplier indicated greater (94%) cross
reactivity of the antibody with the canine GPR55 protein. Taken together, this suthgedstss
antibody should crosseact with the same antigen inthe dbge ant-tP PARU r ecept or an
raised in rabbit against the synthetic peptide of mouse PPAR The sequence of
protein is homologous (90%) to the sequence of mBuBEARU pr ot ein (htt ps: /|
Furthermore, the supplier of the aRtiP A R U -toreantileody predicted crossactivity with the

same antigen in the dog.

Despite the presumed or already demonstrated specificity of theammi@binoid receptoCB1,

CB2, GPR55, PPARU) antibodies utilized in the
specificity by Western blot (WB) analysis (Fig. If).addition, to confirm that CB1 antibody staining

was specific for CB1 protein, the rabbit a@B1 antibody was tested on brain cryosections obtained
from wild-type mice and mice with congenital deficiency of CB1 (Marsicatnal., 2002). In the
cryosections of CB1 null mice, the specific CB1 staining of axons was absent (Supplementary Fig.

la f). Furthermore, the rabbit ar€@B1 antibody was tested on wholemount preparations of rat MP
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and SMP, in which neurons of both the plexuses showed CB1 receptor immuiraabel
(Supplementary Fig. 1¢). To identify MCs, we utilized the only commercially avaialantidog
tryptase antibody (Cloud€lone PA BO70Ca01, Huston, TX, USAyince this antibody was raised

in rabbit, as were all the anttannabinoid receptor antibodies utilized in this study, we colocalized
the dogspecific antitryptase antibody withtwo commercially available artiuman tryptase
antibodies raised in mouse: Dako@52 (Clone AA1l) and Novus Biol (NBPA0202). The first
antibody (clone AA1) has already been used in canine intestinal tissues (KleinschahidtG£17).

The supplier ofie second antibody (NBPRPMI0202) indicated cros®activity with canine tryptase
(canine tryptase shows 76% homology with human tryptase; http://www.uniprot.org/). The dog
specific rabbit anttryptase antibody labelled a greater number of MCs in all Gl&rta(data not
shown) than those labelled by the hurspecific antitryptase antibodies, which were not
immunolabelled with the other two antibodies (data not shown). Nevertheless, since both the mouse
antitryptase antibodies labelled a large numbeaofiha propria MCs (Novus Biol. > Dako), which
were also immunolabelled by the dspgecific antitryptase antibody, we utilized these two mouse
antrhuman tryptase antibodies in colocalization studies to identify lamina propria MCs bearing
cannabinoid receprs. The goat antigA antibody (Novus Biol., NB10d.028) is directed against
porcine IgA; although the specificity of this antibody has not been tested on dog tissues, in the present
research we colocalized the goat dgf antibody with the rabbit antgA antibody (Bethyl Lab.,
A80-103A). The two antibodies docalized perfectly in the same immunocytes/ plasma cells (data
not shown). Thus, in the present study, the goat-lgAtiantibody was utilized to identify
immunocytes bearing cannabinoid receptolrhe antiiBA1 antibody should recognize CNS
microglia (Pierezan edl., 2014) and macrophages; in the present study the antibody recognized
canine gut macrophages (and canine CNS microglia; data not shown). Fri@Adnéintibody used
(Novus Biol. NB1®@-1028) was raised in goat and is directed against porcine IBA1. Since the dog
IBA1 molecule shows 91.2% identity with the porcine one (https:// www.uniprot.org/), it is plausible
that this antibody may also recognize canine IBA1. Nevertheless, the @peoiffithis antibody has

not been tested on dog tissuéke antibody artCD31, that has been already used in dog tissues
(Kader etal., 2001), unequivocally identified the endothelial cells of blood vessels. The specificity
of this antibody was tested a colocalization study with the other endothelial marker, i.e., the anti
Factor Vlll-related antigen/ von Willebrand factamtibody (Preziosi &tl.,2004) The two antibodies
co-localized in the same entthelial cells (data not shown).
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Specificity of he secondary antibodies

The specificity of the secondary antibodies was tested by applying them after omission of the primary
antibodies. Neither stained cells could be detected after omitting the primary antibodies. In double
immunostaining protocols, ctmol experiments were also carried out to check for-smecific

binding of secondary antibodies to the inappropriate primary antibodies by omission of one or other
of the firststage reagents. Furthermore, incubation with two primary antibodies follgnedybone
secondary antibody was carried out to check for the existence of anyeaossity between primary

and secondary antibodies. Finally, incubation with any single primatipody followed by the
appr@riate secondary antibody was also perfarimeensure that the labeling pattern for each marker

in the doublestained sections was in agreement with that observed in the-sihgled sections. No
evidence ohonspecific binding was found.

Fluorescence microscopy

Preparations were examined ohli&on Eclipse Ni microscope equipped with the appropriate filter
cubes to distinguish the fluorochromes employed. The images were recorded with a NiRQ@IN2S

digital camera and NIS Elements software BR 4.20.01 (Nikon Instruments Europe BV, Amsterdam,
Netherlands). Slight adjustments to contrast and brightness were made using Corel Photo Paint,
whereas the figure panels were prepared using Corel Draw (Corel Photo Painbrah@®i@w,

Ottawa, ON, Canada).

Western blot: specificity of the primary antibodie

Tissue samples (canine small intestine) were collected, frozen in liquig tro, and 8X or ed
until sample processing. In addition, the mouse small intestinatiasd as positive cdrol. 50 mg

of tissue was homagpized in 500 pl of SDS buffer (TTiBICI, 62.5 mM; pH6.8; SDS, 2%; and
glycerol, 20%) supplemented withpaotease inhibitor cocktail (Sigmadrich, Co, St. LouisMO,

USA). Total protein content was determinedfbg t er sonds Modi fication o
ProteinAssay Kit. Aliquots containing 20 ug of total proteins weeparated on Boli42% bisTris

Plus (Life Technologied.td, Paisley, UK) for 45 min at 165 V. The proteins wedhen
electrophoretically transferred onto a nitrocellulosembrane by a serdry system (Trans Turbo

Blot Bio-Rad). Nonspecific binding on nitrocellulose membraness blacked with 5% milk powder

in PBST20 (PhosphatBuffer Saline0.1% Tweer20) for 1 h at RT. After blodkg treatment, the
membranes were incubated overnightd °C with the primary antibodies (Table 1) (G81:500,
CB2R1: 1000; GPR55 1 : 5il0ajnTrR-BufieRed salinel20qTBS )20 20 mM

Trisi HCI, pH 7.4, 500 mM NaCl, 0.1%-P0). After washes, the blotgere incubated with a goat
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anti rabbit biotinconjugateantibody (1:50,000 dilution in TB$20, 1 h at RT) andhen with a

1:1000 dilutionof an antibiotin horseradislperoxidase (HRPnked antibody (40 min at RT).
Immunoreactive bands wervisualized using chemilumingmnt substrate (Clarity Western ECL
Substrate BoRadgccor ding to the manufact urlemngsenti nst i
signal was acquired by Chemoc Instrument and the apparent molecular weight ofdkaltant

bands was analyzed by Quantity One SoftwW&ie-Rad). Western blot analysis of CB1 revealed a
bandof ~ 52 kDa (theoretical molecular weight of c@CB152,782 kDa; Fig. 1). Western blot
analysis of CB2 revealea band of ~ 40 kDa (theoretical molecular weight of cadiBe 40,107

kDa; Fig. 1). Western blot analysis of GPR®&vealed a band of ~ 35 kDa (theoretical molecular
weight of canine GPR536,85 kDa; Fig. 1). Western blot fPARU reveal ed a ban
(theoretical moleculaweight o f canine PPARU 8)20Qverall3WbanBlgsis Fi g

confirmed the spaficity of the primary antibois utilized in the present study.
Results

CB1 immunoreactivity

In the pylorus, small and large intestine, CB1 recaptarunoreactivity wagxpressed by serotonrin
immunorective enterochromaffin cells (Figidx In the small andlarge intestine, CB1
immunoreactivity was detected in tleell membrane ahcytoplasm of some lamina propria and
epithelial cells (Fig. 2g, h). In the ileum of the youngésg, in which submucosal and mucosal
lymphatic nodulesvere evident, bright CB1 receptor immunoreactivity wiastified in unidentified
immunocytes localiziin theportion of the lymphatic nodules within the lamina progFey. 2i). In
the enteric plexuses, faint and punctate GBdeptor immunoreactiwit was observed in some
unidentified MP neurons (Fig. 2j). CB1 receptor immunoreactivity was undeteatabl blaod

vessels and muscular layers.

CB2 immunoreactivity

CB2 immunoreactivity was widely distributed in all ttigestive tracts considered.
Mucosa

The cell membrane diiie endothelial and smooth neiescells of mucosal (Fig. 3a, b) and submucosal
(Fig. 3c)blood vessels showed bright CB2 immunoreactivity, aladivie the small intestine, which
allowed visualization ofhe blood vascular pattern along the major axis of the Wihen the villi
were cut orthogonally, it was possibledbserve CBammunolabelled vessels arranged like clock
numbers around the circumference of the villus (Fig. @b)ocalization experiments indicated that
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CB2 immunolabelled endothelial cells showed CD31 immunoreactivity; however, there were small
areas in which the twdifferent immunolabeling were noroverlapped, indicatg that other cellular
elements (most likely pericyteskpressed CB2 immunoreactivity (Supplementary Figltd3. of

note that some lamina propria tryptasemunoreactive MCs showed cytoplasmic CB2
immunoreactivity(Fig. 3d f). CB2 immunoreactivity was also observedthe cytoplasm of some
unidentified immunocytes withimtestinal lymphatic nodules (Fig. 3g). The cell membrahe
smooth muscle cells of the muscularis mucosae (smoywed bright CB2nmunoreactivity in all the

digestivetracts considered (data not shown).
Muscular layers

In the pylorus, CB2 immunoreactivity was observed orcdllemembrane of the smooth muscle cells

of both layerf the tunica muscularis (Fig. 3j). In the circularsolelayer (CML), there were some
patchy distributed clusters of smooth muscle cells that showed stronger immunolabelling. The CB2
immunoreactivity of the muscul&ayers of the smalhitestine showed strong immunoddiing, which

was attenuated in the ool (small intestine > colon > pylorus) (Fig.iBk In both the intestinafacts,

CB2 immunoreactity decreased towards the eutost part of the longitudinal muscle layer (LML).
Enteric neurons and glia

In the intestinal submucosal plexus (SMP), theeeana fewganglia in which neurons and glial cells
showed weako-moderate CB2 immunoreactivity (Fig.i3y either on thecell membrane (Fig. 3h)
or within the cytoplasm (Fig. 3iPn the contrary, the neurons and glial cells of the myenteric plexus

(MP) did not show any CB2 immunoreactivilyig. 3ji ).

GPR55 immunoreactivity

GPR55 immunoreactivity was mainly distributed in the mucosa (Fig) dad muscular layers (Fig.
4ji l).

Mucosa

A large number of lamina propria and epithelial cedpressed brigftGPR55 immunoreactivity (Fig.
4d c). In the pylorus, there wersome thin and elongated entelncomaffin cells, which showed
bright nuclear and weakeytoplasmic GPR55 immunostaining (Fig. 4a). GPRBhunolabelled
enterochromaffin cells were also vigbin the intestine, in particular in the colon. Furthermore,
epithelial cells of the inner portion of the mucosa also shodifidse cytoplasmic GPR55
immunolabelling in this tradqFig. 4b). Celocalization experiments indicated that a langenber of

lamina propria cells showing cytoplasmic GPRBamMunoreactivity were IBAAmmunoreactive
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macrophagef=ig. 4d f), IgA-immunoreactive plasma cells (Fig.idg and tryptasemmunoreactive

MCs (data not shown).
Muscular layers

The GPR55 receptor distributionashed regional and localifferences. In the stomach, GPR55
immunoreactivity wasiot homogenously distributed and the immunolabelM@g more evident in
the CML than in the LML (data nathown). In the duodenum, the CML showed faint GRR55
immunolabelling,as did the inner portion of the LML; dhe contrary, the outer third of the LML
showed very stronGPR55 immunoreactivity (Fig. 4j). In addition, in the ileuthe smooth muscle
cells of the outer portion of the LMéhowed a higher density of the GPR5&eor, whereas ithe
colon all the LML expressed bright GPR55 immunacévity, with a tendency for increased
immunolabelling inits outer portion (Fig. 4K). It is noteworthy that the inngrortion of the CML
(ICML), i.e., the small portion of th€EML composed by iGl2 smooth muscle cells facing towards
the submucosa (Zelcer and Daniel 1979; Eddinger 2808ed intense GPRS&munolabelling

(data not shown).
Enteric neurons and glia
No GPR55 immunoreactity was displayed by enteric nems or glialcells in the tracts considered.

PPARU i mmunoreactivity

Bright PPARU i mmunor eact i pdpraycellsy epihelial xeils, bleod e d

vessels, smooth musatells of the mm and tunica muscularis (Fidi fpa and EGC¢Fig. 64 i).
Mucosa

Inthepy !l or us, PPARU i mmunoreactivity was e-wviden
immunoreactiveenterochromaffin cells of the deeper portions of the gastric glands (data not shown).

In the intestine, the strongeBtP ARU i mmunor e act ibywthetnyn, fromwshiche x p r e
bundles of smooth muscle cells reached the tiph@ivilli (Fig. 5a); of note, the muscular cells
showedtheist r ongest i mmunol abel | i nignmuoreattivitewasgse x o f
expressed by blood vessahdothelid cells (Fig. 5a, b). In the lamina propria of thidi, and in
particular i n their apex, P P AtRdik of thimanchetomgatedc t i v
cellular processes arising from small cells of unknown nafkrg. 5c); these cells were elgsi
observed when the villivere cut orthogonally to their major axis. Furthermsmme small lamina

propria cells with an irregular outlirend short cellular processes, which resembled dendelie
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(Jungingeredl.,2 01 4) , s h o we d-inbmuriolhbelling within tifeRyioRI&sm (Fig. 5d).
Inaddt i on, MCs showed cyt opl gdatmmocshow®ARU i mmunor

Muscular layers

PPARU receptor, as seen for GPR55 receptor, s
and was well neresented in both the muscular layers, but more concentrated LML, and in
particular in its external portion, in tipglorus, duodenum and colon (Fig. 5e, g). In the LMithef

i 1 eum, -immBnal&#Elling was mainly observedncentrated within itsuter portion, although
therewers ome i |l eal tracts i n whsmooth mBsBIAGRIN scatteredenp t o r
the LML (Fig. 5f). It shouldbe noted that, in contrast to what was observed for GPR55

i mmunoreacti vi ty,-negativeFid. BMMLP ARt iPnPuRnUo r eact i vi t
expressed by GFAMmunoreactive glial cells of the SMP and MP (MP > SMihereas the
HuC/HuDimmunoreactive neurons weael wa y s -negBtiseRFg. 6&).

Discussion

CBL1 receptor

The observation of CB1 regtr immunolabelling of entericeurons is consistent with data observed
in pig, guineapig, rat, mouse, and ferret ENS (Kulkaidarla and Browr2000; Van Sickle edl.,
2001; Coutts eal., 2002; Storr etl., 2004; Duncan eal., 2005a), in which the CBreceptor was
mainly expressed by cholinergic excitatory motor neurdmshumans, the activity of the CB1
receptor was functionallglemonstrated in the ileum by Croci &t (1998) and CBlreceptor
immunoreactivity has been described in entexdtirons ad nerve fibres (Wright eal., 2005;
Marquez etal., 2009). In the present studywe observed CB1 receptor immareactivity in the
epithelial cells, including enterochromaffin cells. This is in line with what was obsentagman

GIT mucosa, where the ABeceptor was identified on gastric parietal cells, epithelial cells, goblet
cells,and enteroendocrine cells (Wrightagt 2005; Pazostal.,2008; Marquez adl.,2009; Ligresti

et al., 2016). Itis known that under physiological conditions, theatton of the CB1 receptor
reduces gastric acidic secretiamd regulates the release of enteroendocrine peptidesasuch
cholecystokinin (Sykaras ei., 2012). The presence @B1 receptor immunoreactivity in canine
small intestinas especially importangiven the body of evidences ttgitows that CB1 receptor in
the upper small intestine @ddents controls palatable food intake and overeatirgjeainduced
obesity (DiPatrizio etal., 2011; Argueta an®i Patriziq 2017). In addition, the evidencé 6B1
receptor immunoreactivity in serotonin expressing enterochromaffin cells of the dog upper

gastrointestinal tract masuggest a peripheral mechanism of action of cannabiimoide modulation
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of nausea and vomiting. In fact, it is wielown that canabinoids may inhibit nausea and vomith

a central (and peripheral) action, since CB1 recaptscattered on neurons of the brainstem nuclei
involved in emesis (Ray et al2009; Darmani2010). The activatiorof CB1 receptor of 1T
releasing enterdcomaffin cells may limit nausea and vomit by reducingH3 release and
consequently decreasing the excitability éfi’53 receptor of the vagal sensory nerve fibers of the
upper gastrointestinal tract (Hu at, 2007). In the present study, weserved uidentified lamina
propria cells expressing CB1 receptor immunoreactivity, which were more concentrated in the small
intestine lymphatic nodules. Regarding the expression of CB1 receptor immunoreactivity on
epithelial cells, it is interesting consider tht enteric micrbiota may regulate the expression of the
CBL1 receptor on enterocytes, and this in turn may control gut permeability (Mucahbliz210).
Consistently, CB1 activation has recently been suggested to play a key role in intestinal mucosa
permeability, both in healthy and disease states (Karwaa.,2017a).The presence of the CB1
receptor on lamina propria cells is consistent with the finding by Marquez et al. (2009), who reported
CB1 receptor immunoreactivity in mucosal plasma cells.ddeer, enteric microbiota may regulate

the expression of the CB1 receptor on enterocytes, and this in turn may control gut permeability
(Muccioli etal.,2010). ConsistentlB1 activation has recently been suggested to play a key role in

intestinal mucospermeability, both in healthy and disease states (Karwald €01738).

CB2 receptor

CB2 receptor immunoreactivity was absent in the MP, whereas it was observed in some neurons and
EGCs of the submucosa, in which it showed different degrees of brighfitesss not surprising,

since the CB2 receptaithough usually expressed by Ao@uronal elements such as immunocytes

and inflammatory cells has been repeatedly demonstrated in the central (Caib;a2@48) and
peripheral nervous system, includingte&ric neurons (Duncan at., 2005b,Duncan et al.2008;

Wright etal., 2008). To the best of our knowledge, this is the first time that CB2 immunoreactivity
has been reportadn E GCs . Notably, this could be relat:
cell type (see below). The localization of CB2 receptor in the EGCs is consistent vaipthesion

of CB2 receptor on astrocytes of healthy and inflamed CNS (Sheaxig 2005; FreundiRevilla et

al., 2018).We observed very strong CB2 immunoreactivity in endothelial and muscular components
of enteric blood vessels. Our observations are consistent with the findings by GaedqR@a4),

Ashton et al. (2006), Marquez et &R2009), and Dowie et al. (2014), who found GB2
immunolabelling on endothelial vascular cells of human and rat CNS. More specifically, our data are
reinforced by the findings of Campora et al. (2012), who observedi@B2inolabelling on canine

endotheliakells in skin. In cdocalization studies aimed to identifye coexpression of the CD31
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and CB2 immunoreactivity in endothelial cells, we noted a certain degree cbwerap between

the two markers. This evidence may suggest that endothelial cellgjso pericytes, express CB2
immunoreactivity. This last finding, although not demonstrated by the use of a specific marker for
pericytes, is of some importance, because it has been shown that the contraction of pericityes can
regulate the vascular floof the capillaries in the intestine (Wille and Schp@af03) as well in the

CNS. Hall et al. (2014) demonstrated that ischaemia evokes capillary constriction by pericytes, which
are major regulators of cerebral blood flow. Zong et al. (2017) showedxthgereous CB1 agonist
promotes the vasorelaxation of pericgtantaining rat retinal capillaries. Benyo et al. (2016) showed
that in certain cerebrovascular pathologies, activation of CB2 receptor (and probably yet unidentified
nonCB1/norCB2 receptors) gears to improve the blood perfusion of the brain via attenuating
vascular inflammation. Thus, the expression of the CB2 receptor in dog gastrointestinal vessels (in
smooth muscle cells, endothelium and, perhaps, pericytes) may have relevant therapedtiode

in the treatment of acute and chronic enteropathies. In fact, alteration of the microvascular perfusion
and adhesion of leukocytes to the endothelium are hallmark events in inflammation. As already
demonstrated in rodents (Kinian et, @013; Sadinha et al.2014), it is possible that even in dogs

the use of CB2 receptor agonists might protect the gut microcirculation during inflamnTateon.
expression of CB2 immunoreactivity in lamina propria cells was expected, since the presence of this
receppor among different classes of immunocytes and inflammatory cells has already been reported
(Wright etal., 2008; 1zzo and Sharkeg010; Gyires and Zadoi2016; Lee eal., 2016).Notably, as
already shown in experimental rodents (Facci aét 1995), we observed CB2 receptor
immunoreactivity in canine mucosal MCs. The finding is of particular interest if one considers that
MCs are now recognized to be involved in a number ofail@mgic diseases including IBD and food
intolerance (She®onohue etal., 2010; Wouters etl., 2016; Bednarska edl., 2017). During
intestinal inflammation, MCs release proinflammatory mediators (e.g., tryptase, chymase, and
histamine), which recruit and stimulate adjacent MCs, thus amplifying the inflammatory signal (He
2004).CB2 receptor immunoreactivity on canine gut MCs renders them a potential target for CB2
agonists Although CB2 receptor activation is considered to exert no effect on GIT motility under
physiological conditions (Izzo etl., 1999), upregulation during egpmental GIT inflammation

might be envisaged. Indeed, the CB2 receptor seems to be upregulated in the dog (specifically in the

SMP) during chronic enteritis (personal observation of Dr. R. Chiocchetti; Supplementary Fig. 3).

GPR55 receptor

The GPR55 recdpr, considered by some as the third cannabinoid receptor (Moricahj 2010),

is a G proteircoupled receptor sharing ilD4% homology with CB1 and CB2 receptors (Lauckner

60



Experimental studies

etal.,2008). Although a detailed description of tissues and cells expresBiR§53s still lacking, a
growing body of evidence shows that GPR55 is widely distributed in the ENS of humans and rodents,
in particular in the two ganglionated plexuses (Liralet2011; Ross eal., 2012; Li etal., 2013;

Goyal etal., 2017).In contras with these findings, we did not detect the GPR55 receptor in ENS
neurons, whereas it was abundantly expressed in smooth muscle cells, possibly playing some role in
controlling excitability. The peculiar distribution of GPR55 immunoreactivity in the niasiayers,

i.e., the high density of the GPR55 receptor in the ICML (small intestine) and outer portion of the
LML (colon), suggests that the GPR55 receptor might be involved in ICML relaxation during
inflammatoryinduced excessive contraction of the stibeal wall. In fact, as hypothesized by
Eddinger (2009), ICML cells seem to be primarily involved in maintaining basal intestinal tone, while
the muscle cells of the outer portion of the CML are primarily involved in peristalsis. As specified
above, GPR5%eceptor immunoreactivity was also well represented in the outer portion of the LML.
Although the enteric neurons and interstitial cells of Cajal are determinant for the beginning and
coordination of peristalsis, smooth muscle cells of the CML and LMle hatrinsic myogenic
activity (Huizinga etal., 1998) Due to its role in the regulation (increase) of intracellular calcium
levels (Lauckner eal., 2008); the GPR55 receptor may thus play a role in the excitability of these
smooth muscle cell§Ve also bund that a large number of lamina propria macrophages, plasma cells,
and MCs showed bright GPR55 immunoreactivity (macrophages > plasma cells > MCs). The
presence of the GPR55 receptor on macrophages was recently also shown in rodents and humans
(Taylor @ al.,2015; Lanuti etl.,2015). As reported above, piaflammatory mediators released by

MCs during intestinal inflammation may induce macrophage accumulation in the basal portion of the
lamina propria (He ail., 1997; He and Walls 1998). One couldslspeculate thandocannabinoid

related compounds acting on CB2 receptor (MCs and immtes)cyand/or GPR55 receptor

(maadophages and MCs) may limit the inflammatory cascade during GIT disturbances.

PPARUreceptor

The PPARJreceptor is a ligandctivated transcription factor belonging to the superfamily of nuclear
hormone receptors. By modulating gene expression, it plays key roles in maintaining glucose and
lipid homeostasis and inhibiting inflammatioNgidenow etal., 2016). Activation of the PPAR
receptor is known to exert amtociceptive and antnflammatory effects, even at the gastrointestinal
level (Escher eal., 2001; Azuma etl., 2010; Petrosino and Di Marz8017). The strong PPAR
immunorectivity observed in the mm and its mucosal emanations, as well as the peculiar localization
of this receptor in the smooth muscle cells of CML and LML, suggests a unique role for this receptor

(as seen for GPR55 receptor) in GIT maotility. Interestinglyereas in the LML the distribution of
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the PPARJreceptor overlapped that of the GPR55 receptor, in the ICML the former seemed to be
missing, whereas the latter was widely distributed. At present, we are not able to speculate on the
physiological meaning of this different receptor distribution. Althotigvas not possible to precisely
identify the strong PPABimmunoreactive cells within the lamina propria of the villi, their shape,
cytoplasmic projections and distribution are suggestive of mucosal dendritic cells (DCs) (Junginger
etal., 2014). Notah}, DCs are widely distributed in the digestive system and play a relevant role in
innate and adaptive immunity and in the maintenance of tolerance (Svensso2Gt0). Finally,

the expression of PPARmmunoreactivity on cells particularly involved gut pathophysiology,

i.e., the intestinal MCs (Lee at., 2016; Bischoff 2016; Wouters et gl2016), suggests a potential

role of PPARJ agonists in GIT inflammation. The most intriguing localization of PBA&eptor
revealed by our study was at thedewf EGCs, i.e., cells that are functionally comparable to CNS
astrocytes (Liu et gl2013; Sharke)y2015) and able to multifunctionally interact with the epithelium,
immune system, nerve fibres, lymphatic and blood vessels (Liy 20&B). It has baereported that

EGC activation may amplify intestinal inflammation (Cirilloadt, 2011; Ocho&Cortes etl., 2016)

and PPARJ agonists mitigate it by reducing the glial expression of S100B protein (Espositp et
2014). The robust expression of the PRABceptor on the muscular and endothelial components of
blood vessels suggests a possible role of this receptor in thelamintanine GIT blood flow. The
hypothesis is sustained by previous observations on the beneficial effects otJRBaRsts on
inflammatory responses in vascular smooth muscle cells (Zahradka2€i03; Ji efal., 2010) and
endothelial cells (Naidenoetal., 2016).

Conclusion

Taken together, the data of the present study show the wide distribution of the cannabinoid receptor
ensemble in several cellular types of all layers of the canine GIT. These morphological findings,
although not yet supported Iphysiological or pharmacological evidence, suggest that cannabinoid
receptor agonists have a therapeutic potential for controlling gastrointestinal inflagnometditions

and visceral hypeensitivity in this species. The hypothesis is supported by adgehof evidence

on the intestinal protective effects of one of the most studied naturally occurring cannabinoid receptor
ligands, PEA (Borrelli etl., 2015). PEA was originally considered to activate the CB2 receptor
(Facci efal., 1995; Re edl., 2007; Petrosino &il.,2016), resulting in MCs dowmodulation through

the sacalled ALIA mechanism (Autacoid Local Injury Antagonism) (Aloeakt1993; De Filippis
etal.,2013; Petrosino and Di Marza017). Currently, PEA has been shown not only to lassteong

affinity for other cannabinoid receptors, like GPR55 (reviewed by Petrosailg 2016), but also to
reduce intestinal radiation injury in a mast apendent manner (Wang &i, 2014), and to
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normalize intestinal motility through a mechanisnvolving CB1 receptor (Capasso et 2014).
Furthermore, using both in vitro and in vivo preclinical models of enteropathies, it has been
demonstrated that the activation of PRARY PEA results in inhibition of colitisssociated
angiogenesis (Sarnelli el., 2016), modulation of intestinal permeability (Karwadakt 201D),
improvement of colon inflammation (Esposito eil.,, 2014), and protection against
ischemia/reperfusiemduced intestinal injury (Di Paola at., 2012). In conclusion, the findings of

the present research support the potential therapeutic use-psyamtropic and safe cannabinoid
agonists such as PEA (Nestma@d16) in canine intestinal inflammationdamay constitute a
starting point for future comparative studies on the possible changes in the cannabinoid receptor

ensemble during GIT inflammatory conditions in the dog.
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Primary Host Code Dilution Source
antibody
CB1 Rabbit Orb10430 1:200 Biorbyt
CB2 Rabbit AB45942 1:200 Abcam
CD31 Mouse M0823 Clone JC70A 1:30 Dako
GFAP Chicken AB4674 1:800 Abcam
GPR55 Rabbit NLS6817 1:200 Novus Biol.
Factor VIII Rabbit A0082 1:1000 Dako
HuC/HuD Mouse A21271 1:200 Life Technologies
IBA1 Goat NB100-1028 1:80 Nowvus Biol.
IgA Rabbit A80-103A 1:1000 Bethyl Lab.
IgA Goat NB724 1:1000 Novus Biol.
PPARU Rabbit NB600-636 1:200 Novus Biol.
Serotonin Mouse Ab16007; # 5SHTH209 1:500 Abcam
Tryptase Rabbit PAB070Ca01 1:80 CloudeClone Corp.
Tryptase Mouse NBP1-40202 1:200 Novus Biol.
Tryptase Mouse M7052 Clone AA1 1:200 Dako

Table 1- Primary antibodes used in the studyPrimary antibodies Suppliers: Abcam, Cambridge, UK; Bethyl
Laboratories, Montgomery, TX, USA; Biorbyt Ltd., Cambridge, UK; Agilent, Santa Clara, CA, USA; Ctrde
Corp., Huston, TX, USA; Dako Cytomation, Golstrup, Denmark; Rigddeéndustries Int.Jnc. Concord, MA, USA,; Life
Technologies, Cdgbad, CA, USA; Novus Biologicals, Littleton, CO, USA.
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Secondary antibody Host Code Dilution Source
Anti-mouse IgG Goat A11005 1:200 Life Technologies
Alexa 594
Anti-mouse IgG Donkey 20010 1:100 Biotium
Alexa 488
Anti-mouse IgG Donkey AB150132 1:1000 Abcam
Alexa 594
Anti-rabbit IgG Goat 401314 1:200 Calbiochem
FITC Novabiochem
Anti-rabbit 488 Donkey AB150073 1:800 Abcam
Anti-goat IgG 594 Donkey AB150132 1.600 Abcam
Anti-chicken TRITC Donkey 703-025155 1:200 Jackson

Table 2- Secondry antibodies used in the stuslecondary antibodies Suppliesbcam, Cambridge, UK; Biotium, Inc.
Hayward, CA, USA; Calbiochefdovabiochem, San Diego, CA, USA; Jackson Immuno Research Laboratories, Inc
Baltimore Pike, PA, USA,; Life technologies, Carlsbad, CA, USA
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Figure. 1l Representative image of Western blots (WB)

rabbit anticannabinoid receptor 1, rabbit artiannabinoid recepto2, rabbit anttG proteincoupled receptor 55
(GPRS55), and rabbit anti nuclear peroxisome proliferaéativated receptor alpha (PPAR Each antibody showed a
major band close to the theoretical molecular weight. Lane 1 = dog small intestine, lane @se small intestine.

The images of the different immunoblots were slightly adjusted in brightness and contrast to match their backgrounds

Colon

CB1/Dapi

Figure 2. Photomicrograph showing cryosection of the mucosa of dog colon in which some lamina propria (wh#e arro
and epithelial cells (open arrows) of unknown nature were immunolabelled with theaantbinoid receptor 1 antibody
(CB1) (a). In the panel on the right (b), the nuclei of cells were labelled with the nuclear staingzak bar: ab, 50

€ m.
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cB2/DAPI| N

Figure 3.a-i) Photomicrograph showing longitudinal cryosections of dog gastrointestinal tract immunolabelled with the
anti-cannabinoid receptor 2 antibody (CB2). In figures a,-t, the cellular nuclei were labelled with theiclear stain

DAPI. Arrows indicate bright CBZnmunolabelled endothelial cells of blood capillaries running along the major axis

of the duodenal villus (longitudinal section, a); when the villus was cut orthogonally (b), it was possible to observe CB2
immunolabelled vessels arranged like clock numbers around the circumference of the villus. c) White and open arrows
indicate, respectively, the nuclei of smooth muscle and endothelial cells expressing strong CB2 immunoreactivity. In the
insert, the white arrovindicates a thick submucosal artery of the colon showing CB2 immunoreactg)t@men arrows

indicate mast cells of the lamina propria of the colon which were immunoreactive for CB2 (d) and tryptase (e); white
arrows indicate mast cells which were ttgpeimmunoreactive and CB2egative (f, merged image). g) Arrows indicate
some CBZAmmunoreactive immunocytes within a duodenal mucosa lymphatic nodule. h) Stars indicate the nuclei of small
neurons of the submucosal plexus showing moderate CB2 immutivtgan cell membrane. Arrows indicate nuclei of
smaller dimension belonging to enteric glial cells showing bright CB2 immunoreactivity. i) Stars indicate the nuclei of
submucosal neurons showing faint and diffuse cytoplasmic CB2 immunoreactivity.rdlie eadicate the nuclei of
endothelial cells, which showed strong GiB#munolabelling. ) Stars indicate the nuclei of myenteric plexus neurons

of pylorus (j), ileum (k) and colon (l), which were GBggative. On the contrary, the smooth muscle cellthef
longitudinal (LML) and circular muscle layers (CML) showed intense CB2 immunorea@ieé@tle bar:aj , 50 & m;
100 & m.
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cB2|c  oBapAR|

CB2/DAPI B CB2/DAPI

Pylorus  CB2/DAR

Figure 4. Photomicrograph showing cryosections of dog gastrointestinal tract immunolabelled with tBPR5%H
antibody a-c) Small white arrows indicate lamina propria cells of pylorus (a) and coler) @howing bright GPR55
immunoreactivity. The small open arrows (a, b) indicate GRiRBBunolabelled enterochromaffin cells of the pylorus
(a) and colon (b). Large open aws indicate epithelial cells of the inner portion of the mucosa of the colon, which
showed diffuse GPR55 immunoreactivityf) dhe white arrows indicate that GPR&&munoreactive cells (d) of the
duodenal mucosa eexpressed IBA1l immunoreactivity (e), ieth indicates that these cells were predominantly
macrophages. The open arrow indicates GPRBBUnoreactive cells, which were not IBAdsitive. gi) White arrows
indicate lamina propria cells of the colon which-egpressed GPR5%nd IgA immunoreactiwt indicating that these
cells were plasma cells. Open arrows, on the contrary, indicate GitR®bbinoreactive cells, which were not {gA
positive plasma cells:l) Distribution of GPR58mmunolabelling within the circular (CML) and longitudinal muscle
layer (LML) of the duodenum (j), ileum (k) (cut in longitudinal sections) and colon (I) (cut in transverse section). Arrows
indicate bright GPR55mmunolabelling in the external portions of the small intestine LM{) §nd in the whole LML

of the colonScalebar: a-c,g¢i , 50f,j-4 mMm1 06 e&m
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lleum PPARa lleum PPARa Duodenum

Duodenum PPARa lleum PPARa PPARa Duodenum

Figure 5. Photomicrograph showing cryosections of dog small and large intestine immunolabelled with the antibody anti
PPARJ a-b) Open arrows and white arrows indicate, respectively, blood vessels and fascishesath muscle in a

villus of ileal mucosa showing bright PPAIRc) Arrows indicate thin and PPARmmunoreactive elongated cellular
processes of unknown nature, visible in the apex of a villus cut orthogonally to its major axis. The white stars and open
stars indicate, respectively, fascicles of smooth muscle cells and blood vessels showitgrRdforeactivity. d) The

open star indicates a strong PPB#Rnmunoreactive lamina propria dendritiike cell showing strong PPAR
immunoreactivity, close to artar less visible blurred cell (white star), because it is out of fochy.Qistribution of
PPARJ-immunolabelling within the circular (CML) and longitudinal muscle layer (LML) of the duodenum (e, h), ileum
(f) (cut in longitudinal sections) and colon (gt in transverse section). Arrows indicate bright PRARmunolabelling

in the external portions of the small and large intestine longitudinal muscle layer LML, in which the immunostaining was
more evident. In the ileum (f), PPARmmunoreactive smoothuscle cells could also be scattered throughout the whole
thickness of the LML. In the inner portion of the circular muscle layer (ICML) (h), BRARuUnoreactivity was almost
undetectableScale bar:ad, 50-h gml1 0@ & m.
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HuC/HuD

Figure 6. Photomicrograpkhowing cryosections of submucosal plexus (SM#e) énd myenteric plexus (MP)-{Hof
the dog duodenum, immunolabelled with the-®RARJ antibody. af) Stars indicate SMP ¢a) and MP (df) neurons
(not visible) encircled by enteric glial cells whiskere immunoreactive for PPARa) and GFAP (b) (c, f, merge images).
g-i) Stars indicate MP HuC/HuD immunoreactive neurons (h) which were P&Bative (g). On the contrary, a
network of PPAR-positive cellular processes belonging to enteric glial csligisible around HuC/HuD neuronScale
barrai , 50 & m.
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Wild-type mouse

CB1 null mouse

Rat myenteric plexus CB1

Rat submucosal plexus CB1

Supplementary Figure Photomicrograph showing cryosections of the neocortex oftyild mouse (&) and CB1

null mouse (), and wholemount preparations of the myenterig) @nd submucosallexus (jl) of rat ileum in which

neurons and nerve fibers showed immunoreactivity for the CB1 receptor. In the cryosection of the wild type mouse, CB1
immunoreactivity was expressed by axonal varicosities (b, c), which were absent in the CB1 nulénfpusetlie rat
myenteric and submucosal plexuses, CB1 immunoreactivity was expressed by neurons which displayed CB1
immunolabelling also in nucleus (arrows) or only in the nucleus (st8rsile bar: al, 50 um.
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Supplementary Figure. Photomicrograptshowing cryosections of the dog ileum in which the mucosal blood vessels
showed immunoreactivity for the CB2 receptor (a) and platelet endothelial cell adhesion molecule (CD31) (b). Open
arrows indicate capillaries in which the two markers werdaxalized, as visible in the merge image (c); white arrows
indicate small areas in which the two markers were non overlapped, indicating that other cellular types (likely pericytes)
showed CB2 immunoreactivitgcale bar: ac, 50 um.

HuC/HuD

Supplementary Figure. hdomicrograph showing a cryosection of the duodenum of a dog with chronic and severe
enteritis immunolabelled, in which the aptinnabinoid receptor 2 (a) and aftiuC/HuD (panneuronal marker)
antibodies (b) were etocalized. Stars indicate submucosatxls neurons showing diffuse and moderate cytoplasmic
CB2immunostaining and bright cell membrane immunolabelling. Arrows indicate bright CB2 immunoreactivity in peri
neuronal enteric glial cells. Scale bar:a 50 um.
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Localization of cannabinoid receptors in the cat gastrointestinal tract
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Abstract

Introduction- A growing body of literature indicates thattivation ofcannabinoid receptors may
exertbeneficial effects on gastrointestinal inflammation and visceral hypersensitivity.

Objectives- The presentex vivo study wasaimed to investigateimmunohistochencally the
distribution ofthe canonicatannabinoid receptors GBCB1R) andCB. (CB2R), andthe putative
cannabinoid receptor& proteircoupled receptor 59GPR55),nuclear groxisome proliferater
activated receptsralpha( PP ARU) and g,aransient récépdrApRtential ankyrin 1
(TRPAL), and serotonin receptottbl la (5HT1a) in thegastrointestinalract of the cat.

Results- CB1R-immunoreactivity(CB1R-IR) was observedn gastric epithelial cellsintestinal
entroendocrine cells (EECs) and goblet cells (Figurd)llamina propria mast cells (MCs), and
myenteric plexus (MP) neurons (Figure -2).aCB2R-IR wasexpressedy EECs enterocytes, and
macrophages (Figure 3@. GPR55IR was expressed byECs,macrofhagesimmunocytes, and

MP neurons (Figure 4. P P A RRJwas expressed by parietal cells, immunocytes, smooth muscle
cells, andenteroglial ceb (Figure 5 a). P P A RRwas expressed by the nucleus of MP neurons
(Figure 5 {l). TRPAZLIR was expressed by enteric neurons and intestinal goblet cellsgFEaf).
5-HT1a receptotR was expressed by gastrointestinal epithelial cells and gastric smooth muscle cells
(Figure 6 gi).

Conclusions and relevanceCannabinoid receptors showed a wide distribution in the feline GIT
layers. Although not yet confited/supported by functional evidencds present researchight
represent an anatomical substrate that mighidadul tosupport, infeline species, the therapeutic

use of cannabinoglduring gastrointestinal inflammatory diseases

73



Experimental studies

Figure 1(a-1): Photomicrograph showing cryosect®af the cat gastrointestinal tract immunolabeled with the antibody
anti-cannabinoid receptor 1 (CB1}@. Arrows indicate some of the pyloric elongated mucosal cells, which show bright
CBL1 receptor immunoreactivity -fil Arrows indicate four pyloric enteroendocrine cells displaying bright cytoplasmic
CB1 receptor immunoreactivity -1y Arrows indicate some of the small intesting)(@nd large intestine {f) mucous
goblet cells expressing bright CB1 receptor immunoiiedy of the cell membran&cale bar: al, 50 pm.
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Tryptase

Figure Xa-f): Photomicrograph showing a cryosection of the cat gastrointestinal tract immunolabeled with the antibody
anti-cannabinoid receptor 1 (CB1). Cellular nuclei were labelled with the nucleém DAPI. ac). Arrows indicate four

of the numerous lamina propria mast cellse@ressing tryptase (a) and bright CB1 receptor (b) immunoreactivity. In

¢ the merge image-fl Some of the myenteric plexus neurons (arrows) showed faint CB1 receptorareactivity. The

large nuclei of the enteric neurons were labelled with DARRle bar: af, 50 um.
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Figure Ja-0): Photomicrograph showing cryosections of cat gastrointestinal tract immunolabelled with the antibody
anti-cannabinoid receptor 2 (CB2Lellular nuclei were labelled with the nuclear stain DARbh)&Arrows indicate some

of the numerous enteroendocrine cells identified with the antibodylarmogranin A (CGA) (c) eexpressing bright
CB2 receptor immunoreactivity (b}l Arrows indtate some of the numerous enteroendocrine cells identified with the
antibody antiserotonin (5HT) (c) coexpressing bright CB2 receptor immunoreactivity () dn the small intestine of
one subject (#2), CB2 receptor immunoreactivity was expresséugk lynhinal surface of enterocytes distributed along
the outer half (apical portion) of the villi (white arrows), whereas in their inner half the epithelial cells were CBZ@egati
(open arrows). i) In the colon, CB2 receptor immunoreactivity was exprégstée cell membrane of crypts epithelial
cells (white arrows) and goblet cells (open arrowd).Arrows indicate bright CB2 receptor immunolabelling (k) of the
enteroendocrine cells of the colon-anThe lamina propria macrophages, recognized for tHg&1 immunoreactivity,
co-expressed moderate CB2 immunolabelling (arro®sale bar: af, ro 50 pm; g, 100 pm.
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Figure 4(a-i): Photomicrograph showing cryosections of cat small and large intestine immunolabelled with the antibody
anti-GPR55. Cellulamuclei were labelled with the nuclear stain DAPicArrows indicate bright GPR55 receptor
immunolabelling (b) of the enteroendocrine cells of the cola).ldtestinal lymphatic nodules in which a large number

of immunocytes showed bright GPR55 immaactivity. The arrows indicate the muscularis mucosae. f) Lamina propria
IgA immunoreactive plasma cells (red color) did notespress GPR55 immunoreactivity (green coloni) g
Gastrointestinal subsets of myenteric plexus neurons expressed moderatd GPRBoreactivity. The white stars
indicate three neuronal nuclei. Abbreviations: circular muscle layer (CML); longitudinal muscle layer (EbHlE bar:

a-d, ei 50 um; d, 100 pum.
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PPARalpha

PPARalpha PPARalpha
#.*. DAP)

PPARgamma

Figure 5 (a-l): Photomicrograph showing cryosections of cat pylornd atestine immunolabelled with the antibody

ant-P PARUY )( a nd -lP@HuRnnucleijwere labelled with the nuclear stain DARb)eArrows indicate three

|l arge pyloric gland cells (putati ve pavityi ce}latdstina grhphs) wh
node in which a | arge percentage of immunocytes showec
observed also in the smooth muscle cells of the longitudinal muscle layer (LML). Abbreviation: circular muscle layer,
CML. g-i) Stars indicate the nucleus of some myenteric plexus neurons. Arrows indicate the nuclei of three GFAP
immunoreactive glial cells (i) which e@ex pr essed PPARU -) Starsuimlizateettae cnticieivoi some ]
myenteric plexus neurons, whishh owed weak PPAROD i mmunoreactivity. Abbr
longitudinal muscle layer (LML)Scale bar: al, 50 pm.
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Figure 6 (a-i): Photomicrograph showing cryosections of cat gastrointestinal tract immunolabelled with the antibody
anti-TRPA1 (af) and 5HT1a (gi). Cellular nuclei were labelled with the nuclear stain DAPI. a, b) Stars indicate three
nuclei of the pyloric myenteric plexus neurons which showed TRPA1 immunoreactivity. ¢) Arrows indicate duodenal
myenteric plexus neuroffRPA1 immunoreactive:-f)l Arrows indicate small intestinal goblet cells which showed bright
TRPAL immunoreactivity -ij Pyloric mucosa in which mucous and glandular cells expresd4¢dla immunoreactivity.

Scale bar: ai, 50 pm.
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Abstract

Introduction - The endocannabinoid system (ECS) is involved in the control of gastraiatesti
inflammation and visceral pain.

Objectives The present ex vivo study was aimed to investigate the distribution of the canonical [CB1
(CB1R) and CB2 (CB2R)], and putative cannabinoid receptors [G prodeipled receptor 55
(GPR55), nuclear peroxisamproliferatoractivated receptors alpha (PPBR transient receptor
potential ankyrin 1 (TRPAL), and serotonin receptétfBla (5HT1aR)] in the gastrointestinal tract

of the dog and the cat.

Results Gastrointestinal tissues (pylorus, duodenum, ileum and distal colon) from four dogs and four
cats were collected after spontaneous death or after euthanasia, following @wonesent.
Specimens were processed by immunohistochemistry using sppeigfic primary antibodies.
Antibodies targeting enteric neurons, glial cells (EGCs), enteroendocrisg[EEICs), mast cells
(MCs), macrophages, and plasma cells were employedlocabzation experiments to identify the

cell types expressing cannabinoid receptors. GBdRunoreactivity (CB1RR) was observed in
epithelial and lamina propria (LP) cellsydain myenteric plexus (MP) neurons in both the species.
CB2R-IR was expressed by LP MCs and immunocytes, blood vessels and smooth muscle cells in the
dog. In the cat it was expressed by EECs, intestinal epithelial cells, and macrophagesIRRES5
expressed by LP macrophages and smooth muscle cells in the dog; in the cat it was expressed by
EECs, immunocytes and MP neurons. PRAR was expressed by smooth muscle cells and EGCs

in both the species. In the cat PRAR was also expressed by immunocytes and gastric parietal
cells. TRPALIR was expressed by globet cells in both the species and enteric neurons only in the
cat. 5HT1aR-IR was expressed by epithelial cells in the cat and by globet cells, LP cells and MP

neurons in the dog (Figure 1).
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Conclusion and relevance The present research provides an anatomical basis supporting the
therapeutic use of cannabinoid receptor agfsnin relieving motility disorders and visceral

hypersensitivity in acute or chronic enteropathies.
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Abstract

Introductioni Colic is a digestive disorder ¢forsesand one of the most dangerous emergency
problemsin equine medicineA growing body of literature indicates that activation of cannabinoid
receptorgouldexert beneficial effects on gastrointestimilammation and visceral hypersensitivity.
Objectivesi The presentex vivo study was aimed to investigate immunohistochemically the
distribution of the canonical cannabinoid receptors CB1R) and CB(CB2R), and the putative
cannabinoid receptors G pein-coupled receptor 55 (GPR55), nucleargxisome proliferater
activated receptors al ph drangieRtRe&dptor) potemtialdankgria thma
(TRPAL),transient potential vanilloid receptor 1 (TRP\&hd serotonin receptost¥T1la (5HT1aR)

in the horse ileum.

Resultsi CB1R-immunorectivity (CB1RIR) was observed in epithelial cells, myentgpiexus
(MP) and submucosalexus(SMP) neurons, nerve fibeendglial cells. CB2RIR was expressed
by epithelial and lamina propria (LP) cell@PR55IR was expressetly enteroendocrine cells
(EECs), LAmmune cellssmooth muscle cells of the circular muscular layer (ENPLP A RRJwas
expressed bgmooth muscle cells of the longitudinal muscular layer (LML), endothelial cells of
submucosal vessels, MP and SMP glial celglelongated cellén proximity to the MPresembling
interstitial cells of Cajal (ICCsPPAR-IR wasexpresseth the nuclebf neuronsglial cells, smooth
muscle cells, epithelial celland LP cellsTRPALIR was expressed by enteric neurons and nerve
fibers. TRPV1IR was expressed WP glial cells andSMP glial cells and neuron&-HT1aRIR

was expresed byPaneth cellgellsand LP immune cells.

Conclusionsand relevancé Cannabinoid receptors showed a wide distribution irniléhen of the
horse, although not ysupported by functional evidenc8he present research might represent an
anatomicalsubstrate that mighsupport further studies about the distributiasf cannabinoids

receptorgluring gastrointestinal inflammatory diseases.
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Introduction

Cannabinoid receptors regulate different gastrointestinal functions, including motility, emesis,
apretite or satiety, both in physiological and pathological conditions (Izzo and C2006).

Colic is a digestive disorder tiorsesand includes different form of abdominal pain (Pilliner and
Davies 2004).1t is one of the most dangerous emergencylproin equine medicinand one of the
principal caus of death for horses, so it is a primary health concern of owners (Curtis2€x18l).

For this reason, severampanies produce medical marjiuana and cannabinoid receptor agonists to
be used in equaamedicine, directed principally against somatic and viscera) piirough not yet
support by anatomical or functional studi€&annabidiol (CBD), a nepsychoactive compound
found incannabis sativaseems to be one of the most promising therapeutstautes, due to its
analgesic, ardinflammatory, antispasmodic benefits (Mechoulamet 2D007; Pertwee2008).
Phytocannabinoids are known to act on multiple targets, more than CB1 and CB2 receptors. They
interact with other Grotein coupled recepto(6&PR), nuclear receptors, transient receptor potential
(TRP) channels, serotoniB-HT) receptors and glycine receptdkdorales et al.2017).

Knowingthe cellular distribution othe specific receptors fundamental to understand the action of

a drug To date, reliable anatomical studies regarding the cellular distribution of cannabinoid
receptors in the horse intestinal tract are still lacking. In order to help filling these anatomical gaps,
the present ex vivo study was designed to identify, in tinegleum, the cellular distribution of

two canonical cannabinoid receptors, i.e. CB1R and CB2R, and d@iffesent putative cannabinoid
receptors, i.e. G proteicoupled receptor 55 (GPR55), nuclear peroxisome prolifeeatibrated
receptor alpha (PFRU) and gamma (PPA®, transient potential vanilloid receptor TRPVY),

transient potential ankyrin receptorlRPAI), andserotonin receptor la+{3T1aR.
Material and methods

Aniamals

lleal samples were collected -0 from six horses (about 1.5 yesa of age) at the public
slaughterhouse. Animals did not show gross alteration afdk&ointestinal wall.

According to the Directive 2010/63/EU of the European Parliament and of the Council of 22
September 2010 on the protection of animals used fantg@epurposes, the Italian legislation (D.

Lgs. n. 26/2014) does not require any approval by competent authorities or ethics committees,

because this research did not influence any therapeutic decisions.
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Tissue collection

lleal samples (about 10 cm innight) were harvested within 30 minutes from death and were
longitudinally opened along the mesenteric border. Tissues were then washed in pHusdrae
saline (PBS), fixed and processed to obtain cryosections (2.0 cm x 0.5 cm) which were lateggbrocess

for immunohistochemistry, as described in a previous study (Chiocchettiz18).

Immunofluorescence

Cryosections were hydrated in PBS and processed for immunostaining. To bloskeodit
bindings, the sections were incubated in a solution oonta20% normal goabr donkeyserum
(Colorado Serum Co., Denver, CO, USA), 0.5% TritehQ0 (Sigma Aldrich, Milan, Italy, Europe),

and bovine serum albumin (1%) in PBS for 1 h at room temperature (RT). The cryosections were
incubated overnight in a huchchamber at RT with a cocktail of primary antibodieshe 1) diluted

in 1.8% NaCl in 0.01M PBS containing 0.1% sodium azide. After washing in PBS (3 x 10 min), the
sections were incubated for 1 h at RT in a humid chamber with the secondary antibadie2JT
diluted in PBS. Cryosections were then washed in PBS (3 x 10 min) and mounted in buffered glycerol
at pH 8.6 with 4',&iamidino-2-phenylindolei DAPI- (Santa Cruz Biotechnology, CA, USA).

Specificity of the primary antibodies

The choice of the pnary antibodies used in the study was based on the homology of the amino acid
sequence between the immunogen of the commercially available antisera and the horse proteins,
verified by the fAalignemento tool ag) andlthe b | e
BLAST tool of the National Center for Biotechnology information (NCBWwwv.ncbi.nim.nih.goy

(Table 3).

Specificity of the secondary antibody

The specificity of the secondary antibody was testedoplyang them after omission of the primary

antibodies. No stained cells were detected after omitting the primary antibodies.

Fluorescence microscopy

Preparations were examined on a Nikon Eclipse Ni microscope equipped with the appropriate filter
cubes to ttinguish the fluorochromes employed. The images were recorded with a NikQiLNS

digital camera and NIS Elements software BR 4.20.01 (Nikon Instruments Europe BV, Amsterdam,
Netherlands). Slight adjustments to contrast and brightness were made asghdPlato Paint,

84


http://www.ncbi.nlm.nih.gov/

Experimental studies

whereas the figure panels were prepared using Corel Draw (Corel Photo Paint and Corel Draw,
Ottawa, ON, Canada).

Results

CB1 receptor- CB1 receptorimmunoreactivity wasexpressed by the epitelium, in particular
enterocytes and gobleglts. These cells showed cytoplasmatic and membrane reactivity, otherwise
the nuclei were CBhegative. Neurons and glial cells of the MP and SMP showed €BI1R
immunoreactivity, confirmed with colocalization with HuC/HuD for neurons and GFAP for glial cells
(Fig. 1af; Fig. 2ad). Some nNOSnitric oxide synthaseimmunoreactive neurons showed CB1R
immunoreactivity(Fig. 3ac). In the muscular layer, near tNe#°, some nerve fibers show@B1R-
immunoreactivity. Cells surrounding nerve fibers, probably Schwaeells, showed CB1R
immunoreactivity (Figure 4-a).

CB2 receptor- CB2 receptor immunoreactivity was expressed only in the mucosa, in particular
epithelium and LP. In the epithelium, enterocytes and goblet cells showed cytoplasmatic
immunoreactivity. In the lamina propria, immune cells showed bright cytoplasmatic
immunoreactivity; howevethe nature of these cells were not investigated by theocadization with
specificmarkers (Figur® a-d).

GPR55- GPR55 was expressed in the mucosal, submucosamasdular layer. In the mucosa,
enteroendocrine cells (EECs) showed bright GRRRG&unoreactivity(Figure 6 af). Numerous
small round immune cells, probably lymphatic cells, showed bright GRR®®inoractivity. They

were distributed in theP (Figure6 a-c), in proximity to themuscularis mucosa@and concentrated

in the Peyer patches (Figusel-f). However the nature of these cellasnot investigated by the use

of specific markers fot B or T cells, such@®79 and CD3, respectively. In the LP, othmamune

cells showed GPR5®Bnmunoreactivity, likely/probably macrophages, because of the presence of
aspecific pigmented granules in their cytoplasig.(7ad). Finally, GPR55mmunoreactivity was
present in groups of smooth muscle cells in the internélbpmoof the CML.

PPARJ- PPARJimmunoreactivity was brightly expressed by smooth muscle cells and vascular cells.
In the muscular layer, numerous cells in thelLiere positive for PPAR (Fig. 8 gi). Along the
bundles of nerve fibers, glial cellprbbably Schwann cells) shosd bright immunoreactivity.
Endothelial cells of large submucosal blood vessels showed bright immunoreactivity. Close to the
MP, elongated cells between LML and CML, probably interstitial cells of Cajal (ICCs), were(PPAR
positive. In the ENS, glial cellsere strongly positive both in MP and SMP (Fig-8.a
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PPAR - In the ENS, glial cells andeurons showed bright nuclear immunoreactivity, and weak
cytoplasmatic immunoreactivity in some neurons (Figc. & nuclear marking was also evident in
smoothmuscle cells, epithelial cells and LP cells (Fig-9.d

TRPA1- TRPAlLimmunoreactivity was expressed by enteric neurons (nuclei> cytoplasm) and in
nerve fibers close to the MP (Fig. 19)a

TRPV1- TRPV1Iimmunoreactivity was expressed only in the ENSthe MP, glial cells showed
bright TRPVZXimmunoreactivity (Fig. 11 -&). Otherwise in the SMP, both glial cells and enteric
neurons showed immunoreactvity (glial cells > neurons) (Figl, ¥).

5-HT1aR- 5-HT1aR immunoreactivity was observed only in thecosa. Large cells in the bottom
part of intestinal crypts showed bright cytoplasmatic immunoreactimginly in cytoplasmatic
granules located in the apycal part of the délig 12 ac). TheantibodyRb antiLyzozymei specific
marker for Paneth dsl- gives the same pattern as the Rb astildaR, confirming that these cells
arethe samgFigure 13 &b). In the LP, immune cellflikely macrophages or mast cells) showed
bright5-HT1aR immunoreactivity (Fig. 121-f).

Discussion

As we recently olerved in dogs (Galiazzo et al., 2018), cannabinoid receptors are also widely
distributed in horse intestine. CBiRmMunoreactivity in epithelial cells and ENS confirmed the
results obtained in rat, mouse, ferret, guip&n pig and dogs (KulkarsWarla am Brown 2000;

Van Sickle et a].2001; Coutts et 312002; Duncan et al2008; Galiazzo et al2018). The presence

of CB1Rimmunoreactivity in enterocytes and goblet cells may reflect a possible role of the receptor
in the regulation of intestinal pesability and enteric cells regeneration. Moreover, the intestinal
microbiota can influence the expression of CB1R in the enterocytes (Mucciolj 20HD). The
expression of CB1R in goblet cells indicates that cannabinoid can modulate mucus secretion,
probably reducing it. Differenttsdies highlighted the presence of CB1R in enteric neurons, but
usually not in nNOS neurons, as we observed in this study. In the horse, nNOS neurons can be
inhibitory neuronsbut also interneurons (Chiocchetti et, @2009). The presence of CBIR
immunoreactivityin Schwann cells could be linked to a possible role of the receptor in myelinization
process and neuronal regeneration (Costa,&t(5; FreundRevilla et al, 2017).
CB2R-immunoreactivity was observed in enteytas and goblet cells, suggesting a possible role of
this receptor in preserving the integrity of the intestinal mucosa (Harvey et al., 2013). The presence
of CB2R in immunitary cells is well known, in particular macrophages, mast cells, plasmacells,
denditic cells and lymphocytes (Facci et al., 1995; Wright et al., 2005, Duncan et al., 2008; Svensson

et al., 2010). The immunomodulatory effect of cannabinoids is probably mediated by CB2R (Turcotte
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et al, 2016). GPR55mmunoreactivity was observed in thdl& of rodents and humans (Ross, 2011;

Li et al., 2013), but not of dogs (Galiazzo et 2018) neither in the horse. The presence of GPR55

in the enteroendocrine cells can explain a possible role in secretion of intestinal hormons. The
expression of GPR5&, immunitary cells, in particular macrophages, has been demonstrated in
rodents, humans and dogs (Taylor ef 2015; Lanuti et aJ.2015; Galiazzo et al2018) with
immunomodulatory effect. Proinflammatory mediators, released by mast cells durisgnaite
inflammation, cause the accumulation of macrophages in the basal portion of the LP (H®87 al.

He and Walls1998). Therefore, cannabinoids compounds acting on CB2R and/or GPR55, could limit
the inflammatory cascade during Gl diseases (Estmndyal, 2007).

PPARJ was widely distributed in the ENS, musculature and vasculature. Mielinic sheath cells,
probably Schwann cells, distributed along the bundles of nerve fibers, showed UPPAR
immunoreactivity. The expression of this receptor in smaotiscle cells of the LML was also
observed in the dog (Galiazzo et 2D18). This receptor could be involved in regulation of intestinal
motility also in the horse, reinforced by the presence of RFIMRunoreactivity in ICCs, pacemaker
cells of the Gltact (Torihashi et al.1995). Glial cells surrounding MP and SMP neurons expressed
bright PPARJ immunoreactivity. These cells interact with the epithelium, immune system, nerve
fibers, lymphatic and blood vesseh@rkey2015; Liu et al.2016).

In this study the presence of PPAR the nuclei of MP neurons could be explained with its
neuroprotective potential, observed in certain central nervous system diseases (HyrZ&d)al.
PPARb is also involved in the regulation of intestinal homeostasiseXpression on epithelial cells
could be linked to the intestinal microbiota; indeed, butirrate, produced by intestinal microorganisms,
is a PPAR agonist. The activation of PPARas been demonstrated to prevent intestinal dysbiosis
(Byndloss et a). 2017). PPAR deletion in animal models seems to be correlated with the
development of IBD and colon cancer, underlining a possible antiinflammatory and antineoplastic
role of the receptor (Adachi et 2006; Varga et al2011). PPARvis a target of CBD, wibh reduces
intestinal inflammation mainly through a modulation of the nemmmune axis (De Filippis et al.

2011; Couch et g12017).

TRPAL, an ion channel, detects specific chemicals in food and transduces mechanical, cold and
chemical stimulation. Inthe present study we observed enteric TRRAIneurons, which is
consistent with data obtained on mouse intestine by Poole et al. (2011), who identified-TRPA1
immunoreactivity on inhibitory neurons. However, in the present study we did not characterize the
phenotype of equine enteric TRPfbsitive neurons.

TRPVI-immunoreactivity was expressed by MP glial cells and SMP glial cells and neurons. The

expression of TRP\VMIimmunoreactivity in enteric neurons was observed in other studies fAnavi
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Goffer and Coutts2003; Buckinx et a).2013). TRPV1 is fundamental in the mediation of heat
sensitivity, increased during inflammation. Hyperalgesia and allodinia during inflammation are
mediated by TRPV1. In animal models, TRPV1 antagonists attenuated visceral p&and{@hal,
2005).

We observe®-HT1aRimmunoreactivity in epithelial cells. Considering the pivotal role of serotonin
in regulating gut motility, visceral sensitivity, and fluid secretion via specific receptdi13, 18R

may exert a role in cellular harostasis and secretion in the horse.
Conclusion

This study is the first to describe the distribution of different cannabinoid receptors in the equine
ileum. Various cellular elements (epithelial cells, immune cells, neurons and glial cells, and muscular
cells) showed immunoreactivity for cannabinoid receptors, highlighting the important role of the
endocannabinoid system in the gut homeosthkisiever, nultiple colocalizations are still missing

(i.e. immune cells, enteroendocrine cells, neuro@snsideing the importance of gastrointestinal
diseases in equine medicine, these results can provide an anatomical basis for further functional and

clinical studies on the therapeutic use of non psycothropic cannabinolus $es
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Primary antibody Host Code Dilution Source
CB1 Rabbit ab23703 1:100 abcam
CB2 Rabbit ah45942 1:200 abcam

GFAP Chicken abi674 1:800 abcam
GPR55 Rabbit NB110-55498 1:200 Novus Biol.
HuC/HuD Mouse A21271 1:200 Life Technologies
Lysozyme Rabbit Ab74666 1:2 abcam
PPARU Rabbit NB600-636 1:200 Novus Biol.
PPARD Rabbit ab45036 1:300 abcam
5-HT1la Rabbit ab85615 1:100 abcam
TRPA1 Rabbit ab58844 1:100 abcam
TRPV1 Rabbit ACC-030 1:200 Alomone

Tablel. Primaryantibodies used in the stud§rimaryanti bodies Suppliers: Abcam, Camlgi UK;Life Technologies,
Carlsbad, CA, USBiotium, Inc. Hayward, CA, USAlomone, Jerusalem, Israel.

Secondary Host Code Dilution Source
antibody
Anti-mouse F Goat ab51379 1:50 abcam

fragment TRITC

Anti-r abbi t Goat 98430 1:300 abcam
fragment FITC

Anti-rabbit 555 Goat ab150078 1:500 abcam

Anti-chicken TRITC Donkey 703025155 1:200 Jackson

Table2. Secondary antibodies used in the stulycondary antibodies Suppliers: Abcam, Cambridge, UK; Biotium, Inc.
Hayward, CA, USA; Jackson Immu Research Laboratories, Inc. Baltimore Pike, PA, USA.
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] Homology between theamino ) )
Antibody o ] Homology with the immunogen
acidic sequencesifnmunogen
(host) sequence
and horse)
Rabbit anti CB1 97.88%
100%
(Ab23703) Human
Rabbit anti CB2 80.9%
83.33%
(Ab45942) Rat
Rabbit anti GPR55 80%
78%
(NB110-55498) Human
Rabbit anti 90.81%
100%
(NB600-636) Mouse
Rabbit anti 92%
87.5%
(Ab45036) Human
Rabbit anti 5HT1a 89.3%
99%
(ab85615) Rat
Rabbit anti TRPA1 82%
100%
(Ab58844) Rat
Rabbit anti TRPV1 85%
87.5%
(ACC-030) Rat

Table 3.Homology between the Asequences (betwedmeimmunogerand horse) and with the specific sequence of the
immunogen of the CBR antibodies used in the study.
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HuC/HuD | b

Figure 1(a-f): Cryosections of equine ileum immunolabeled with the Ab CB1R and theepasnal marker HuC/HuD.
Starsindicate neurons in the MP {@ and SMP (ef) which expressed both HuC/Hu@, d) and CB1R (b, e).(c, f:
merging).Scale bara-f: 50 um.

Merge (CB1 + GFAP)

Figure 2 (a-d): Photomicrograph showing a cryosection of equine ileum immunolabeled with the Ab CB1R and GFAP
for glial cells. Sars indicate MP neurons nuclei immunolabeled with the marker DAPI (a), while arrows indicate nuclei
of glial cells (c). Both nuclei of neurons and glial cells showed ClBiRunoreactivity (b, d: merginggcale bar: ad,

50 ym
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Figure 3 (ac): Photomicrograph showing a cryosection of equine ileum immunolabeled with the Ab(&Eit the
Ab anti nNOS (b). Stars indicate three MP neurons whieexgwess CB1R and nNOS (c). Scale baps0

Figure 4 (ac): Photomicrograph showing a cryosixt of equine ileunfmuscular layerymmunolabeled with the Ab
CB1R Nuclei are marked with DAPI (a). Stars indicate three nuclei of glial cells, probably Schwann cells, brightly
immunolabeled with the ab CB1R.
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Filtro aspecifico - TRITC

Merge CB2 + filtro aspecifico

Figure 5 (a-d): Photomicrograph showing eryosection of equine ileum immunolabeled with the Ab CB2Rlei are
immunomarked with the DAPI (a). Epithelial cells showed diffuse CB2 immunolabelling (b); white arrows indicate
positive LP immune cells. Empty arrows indicate cells with autofluoregeanules, immunolabeled also with the red
TRITC (aspecific filter, c)Scale bar: ad , 50 &m
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Lymphatic nodule = . Lymphatic nodule

Figure 6 (af): Photomicrograph showing a cryosection of equine ileum immunolabeled with the Ab GPR55. Nuclei are
immunolabeled with the marker DAPI (a, White stars indicated enteroendocrine cells immunolabeled with GPR55 in
theLP (b) and in a lypmphatic nodule (e). Empty arrows indicate some of the numerous positive immune $ebde(b).

bar: a-c , 50f geml10@ & m.
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Figure 7 (ad): Photomicrogram showing a cryosection of equine ileum immunolabeled with the Ab GRR&BI are
immunolabeled with the maer DAPI (8. White arrows indicate submucosal cells close to the mm, brightly
immunolabeled with the Ab anti GPR55 (b). These cells were probauisophages, because their cytoplasm contained
granules with autofluorescent pigment (aspecific filter, ¢). Empty arrows indicate GPR55 positive immune cells, probably
lymphatic cells, in the external portion of the LP, close to the mm. Scale Ipan.50
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RPARalpha | p PPARalpha | ¢
‘\

PPARalpha | f

PPARalpha | i

Figure 8 (a-i): Photomicrograph showing a cryosection of equine ileum immunolabeled with tRRPAB] Stars
indicate MP (ac) and SMP () neurons, surrounded by glial cells immunoreactive for PRARhite arrows indicate
glial cells nuclei. Empty ckl indicate presumed interstitial cells of Cajal (ICCk}ijghtly immunolabelled. Smooth
muscle cells of the LML showed bright immunoreactivity for FP@R). Scale bara-i , 50 & m
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PPARgamma

Figure9 (af): Photomicrograph showing a cryosection of equineriemnmunolabeled with the APAR. Stars indicate
MP neurons, which showed brighthue ar i mmu n o r e aArrowsyndidate thd positive Rurlai Bf glial cells.
(Figure 6 ac). Epithelial cells were brightly positive for PPARuclear (empty aow) or both nuclear and cytoplasmatic
(white arrows) (Figure ). Scale bara: 50 .e& m

HuC/HuD | b

HuC/HuD | e

Figure 10 (af): Photomicrograph showing a cryosection of equine ileum immunolabeled with ti&RPAL.Stars
indicate nuclei of MP (&) and SMP (ef) neurons immunlabeled with theHuC/HuD (panneuronal marker) (a, d).
TRPAZimmunoreactivity was nuclear and cytoplasmatic in both MP and SMP ®ca&g baraf : 50 & m.
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Figure 11 (ae). Photomicrograph showing a cryosection of equine ileum immunolabeled withbtAi&RRV1. Stars
indicate MP (ac) and SMP (d, e) neuronal nuclei, TRRPhdgative in the MRb) but not in the SMP (e). Otherwise,
arrows indicate the nuclei of glial cells, brightly immunolabeled both in MP and SMP @cag bar:ae, 50 & m

5-HT1a + filtro aspecifico

Figure 12 (a-f): Photomicrograph showing a cryosection of equine ileum immunolabeled with th&lAbaR.Big cells
in the bottom part of intestinal crypt showed bright cytoplasmati€TlaRimmunoreactivity, particularly evident in
cytoplasmatic granules located ithe apycal part of the cells (Paneth cells) (Figure®.dn the LP of a villus, immune
cells showed brighi-HT1aR immunoreactivity (¢f). White arrows indicate voluminous immune c&lldT1aRpositive
(e); empty arrows indicate pigmentated autofiesrent granules, maybe in macrophadgesiT1aR negative (e). Scale
bar af: 50em.
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Lysozyme

Figure 13 (a-b): Photomicrograph showing a cryosection of equine ileum immunolabeled with théiAbaiR(a) and
Ab Lysozyme (bBig cells in the bottom part of intesdiircrypt showed bright cytoplasmatieHbl laRimmunoreactivity,
particularly in cytoplasmatic granules located in the apycal part of the cells (Paneth wéils}he same pattern showed
by the Lysozymé&cale bar &: 50 ¢ m.
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In collaboration with theDepartment of Biomedical and Neamotor SciencegUniversity of
Bologng - Preliminary results

Localization of cannabinoid receptors in the myenteric plexus of the

rat ileum

Luppi M}, Galiazzo G, De Silva M?, Stanzani A Sadeghinezhad,Hitrec T, Squacio F,
GiancolaF*, Chiocchetti R

! Department of Biomedical and Neuromotor Sciences, University of Bologna, Bologna, Italy
2Department of Veterinary Medical Sciences (UNI EN ISO 9001:2008), University of Bologna, Italy
3Department of Basic Sciencesiduilty of Veterinary Medicine, University of Tehran, Tehran, Iran

4St. OrsolaMalpighi Hospital, Bologna, Italy

Abstract

Introduction- The endocannabinoid system (ECS) participates in many digestive processes, such as
regulation of the appetite, intesal motility, secretion, nausea and emesis, visceral nociception and
inflammation (Izzo and Sharkey 2010; Taschler et al., 2017). A great body of evidences demonstrated
a bidirectional pathway between the gastrointestinal tract and the central nervems(§/S6), both

in healthy conditions and neurodegenerative diseases, such as Alzheimer's and Parkinson's disease
The ratinduced synthetic torpor (ST) phenomenon has been demonstrated as an experimental model
to resemble neurodegenerative processes (€temti, 2013 Luppi et al., 201D

Objectivei To characterize the cellular distribution of cannabinoid receptors 1 (CB1R) and serotonin
5-HT1la receptor (#T1aR) in the myenteric plexus (MP) of the rat (control, CTRL vs ST).

Material and method$ Ex vivo qualitative and quantitative immunohistochemical study on MP
wholemount preparations of the ileum of six animals (3 CTRL vs 3 ST). The antibodies used in this
study are raspecific.

Results Bright CB1R immunoreactivity (CB1HR) wasexpressedy MP neurongFigure 1a-b).

CB1R- immunoreactive neurons showed Dogiel type Il morphology, with smooth outline and long
immunolabelled processes In the CTRL, 35+5% of neurons were CB1R immunoreactive (246/683
cells counted, n=3); in the ST 31+4% (200/639celbunted, n=3). Although the percentages of
immunoreactive neurons were similar, the CTRL showed brighter &R1tRan the ST. In some
animals (both CTRL and ST), clusters of flat cells (likely mesothelial cells), with an irregular shaped

nucleus, in clos contact between each other, showed bright CERLR
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The 5HT1aR was analyzed only in CTRL rats; in theatsy55+8% of MP neurons showBd
HT1laRIR (142/ 205 cells counted, n=8Figure 2ab). The next step will be to evaluate the
expression of this oeptor also in ST subjects (n=3, counting in progress).

Suggested conclusidnThe wide distribution of cannabinoid receptors CB1 afidT3aR in the
neurons of the rat MP in both CTRL and ST confirms the importance of the ECS in the functional
activity of the Gl tract, but further analysis are required to understand the role in neurodegenerative

diseases.
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Figure 1 (ab): Photomicrograph showing cryosections ofyenteric plexus (MP) of the rat ileum (CTRL)
immunolabelled with the an€B1Rantibody. The nuclei of cells were labelled with the nuclear stain DA MP
neurons showed bright CBIRmmunoreactivityb); arrows indicate some of these neurd®sale bar: ab,50 €& m.

Figure 2 (ab): Photomicrograph showing cryosections of myenteric pled®) of the rat ileum (CTRL),
immunolabelled with the arB-HT1aR antibody. The nuclei of cells were labelled with the nuclear stain DAPI (a).MP
neurons showeB-HT1aR- immunoreactivity (b). Scale bar:la , 100 em.

102















































































































































































































