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Abstract

This work aims to highlight and enrich the scientific literature on a basic veterinary science such as
anatomy, considering different parts of the central nervous system (CNS), the peripheral nervous
system (PNS) and some effector organs in various veterinary species, targeting different biological
systems. With regard to the CNS, the areas studied were: 1) the dolphin entorhinal cortex (EC),
where immunoperoxidase was used to study the distribution, cytoarchitecture and morphology of
three calcium-binding proteins (calretinin, calbindin D-28K and parvalbumin); 2) the amygdaloid
complex (AC) of the rat, and 3) of the sheep. For the rat, studies were carried out on the
distribution, cytoarchitecture and morphology of the vasoactive intestinal peptide (a component of
the peptidergic system) and its co-localization with the GABAergic system using
immunoperoxidase and immunofluorescence. For the sheep, we focused on the connections within
the AC with the rest of the brain, using the new non-invasive technique of diffusion tensor imaging;
4) the optic lobe (OL) of the honeybee, in which the distribution and quantification of the
serotonergic system, choosing immunofluorescence against the serotonin transporter (SERT), and
its correlation with the aggressive behaviour of the bees were carried out. With regard to the PNS,
we focused on: 1) the trigeminal ganglion (TG) of the horse, studying the distribution of
cannabinoid receptors (belonging to the endocannabinoid system) on different cellular elements
using immunofluorescence and immunoperoxidase; 2) the enteric nervous system (ENS) of the
dolphin, with substance P (SP) (a component of the peptidergic system) and neuronal nitric oxide
synthase (nNOS) selected as target molecules for immunofluorescence to identify excitatory and
inhibitory neurons, respectively. Finally, the effector organs studied included: 1) the skin of dogs
with atopic dermatitis (AD); 2) the synovial membrane of the metacarpophalangeal joint in horses,
and 3) the hip and stifle joints in dogs. In these tissues, we investigated the distribution of various
cannabinoid receptors using immunofluorescence, given their role in pain and inflammatory
conditions associated with pathological states. The work will first provide an overview of the
existing literature and then present the published scientific articles on the topics under investigation.
To the best of the author's knowledge, each of these scientific papers fills an existing gap in the

literature and provides the fundamental anatomical basis for further investigation in these areas.



A.INTRODUCTION



Chapter 1: A Focus on the Investigated Biological Systems
1.1 Calcium-binding proteins (CaBPs)

1.1.1 Structure and properties

The category of CaBPs comprises a very large number of proteins (about 240) which, as
their name suggests, are characterised by their ability to bind the calcium ion (Ca**) in different
types of cells throughout the organism (1-3). They can be located both extracellularly and
intracellularly and can act to regulate Ca®" concentration, transport or decode signals. Although
much research has been carried out in the last century to understand their role in normal
physiological processes or diseases (4), they can also be useful in characterising the
neurochemical properties of neurons in many areas of the nervous system. The most commonly
used in this sense are parvalbumin (PV), calretinin (CR) and calbindin D-28K (CB) (1,5,6)
which have been used as target protein for part of this work (see Section C, Chapter 1) . PV, CR
and CB belong to the superfamily of EF-hand proteins that share a common structure consisting

of two alpha helices (E and F), perpendicular to each other, which can embrace a Ca®"ion (Fig.

1)(1,4).

EF hand

Hélice F

Fig.1: A: Schematic representation of an EF-motif embracing a calcium ion; B: symbolic representation of an EF-
motif whose appearance is closed to a hand moving its forefinger and thumb upwards (From Grisar et al., 2012

(7).



1.1.2 One focus on the CaBPs under investigation: distribution and roles

1.1.2.1 Parvalbumin (PV)

PV is a cytosolic protein, it owes its name to its solubility similar to albumin (3). It is
present in almost all vertebrate animals, acting both in excitable cells such as muscle cells, cardiac
cells and neurons but also in non-excitable cells like kidney cells or the ones in endocrine glands,
testis and bones (4,8—10). It has different roles in each organ and most of them are still poorly
understood. For example in skeletal muscle fibres it seems to act as a relaxation accelerator and a
protector against reactive oxygen species, in bones it helps the growth process, and in the testis it is
involved in the production of testosterone (8,11). For what it concerns the nervous tissue, PV is
virtually present only in GABAergic interneurons (Fig.2), where it regulates the excitation-
inhibition balance and the short-term synaptic plasticity, controlling the amplitude and time course
of the Ca®" passing through the neuron terminal. If these physiological functions of the PV are
altered, it has been shown to be involved in central nervous system(CNS)-related disorders such as

epilepsy, anxiety, schizophrenia, bipolar syndrome, autism and depression (4,8,11,12).

Fig.2: Two photomicrographs of the rat nervous tissue showing in A neurons immunolabeled for PV and in B
neurons immunolabeled for GABA. Notice the strict correspondence of double fluorescence for each neuron.
(From Arif; 2009).



1.1.2.2 Calbindin D-28K (CB)

CB is a cytosolic or nuclear protein with a molecular weight of 28,000 kDa, the first to be
discovered to have an affinity for vitamin D and binding calcium, hence its name. It's well
conserved throughout evolution and has been identified in many tissues and species (Table 1).
Among the many functions in which it is involved are the absorption of Ca** in the gut, its role as a
modulator of Ca?" influx in the kidney, and in the maturation of bone and cartilage tissues (2).

Table 1 Distribution of calbindin-Dagy

Avian intestine

Avian, reptilian, amphibian, and mammalian kidney

Hen egg-shell gland (uterus)

Mouse reproductive tissues (uterus, oviduct, ovary)

Avian and mammalian beta cells of the pancreas

Alpha cells of the rat pancreas

Rat and chick growth cartilage

Ameloblasts and osteoblasts of rodent teeth; mouse osteoblasts

Brain (avian, reptilian, amphibian, molluskan, fish, and mammalian brain)

Table 1: List of organs and species where CB has been localized (From Mady, 2013).

Regarding its presence in nervous tissue, unlike the distribution of PV, CB is present in both
inhibitory and excitatory neurons (Fig. 3-4) (6,13—15). Its role has been proposed to control
intracellular Ca®" influx and homeostasis, modulate synaptic transmission and protect against
neurotoxicity. Disruption of these processes can lead to dysregulation of circadian cycles,

neurodegeneration and apoptotic events (2,16).

N
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Fig.3: Photomicrograph of a CB-positive pyramidal neuron in the human entorhinal cortex (From Mikkonen et al.,
1997).



Fig.4: Photomicrograph of a CB-positive non pyramidal neuron in the sheep amygdaloid complex (From Bombardi
et.al, 20006).

1.1.2.3 Calretinin (CR)

CR was named because it was first discovered in retinal cells (3). Unlike PV and CB, which
are distributed in many cell types, most studies on CR confirm its major presence in neuronal cells,
while it is less studied in other tissues, limited to the epithelial cells of the inner ear and ovary, the
testicular cells, the adrenal glands and the thymus. On the contrary, it's well studied as a neoplastic
marker in some specific neoplasia (3,16-19). As well as CB, CR is present in both excitatory and
inhibitory neurons (Fig. 5-6) (6,15). To cite just a few of its roles, CR appears to have a protective
function against glutamate and B-amyloid toxicity, and is involved in motor coordination and in the

modulation of neuronal excitability (3,20).

Fig.5: Photomicrograph of a CR-positive pyramidal neuron in the human entorhinal cortex (From Mikkonen et al.,
1997).


https://www.sciencedirect.com/science/article/pii/S0046817703003393#BIB9
https://www.sciencedirect.com/science/article/pii/S0046817703003393#BIB9
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Fig.6: Photomicrographs of CR-positive non pyramidal neurons (A,C) and GABA-positive non pyramidal neurons
(B,D) in the human temporal cortex; Black arrows and 7 show co-localization in different neurons; 1 and 2 indicate
two non-immunoreactive cells (From Del Rio and DeFelipe, 1996).



1.1.3 Studies on the neuroanatomical distribution of the CaBPs in the Bottlenose Dolphin

(Tursiops truncatus)

PV, CB and CR, among the large family of CaBPs, are useful to conduct neuroanatomical
studies due to their abundance and specificity in distribution throughout the nervous system;
furthermore their high solubility and presence in the cytosol allow the characterization of neuronal
shape and connectivity (4). Many studies on their distribution in the nervous system have been
conducted during the twentieth century in mammals (e.g. rat, human, monkey, cat, dog, pig, sheep,
cetaceans) and non-mammals animals such as avian, reptile and amphibian species. These studies
described the CaBPs localization in various areas including the cerebral and the cerebellar cortex,
retina, hippocampus, AC, basal ganglia, mesencephalon, diencephalon, pons, medulla oblongata
and spinal cord (1,21-28).

Focusing on the bottlenose dolphin (Tursiops truncatus), target of part of this thesis, a
considerable number of studies on the distribution of CaBPs in the nervous system have been
conducted in this species, as well in cetaceans more broadly. Data are available on the neocortex
(Fig.7) (27,29), specifically on the primary visual cortex (30), the cerebellar cortex (Fig.8) (26), the
auditory and visual systems (31), the sleep-related neural system (32) and the AC (33).



Bottlenose
dolphin

Fig.7: On the top three photomicrographs of the cetaceans neocortex with immunoreactive neurons for CR (on the
left), PV (in the middle), CB (on the right). On the bottom a schematic representation of the CaBPs distribution
differences in several animal species (modified from Hof et al., 1999).

%

Fig.8: ree photomirographs of the dohin cerebellar cortex with mmunective neurons for CB (on the left),
PV (in the middle), CR (on the right). ML, molecular layer; PL, Purkinje cell layer; GL, granular layer; WM, white
matter; P, Purkinje cell (modified from Kalinichenko et al., 2008).
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1.2 Serotonergic System

1.2.1 Historical aspects

The serotonergic system is a diffuse projecting system of the brain and, from a
phylogenetical point of view, is one of the oldest (34,35). The characterizing neurotransmitter is
the biogenic amine named “serotonin”, also known as 5-hydroxytryptamine (5-HT) (Fig.9)
(36,37).

NH
HO 2

\

N
H

Fig.9: Chemical structure of the serotonin molecule (From Naeem et al., 2022).

The discovery of this molecule dates back to the middle of the twentieth century, and it
occurred in two independent laboratories and at different times. In 1937 the italian scientist
Vittorio Erspamer extracted it from intestinal enterochromaffin cells and named it "enteramine".
Later, in 1948, Maurice Rapport and colleagues isolated it from bovine blood serum and called
it "sero-tonin" due to its presence in serum and its vasoactive properties. It was the same
Erspamer who showed in 1952 that enteramine and serotonin were the same molecule
(35,36,38-40).

Despite the distribution of the serotonergic system in different organs of the body (e.g.
cardiovascular, pulmonary, gastrointestinal, and genitourinary systems) where it exerts different
roles (41), for the purposes of this thesis we will concentrate on its presence in the CNS.

The first to find a significant amount of 5-HT in extracts of mammalian brains were Twarog
and Page in 1953 (42), but we have to wait until the last years of the twentieth century, with the
advent of new immunohistochemical techniques for the first studies on the neuroanatomical
distribution of the serotonergic system in rats (34,43). It’s curious to point out that it was
already Santiago Ramon y Cajal who, in 1911, observed the presence of large multipolar
neurons in the central or midline (raphe) of the brainstem (44); later, Dahlstrom and Fuxe
(1964) enriched his description, characterising the majority of these cells as clusters of 5-HT-

containing neurons extending their axons in different areas of the CNS (36,43,44).
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1.2.2 Neuroanatomical distribution: Mammals vs Honevbee (4Apis mellifera)

The subsequent numerous neuroanatomical studies conducted during the 20th century agree
on the fact that in mammals the bodies of 5-HT-containing neurons are found mainly in the
central or midline (raphe) of the brainstem and that they can be divided into a rostral group
located in the mesencephalon and the rostral pons and a caudal group located in the caudal part
of the pons and the medulla oblongata (further nuclear divisions make up these groups, but the
description is beyond the scope of this thesis). The rostral group sends projections to many
structures in the forebrain and plays a role in cognitive, affective and neuroendocrine
mechanisms, whereas the caudal group sends projections to the spinal cord and is involved in

pain perception, visceral regulation and motor control (Fig.10) (34,43,45,46).

Fig.10: Schematic representation of the central serotonergic system distribution in human brain. In yellow the
location of the rostral group, in red the location of the caudal group (modified from Térk, 1990).

A plethora of studies have been carried out on the presence and distribution of the
serotonergic system also in invertebrates (47), including the honeybee (4Apis mellifera) (48-50),
which is a protagonist of part of this thesis. In this species, according to Schiirmann and Klemm

(49), the somata of the neurons are concentrated in the following six main paired clusters
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(Fig.11) (for more details on the anatomy of the honeybee nervous system, the reader is referred
to the Section A, Chapter 2.3):

- Group 1: near the lobula and the medulla of the optic lobe;

- Group 2: near the lateral calyx of the corpora pedunculata;

- Group 3: near the lateral mushroom body calix;

- Group 4: near the medial calyx of the corpora pedunculata,

- Group 5: near the border of the central body;

- Group 6: in the suboesophageal ganglion;

!
1

=1

Fig.11: Schematic representation of the honeybee central nervous system in a frontal view, somata clusters of
serotonergic neurons are presented with black dots (groups numbered from 1 to 6). AL, alfa-lobe; BL, beta-lobe;
LC, lateral calyx; MC, medial calyx; P, pedunculus of the mushroom bodies; OC, ocellus; CB, central body; optic
lobe: LA, lamina; ME, medulla; LO, lobula; OT, anterior optic tubercle; AN, antennal lobe, F, foramen
oesophageal; SG, suboesophageal ganglion (modified from Schiirmann and Klemm, 1989).

The immunoreactive fibres originating from this somata are widespread in almost all areas
of the brain (especially in the deutocerebrum and in the protocerebrum) with different

appearance and morphological organization (49,50).
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1.2.3 Biochemistry and biology
The biological effects of the serotonergic system depend on the action of many other players

in addition to 5-HT. Starting with its synthesis, a series of biochemical reactions take place in

which various enzymes and cofactors act to produce 5-HT from the essential amino acid
tryptophan (Fig.12).
Tryptophan (TP)

I L-erythrotetrahydrobiopterin | 1 ITryplophan Hydroxylase

5-Hydroxy-Tryptophan (5-HTP)

Vitamins B6, B3, Magnesium ] 1 | L-Amino Acid Decarboxylase

5-Hydroxy-Tryptamine (5-HT)
Fig.12: Metabolic pathway from Tryptophan to Serotonin, on the left are the cofactors and on the right the enzymes
(modified from Graeff., 1997).
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The 5-HT produced is then stored in secretory vesicles and released into the synaptic space
when an electrical signal occurs; it can act on both postsynaptic and presynaptic receptors.
About that it's important to know that at least seven families of 5-HT receptors (5-HTr 1-7) have
been identified, most of which are characterised by different subtypes, are widespread and act
differently in many physiological systems. Going back to the biochemistry, after its action at the
receptors level, 5-HT is removed from the synaptic space by the transporter (SHTT or SERT)
located on the membrane of serotonergic axon terminals (Fig.13). Finally, it is catabolized
within the neuron by monoamine oxidase (MAQO), and the remaining 5-hydroxyindoleacetic

acid (5-HIAA) is transported to the periphery and excreted in the urine (39,46).

Ny

o —— Serotonin
Serotonin ® o o “

transporter

Serotonin receptor

Fig.13: Schematic view of the flow of Serotonin in the neurons, highlighted by an arrow the serotonin transporter
(SERT or SHTT) (modified from De Neve., 2011 (51)).

For the purpose of this work it is important to highlight that although the visualisation of
serotonergic neurons using immunohistochemical technique can be achieved by employing
antibodies directed against different markers (e.g. SHT, SHTr or SERT), the use of antibodies
against SERT is a better choice due to its less sensitiveness to metabolism (52); furthermore, it
i1s important to point out that SERT (like the whole serotonergic system) is well conserved

between vertebrates and invertebrates (53-55).
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1.2.4 Physiology: roles in the CNS and behavioural effects

The serotonergic system is implicated in numerous physiological mechanisms ranging from
the CNS to the periphery. It has been demonstrated to play a role in platelet aggregation, control
of vascular tone and blood pressure, in gastrointestinal motility and secretion (36), glucose and
bone metabolism and other functions outside the CNS which have been reviewed in detail by

Berger and colleagues and summarized in Fig.14 (39).

- Complex regulation of heart rate
- Regulates sinus node
- Regulates AV node
- Can induce atrial fibrillation in
high 5-HT states, e.g,, carcinoid
- Involved in heart development
- Involved in valvulopathy
- Ventricular remodeling in CHF

- Regulates respiratory drive

- May be involved in SIDS

- Involved in pathogenesis of
pulmonary hypertension

- Regulates gastric emptying

- Regulates intestinal peristalsis

- Regulates intestinal secretion

- Regulates colonic tone

- Regulates pancreatic secretion

- May regulate beta cells

- Nausea/emesis

-Involved in IBS

- Platelet-derived 5-HT involved
in hepatic regeneration

- Pain and nociception

- Complex effects on HPA axis
and stress responses

- Early embryonic development

(

- Vasoconstriction/dilation
(depending on vascular bed)
- Involved in systemic HTN

- Released from dense granules
- Facilitates platelet aggregation
- Induces local vasoconstriction

- Centrally modulates micturition
- Facilitates the guarding reflex
- Role in stress incontinence

- Mammary gland development
- Regulates epithelial tight
junctions and milk release

- Uterine vasoconstriction

- Uterine smooth muscle
contraction (cervical > ovarian)

- Uterine involution

- Oocyte maturation

- Induces progesterone
secretion by granulosa cells

-
(o

- Inhibition of ejaculation
-Involved in control of penile
flaccidity and detumescence

Fig.14: Roles of the serotonergic system outside the CNS (from Berger et al., 2009).
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For what it concerns the CNS, the serotonergic system is implicated both in physiological
processes driven by the central control such as emesis, pain, regulation of the body temperature,
sleep cycles and motor movements, and in psychopathological conditions like depression,
obsessive—compulsive, anxiety and eating disorders and in behavioural related mechanisms such
as stress, memory, sexuality, attention and aggressiveness among others (35,36,39,41,56). In
honey bees (Apis mellifera), changes in 5-HT activity are also associated with various
behavioural aspects (57). The latter is the focus of part of this work, which attempts to relate the
involvement of the serotonergic system in the aggressive behaviour of this species. The role of
5-HT in this tendency has been demonstrated in pharmacological studies in fish, birds and
mammals, and it has been explored the possibility that genes encoding key proteins in 5-HT
biology (including SERT) and some 5-HT receptors are involved in its determination (Fig.15)
(58).

& & —

\ 1 ‘,\ {L 2

It ‘ ’, ]/ ;_,;"‘
; « » o oG
gene protein . .
(TPH2, MAO A, SERT)  changes in S-HT changes in functional state
level and of brain 5-HT system
neurotransmission
B

& — iy — &

(5-HTiA, 5-HTin receptors)  changes in S-HT-regulated
aggressive behavior

Fig.15: Schematic representation of two possible pathways (A: key proteins responsible for 5-HT synthesis,
degradation and transport; B: 5-HT receptors) responsible for aggressive behaviour (from Popova, 2006).
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1.3 Endocannabinoid System (ECS)

1.3.1 The history behind the ECS

Although the plant Cannabis sativa (better known as “marijuana’”) has been used since the
ancient Chinese era, around 5000 years ago, for relieve cramps and pain (59), if nowadays we can
talk about the ECS, it is thanks to the Israeli chemist and biologist Raphael Mechoulam, who, after
isolating and characterising the psychoactive compound THC from the cannabis plant in 1964,
began to test the effects of its administration on humans and monkeys, and he found out different
types of reactions in the body, this discovery gave the input to search for a new receptors system:
the ECS (60). Afterwards, in the nineties, Devane et al. (1988) discovered the first cannabinoid
receptor (CB1) in the rat and human brain, as well as the first endocannabinoid compound capable

of binding to the receptor: arachidonoylethanolamide (AEA), also known as anandamide (61,62).

1.3.2 ECS constituents

A large number of studies have been conducted in this field over the last century, leading to
the knowledge that the ECS consists of three groups of elements (Fig.16) (63,64):
¢ Endocannabinoids
e Metabolic enzymes and transporters
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Fig.16: Schematic representation of the ECS components. Diacylglycerol lipase (DAGL), phospholipase C (PLC),
monoacylglycerol lipase (MAGL), fatty acid amide hydrolase (FAAH) (from Mangal et al., 2021).
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The endocannabinoids (eCBs) are a group of endogenous lipidic ligands able to bind
cannabinoid receptors and produced on demand by cells from arachidonic acid present in the
membrane, the first discovered and most studied are 2-arachidonoyl-glycerol (2-AG) and AEA or
anandamide (65—-67). It is important to point out that other molecules, the so-called "non-CB lipid
mediators", share with the classical eCBs the ability to bind cannabinoid receptors and/or to mimic
the effects of eCBs signalling and/or to enhance ECS activity by exerting an entourage effect. These
include for example N-palmitoylethanolamine (PEA), N-oleoylethanolamide (OEA),
commendamide, virodhamine (O-AEA), N-arachidonoyl serine (ARA-S), 2-arachidonoyl glycerol
ether (2-AGE) and N-arachidonoyl dopamine (NADA) (63,68).

Among the metabolic enzymes and transporters responsible for the management of eCBs, it
is possible to mention the ones interacting with AEA and 2-AG, which are characterized by two
distinct metabolic pathways (Fig.17). For what it concerns the AEA, several routes of synthesis
have been proposed, among which the best characterized are the ones involving the N-arachidonoyl
phosphatidyl ethanol-preferring phospholipase D (NAPE-PLD) and the NAPE-phospholipase C
(PLC). On the other hand, 2-AG is mainly synthesised by diacylglycerol lipase, which exists in two
isoforms, a and B (DAGLa-B). Once synthesised, due to their polar nature, it is supposed the
existence of a transporter, called eCBs membrane transporter (EMT), which is responsible for the
transport of eCBs outside and inside the cell membrane. The half-life of eCBs is very short, and
after exerting their action by binding cannabinoid receptors (CBr), they are quickly transported back
inside the cells and catabolized, the 2-AG is hydrolysed by the monoacylglycerol lipase (MAGL),
while the AEA by the fatty acid amino hydrolase (FAAH) (59,67,69-71).
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Fig.17: Schematic representation of the ECS metabolic enzymes and trasporters. CB1/CB2, cannabinoid receptors
1 and 2; 2-AG, 2-arachidonoylglycerol;, FAAH, fatty acid amide hydrolase; MAGL, monoacylglycerol lipase;
DAGL, diacylglycerol lipase; EMT, endocannabinoid membrane transporter; NAT, N-acyl transferase; NArPE, N-
arachidonoyl phosphatidylethanolamine; NAPE-PLD, N-acylphosphatidylethanolamine specific phospholipase D
(from Navarrete et al., 2020).

Regarding the cannabinoid receptors, the firsts to be discovered were cannabinoid receptor-1
(CB1) and cannabinoid receptor-2 (CBz), which have been found in neuronal cells and macrophages
respectively and belong to the family of G protein-coupled receptors (GPCr). Later, the fact that
cannabimimetic effects were also observed in CBr KO mutants led to the idea that there must be
other receptors that interact with eCBs. Indeed, it is now possible to include in the ECS the so-
called "non-classical cannabinoid receptors", such as the transient receptor potential cation channel
(TRP) group, comprising subfamily Vanilloid member 1 (TRPVI1) and member 2 (TRPV2),
subfamily M member 8 (TRPMS8) and subfamily Ankyrin member 1 (TRPAL1); the orphan G-
protein coupled receptors (GPR) group, comprising GPR55, GPR18 and GPR119, and the
peroxisome proliferator activated receptors (PPAR) group, comprising PPARa and PPARy. All
these receptors have different affinities and functions, but they all bind eCBs, phytocannabinoids
(cannabinoids produced by plants, e.g. THC, CBD, CBG etc.) and/or synthetic cannabinoids
(produced by pharmaceutical companies) (Fig.18) (63,64,66,68,72—74).
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Fig.18: Schematic representation of the classical and non-classical cannabinoid receptors and their affinity with
some eCBs and phytocannabinoids. THC, tetrahydrocannabinol; CBD, cannabidiol; 2-AG, 2-arachidonoylglycerol;
O-AEA, virodhamine; AEA, anandamide; ARA-S, N-arachidonoyl serine; 2-AGE, 2-arachidonoyl glycerol ether;
NADA, N-arachidonoyl dopamine; TRPV2, transient receptor potential cation channel subfamily V member 2;
CB1, cannabinoid receptor 1; CB2, cannabinoid receptor 2; GPRS55, G protein-coupled receptor 55; TRPVI,
transient receptor potential cation channel subfamily V member 1; TRPMS, transient receptor potential cation
channel melastatin 8; PPAR-a, peroxisome proliferator-activated receptor-alpha; PPAR-y, peroxisome proliferator-
activated receptor-gamma (from Khoury et al., 2022).

1.3.3 One focus on the receptors under investigation: distribution and roles

Each receptor under investigation will be described, with particular emphasis on the current
literature regarding their distribution and role in the selected targets: TG, inflammatory cells and
synovial membrane.

Starting with the classical cannabinoid receptors (CB1 and CB2), it was initially assumed
that CB1 was primarily distributed in the central nervous tissue, while CB2 was found mainly in the
cells of immune and hematopoietic tissues. Further research revealed that these receptors are
distributed throughout the bodies of both mammals and non-mammalian animals with a homology
varying among species between the 97-99% (75).
1.3.3.1 Cannabinoid receptor type 1 (CB1)

The CB1 in the central nervous system is present in cortical and subcortical regions, such as
the basal ganglia, substantia nigra, globus pallidus, cerebellum, hippocampus, nucleus accumbens,
amygdala, hypothalamus and also in the brainstem and in the dorsal horn of the spinal cord (69,75).
It is present presynaptically and postsynaptically in both GABAergic and glutamatergic neurons and
it is also present, but at lower levels, in astrocytes, oligodendrocytes and microglia (59,70,75). CB1

can also be found in peripheral nervous tissue, specifically in nerve terminals of the sympathetic
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system, in the dorsal root ganglion and in nerve endings of primary sensory neurons of the skin.
Apart from the nervous system, this receptor is distributed in the gastrointestinal tract (both in
neural and non-neural cells), in the liver, in the cardiovascular system, in the adipose tissue, in
skeletal muscle, lung, thymus, bone, skin, eye, reproductive system, and in several types of cancer

cells. Some of the major roles studied are illustrated in Fig.19 (59,69,76-80).
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Fig.19: Schematic representation of the CB, receptor major roles throughout the body. (from Zou and Kumar,
2018)

For the purpose of this thesis it is important to highlight the presence and roles of CB1in the
trigeminal ganglion, which have been studied especially on rats, where it was found mostly on
myelinated neurons (Fig.20) (81) and it has been demonstrated that in this context, eCBs may
inhibit the release of neuropeptides controlling nociceptive inputs through a CBi-dependent

mechanism (82).
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I Y
Fig.20: CB; colocalization (red) with N52 (a marker for myelinated neurons, green), upward arrows indicate co-
labeled cells, downward arrows CB; labeled cells (modified from Price et al., 2003).

It is also important to describe its presence and roles in the synovial membrane, which has
been demonstrated in humans, mice and horses (Fig.21) (in the latter without differentiating
between the type of synoviocytes); however, no studies have been conducted in dogs. It appears that

CBi1mediates arthritic diseases by exerting an anti-inflammatory effect (83—86).
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Fig.21: CB; distribution in the synovial membrane of a healthy horse (left) compared to that of an osteoarthritic
horse (right) (modified from Miagkoff et al., 2022).

1.3.3.2 Cannabinoid receptor type 2 (CB:2)

Previously considered to be a peripheral cannabinoid receptor distributed mainly in immune
cells, CBz2 is now recognised to be also present in the CNS, mainly in microglial cells and vascular
elements and in certain pathological conditions, where it plays a neuroprotective role (67,75,87).
Some studies describe its presence also in healthy nervous tissue, in area such as the frontal cortex,
the striatum, the basal ganglia, the AC, the hippocampus and the ventral tegmental area, both in
microglia and in neurons (Fig.22) (69,88). Moderate expression can be found also in peripheral
tissues, including the cardiovascular system, the gastrointestinal tract, the adipose tissue, the liver,

bone, and reproductive system. It seems to play among others a role in neurological activities, such
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as nociception, drug addiction, neuroinflammation, mood disorders but also in stroke and traumatic
brain injury (Fig.23) (59,71,76-78).
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Fig.22: CB; schematic distribution and function in the brain (modified from Chen et al., 2017).
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Fig.23: CB, and CB; schematic distribution and functions throughout the body [from 4n et al., 2020 (89)].

Focusing on the CB2 distribution and roles in immune cells, as one aim of this thesis is to
investigate them in canine AD skin, this receptor has been found in lymphocytes, monocytes
and derived macrophages and dendritic cells (DCs), neutrophils and mast cells (MCs) (Fig.24),
where it is actively involved in their function in various ways (68,71,90-92). In MCs it appears
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to modulate degranulation and suppress the proinflammatory response by reducing the release
of nociceptor mediators (93), in macrophages it controls their action in response to
chemoattractants (94), in DCs it reduces cytokine release (95), in neutrophils it is involved in
modulating their recruitment and cytokine production (91), in B lymphocytes it increases the

proliferation whereas in T lymphocytes it decreases it (92).

Distribution of cannabinoid receptors within immune cells
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Fig.24: Schematic CB; distribution in immune cells (from Lucaciu et al., 2021 (96)).
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CB:2 has also been found to be expressed in peripheral sensory neurons of the rat TG (97)
and in the dorsal root ganglion (DRG) of humans, dogs, mice, guinea pigs, rats (98,99) and horses
(Fig.25) (100) where it may be involved in the modulation of nociception and neuropathic pain
(101-103).

Fig.25: Micrographs of different species and tissues showing CB; distribution in sensory neurons. Dorsal root ganglion
(DRG); Trigeminal ganglion (TG) (modified from Christiansens et al., 2022; Anand et al., 2008; Chiocchetti et al.,
2020).

Furthermore, it is important to report that CB2 has been identified in synovium cells of mice,
rats (Fig.26) and humans (104-106), and it seems to have a protective role in the progression of

joint diseases (105,107,108).

Fig.26: Micrograph showing CB, distribution in the rat synovial membrane (modified from Schuelert et al., 2010).
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The following sections will take into consideration the distribution and roles of the “non-

classical” CBr.

1.3.3.3 Transient receptor potential cation channel VI (TRPV1) and AI (TRPAI)

Both TRPV1 and TRPAI1 belong to the group of TRP (transient receptor potential)
membrane channel proteins, which regulate ions entry and mediate neuronal signalling processes
such as temperature, sensation, smell, taste, vision, pressure or pain perception. Furthermore, by
controlling the influx of calcium these channels are involved in immune and epithelial cells
inflammatory processes. It was also discovered that they can be activated in various ways by eCBs,
phytocannabinoids and sintetic cannabinoids (68,75,109,110).

TRPV1 and TRPA1 are primarily expressed in the peripheral nervous system, particularly in
primary sensory neurons, located in trigeminal ganglion and dorsal root ganglia (Fig.27), but they
are also found in various region of the central nervous system. In non-neuronal cells TRPV1 has
been found in bronchial epithelial cells, uroepithelial cells and keratinocytes; on the other hand

TRPA1 is also expressed in heart, small intestine, lung, skeletal muscle, and pancreas

(100,109,111-114).

Fig.27: Micrograph showing TRPA1 and TRPV1 distribution in the trigeminal ganglion (TG) of rat and in dorsal root
ganglia (DRG) of dog and horse (modified from Kim et al., 2010; Chiocchetti et al.,2019; Galiazzo at al.,2022).
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For the purposes of this thesis, it is important to note that both proteins are involved in the
function of inflammatory cells. They have been characterised in rodents MCs (115,116), and it
seems that the antagonism of the two proteins leads to the blockage of their degranulation and helps
to alleviate the itching symptoms in condition such as AD (117,118). For what it concerns the
macrophages, these receptors have been characterized in canine mononuclear cells and human
macrophages (119,120), and their blockade reduces the infiltration of macrophages and suppresses
the inflammatory response (121,122). Their presence has also been demonstrated in human DCs,
and although the role of TRPAI has not yet been investigated, it appears that TRPV1 agonists
stimulate their maturation and migration in the skin (123,124). The presence of both TRPV1 and
TRPAT has also been demonstrated in rodent and human T lymphocytes, where they are involved in
their activation during inflammatory processes (125-127). In neutrophils, there is very little
evidence for the presence of the two receptors in these cells, with some authors reporting the
absence of TRPA1 and very low levels of TRPV1 (124,128,129).

For what it concerns the presence of TRPV1 in sensory neurons of the TG, it has been
demonstrated its presence in the ones of rat (130), where it seems that its deactivation leads to
analgesic effects, making it a good target for neuropathic pain (131).

The distribution of TRPV1 in synoviocytes has been demonstrated in humans, rats and mice
(132-134) and in horses, changes in protein and mRNA levels have been shown between healthy
and osteoarthritic joints (135). Other studies in models of osteoarthritis and rheumatoid arthritis or

in pathological tissues have demonstrated its involvement in the progression of symptoms

(132,136,137).

1.3.3.4 Orphan G-protein coupled receptors 55 (GPR5S5)

GPR55 was first identified as an orphan GPCr enriched in the central nervous system
especially in the caudate putamen, hippocampus, thalamus and midbrain but also in other tissues
such as the spleen, the gastrointestinal tract, the adipose tissue, the testis, the tonsil and the
myometrium (75,77,78,138). It has also been identified in sensory neurons of dogs, rats and horses
(Fig. 28) (99,114). Little is known on the role of this receptor, some studies suggest its involvement
in the neuronal excitation and in pathology characterised by glutamate toxicity such as epilepsy
(73,139), some others claim to regulate cell proliferation and migration, angiogenesis and wound

healing through eCBs (68).
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Fig.28: Micrographs showing GPRS5S5 distribution in dorsal root ganglia (DRG) of dog and horse (modified from
Chiocchetti et al.,2019; Galiazzo at al.,2022).

As far as the TG is concerned, to the best of the author's knowledge, no studies have been
carried out to determine the distribution of GPRS55 in this nervous structure. However, in terms of
neuropathic pathology that can involve also the trigeminal ganglion, it can be said to play a role in
neuropathic nociception, since GPRS55-knockout mice showed the reduction of mechanical
hyperalgesia (140), although these results are controversial (141).

Regarding inflammatory cells, it has been shown that several types of leukocytes express
GPRS55, including neutrophils, monocytes, lymphocytes and macrophages (142). In MCs, it appears
to have an anti-inflammatory role by reducing the release of nerve growth factor, which normally
induces angiogenesis (143), and it has been found in canine GI MCs (77). It has been shown to be
present in human and rodent macrophages (144,145) and to have a pro-inflammatory role in
monocytes in general (146). To the best of the author’s knowledge, the role of GPRS55 in DCs it is
poorly investigated, but it was already been found in the ones of humans and mice (147,148). Little
is known about its role in lymphocytes, but one study demonstrated its presence in the ones of mice
intestine where it seems to negatively regulates their proliferation (149). Finally, a study
demonstrated its presence in human neutrophils, where it appears to increase migration and to
reduce degranulation and reactive oxygen species production (150).

Despite the presence of GPRS55 has been investigated in human chondrocytes, osteoclasts
and osteoblasts (151,152) and it appears to play a role in bone remodelling and resorption
(153,154), to the best of the author’s knowledge there are no studies investigating its presence in
synoviocytes, although one study demonstrated its role in reducing nociception in joint

inflammation (155).
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1.3.3.5 Peroxisome proliferator activated receptor o. (PPARa) and y (PPARy)

These two receptors belong to the PPARs family, a group of nuclear receptors, first
discovered to induce the proliferation of peroxisomes (hence their name), which are involved in the
regulation of gene transcription associated with inflammation and metabolism (68,156). When
bound by cannabinoids they act in neuroprotective, anti-inflammatory, antinociceptive,
antiproliferative and metabolic mechanisms. PPARa is mainly distributed in liver, kidney, heart,
muscle and adipose tissue, however it has also been found in horse ileum and sensory neurons
(Fig.29) (76,109,157). PPARy is mainly found in heart, muscle, colon, kidney, pancreas, and
spleen, but it has also been localised in brain tissue and horse sensory neurons (Fig.29)

(109,114,156).

Neurotrace | © PPARalpha | f Merge

Fig.29: Micrographs showing PPARa and PPARy distribution in dorsal root ganglia (DRG) of horse (modified from
Chiocchetti et al.,2020; Galiazzo at al.,2022).

The PPARY has been found in satellite glial cells of the mouse TG (158), and its role in the
inflammatory compression of the trigeminal nerve was demonstrated by Lyons et al., 2017 in mice
(159) where PPARY agonists reduced allodynia and pain sensitivity.

To the best of the author’s knowledge no studies have investigated the distribution of
PPARa in synoviocytes, however some studies have demonstrated its involvement in joint disease,
for example PPARo agonists have reduced inflammation in rheumatoid arthritis (160) by
decreasing the production of cytokines (161) and in osteoarthritis by lowering various inflammatory

factors (162).
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1.4 Peptidergic System

1.4.1 Definition, history and constituents

A peptidergic system is a functional complex that includes a cell producing the peptide, a
cell that reacts and changes after binding the peptide itself, and a space in which the peptide is
transported. Even if it can include both neuronal and non-neuronal cells (e.g. insulin producing
cells) distributed throughout the body, most of endogenous peptides are neuronal in nature, for this
reason are called “neuropeptides” that can act as neurohormones, neurotransmitters and
neuromodulators (163,164).

The first studies on peptidergic communication were carried out in 1902 on peptide
hormones secreted by endocrine glands, but it was later discovered that neurons could also produce
peptides, initially limited to those produced at the level of the hypothalamus (in 1952, oxytocin and
vasopressin), and then discovered to be present in other regions of the brain (165,166). They have
been studied in a wide range of species, leading to the concept that they have played a role in the
function of the nervous system "from the very beginning", in fact they are abundant in primitive
animals such as cnidarians (hydra, jellyfish, corals and sea anemones) (166,167).

Nowadays it is possible to recognize more than fifty neuropeptides in the mammalian
nervous system and some efforts have been made also to classify them (166,168). According to
Hokfelt et al, 2000, they can be classified as follows:
¢ Hypothalamic hormones: e.g. oxytocin, vasopressin;
¢ Hypothalamic releasing and inhibiting hormones: e.g. corticotropin releasing

hormone (CRH), growth hormone releasing hormone (GHRH);
% Tachykinins: e.g. Neurokinin o (NKA), Neurokinin B, Neuropeptide K and
Substance P (SP);

% Opioid peptides: e.g. B-endorphin, Dynorphin, Met- and leu-enkephalin;

¢ NPY and related peptides: e.g. Neuropeptide tyrosine (NPY), Pancreatic
polypeptide (PP) and Peptide tyrosine-tyrosine (PYY);

¢ VIP-glucagon family: e.g. Glucogen-like peptide-1 (GLP-1), Peptide histidine

isoleucine (PHI), Pituitary adenylate cyclase activating peptide (PACAP),

Vasoactive intestinal polypeptide (VIP);

7/

¢ Other neuropeptides: e.g. Calcitonin gene-related peptide (CGRP) (a- and B-form)
and Cholecystokinin (CCK);

X/
£ %4

“Novel” neuropeptides: e.g. Corticostatin, Secretoneurin and Urocortin;
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The above list is not exhaustive, for completeness see Hokfelt et al, 2000 (166). The neuropeptides

of interest for this thesis are underlined.

1.4.2 Biosynthesis and general functions

Neuropeptides are encoded directly from the genome and are first produced as large
molecules called preprohormones, after this, before entering the endoplasmic reticulum, through a
first cleavage leading to the removal of the amino-terminal signal peptide, the prohormone is
formed. Within the Golgi apparatus, it is then further cleaved at mono- or dibasic sites by
endopeptidases and excreted via secretory granules. In addition, further post-translational
modifications (e.g. C-terminal amidation, glycosylation, acetylation, sulphation or phosphorylation)

occur for biological activity and stability (Fig. 30) (164,166).
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Fig.30: Schematic representation of the neuropeptide biosynthesis process (from De Haes et al.,2014).

Regarding the general functions of neuropeptides, it is important to note that establishing a
complete list of their exact roles in nervous system functions is challenging, especially for those
released at nerve endings to act in the central or peripheral nervous system. Nonetheless,
neuropeptides are involved in both physiological and pathological mechanisms (166,169).

Among the physiological processes it is possible to mention the regulation of blood pressure
by bradykinin and neuropeptide Y, sodium intake by angiotensin II, pain perception by tachykinins

and opioid peptides acting on neurokinin receptors that transmit nociceptive signals, glucose
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homeostasis and growth processes, as well as feeding, social, sexual and reproductive behaviour. A

comprehensive list of roles is provided and schematised below (Fig. 31) (169).

=

Function/role

S.No Peptide

1 Angiotensin

2 Neuropeptide Y
3 Oxytocin

4 Brain opioid peptides
5 Bradykinin

6 Ghrelin

7 Galanin

8 Kisspeptin (Kp)
9 Somatostatin

10 Neurokinin B

11 Hemokinin

12 Ghrelin

13 Neuropeptide Y
14 Neuropeptide W
15 Vasopressin
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Regulate blood pressure via vasoconstriction

Regulation of arousal and anxiety

Play a role in mammalian behavior and health

Play a vital role in attachment, emotion, motivation, stress, pain, and
feeding behavior

Regulate blood pressure via vasodilation

Regulation of appetite and energy

Regulation of sleep. cognition, feeding, blood pressure, and mood

Regulation of reproductive functions

Regulation of growth in vertebrates

Pregnancy in females and maturation in young adults

Regulation of respiratory, endocrine, inflammatory, and immune system

Anticonvulsant activity

Regulation of itching

Regulation of energy homeostasis

Central Autonomic Control and Blood Pressure Regulation

Galanin, spexin and kisspeptin Regulation of metabolism, mood and behaviour

Fig.31: Schematic representation of the neuropeptide physiological functions (modified from Sharma et al.,2022).
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Among the pathological conditions in which neuropeptides seems to have a role it is
possible to mention the healing process of wounds during diabetes, headache and migraine, the
balance process between excitation and inhibition that occurs during seizures and epilepsy,
depression and neurodegenerative disorders such as Parkinson’s disease and Alzheimer where some

of them can have a neuroprotective role (Fig.32) (169).
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Fig.32: Role of neuropeptides in pathological conditions (from Sharma et al.,2022).
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A fascinating mini-review by Waite and colleagues (2014), describes neuropeptides as
biological system integrators, using as an example the role of oxytocin they point out how a
neuropeptide can cover a range of functions, starting with those produced in the brain and released
into the blood as neurohormones, for example oxytocin which cause the ejection of milk acting on
muscle-like cells of the mammary ducts, going to those produced in a paracrine manner as
neurotransmitter in the brain, and ending to those produced in non-neuronal tissues such as
endocrine and exocrine glands. These can influence various hormonal pathways that lead to
specifics body responses and behaviours, for example oxytocin orchestrates a range of effects in the
breastfeeding mother: protecting against stress, helping to heal wounds, supporting attachment
between child and mother. Curiously, oxytocin and oxytocin receptors are present in all humans,
not just mothers, and regulate social behaviour, physical affection and sexual arousal. From this
point of view, it is possible to say that neuropeptides integrate body, behaviour and mind (Fig.33)
(170).
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Fig.33: Neuropeptides as biological system integrators (from Waite et al., 2014).
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1.4.3 One focus on the peptides under investigations: distribution and roles

1.4.3.1 Substance P (SP)

SP is an 11 amino acid neuropeptide belonging to the tachykinins family (166,171). It was
the first neuropeptide to be discovered and has been described as the “pioneering neuropeptide”. It
was isolated from extracts of equine brain and gut, then purified and dried in a powder form (hence
its name) (172,173). It is produced from a polyprotein precursor derived from the preprotachykinin
A gene (171) and binds with decreasing affinity to tachykinins receptors [neurokinin receptors
(NKR) 1,2,3], which are GPCr: NKiR>NK2R>NK3R (172).

SP is distributed in the central and peripheral nervous system, as well as in immune cells
(173,174). In the nervous system, it acts as a neuromodulator and a neurotransmitter and is
primarily involved in nociception, however it also has other functions including effects on mood,
anxiety, stress, reinforcement, neurogenesis and neurotoxicity (171). Neuroimmune communication
is one of the more recently recognised aspects of SP, controlling immune responses at multiple
levels from recruitment, proliferation and activation (173,175).

Among the functions in which SP is involved, for the purposes of this thesis, it is important
to highlight those in the gastrointestinal tract and in the enteric nervous system (ENS). In ENS, SP
is an excitatory neurotransmitter which is found in excitatory muscular motor neurons of the
myenteric plexus, in intrinsic primary afferent neurons of both the submucosal and myenteric
plexus and in extrinsic sensory fibres and enteroendocrine cells (for a description of the ENS see
Section A, Chapter 3.2) (176,177). SP is considered a cholinergic co-mediator (177,178) and is
involved in the control of motility and secretion, autonomic reflexes (e.g. vomiting and
swallowing), as well as inflammatory and immunomodulatory effects (Fig.34) (172,175,179,180).
The role of SP in the gut has been demonstrated in several conditions, including inflammatory

bowel disease and gastrointestinal infections (175).
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Fig.34: Schematic representation of SP neuroimmune interactions. In blue NK1R, in green NK2R; SP effects
are shown in red. Abb: CNS (Central nervous system); BBB (Blood brain barrier); ENS (Enteric nervous system); DRG
(Dorsal root ganglion); DC (dendritic cell); M® (macrophage); PBMC (peripheral blood mononuclear cell); MHCII
(major histocompatibility complex II); TCR (T-cell receptor); Th (T helper cell) (from Vilisar and Arsenescu, 2016).

Although various immunohistochemical studies on SP distribution in the gastrointestinal
tract have been carried out in veterinary species such as pigs, dogs, horses and sheep (Fig.35) (181—
185), in cetaceans this has only been done in one study in striped dolphins (Stenella coeruleoalba)

by Domeneghini et al., in 1997, with some shortcomings in the quantification analysis (186).

Fig.35: Photomicrographs of SP-IR neurons in the sheep, horse and pig enteric nervous system (ENS) (modified from
Mazzuoli et al., 2007; Chiocchetti et al.,2009; Petto et al.,2015).
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For the sake of logical consistency, it is important at this point to introduce the second
marker chosen in this thesis to study the neuronal population in the dolphin ENS: nNOS. Although
it is not part of the peptidergic system, nNOS was useful for distinguishing excitatory neurons from
inhibitory ones, as it synthesizes nitric oxide (NO), the primary inhibitory neurotransmitter in the

gastrointestinal tract, which induces relaxation of the muscles and sphincters (187,188).

1.4.3.2 Vasoactive Intestinal peptide (VIP)

VIP is a 28-amino-acid peptide first discovered in porcine duodenum in 1970 and described
as a molecule capable of inducing vasodilation in blood vessels (hence its name) (189,190). It
belongs to the VIP-glucagon family (166) and it is produced by proteolytic cleavage from a 170—
amino-acid precursor preproVIP localized on chromosome 6 (191). The aminoacidic sequence is
identical in mammals (human, cow, pig, goat, dog and rat, with the exception of guinea pig),
suggesting that it has been conserved throughout evolution; in non-mammals it differs from the
human sequence by only four or five positions, but the bioactive site is well conserved in these
animals (192,193). VIP exerts its roles acting on three GPCr with different affinity (PACi1, VIP; and
VIP2; VIP1 and VIP2> PAC1) (194).

Although VIP is widely distributed throughout the body in different tissues such as heart,
lungs, intestine, thyroid, kidney as well as in immune and endocrine cells, where it acts as a
vasodilator, bronchodilator, anti-inflammatory, immunosuppressor and smooth muscle relaxant
(189,191), for the purposes of this work it is important to point out its distribution and roles in the
nervous system.

VIP is widely distributed in both the CNS and the PNS (193). Centrally, it can be found in
the cerebral cortex, in the hypothalamus, in the amygdala, in the hippocampus, in the corpus
striatum and in the medulla oblongata (191). VIP acts as a non-adrenergic, non-cholinergic
neurotransmitter and neuromodulator (191,195); in some brain regions, VIP-IR neurons have been
shown to target other GABAergic interneurons, causing disinhibition of principal excitatory cells
(196,197). Among the roles in the CNS, we can mention the enhancement of neuronal cell survival
through a neuroprotective role, mainly mediated by glial cells through the production of
neurotrophic factors and the inhibition of pro-inflammatory mediators (Fig.36) (189,198) as well as

cognitive, behavioural, emotional and endocrine activities (199-203).

37



Neurotrophin
% receptor
/ astrocyte
: "
\:IP \ ° Inflammatory

y -—> stimulation
microglia
— inhibition

Fig.36: Schematic representation of VIP neuroprotective roles through the control of glial cells (Deng and Jin, 2017).

With regard to the AC, a brain region under investigation in this thesis, it is important to
highlight the presence of other studies in the literature that have investigated the distribution of VIP
in this structure, especially in rat and mouse, focusing only on the central and basolateral nuclei
(Fig.37), where it has been found that VIP-IR neurons were GABAergic neurons with different
morphologies (small bipolar, bitufted, basket cells and multipolar) (196,204-207).
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Fig.37: Photomicrographs showing VIP-IR neurons in the basolateral and central amygdala (modified from Mascagni &
McDonald, 2003; McDonald, 1985; Muller et al., 2003; Cassell & Gray, 1989).
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Few studies have been conducted addressing the specific roles of VIP in the amygdaloid
complex, among which it is possible to mention its role in the modulation of pain (208), it was
found out that plasma levels were negatively correlated with anxiety and depression symptoms, and
positively associated with amygdala volume and functional connectivity (209), and that injection of

VIP into the amygdala was associated with REM sleep improvement parameters (210).

38



Chapter 2: Studied Areas of the Central Nervous System in Veterinary Species

2.1 Entorhinal Cortex

2.1.1 Definition, history, cytoarchitecture and functions with a focus on the Bottlenose Dolphin

(Tursiops truncatus)

The entorhinal cortex (EC) is a brain structure located in the medial temporal lobe, named
for its proximity to the rhinal sulcus (Fig.38). The first person to take an interest in the EC was
Santiago Ramén y Cajal in the 20" century, who described it as a part of the temporal cortex,

closely connected to the hippocampus by what he called the "temporo-ammonic tract" (211-213).
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Fig.38: On the left a ventral view of a Macaca fascicularis brain showing the entorinhal cortex (E) near the rhinal
sulcus (red dashed line), on the right a schematic view of a human brain showing the components of the medial
temporal lobe which comprises the entorhinal cortex, in red line the rhinal sulcus (modified from Raslau et al., 2015,
Suzuki and Amaral, 1994).
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In dolphins, although they have a large brain (Fig.39) due to the selective pressure imposed
by the aquatic environment on motor, sensory and social abilities, the EC (Fig.40) is relatively

reduced (214,215).

Fig.39: Photographs showing various mammalian brains highlighting the comparative size. On the bottom a
schematised Tursiops truncatus brain with parts in different colours: telencephalon in red, diencephalon in yellow,
mesencephalon in green, metencephalon (cerebellum/pons) in blue, myelencephalon in lilac (modified from Cozzi et al.,
2017).
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Fig.40: Photomicrographs of a transverse section at the level of the entorhinal cortex (Ent) highlighted in red of a
Tursiops truncatus (modified from Jacobs et al., 1971 (216)).

Various subdivisions have been proposed for the EC, this work will refer to the ones that
divide it in the lateral entorhinal area or cortex (LEA/LEC) and the medial entorhinal area or cortex

(MEA/MEC) (Fig.41) (212,217).
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Fig.41: Schematic representation of the EC subdivisions (LEC= lateral entorhinal cortex; MEC=medial entorhinal
cortex) in a human brain on the left and in a rat brain on the right (modified from Kobro-Flatmoen et al., 2019).
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Each subdivision can be further partitioned in six layers (I-VI), where MEC is characterised
by a very regular structure with an homogeneous distribution of neurons whereas LEC is less

regular (Fig.42) (212).

Fig.42: Photomicrographs of rat and mouse entorhinal cortex showing the six layers (I-VI) (modified from Witter et al.,
2017).

Only one study from Jacobs et al., 1979 (218) describes the six layered division of EC in
dolphins as well with a IV layer almost acellular, similar to other mammals, that can be referred as
lamina dissecans. To the best of the author knowledge no studies have been conducted showing the
cytoarchitecture and the cytoidentity of the bottlenose dolphin EC.

In terrestrial mammals the EC is involved in high-cognitive functions, serving as the main
entry point for the information processed by the hippocampal formation, the limbic complex
originating from the amygdala and the olfactory bulb. It is also a relay point to send information to
the neocortex (212,219). Several populations of neurons responsible for spatial orientation and
navigation, which control locomotion by taking into account parameters such as location, head

position, speed, distance and time, have been found in the EC (215).
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2.2 Amygdaloid Complex
2.2.1 Definition, history and functions

What is nowadays called the ‘Amygdaloid Complex’ or ‘Amygdala’ or ‘Amygdalar
Complex’ represents a set of numerous equilateral structures located deep in the cranial and medial

area of the temporal lobe (Fig.43) (220-222).
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Fig.43 Left: top drawing of male encephalon (temporal lobe in green); bottom drawing of coronal section made at the
level of the cranial portion of the left temporal lobe (red line), note in red the amygdaloid complex (AC) in frontal view
positioned in the medial part of the temporal lobe. Right: coronal section of human encephalon taken at the level of the
anterior commissure, circled in red the area of the AC (modified from Simi¢ et al., 2021; Weiss et al., 2021 (223)).
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The characterisation of the totality of these structures took place in stages, decade after
decade, mainly due to the development of histological techniques since the end of the 19™ century
(224). The first description and illustration of the amygdala dates back to 1822 and is attributed to
the German Karl Friedrich Burdach (225) who, while making coronal cuts in the cerebral
hemispheres of man (221), noticed an area of grey matter in the anterior part of the temporal lobes
to which he gave the name “Mandelkern” (Amygdalar nucleus) precisely because of its almond-nut

shape (Fig.44) (226,227).

S e s, i

Fig.44: First stylised representation of the human amygdala (indicated by the arrow) according to K.F. Burdach. In both
images there is an anterior coronal section on the left (at the level of the amygdala) and a posterior coronal section on
the right that makes the hippocampus visible (modified from Burdach, 1822).

After Burdach, many other scientists have been worked trying to characterised
morphologically and cytoarchitectonically the AC with the aim of defining a complete and
comprehensive subdivision of the component parts, this has led to the emergence of different
nomenclatures and terminologies which are still a cause of confusion when interpreting and
systematising data obtained in the laboratory, making the AC one of the most discussed structures
of the brain (226,228,229).

The AC has been poetically considered the ‘sensory gateway to emotions’ by Aggleton and
Mishkin (1986) (230), a structure that acts as a ‘filter’ for the constant barrage of input from both
the external and internal worlds, which modulates these signals and sends responses to the
remaining brain structures that subsequently translate into specific adaptive behaviours and
physiological responses of the organism (231). The AC is essentially the structure that interconnects
the regions of the brain responsible for processing sensitive information (such as the cerebral

cortex) with the regions responsible for emotional and motivational reactions (such as the
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hypothalamus, brainstem and striatum) (232). Not by chance the AC has been included in the limbic
system, an ensemble of brain structure which are considered the anatomical basis for the emotions
(233,234). The AC is activated when a negative emotion is involved, while it is inhibited when a
positive emotion is involved (222). Among the most extensively investigated AC emotions is
undoubtedly fear (228) the oldest and strongest of the emotions, which plays a fundamental role in
vertebrate evolution (222). The AC plays an important role in preparing the organism for the ‘fight
or flight” mechanism (235). In this sense, numerous studies have been carried out to investigate
which areas of the AC are involved through the creation of the so-called ‘Pavlovian conditioning’
(named after its creator Ivan Pavlov). These studies have confirmed that conditioning causes
synaptic plasticity in the lateral nucleus of the amygdala, which is then ‘trained’ to reactivate upon
the second presentation of the conditioned stimulus. When this happens, the signal is sent from the
lateral nucleus to the other amygdaloid nuclei and finally to the central nucleus, the latter's
efferences then recruiting the brain areas deputed to fear responses (such as freezing or related
endocrine and autonomic physiological changes) (Fig.45) (228,236).
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Fig.45: Summary diagram of the mechanisms involving the AC during ‘Pavlovian conditioning’. CS= Conditioned
stimulus (e.g., a sound); US= Unconditioned stimulus (e.g., an electric shock); La= Lateral nucleus; B= Basal nuclei;
Ce= Central nucleus; ITC= Intercalated nuclei; CG= Central or periaqueductal grey; LH= Lateral hypothalamus; ANS=
Autonomic nervous system; PVN= Paraventricular nucleus of the hypothalamus (from LeDoux, 2007).

Other emotions in which AC is functionally involved include: aggression (both impulsive
and premeditated) (222). A study conducted on dogs that underwent temporal lobe ablation showed
an increase in their ease of training (237), behaviours associated with the sexual and reproductive
sphere, including related neuroendocrine responses such as reactions induced by chemical stimuli
such as pheromones (238) and eating behaviour. AC plays a pivotal role in reward processes to

reinforce a certain type of behaviour, learning or motivation as well as substance addiction
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(228,238-240); it also plays a key role in the consolidation of memories associated with an
emotional experience (241) as well as in other cognitive functions such as attention and perception
(228). Moreover, the amygdala is implicated in behavioural disorders such as anxiety, depression,
bipolarism, panic attack , social phobias, post-traumatic stress disorder and autism spectrum
disorders (222,242,243), in addition to neurodegenerative diseases (Alzheimer's disease, Lewy body
dementia and Parkinson's disease (244) and the pain circuit, playing a role in conscious awareness

and cognitive assessment of pain and its modulation (245).

2.2.2 Anatomy, cytoarchitecture and connectivity with a focus on Rat (Rattus norvegicus) and

Sheep (Ovis aries)

The nomenclature used in this work for the subdivision of nuclei contained within the AC is
derived from Pitkdnen and Kemppainen, 2002 (246) with appropriate modifications to take into
account contributions from other authors based mainly on data from humans, rats, monkeys and
cats. The AC is composed of different cortical and subcortical nuclei that are distinguished by
embryogenic developmental, cytoarchitectural and immunohistochemical features. From an
embryogenic point of view, the AC can be divided into pallial, for those nuclei originating from the
neuroepithelium of the embryonic pallium and ganglionic eminences, which comprise deep and
superficial nuclei and subpallial, for those nuclei originating from the telencephalic subpallium,
which comprises the remaining nuclei also called “extended amygdala”. The lists of nuclei and
subdivisions of nuclei are given in Fig.46 and a schematic view of the rat amygdala is given in

Fig.47 (221,224,246-255).

PALLIAL AMYGDALA SUBPALLIAL AMYGDALA

Intercalated Nuclei
Human  Rat  Monkey Cat
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Fig.46: List of AC nuclei and nuclei subdivisions in human, monkey, rat and cat. A=absent; NS=no subdivision; colours
are given accordingly to the next figure (modified from Pitkdnen and Kemppainen, 2002).
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Fig.47: Schematic representation of AC nuclei and nuclei subdivisions in rat. Colours have been superimposed on rostro
(A) caudal (F) amygdala sections. Ldl= lateral nucleus dorsolateral subdivision (sub.); Lm= lateral nucleus medial sub.;
Lvl= lateral nucleus ventrolateral sub.; Bi= basal nucleus intermadiate sub.; Bmc= basal nucleus magnocellular sub.;
Bpc= basal nucleus parvocellular sub.; NLOT= nucleus of the lateral olfactory tract; COa= Anterior cortical nucleus;
COp= Posterior cortical nucleus; Mr= Medial nucleus rostral sub.; Mcd= Medial nucleus central sub. dorsal part; Mcv=
Medial nucleus central sub. ventral part; Mc= Medial nucleus caudal sub.; PAC= Periamygdaloid cortex proper;
PACm= Periamygdaloid cortex medial sub.; PACs= Periamygdaloid cortex sub. sulcale; CEc= Central nucleus capsular
sub.; CEl= central nucleus lateral sub.; CEi= central nucleus intermediate sub.; CEm= central nucleus edial sub.;
AHAI= amygdaloippocampal area lateral sub.; AHAm= amygdaloippocampal area medial sub.; I= Intercalated nuclei
(modified from Pitkdnen and Kemppainen, 2002).
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For sheep, there are limited data in the literature on an exhaustive subdivision of the nuclei,
only one study focusing on the comparison of fear conditioning in sheep and goats gives a brief
anatomical description of the nuclei, subdividing them into: the deep group or basolateral complex,
which includes the basal, lateral and accessory basal nuclei; the superficial group, which includes

the cortical nuclei; and the anterior group, which includes the central nuclei (Fig.48) (256).
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Fig.48: Photomicrographs of a coronal section of the sheep amygdala illustrating the nuclei and the surrounding
structures. AB= Accessory basal, BN= basal nuclei, LA= lateral nuclei, CeM= central medial nuclei, CeL= central
lateral nuclei, CO=cortical nuclei, iLV= inferior horn of lateral ventricle, HP=hippocampus, CRX=cortex, EC=external
capsule; D=dorsal, V=ventral, L=lateral, M=medial (modified from George et al., 2021).
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Morphological studies based mainly on rodents describes how the superficial and deep
nuclei are characterised by a cortical-like structure, in which approximately 85% of the neurons are
glutamatergic pyramidal or pyramidal-like neurons with spiny dendrites, and the other 15% are
mainly GABAergic non-pyramidal neurons with spine-sparse dendrites, which can be characterised
by their protein content (e.g. PV, somatostatin (SOM), VIP, CCK). In contrast, the remaining nuclei
or extended amygdalar nuclei contain predominantly GABAergic spiny projection neurons, like the
striatum (257).

With regard to AC connections, there is an extensive literature, based mainly on the use of
anterograde and retrograde tracers in rats, monkeys and cats, which leads to the knowledge that they
can be divided into three different groups:

- extramygdaloid: these include afferences and efferences connecting the amygdala with

cortical and subcortical areas;

- intramygdaloid: connecting circuits within the amygdala itself. These can be further

subdivided into intra-divisional, inter-divisional and internuclear;

- interamygdaloid: connecting the amygdalae to each other;

Among the extramygdaloid connections, three bundles of fibres seem to be the most
important, especially for the connections within the basolateral group of nuclei, which represents
the main input area of the CA: the ventral amygdalofugal pathway, the stria terminalis, which are
mainly the subcortical fibre system, and the external capsule, which is mainly the cortical fibre
system (220,226,228,232,257-263).

Little data exist specifically on the connectivity of the sheep AC, only one study examined
the afferent and efferent connections, using anterograde and retrograde tracers, within the medial
and cortical nuclei and the rest of the brain, anyway no data exist on the connectivity within the

basolateral group (264).
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2.3 Optic Lobe of the Honeybee (Apis mellifera)

Firstly, a general description of the CNS of such an unconventional animal species as the
honeybee is essential to help the reader understand a specific area of its nervous system: the optic
lobe. The CNS of the honeybee comprises three connected parts: the brain, the suboesophageal
ganglion (SOG) or gnatocerebrum, which are located in the head, and the ventral ganglion chain
which starts from the SOG and runs through the thorax and the abdomen along the median ventral

line (Fig.49) (265,266).
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Fig.49: Schematised view of the honeybee SNC composed by brain, suboesophageal ganglion (SOG) and ganglion (1-
7) [modified from Snodgrass, 1996 and websites sources (267,268)].

The brain, the part of the CNS that contains the optic lobes, is approximately 1 mm? in
volume and contains nearly 1 million neurons. Despite the small size, bees demonstrate very
complex cognitive abilities, making them an important animal model for ethology and neurobiology
(269,270). Its main function is to assimilate sensitive information, process it, elaborate appropriate
responses and send them to the periphery (271). The brain can be subdivided in three parts: the
protocerebrum, the deutocerebrum and the tritocerebrum. The protocerebrum is the most rostral and
dorsal segment and it comprises the optic lobe (OL), the central complex and the mushrooms
bodies. The deutocerebrum comprises the antennal lobes. The tritocerebrum is the smallest
component and comprises two bilateral lobes in the ventral part of the brain connected each other

through a commissure passing caudally the oesophagus (Fig.50) (57,269,271-274).
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Fig.50: Different prospective of the honeybee brain composed by the protocerebrum in green [composing parts: Optic
Lobes, divided in Lamina (L), medulla (Me), Lobula (Lo), the central complex and the mushroom bodies divided in
lateral calyx (1C), medial calyx (mC), alfa e beta lobe (a-BL)], the deutocerebrum in purple, comprising the antennal
lobes (AL), and the tritocerebrum in yellow (modified from Lésel et al., 2022, Ribi et al., 2008 and Sovik et al., 2015).

The OLs are lateral extensions of the protocerebrum, each consisting of three neuropil layers
from distal to medial: lamina, medulla and lobula (Fig.51) (269,275,276), with some authors
including also the lobular plate, especially in Drosophila (277,278). The lamina and the medulla can
be divided in an inner and outer subregion, the medulla has a thin layer between the inner and outer
subregions called the serpentinite layer (276). Between the layers there are also groups of fibres that
connect them: the first or outer optic chiasm, which connects the lamina and the medulla, and the
second or inner optic chiasm, which connects the medulla and the lobula. In each layer, the neuropil
is organised into columns, each corresponding to an ommatidium in the retina, in fact the OL is
responsible for transmitting visual information received from the compound eyes to the centre of
the brain, where visual inputs are processed and integrated with information from other sensory
modalities. Neurons projecting from the optic lobes to the mushroom bodies are sensitive to color
and motion, providing specific visual features to higher-order brain structures (57,275,277,279). In
addition it has been demonstrated that the OL is involved in attention-like processes and behaviour

(280).
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Fig.51: Representation of the constituent parts of the Optic lobe (OL): Lobula (Lo), Medulla (Me) and Lamina (La)
[modified from Honkanen et al., 2023, Ribi et al., 2008, Brandt et al., 2005, Calabria et al., 2010 (281)].
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Chapter 3: Studied Areas of the Peripheral Nervous System in Veterinary
Species
3.1 Trigeminal Ganglion of the Horse (Equus ferus caballus) and its involvement in the

headshaking pathology

The TG, also known as “Gasser's ganglion” or “semilunar ganglion”, is one of the
components of the trigeminal nerve, fifth cranial nerve and the largest of the twelve, emerging near
the caudal edge of the pons and located in the trigeminal cave. It is the part conferring the major
sensitivity (a small part is conferred also from the nucleus of the mesencephalic tract) to all three
sensory nerves composing the trigeminal nerve (hence its name): the ophthalmic, the maxillary and
the mandibular, this latter has also motor function deriving from motor fibre originating from the

motor nucleus located in the pons (Fig.52).
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Fig.52: Drawing of a horse head lacking some part of the bones to make visible the trigeminal ganglion (red circle) and
the three branches of the trigeminal nerve (maxillary, ophthalmic and mandibular) (modified from Barone and Simoens,
2012).

The TG which contains sensory neuron bodies for pain and temperature modalities gives rise
to the three peripheral nerves which innervate and confer the sensitivity almost to the entire
corresponding half of the head, in fact the ophthalmic branch innervates the frontorbital plane, the
maxillary branch the nasomaxillary one and the mandibular branch the mandibolingual one
(Fig.53). The motor part of the mandibular nerve, on the other hand, is distributed only to the

masticatory muscles and, via small branches, to the digastric and mylohyoid muscles.
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Fig.53: On the left top a schematic representation of the directions of the three nerve branches (oph: ophthalmic, max:
maxillary, man: mandibular); on the left bottom a trigeminal ganglion (TG) deriving from an human cadaver; on the
right two photomicrographs showing the TG (black arrowhead) and the same part at higher magnification showing the
large bodies of sensitive neurons coloured by hematoxylin and eosin [modified from Pickles et al., 2014, Becker et al.,
2024; Zhang et al., 2024 (282)].

In addition to the bundles of peripheral fibres that enter into the constitution of the three
branches of the trigeminal nerve, central fibre bundles also originate from the trigeminal ganglion
which penetrate the pons and on the one hand with ascending bundles terminate in the pontine
nucleus of the trigeminal nerve, and on the other hand with descending bundles form the trigeminal
tubercle that heads into the brainstem, reach the spinal cord and terminate in the nucleus of the
spinal tract of the trigeminal nerve, which extends to the second cervical vertebra (Fig.54) (283—

285).
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Fig.54: Drawing of a brainstem tract showing the fibres originating from the trigeminal ganglion, highlighted in blue the
central branches going to the nucleus of the spinal tract and the pontine nucleus of the trigeminal nerve (modified from
Barone and Simoens, 2012).

TG is implicated in a clinical syndrome affecting the horse called headshaking (HSK). This
is characterized by repeated, uncontrollable, predominantly vertical movements of the head and
neck, often accompanied by nasal irritation, with severe discomfort to the horse, which may
traumatize itself and others (286). Although this pathology has been recognised in horses more than
100 years ago and the involvement of the trigeminal nerve has always been suspected, it was
confirmed in 2013 by a study performed by Aleman and colleagues using the sensory nerve
conduction evaluation on HSK-affected and control horses with a somatosensory evoked potential
technique, in which they found out that the activation threshold of the infraorbital nerve (a branch
of the maxillary division) of the trigeminal nerve was abnormally lower in HSK-affected horses
than in controls (284,287). Until this time, the most commonly used term was idiopathic
headshaking, because when other causes of facial pain responsible for uncontrollable movements,
including guttural pouch disease, dental pathology and sinus disease, were excluded, the only
appropriate cause seemed to be neuropathic facial pain without a precise aetiology (286).
Nowadays, with the understanding of the TG involvement, it is more correct to speak of TG

mediated HSK, which affects approximately 1% of the equine population (284,288,289).
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Despite the fact that some pathogenetic evidence in humans differs from that in horses, such
as the demyelination of the trigeminal nerve root or the involvement of a herpes virus in some
cases, the similarities in clinical signs make equine TG-mediated HSK a condition comparable to
human trigeminal neuralgia and therefore a suitable model for translational research (289). Further
studies are needed to understand the exact cause of the abnormal trigeminal hypersensitivity in
horses, as the pathogenesis of TG-mediated HSK remains insidious (284).

Although various treatments have been proposed and tested to handle the disease in horses,
ranging from surgery to unconventional techniques such as neuromodulation and
electroacupuncture, to drug therapies such as anticonvulsants gabapentin or carbamazepine, among
others (for a complete review see Roberts, 2019), an effective and definitive treatment with low side
effects is still lacking, and for this reason research in this field is still useful (289). In this sense, and
for the purposes of this work, it is important to highlight that no studies have been carried out on the
use of cannabinoids as a treatment for TG-mediated HSK in horses, but promising results can be

found in the treatment of neuropathic pain and trigeminal neuralgia in humans (290,291).
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3.2 The Enteric Nervous System of the Bottlenose Dolphin (Tursiops truncatus)

The digestive system of cetaceans is radically different from that of other land mammals,
though it is curious that little is known about their ENS in particular. Among the main differences
in the digestive system of the dolphin, caused by the adaptation of life under water, we can mention,
first of all, those of the teeth, the shape of the mouth and the development of the masticatory
muscle, due to the necessity to swallow the prey (usually fish or cephalopods), limiting the
ingestion of water, dolphins have a wide oral rim to allow the mouth to be opened to a large vertical
angle, teeth that are almost identical with no clear distinction between the crown, neck and root
because chewing is not required, as well as limited development of the masseter muscle, which is
responsible for the repetitive grinding of food. The tongue has no conventional papillae and taste
buds but only anterolateral papillae, with some authors suggesting to have a role in creating a seal

between the tongue and the oral cavity (Fig.55) (215).
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Fig.55: Mouth, teeth and tongue of an adult Tursiops truncatus (modified from Cozzi et al., 2016).
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At the end of the mouth the faucal isthmus allows the passage of the food and limits the
quantity of water entering the pharynx, which consists of two dorsally connected canals that wrap
around the larynx and then join the oesophagus and pass dorsally to the trachea. The larynx can be

voluntarily pushed aside to allow the passage of food (Fig.56) (215,292).
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Fig.56: On the right the faucal isthmus, on the left a schematic representation of pharynx and larynx of a Tursiops
truncatus [modified from Cozzi et al., 2016 and from website source (293)].

Dolphins have a multi-chambered stomach to compensate for the lack of chewing, made up
of: the first (the forestomach), which acts as a grinding and compressing chamber, the second (the
true stomach), which produces the gastric juice, and the third (the pyloric stomach), which

continuous in the duodenal ampulla, an initial enlargement of the duodenum (Fig.57) (215,294).

Fig.57: Schematic representation of the multi-chambered stomach and its chambers connections of a Tursiops truncatus
(modified from Cozzi et al., 2016).
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The peculiar feature of the dolphin's intestine is the lack of external subdivision of the
various tracts, so much so that it is considered the analogue of the human small intestine, also
because of the similarities within the mucosa (Fig.58). It also lacks a caecum or vermiform
appendix and a gallbladder. These differences are probably due to their diet, which is mainly
protein-based (215,294).

Diaphragm Forestomach

Fig.58: General appearance of the thorax and abdomen cavities of a Tursiops truncatus in which it can be visible the
intestine (modified from Cozzi et al., 2016).

As far as the microscopic characteristics of the intestinal layers are concerned, no
differences have been found with respect to land mammals, which are characterised by an inner
mucosa with villi and microvilli, the lamina propria, the muscularis mucosae and the subsequent
layers, the submucosa, the muscularis externa and the serosa. Within the layers of the muscularis
externa and on its inner surface, the so-called ENS can be found (215).

As noted above, little is known specifically about the characteristics of the cetacean ENS,
with studies investigating the orexin system, leptin-like peptide, other neuropeptides and biogenic
amine distribution (186,295,296). The ENS comprises a large amount of neural tissue
(approximately 1000-15000 cell bodies/cm?, roughly the same number as in the spinal cord)
embedded in the wall of the gastrointestinal (GI) tract from the upper oesophagus to the internal
anal sphincter of the rectum. It also appears to be present in the biliary system and in the pancreas
(as these structures arise from parts of the intestine during embryogenesis) and in the walls of the
trachea and bronchi, where fibres appear to be sent from bodies in the oesophagus (177).

Because of its autonomy, it is considered part of the autonomic nervous system, along with
the sympathetic and parasympathetic systems (Fig. 59), and because of its complexity, it has been
called "the brain in the gut" or "the second brain", with some authors arguing that it is the "first
brain" because it has appeared before and independently of the brain throughout evolution and is

present in species without a developed CNS (297,298).
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Fig.59: Divisions of the autonomic nervous system comprising the ENS (modified from Wood, 2009).

It is organised into neurons and supporting glial cells, grouped in small clusters (enteric
ganglia) which are connected by bundles of nerve fibres. There are two main divisions in the
distribution of neurons, which differ depending on the GI tract considered: the myenteric plexus
(MP) or Auerbach's plexus and the submucosal plexus (SMP) or Meissner's plexus. The MP is
located between the internal circular muscle layer and the external longitudinal muscle layer of the
muscularis externa and is distributed continuously along the GI tract, whereas the SMP is located
between the circular muscle layer and the mucosa and its distribution is most pronounced from the
first part of the duodenum, whereas in the oesophagus and stomach there are sparse neurons that do
not form ganglia. It consists of a single layer in common laboratory species (i.e. mouse, rat and
guinea pig), but in larger mammals and humans it consists of two layers of ganglia called the inner

and outer submucosal plexus (Fig.60) (177,298-300).
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Fig.60: Schematic representation of the ENS distribution, on the right in blue the SMP in red the MP, in the centre the
different layers of gut, notice the location of the two plexuses, on the top left a wholemount of intestine, on the bottom a
transverse section of intestine [modified from Furness, 2008 and website source (301)].
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The ENS controls the vast majority of digestive functions and activities, such as motility,
absorption, secretion and blood flow, with effects on immune, humoral and metabolic homeostasis,
through its connections with the longitudinal and circular muscles, muscularis mucosa and mucosa,
submucosal arteries and gut-associated lymphoid tissues. In this sense, the continuous
communication between the CNS and the ENS (the so-called gut-brain axis) integrates the digestive
and defensive functions of the gut with those of other organs to maintain homeostasis
(298,300,302). The neurons of the ENS can be grouped into four different functional classes based
on the expression of different neurochemical features, shape, electrophysiological properties and
projections: intrinsic primary afferent neurons (IPANs) or Dogiel type II, excitatory motoneurons,
inhibitory motoneurons and interneurons (both Dogiel type 1), although in recent years it has

become clear that each type of neuron can be multifunctional in nature (Fig.61) (298).

Brain Gut

o
microbiota

‘ “ ° \ °

o WG WA

Submucosal
plexus

- X< @ @ ¥ b0

Intrinsic primary  Enteric glia Macrophage ~Goblet cell Tuftcell Enteroendocrine Enterocyte
afferent neuron cells

KA ek § = Og0

Motor neurons  Interneurons Secretomotor / Smooth muscle
vasodilator neuron

Immune cells

Fig.61: Schematic representation of the brain-gut axis on the right and populations distribution of ENS neurons and
other cells in a putative GI tract (from Sharkey and Mawe, 2023).
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Chapter 4: Studied Effector Organs in Veterinary Species

4.1 Skin of the Dog (Canis lupus familiaris) with a focus on canine atopic dermatitis

The skin, the largest organ in the body (accounting for 12% of total body weight in the adult
dog), forms part of the integumentary system together with the hypodermis, hair, nails and
associated glands (303,304). In addition to fulfilling the very important role of acting as a protective
barrier for the body, the skin can be considered an effector organ because it is involved in the
response to various external and internal stimuli, controlling thermoregulation, the immune
response, secretion and possessing sensory properties (305-308). It is normally subdivided in three
major layers: the epidermis, the derma and the subcutaneous fat tissue (Fig.62). The epidermis,
which is a stratified squamous epithelium, can be further subdivided into five sublayers or strata
(from the outermost to the innermost): corneum, lucidum, granulosum, spinosum and basal. In
general, the epidermis is thicker in areas without a dense coat and thinner in areas with dense hair
growth. In dogs, the thickest epidermis is found on the nose and digital pads. It is a constantly
renewing layer, in fact the basal cells of the epidermis (keratinocytes) undergo cycles of
proliferation that ensure the replacement of the outer epidermis (s.corneum), which is made up of
corneocytes (terminally differentiated keratinocytes), they prevent water from leaving the body and
toxic substances from entering. Other cell types found in the epidermis include: melanocytes, which
protect the skin from UV rays and give it colour; Langerhans cells, which present potential
pathogens to the immune system; and Merkel cells, which are type I mechanoreceptors located in
areas of high tactile sensitivity. Furthermore, the epidermis gives rise to derivative structures, such
as pilosebaceous apparatuses, nails, and sweat glands, which are accommodate in the dermis. This
latter lies underneath and provides support and elasticity to the skin thanks to the elastin and
collagen produced by the fibroblasts within it. It also contains immune cells such as lymphocytes,
eosinophils, MCs, neutrophils, DCs and macrophages, which defend the skin against pathogens and
toxic substances, as well as capillaries and various types of nerve endings (C-fibres, Ruffini,
Pacinian and Meissner corpuscles), which serve to give the skin sensations of itching, pain, pleasure
and warmth. The last layer, the subcutaneous fat, is made up of adipocytes and fibrocytes, and
serves as an energy store and endocrine organ, important for lipid and glucose metabolism,

connecting the dermis to muscle and bone and controlling body temperature (304,305,307,309).
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Fig.62: Schematic representation of the skin with its layers on the left and sub-layers on the right. In purple, on the left,
different types of sensory neurons, on the right different types of cells within it (modified from Gould, 2018).

Among the diseases that can affect canine skin in the three different layers, including
inflammatory, dysplastic, degenerative and neoplastic, AD is one of the most common with an
incidence of 27%. It is classified as a perivascular inflammatory disease of the dermis because
perivascular infiltration of inflammatory cells is the main and predominant pattern (310,311).
Clinical signs include: generalised pruritus with skin lesions such as erythema, papules, pustules,
crusts and excoriations, usually on the head, paws, abdomen, perineum and ventral tail (Fig.63). It
is a pruritic and inflammatory disease caused by a genetic predisposition to produce abnormal
immunoglobulin (Ig) E to environmental allergens, which penetrate the skin barrier and interact
with IgE to induce degranulation of MCs, which can release a variety of proinflammatory,
vasoactive and nociceptive mediators (e.g. hystamine). However, the pathogenesis is not fully
understood, in fact there is activation of both type IV and type I hypersensitivity, the latter

particularly with chronicity of the disease. Although there is a disruption of the skin barrier, it is not
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clear whether this is a primary or secondary defect, dietary habits and various cutaneous infections

(e.g. Malassezia, Staphylococcus) may also lead to disease progression (310,312,313).

Fig.63: Pictures of a Dalmatian affected by atopic dermatitis with areas of erythema throughout the body (modified
from Gross et al., 2005).

Other skin cells involved in AD include keratinocytes, activated T cells, macrophages, DCs,
Langherans cells, basophils and eosinophils (314,315). The production of inflammatory mediators
and neurotrophins exacerbates the pruritus and hyperinnervation of AD lesions, which results from
a complex interface between skin cells, cutaneous nerve fibres and the peripheral and central

nervous systems (Fig.64) (316-319).
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Fig.64: Schematic representation of the complex inter-talk between skin cells, cutaneous nerve fibres and nervous
system after an itch trigger during AD (modified from Mollanazar et al., 2016).

In terms of treatment options, the first step is to rule out the presence of pathogens such as
fungi or bacteria, which would require specific therapy. For AD itself, there are several options,
ranging from topical to systemic therapies. Topical therapies are aimed at reducing pruritus and the
inflammatory response and repairing the skin barrier using, for example, moisturisers,
glucocorticoids, calcineurin inhibitors as well as antihistamines, local anaesthetics, topical fatty
acids, ceramides and essential fatty acids. Among the systemic therapies aimed at reducing the
inflammatory response and pruritus, we can mention the classical glucocorticoids and cyclosporine,
as well as novel drugs such as oclacitinib and lokivetmab, which seem to be safe alternatives
compared to the classical ones, which on the other hand have some side effects. In recent years,
there has been an increased interest in alternative therapies, more natural compounds with fewer
side effects (312), among which it is possible to mention cannabinoids, such as cannabidiol, which
have been studied in numerous preclinical studies on animal models, as well as in AD dogs and an
in vitro canine model, giving promising results and justifying the need for further investigations in

this field (311,320-323).
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4.2 Synovial Membrane of the Horse (Equus ferus caballus) and Dog (Canis lupus familiaris)

with a focus on joint diseases

The synovial membrane is a structure located in the joint, the place where two skeletal
elements come together. More precisely, it is part of the synovial or diarthrodial/diarthroses joints.
In fact, joints can be classified according to the type of movement they allow: immovable joints
(synarthroses), slightly movable joints (amphiarthroses) and movable joints (diarthroses). If, on the
other hand, we consider the connective tissue between the two skeletal elements, they can be
classified as follows: syndesmoses or synchondroses, also known as solid joints, in which the
connective tissue is a fibrous or cartilaginous membrane (usually comprising the immovable or
slightly movable joints) and synovial or diarthrodial joints (where we find the movable ones), in
which the two bony structures are covered by hyaline cartilage but are also completely surrounded

by an articular cavity lined by the synovial membrane (Fig.65) (324,325).

Bone Articular cavity Bone

A Synovial joint

Bone Connective tissue Bone

B Solid joint
Fig.65: Schematic representation of the two types of joints: synovial or diarthrodial/diarthroses joints and solid joints or
syndesmoses/synchondroses (comprising the synarthroses and amphiarthroses joints) (from Drake et al., 2019).

Synarthroses are generally found in the skull; amphiarthroses are found between the
vertebrae, the distal tibiofibular joint, the pubic symphysis and the upper two-thirds of the sacroiliac
joint; and diarthroses are mostly found in the extremities (e.g. metacarpophalangeal, hip and stifle

joints)(325).
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The synovial membrane (Fig.66) is one of the two layers (the innermost and thinnest) that,
together with the fibrous membrane (the outermost and thickest), form the wall of the joint capsule

that encloses the joint cavity (324).
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Fig.66: Schematic representation of structures composing the joint, notice the synovial membrane, the inner layer of the
joint capsule (from Drake et al., 2019).

It has been shown in both humans and animals that the synovial membrane is composed of
two types of synoviocytes: macrophage-like (MLS), also known as type A synoviocytes, and
fibroblast-like (FLS) or type B synoviocytes, which are the most abundant. These cells are
embedded in a thin layer of connective tissue rich in fenestrated capillaries and their main
physiological role is to produce and control synovial fluid. FLS produce lubricating synovial
substances (e.g. hyaluronic acid), matrix components (e.g. collagens and proteoglycans) and
degradative enzymes (e.g. metalloproteinases), whereas MLS serve as resident macrophages with a
role in phagocytosis of cell debris and waste in the synovial fluid and antigen-presenting ability
(326-332). They are also both involved in pathological inflammatory conditions [e.g. osteoarthritis
(OA) and rheumatoid arthritis] where they produce cytokines that can lead to overproduction of
degradative enzymes and consequent cartilage destruction (Fig.67). In this sense, it can be said that
the synovial membrane in pathological conditions is an effector organ that interacts with the
surrounding environment to generate a response, moreover during inflammation nociceptors start to
innervate the synovium and subchondral bone (Fig.68). In contrast, under physiological conditions,

cartilage is an avascular and aneural tissue (333,334).
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Fig.67: Schematic representation of the roles of synoviocytes (e.g. FLS) in the physiology (healthy, on the left) and in
pathology (rheumatoid arthritis, on the right); MLS not shown (from Drake et al., 2019).
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Fig.68: Schematic representation of a synovial joint during inflammation: nociceptors innervating the synovium and
subchondral bone are responsible for arthritic pain (from Biddle and Sofat ,2020).

Regarding joint pathologies in horses, OA (Fig.69) is the most commonly reported cause of
lameness with an incidence of 14% (335). It is a disease process that occurs in the synovial joints
where there is destruction of articular cartilage, subchondral bone sclerosis, osteophyte formation,
joint effusion and synovitis. One of the most commonly affected joints is the metacarpophalangeal,
as it is a highly mobile joint that is subjected to high loads during racing. The most common causes
are acute or chronic trauma or microtrauma, which induce an inflammatory response that drives

cartilage damage and remodelling of the surrounding bone. There is a plethora of studied treatments
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for equine OA, used as symptomatic drugs to reduce pain and inflammation [e.g. non-steroidal anti-
inflammatory drugs (NSAIDs) in combination with intra-articular corticosteroids], but none of these
are expected to act on the causes of the pathology and various side effects are reported, prompting
further studies into the pathogenesis of OA and new target drugs for its resolution (135,336,337).
Among newly explored and promising field, especially conducted on humans and animal models,
we can find the involvement of the eCB system and its target cannabinoid compound. Indeed, it
appears to play a crucial role for maintaining joint health and bone metabolism by regulating the
activity of immune cells and reducing inflammation within both tissues, with evidence suggesting
that it may control bone formation and resorption (85,134,338-344).

As in horses, OA is the most common form of arthritis in dogs, with an incidence of 2.5-
20% (345) of the dog population. It is characterised by a gradual loss of cartilage, leading to the
development of bony bumps and cysts at the edges of the joints and associated pain. Unlike horses,
the most common sites and causes are the elbow or hip affected by dysplasia or osteochondrosis, or
the knee affected by cranial cruciate ligament injury, as well as excessive running or exercise,
injury and/or genetic predisposition. As in horses, NSAIDs are also the first choice in dogs to
relieve pain and slow progression, with various side effects, especially on the GI tract and kidneys,
for this reason targeting the ECS is a new and safer target to investigate also in this species, with

some promising studies already conducted (345-349).
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Fig.69: Schematic representation of a knee in healthy condition (on the left) and during osteoarthritis (on the right)
[modified from Zhang et al., 2022 (350)].
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B. THESIS OBJECTIVES: Exploring the Nervous System and Some Effector
Organs in Veterinary Species by Targeting Different Biological Systems

Among the reasons behind the conduction of veterinary-based research there is the
undoubted need to better understand the molecular, genetic, phenotypic and pathophysiological
background of animal diseases (351), furthermore, veterinary science can also be useful in
addressing questions about the evolution of human behaviour and pathologies, overcoming the
attempt to biologically pseudo-oligarchise humans among species (352). Finally, and most
importantly, the role of anatomy in veterinary research must be maintained, for as the
neuropsychiatrist Bernhard von Gudden asserted in the mid-nineteenth century, scientists “faced
with an anatomical fact proven beyond doubt, any physiological results that stands in contradiction
to it loses all its meaning.... So first anatomy and then physiology; but if first physiology, then not
without anatomy” (353) Driven by these three concepts and based on the gaps in the literature, the
objectives of my three-year doctoral period, which led to the production of the contents of this
work, were to carry out novel investigations on different parts of the central and peripheral nervous
system and on some effector organs in different veterinary species, choosing as target molecules
those related to CaBPs, the serotonergic, peptidergic and endocannabinoid systems (Fig.70).

The parts of the CNS studied were: the EC of the dolphin (Tursiops truncatus), with a focus
on CaBPs, chosen mainly for their usefulness in the morphological characterisation of brain regions
(4); the AC of the rat (Rattus norvegicus), focusing on the distribution of the peptidergic system
(VIP) and GABA, chosen mainly because it is the most studied animal model and because the
existing literature lacks a systematic description of the distribution of these molecules in all the
nuclei constituting the AC; the AC of the sheep (Ovis aries), using a novel non-invasive technique
to study the AC connections within the brain; finally, the OL of the honeybee (Apis mellifera),
choosing the serotonergic system (SERT) as a target, with the aim of morphologically describing
the distribution of SERT within these structures and correlating it with the aggressive behaviour of
the honeybee (58). On the other hand, the parts of the PNS studied were the TG of the horse (Equus
ferus caballus), targeting different CBr, mainly because of its involvement in the TG-mediated
HSK pathology (284,287) and to provide the anatomical basis for the study of novel therapeutic
approaches such as cannabinoids; and the ENS of the dolphin (7ursiops truncatus), focusing on
peptidergic (SP) and nitrergic (nNOS) systems, chosen to highlight the excitatory and inhibitory
(176,177,187,188) morphological and quantitative features of the ENS, which were lacking in the

literature.
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The effector organs studied were: the skin of dog (Canis familiaris) affected by AD and
synovial membrane of normal horse (Equus ferus caballus) and dog (Canis familiaris), choosing as
target molecules different CBr and different antigen to identify the cytoidentity of cells normally or
pathologically distributed in these tissues, with the aim of laying the anatomical foundations for
studying novel therapeutic approaches such as the use of cannabinoids molecule in pathologies

affecting these organs.
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Fig.70: Schematic representation of the topics within this thesis: in azure the studied parts of the nervous system, in
yellow the effector organs. In the pictures inside the circle the veterinarian animals under investigations. Abb: CaBPs
(Calcium-binding proteins); ENS (Enteric Nervous System); ECS (Endocannabinoid System).
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Chapter 1:

Distribution of calcium-binding proteins immunoreactivity in the bottlenose
dolphin entorhinal cortex
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Introduction: The entorhinal cortex has been shown to be involved in high-level
cognitive functions in terrestrialmammals. It can be divided into two main areas: the
lateral entorhinal area (LEA) and the medial entorhinal area (MEA). Understanding
of its structural organization in cetaceans is particularly important given the
extensive evidence for their cognitive abilities. The present study describes the
cytoarchitectural and immunohistochemical properties of the entorhinal cortex
of the bottlenose dolphin (Tursiops truncatus, Montagu, 1821), perhaps the most
studied cetacean species and a paradigm for dolphins and other small cetaceans.

Methods: Four bottlenose dolphins’ entorhinal cortices were processed.
To obtain a precise overview of the organization of the entorhinal cortex
we used thionin staining to study its laminar and regional organization, and
immunoperoxidase technique to investigate the immunohistochemical
distribution of three most commonly used calcium-binding proteins (CBPs),
calbindin D-28k (CB), calretinin (CR) and parvalbumin (PV). Entorhinal cortex
layers thickness were measured, morphological and morphometric analysis for
each layer were conducted and statistically compared.

Results: Six layers in both the LEA and MEA were identified. The main difference
between the LEA and the MEA is observed in layers Il and lll: the neurons in layer Il
of the LEA were denser and larger than the neurons in layer || of MEA. In addition,
a relatively cell-free zone between layers Il and Il in LEA, but not in MEA, was
observed. The immunohistochemical distribution of the three CBPs, CB, CR and
PV were distinct in each layer. The immunostaining pattern of CR, on one side,
and CB/PV, on the other side, appeared to be distributed in a complementary
manner. PV and CB immunostaining was particularly evident in layers Il and I,
whereas CR immunoreactive neurons were distributed throughout all layers,
especially in layers V and VI. Immunoreactivity was expressed by neurons
belonging to different morphological classes: All CBPs were expressed in non-
pyramidal neurons, but CB and CR were also found in pyramidal neurons.

Discussion: The morphological characteristics of pyramidal and non-pyramidal
neurons in the dolphin entorhinal cortex are similar to those described in the
entorhinal cortex of other species, including primates and rodents. Interestingly,
in primates, rodents, and dolphins, most of the CBP-containing neurons are
found in the superficial layers, but the large CR-ir neurons are also abundant
in the deep layers. Layers Il and lll of the entorhinal cortex contain neurons
that give rise to the perforant pathway, which conveys most of the cortical
information to the hippocampal formation. From the hippocampal formation,
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reciprocal projections are directed back to the deep layer of the entorhinal
cortex, which distributes the information to the neocortex and subcortical area.
Our data reveal that in the dolphin entorhinal cortex, the three major CBPs label
morphologically heterogeneous groups of neurons that may be involved in the
information flow between entorhinal input and output pathways.
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1 Introduction

Dolphins have very large brains, making their Encephalization
Quotient (EQ) comparable to that of many non-human primates
(Jerison, 1973; Morgane et al., 1985; Marino, 2002; Marino et al., 2004,
2007). The increase in brain size is a result of selective pressures imposed
by the aquatic environment on motor, sensory and eventually social
capabilities (Marino, 2002; Marino et al., 2004, 2007). Although cetacean
brain are very large, their entorhinal cortex, a constituent of the
periarchicortex, is significantly reduced (Jacobs et al., 1971, 1979;
Morgane and Jacobs, 1972; Morgane et al., 1980, 1986; Cozzi et al., 2017).
The entorhinal cortex of terrestrial mammals comprises two main
cytoarchitectonic subdivision in primates and rodents: the medial
entorhinal cortex (MEA) and the lateral entorhinal cortex (LEA). These
areas have a fourth layer, the lamina dissecans, which is essentially
acellular and bears little homology with the layer IV found in the
neocortex (Insausti et al., 1995, 1997; Krimer, 1997; Kerr et al., 2007;
Insausti and Amaral, 2008; Witter, 2012; Cappaert Van Strien and Witter,
2015; Witter et al., 2017). The evidence from studies in terrestrial
mammals, including non-human primates and rodents, shows a general
pattern of connectivity and contribution of this cortical region to
behavior that can be considered general for all mammals, including
cetaceans. In terrestrial mammals the entorhinal cortex is the main entry
point for the information processed by the hippocampal formation and
provides the main conduit for processed information to be relayed back
to the neocortex. In addition, the entorhinal cortex serves as the entry
site for the projections directed towards the limbic complex, originating
from the amygdala, the neocortex, and the olfactory bulb (Amaral et al.,
1987; Carboni et al., 1990; Insausti, 1993; Insausti et al., 1997; Kerr et al.,
2007; Insausti and Amaral, 2008, 2012; Witter, 2012; Cappaert Van
Strien and Witter, 2015; Maass et al., 2015; Witter et al., 2017). The
entorhinal cortex has been shown to be involved in high-level cognitive
functions in terrestrial mammals, so understanding of its structural
organization in cetaceans is particularly important given the extensive
evidence for their cognitive abilities. The entorhinal cortex of the
bottlenose dolphin occupies an area within the parahippocampal gyrus
(Jacobs et al., 1979; Hof et al., 2005; Hof and Van Der Gucht, 2007). In
particular, Jacobs et al. (1979) described a distinct six-layered entorhinal
cortex with an extensive lamina dissecans and similar patterns to
primates (figures 66 to 69), but with less extensive corticoperforant fibers
bordering the archicortex [see also Breathnach and Goldby (1954)].
Direct experimental evidence of the connectivity of the dolphin
entorhinal cortex is lacking, and thus, the functional significance of the
cetacean entorhinal cortex can only be elucidated by comparison with
other mammals. The organization of the entorhinal cortex can be studied
using a variety of approaches. Most of the cytoarchitectural studies are
performed using Nissl staining, which provides information about the
organization and layering patterns of the cortex and on the basic
morphology of the neurons. However, neurons with comparable
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morphology can be characterized by their variable neurochemical
profile and thus by different functions. Therefore, it is important to
combine morphological and neurochemical studies to obtain a more
precise overview of the organization of the entorhinal cortex in a given
species. Several neurochemical markers have been used to identify the
neurochemical organization of the entorhinal cortex in rodents and
primates, and among the most commonly used are the calcium-binding
proteins (CaBPs) such as calretinin (CR), calbindin-D28k (CB), and
parvalbumin (PV). These studies show that immunoreactivity for these
three types of CABPs is observed in both excitatory (CR and CB) and
inhibitory neurons (CR, CB, and PV) (Tufién et al., 1992; Schmidt et al.,
1993; Seress et al., 1994; Wouterlood et al., 1995, 2000; Fujimaru and
Kosaka, 1996; Miettinen et al., 1996, 1997; Mikkonen et al., 1997; Berger
et al., 1999; Suzuki and Porteros, 2002; Grateron et al., 2003; Kobro-
Flatmoen and Witter, 2019). On the contrary, there is a lack of
information on the distribution and morphology of CaBPs-
immunoreactive (IR) neurons in the cetacean entorhinal cortex. In the
present study, we investigated the cytoarchitecture of the entorhinal
cortex of the bottlenose dolphin, perhaps the most studied cetacean
species and a paradigm for dolphins and other small cetaceans. The
distribution of CBP-immunoreactive neurons (CR-ir, CB-ir and PB-ir,
respectively) helped us to map and define the organization of the area.
The present data on the dolphin entorhinal cortex provide the basis for
comparison with that of other mammals.

2 Materials and methods
2.1 Dolphin tissues

Dolphin brains (Table 1) were extracted during routine necropsy
performed at the Department of Comparative Biomedicine and Food
Science (BCA) of the University of Padova (Italy) on specimens. The
brains were consequently fixed in phosphate buffered paraformaldehyde
(4%), cut in coronal slices (about 1.5 cm x 2.5 cm) and stored in the
Mediterranean marine mammal tissue bank (MMMTB, http://www.
marinemammals.eu), located in BCA. The MMMTB is a CITES
recognized (IT020) research center of the University of Padova,
sponsored by and collaborating with the Italian Ministry of the
Environment. MMMTB collects and stores samples from wild or

TABLE 1 Detail of the sampled bottlenose dolphins.

Specimen  ID SEX  Origin Length/

Weight

192 F Stranded 240cm/178.5kg | Adult

‘ 196 M Stranded 300cm/219kg Adult
T. truncates

‘ 203 M Stranded 284cm/288kg Adult

‘ 319 M Stranded 310cm Adult
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captive marine mammals whose samples or whole carcasses are
delivered to BCA for post-mortem diagnostics. Smaller blocks,
containing the entorhinal cortex, were cut from the thick formalin-
fixed tissue slices, washed in phosphate buffered saline (PBS) (pH 7.4),
cryoprotected in 20% glycerol in 0.02 M potassium phosphate buffered
saline (PBS) (pH 7.4) at +4° C for 48, frozen in dry ice, and stored at
—70°C. Fifty-pm-thick frozen coronal sections (one-in-eight series)
throughout the entire rostrocaudal extent of the entorhinal cortex were
cut with a sliding microtome. The angle of coronal sectioning
performed in this study was perpendicular to the surface of the
entorhinal cortex. For immunohistochemical staining, the sections
were stored in tissue-collecting solution (30% ethylene glycol, 25%
glycerin in 0.05M sodium phosphate buffer, pH 7.4) at —20°C. Another
series of sections to be stained with thionin was stored in 10% formalin.

2.2 Thionin staining

To evaluate the boundaries and the layer-specific neurons of the
entorhinal cortex, sections adjacent to immunoperoxidase sections
were stained with thionin as follows. Sections were taken out of the
10% formaldehyde solution, mounted on gelatin-coated slides and
dried overnight at 37°C. Sections were defatted 1h in a mixture of
chloroform/ethanol 100% (1.1), and then rehydrated through a graded
series of ethanol, 2x2min in 100% ethanol, 2min in 96% ethanol,
2min in 70% ethanol, 2min in 50% ethanol, 2min in dH20O, and
stained 30 in a 0.125% thionin (Fisher Scientific) solution, dehydrated
and coverslipped with Entellan (Merck, Darmstaldt, Germany).

2.3 Immunoperoxidase

Three of the one-in-eight series of free-floating sections were
collected from tissue-collecting solution and washed three times
(10min each) in 0.02M phosphate buffer containing 0.9% sodium
chloride (PBS; pH 7.4). To reduce the endogenous peroxidase activity,
the sections were incubated in 3% hydrogen peroxide and 10%
methanol in PBS for 30 min at room temperature. Nonspecific binding
was blocked by incubating sections in a solution (0.5% Triton X-100 in
PBS) containing 10% normal horse serum (NHS) for parvalbumin and
calbindin immunohistochemistry or normal goat serum (NGS) for
calretinin immunohistochemistry for 3h at room temperature. The
primary antibody incubations were done at 4°C for 2 to 3days in a
solution (0.5% Triton X-100 in PBS) containing either 1% NHS and
monoclonal mouse anti-parvalbumin (dilution 1:3000, #235, Swant,
Bellinzona, Switzerland) or monoclonal mouse anti-calbindin-D28k
(dilution 1:3000, #McAB300, Swant), or 1% NGS and polyclonal rabbit
anti-calretinin (dilution 1:3000, #7696, Swant, Bellinzona, Switzerland).
After three washes (10min each) in PBS containing either 2% NHS
(parvalbumin and calbindin immunohistochemistry) or 2% NGS
(calretinin immunohistochemistry), the sections were incubated in the
secondary antibody solution (0.3% Triton X-100 in PBS) containing
either biotinylated horse anti-mouse immunoglobulin G with 1% NHS
(parvalbumin and calbindin; dilution 1:200, #BA-2,000, Vector,
Burlingame, CA) or biotinylated goat anti-rabbit immunoglobulin G
with 1% NGS (calretinin; dilution 1:200, #BA-1,000, Vector) for 2h at
room temperature. Sections were then washed twice as described above
and incubated for 45 min at room temperature in avidin-biotin solution
(BioStain SuperABC #11-001, Biomeda, Foster City, CA) in
PBS. Thereafter, the sections were washed three times and reacted with
3,38-diaminobenzidine (0.05%) containing hydrogen peroxide (0.04%)
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in KPBS. After three washes, the sections were mounted onto gelatin-
coated slides and dried overnight at 37°C.

2.4 Specificity of the antibodies

The amino acid sequence of the proteins investigated in this article
of bottlenose dolphin (Tursiops truncatus) were compared with those of
other mammals (and especially the rat). For this aim we used the
Ensemble genomic database 1. The sequence of CB and CR is shared for
over 93%, whereas correspondence for Gng2 and PV is over 70%. The
specificity of the immuno-histochemical staining was tested in repeated
trials as follows: substitution of either the primary antibody, the anti-
rabbit or anti-mouse IgG, or the ABC complex by PBS or non-immune
serum. Under these conditions the staining was abolished.

2.5 Analysis of sections

Sections stained using thionin and immunoperoxide were analyzed
using an optical microscope (Axiophot, Zeiss, Germany). Brightfield
images were recorded with a digital camera (AxioCam ERc5s®, Zeiss,
Germany). The distribution of CR, CB, and PV-IR cell bodies in the LEA
and MEA were plotted bilaterally in every fifth section throughout the
enthorinal cortex with a computer-aided digitizing system (AccuStage
5.1, St. Shoreview, MN). Camera lucida drawings from the adjacent
thionin-stained sections were used to define the laminar and regional
boundaries of the areas of the entorhinal cortex. The outlines were
superimposed on computer-generated plots using Corel Draw X3 (Corel
Corporation, Ottawa, Ontario, Canada). AxioVision Rel.4.8 software
(Zeiss) was utilized for morphometrical and morphological analysis of
the thionin-stained and CR-, CB-, and PV-IR neurons in the LEA and
MEA. In particular, for each animal, the perikaryal areas of thionin-
stained and IR cell bodies of four non-consecutive sections of each
entorhinal area were measured after manual tracing of the cell bodies
outline. These morphometrical analyzes were done in each separate
layer, with the exception of lamina dissecans, because of its low cellular
density. Data were expressed as mean+standard deviation (SD).
Analysis of variance (ANOVA) was used to analyze whether there was
any difference in the perikaryal main area of different IR cell types. The
Tukey HSD post hoc test was used to make pair-wise comparisons
between means. In the thionin-stained sections, cortical layers
thicknesses were measured using the AxionVision Rel.4.8 software
(Zeiss), using a tool measuring the length perpendicular to a line placed
on the pial surface of the cortex. Measurements were made at least 5
times per sample, outside of sulcus bottom or top to avoid distortions.
Contrast and brightness were adjusted to reflect the appearance of the
labeling seen through the microscope using Adobe Photoshop CS3
Extended 10.0 software (Adobe Systems, San Jose, CA).

3 Results

3.1 Thionin staining: laminar and regional
organization of the entorhinal cortex

3.1.1 Laminar organization

The entorhinal cortex was located ventrocaudally to the
amygdaloid complex and the hippocampal formation and has been
divided into two main areas: lateral entorhinal area (LEA) and medial
entorhinal area (MEA). Six layers were identified in the entorhinal
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cortex (LEA and MEA): molecular layer (layer I), stellate cell layer
(layer II), superficial pyramidal cell layer (Layer III), lamina dissecans
(layer IV), deep pyramidal cell layer (layer V), and polymorph cell
layer (layer IV; Figure 1).

Layer I was populated by a small number of sparse spheroidal
(Figure 2A; n=67 in LEA; n=61 in MEA), polygonal (Figure 2B;
n=69 in LEA; n=64 in MEA), and fusiform (Figures 2C,D; n=78 in
LEA; n=75 in MEA) neurons of small size. Fusiform neurons were
oriented horizontally (Figure 2C) or vertically (Figure 2D) with
respect to the cortical surface.

Layer II contained darkly stained neurons with a polygonal soma
(Figure 2E; n=170 in LEA; n=178 in MEA). Polygonal neurons were
usually aggregated into “islands” (Figure 2F). Pyramidal neurons
with the apical dendrite directed to the cortical surface could
be observed (Figure 2G; n=1,228 in LEA; n=1,136 in MEA). Layer
II also showed small spheroidal neurons (Figure 2H; n=361 in LEA;
n=354 in MEA) and medium-sized fusiform cells (Figure 2I;
n=114in LEA; n=111 in MEA).

Layer III was composed of a wide variety of neurons with a
pyramidal (Figure 3A; n=2,337 in LEA; n=2,298 in MEA), polygonal
(Figure 3B; n=391 in LEA; n=389 in MEA), fusiform (Figure 3C;
n=408 in LEA; n=391 in MEA), or spheroidal cell bodies (Figure 3D;
n=205in LEA; n=197 in MEA). Pyramidal neurons were the most
numerous and appeared densely packed in the inner part of the layer.

Layer IV (lamina dissecans) contained rare spheroidal (Figure 3E),
fusiform (Figure 3F), and polygonal (Figure 3G) neurons with a small
soma. However, darkly stained pyramidal neurons were observed
(Figure 3H).

Layer V showed large and darkly stained pyramidal neurons
(Figure 4A; n=3,528 in LEA; n=3,478 in MEA); interestingly, many
inverted pyramidal cells were also observed (Figure 4B; n=534 in LEA;
n=528 in MEA). Lightly stained neurons with a spheroidal (Figure 4C;
n=237 in LEA; n=240 in MEA), fusiform (Figure 4C; n=461 in LEA;
n=432 in MEA) or polygonal (Figure 4D; n=418 in LEA; n=402 in
MEA) morphology could be observed among the pyramidal cells.

Layer VI was composed of a variety of morphological cell types with
different sizes and spheroidal (Figure 4E; n=125 in LEA; n=124 in
MEA), polygonal (Figure 4F; n=361 in LEA; n=368 in MEA), fusiform

10.3389/fnana.2024.1321025

(Figure 4G; n=412 in LEA; n=406 in MEA), and pyramidal (Figure 4H;
n=1,469 in LEA; n=1,452 in MEA) morphology.

3.1.2 Regional organization

3.1.2.1 Lateral entorhinal area (LEA)

Layer I was thick. Layer II was narrower, the neurons stained
darker than in MEA, and many neurons were densely packed and
formed cell islands. Between layers IT and III there was a clear zone of
sparse cells. Neurons in layer III formed a continuous band. Layer IV
(lamina dissecans) was clearly visible. Neurons of layer V were
dispersed, whereas neurons of layer VI were more densely packed
than in layer V (Figure 1A).

3.1.2.2 Medial entorhinal area (MEA)

Layer I was very thick. Layer II neurons formed a discontinuous
band and were larger and stain darken than neurons of layer IIL Layer
III was much wider than layer II and contained neurons with a small
somata. Layer IV (lamina dissecans) was not very clearly visible. Layer
V contained large neurons, whereas layer VI exhibited smaller and
more densely packed neurons than layer V. Layers V and VI were
thinner than in LEA (Figure 1B).

The cortical layer thickness and the morphometric properties of
neurons in LEA and MEA are shown in Figures 5, 6.

3.2 Calcium-binding proteins in the
entorhinal cortex

Immunoreactivity for the three major calcium-binding proteins
(CR, CB, and PV) showed a prominent laminar distribution in the
dolphin entorhinal cortex (Figures 7, 8). Neurons immunostained for
CR and, to a lesser extent, CB were prevalent, whereas PV was present
in few neurons. The highest concentrations of PV-IR and CB-IR
neurons were found in layers II and III, whereas a large number of
neurons immunopositive for CR were found in the deep layers. In
addition, most of the large CR-IR pyramidal cells were found in the
deep layers, whereas most of the PV-IR non-pyramidal neurons were

FIGURE 1

bar =200 pm in B [applied to (A) and (B)].

Brightfield photomicrographs of thionin-stained coronal sections from lateral entorhinal cortex (LEA) (A) and medial entorhinal cortex (MEA) (B). Scale

il
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FIGURE 2

and (G-1)].

Brightfield photomicrographs of thionin-stained coronal sections from layers | (A—D) and Il (E-H) of the lateral entorhinal cortex (LEA) and medial
entorhinal cortex (MEA). Layer | contains spheroidal [arrowhead in (A), LEA], polygonal [arrowhead in (B), MEA], and fusiform [arrowhead in (C), LEA;

(D) MEA] nonpyramidal neurons. Fusiform neurons are oriented horizontally [arrowhead in (C)] or vertically [arrowhead in (D)] with respect to the
cortical surface. Layer Il shows darkly stained neurons with a polygonal cell body [arrowhead in (E), LEA], usually aggregated into “islands” [arrowhead
in (F), LEAL. Layer Il shows pyramidal neurons with the apical dendrite directed toward to the cortical surface [arrowhead in (G), MEAI, spheroidal
neurons [arrowhead in panel (H), LEA], and medium-sized fusiform cells [arrowhead in (I), MEA]. Scale bar =100 pm in (F); 20 um in (H) [applied to (A—E)

‘?"_.

found in the superficial layers. The distribution of the
immunoreactivities did not differ between LEA and MEA.

Neurons containing calcium-binding proteins were morphologically
heterogeneous and could be divided into two main categories: pyramidal
and non-pyramidal neurons. Non-pyramidal neurons could also
subdivided in spheroidal, polygonal and fusiform cells.

3.2.1 Pyramidal neurons

These cells, observed only in CB and CR preparations, had a
pyramidal cell body from which the dendrites extended for only a
short distance. The largest pyramidal neurons were observed in layers
V and VI (Figures 9A,B).

Non-pyramidal spheroidal neurons: These neurons had a small
spheroidal cell body that gave rise to a few thin dendrites (Figures 10A-C).

3.2.2 Non-pyramidal polygonal neurons

These cells had a polygonal soma of variable size and giving rise
to several dendrites of varying thickness (Figures 11A-C).
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3.2.3 Non-pyramidal fusiform neurons

These neurons had two dendrites emerging from opposite poles
of fusiform cell bodies. The dendrites often branched near the somata
(Figures 12A-C).

The morphometric characteristics of calcium-binding
proteins-IR neurons in LEA and MEA are reported in Figure 13.
The morphometric features of IR neurons were not statistically
different when comparing LEA with MEA. With the exception of
CB-IR neurons located in layer V, the mean perikaryal area of the
CBPs-IR polygonal neurons was significantly larger than that of
spheroidal neurons (p<0.001; Figure 13). Also, the mean
perikaryal area of pyramidal neurons immunoreactive for the CR
and CB was larger than that of other cell types. In layer IT of LEA
and MEA, pyramidal neurons IR for the CR are statistically
smaller than those IR for CB (p<0.001; Figure 13), whereas the
opposite was observed in layers V and VI (p <0.001; Figure 13).
Throughout the entorhinal cortex, the perikaryal size of the CR-IR
nonpyramidal neurons was statistically smaller than that of
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FIGURE 3

(H) [applied to (A—H)].

Brightfield photomicrographs of thionin-stained coronal sections of layers IIl (A=D) and IV (E-H) of the lateral entorhinal cortex (LEA) and medial
entorhinal cortex (MEA). Layer Ill is composed of pyramidal neurons [arrowhead in (A), LEA] and non-pyramidal neurons with a polygonal [arrowhead
in (B), MEA], fusiform [arrowhead in (C), LEAI, or spheroidal somata [arrowhead in (D), MEA]. Layer IV (lamina dissecans) contains spheroidal [arrowhead
in (E), LEA], fusiform [arrowhead in (F), LEA], polygonal [arrowhead in (G), LEA], and pyramidal neurons [arrowhead in (H), LEA]. Scale bar =20 pm in

nonpyramidal neurons immunoreactive for CB and PV (p <0.001;
Figure 13).

3.3 Laminar distribution of calcium-binding
proteins immunoreactive neurons in the
entorhinal cortex

3.3.1 Layer |

3311CR

Layer I contained some small or medium-sized CR-IR spheroidal
(n=15in LEA; n=13 in MEA), polygonal (n=16 in LEA; n=14 in
MEA), and fusiform neurons (n=19 in LEA; n=20 in MEA). Fusiform
cells appeared bipolar with horizontally oriented thin dendrites.

3.3.1.2CB

Scattered spheroidal (n=11 in LEA; n=13 in MEA), polygonal
(n=9 in LEA; n=12 in MEA) and fusiform (n=9 in LEA; n=10 in
MEA) small or medium-sized CB-IR neurons were observed in layer
L, their dendrites appeared mostly confined within the layer.
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3.3.1.3PV

Occasionally PV-IR neurons with spheroidal (n=>5 in LEA; n=4 in
MEA), polygonal (n=6 in LEA; n=4 in MEA), and fusiform (n=>5 in
LEA; n=5in MEA) somata were occasionally observed in layer I.

3.3.2 Layer Il

3.3.21CR

Small or medium sized CR-IR nonpyramidal neurons with
spheroidal (n=112 in LEA; n=117 in MEA), polygonal (n=51 in
LEA; n=47 in MEA) and fusiform (n=33 in LEA; n=39 in MEA)
somata were located in layer II. Large CR-IR pyramidal cells were also
observed (n=68 in LEA; n=65 in MEA).

3.322CB

Neurons immunoreactive for the CB were with a pyramidal
(n=51 in LEA; n=57 in MEA) spheroidal (n=83 in LEA;
n=287 in MEA), polygonal (n=74 in LEA; n=81 in MEA), and
fusiform (n=32 in LEA; n=41 in MEA) somata. Pyramidal
neurons were clustered and had an evident apical dendrite
directed into layer L.

frontiersin.org


https://doi.org/10.3389/fnana.2024.1321025
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org

Graic et al. 10.3389/fnana.2024.1321025

FIGURE 4

Brightfield photomicrographs of thionin-stained coronal sections from layers V (A—D) and VI (E—H) of the lateral entorhinal cortex (LEA) and medial
entorhinal cortex (MEA). Layer V shows large pyramidal neurons [arrowhead in (A), LEA]; interestingly, many inverted pyramidal cells are also present
larrowhead in (B), MEA]. Layer V contains non-pyramidal neurons with a spheroidal [arrowhead in (C), LEA], fusiform [arrow in (C), LEA], and polygonal
[arrowhead in (D), MEA] cell bodies. Layer VI contains neurons with a spheroidal [arrowhead in (E), LEA], polygonal [arrowhead in (F), MEA], fusiform
[arrowhead in (G), LEA], and pyramidal [arrowhead in (H), MEA] morphology. Scale bar = 20 pm in H [applied to (A-H)].
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FIGURE 5
Cortical layers thicknesses + standard deviation (SD) in lateral entorhinal area (LEA) and medial entorhinal area (MEA) of bottlenose dolphin.
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3.323PV

PV-IR neurons were non-pyramidal cells with a spheroidal
(n=41 in LEA; n=47 in MEA), polygonal (n=35 in LEA; n=37 in
MEA), and fusiform (n=33 in LEA; n=31 in MEA) morphology.
Fusiform neurons showed an evident somata.

3.3.3 Layer Il

3331CR

Layer III contained non-pyramidal cells with spheroidal
(n=62 in LEA; n=70 in MEA), polygonal (n=121 in LEA;
n=119 in MEA), and fusiform (n=130 in LEA; n=142 in MEA)
somata of various sizes and medium-sized pyramidal cells
(n=107 in LEA; n=106 in MEA).

3.332CB

CB-IR neurons located in layer III were morphologically similar
to those observed in CR preparations and showed a spheroidal
(n=1211in LEA; n=131 in MEA), polygonal (n=54 in LEA; n=58 in
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MEA), fusiform (n=71 in LEA; n=76 in MEA), and pyramidal
(n=44 in LEA; n=50 in MEA) cell bodies.

3.333PV

PV-IR neurons in layer III had a polygonal (n=52 in LEA; n=56 in
MEA) and, to a lesser extent, spheroidal (n=38 in LEA; n=39 in MEA)
and fusiform (n=40 in LEA; n=41 in MEA) morphologies.

3.3.4 Layer IV

Neurons immunoreactive for the three calcium-binding proteins
with spheroidal, polygonal, and fusiform cell bodies were seldom
observed in layer IV.

3.3.5 Layer V

3351CR

Layer V contained medium-sized non-pyramidal neurons with
spheroidal (n=74 in LEA; n=63 in MEA), polygonal (n=131 in LEA;
n=141 in MEA) or fusiform (n=150 in LEA; n=152 in MEA) cell
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FIGURE 7

Brightfield photomicrographs of immunohistochemically stained
sections demonstrating the distribution of calretinin (A), calbindin-
D28k (B), and parvalbumin (C) immunoreactivity in the lateral
entorhinal cortex. Scale bar =200 pm in (C) [applied to (A-C)I.

bodies and many pyramidal neurons (n =167 in LEA; n=157 in MEA)
with a large somata.

3.352CB

Few CB-IR neurons were observed in layer V as compared with
layers IT and III. These cells could be large pyramidal (n=13 in LEA;
n=17 in MEA) and non-pyramidal neurons with spheroidal (n=51 in
LEA; n=47 in MEA), polygonal (n=63 in LEA; n=68 in MEA) and
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FIGURE 8

Computer-generated plots demonstrating the distribution of
neurons immunoreactive for calretinin (A), calbindin-D28k (B), and
parvalbumin (C) in the lateral entorhinal cortex. Each dot represents
one immunopositive soma. Dashed lines delineate the different
layers which are labeled with Roman numerals. Neurons in the
putative layer IV were too sparse to be effectively represented here.
Scale bar =500 pm in (C) [applied to (A—C)].

fusiform (n=37 in LEA; n=35 in MEA) cells bodies. Pyramidal cells
are usually smaller than those observed in the CR preparation.

3.353PV

The few PV-IR neurons observed in layer V were only medium-
sized nonpyramidal cells with a spheroidal (n=27 in LEA; n=25in
MEA), polygonal (1=33 in LEA; n=34 in MEA), and fusiform
(n=35in LEA; n=32 in MEA) cell bodies.

3.3.6 Layer VI

3.36.1CR

Layer VI contained many large CR-IR pyramidal neurons
(n=62 in LEA; n=70 in MEA) with an evident apical dendrite. In
addition, layer VI contained medium-sized spheroidal (n=62 in LEA;
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FIGURE 9

Brightfield photomicrographs demonstrating pyramidal neurons (arrowheads) immunoreactive for calretinin (layer V) (A) and calbindin-D28k (layer V)

(B). Scale bar =20 pum in (B) [applied to (A,B)].

n=70 in MEA), polygonal (n=62 in LEA; n=70 in MEA), and
fusiform (n=62 in LEA; n=70 in MEA) non-pyramidal cells.

3.36.2CB

Layer VI showed the same morphologic types of CB-IR neurons
as reported in CR preparation: spheroidal (n=40 in LEA; n=39 in
MEA), polygonal (n=63 in LEA; n=73 in MEA), fusiform (n=11 in
LEA; n=13 in MEA) and pyramidal (n=14 in LEA; n=17 in MEA)
neurons. However, the pyramidal cells immunoreactive for the CB are
smaller than those positive for CR.

3.36.3PV

PV-IR non-pyramidal neurons had a medium sized somata with
a spheroidal (n=23 in LEA; n=23 in MEA) and fusiform (n=33 in
LEA; n=34 in MEA) morphology. Interestingly, large polygonal
non-pyramidal cells (n=31in LEA; n=33 in MEA) were also observed.

4 Discussion

In recent years, research on the neuroanatomical features of the
bottlenose dolphin has increased (Bombardi et al., 2010, 2011, 2013,
2021; Cozzi et al., 2014; Parolisi et al., 2015; Rambaldi et al., 2017;
Sacchini et al., 2018, 2022; Graic et al., 2021, 2022; Gerussi et al.,
2023). In particular, the precise topographical and functional
identification of the dolphin neocortical areas, and their comparison
with those of terrestrial mammals, is challenging. Previous studies
have mapped the principal motor and sensory areas in common and
bottlenose dolphins (Lende and Akdikmen, 1968; Morgane et al.,
1980; Ridgway, 1990; Cozzi et al,, 2017). A recent study identified the
dolphin equivalent of the human prefrontal cortex in the bottlenose
dolphin (Gerussi et al., 2023). Overall, however, considered in as a
whole, several features of the dolphin brain remain poorly documented
compared to other mammals. However, these studies were primarily
cytoarchitectural ~ determinations and did not report
immunocytochemical characteristics of the neurons in the entorhinal
and limbic regions. The entorhinal area is strongly connected with the
hippocampal formation in terrestrial mammals, including
Artiodactyls (Amaral et al., 1987; Carboni et al., 1990; Insausti, 1993;
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Insausti et al., 1997; Kerr et al., 2007; Insausti and Amaral, 2008, 2012;
Witter, 2012; Cappaert Van Strien and Witter, 2015; Maass et al., 2015;
Witter et al., 2017). The hippocampal formation of dolphins and
whales is very small (Morgane et al., 1982; Oelschlager and Buhl, 1985;
Oelschlager and Buhl, 1985; Morgane and Jacobs, 1986), leading many
authors to propose that the organization of the central part of the
limbic system differs significantly from that of terrestrial mammals.
Since dolphins lack olfaction [for reference see Cozzi et al. (2017)], the
absence of an olfactory bulb raises interest in the entorhinal cortex. In
addition, the study of the entorhinal cortex in cetaceans is particularly
interesting given the presence of a small hippocampal formation in
these animals. In the present study, we report that the dolphin
entorhinal cortex, as in terrestrial mammals, is composed of six layers,
of which layer IV (lamina dissecans) contains rare and irregularly
distributed neurons [for details on this entorhinal layer, reference and
review see Insausti et al. (2017)]. The classical mammalian entorhinal
cortex consists of two divisions: LEA and MEA. This bipartition has
been widely used because of LEA and MEA can be easily distinguished
by their respective distinct cytoarchitecture. Although several
subsequent studies have shown that the entorhinal cortex of primates
and rodents can be further partitioned (Insausti et al., 1997; Insausti
and Amaral, 2008; Witter, 2012; Cappaert Van Strien and Witter, 2015;
Witter et al,, 2017; Piguet et al., 2018), here we utilized the traditional
subdivision considering that the bottlenose dolphins is a relatively
new species to describe. Specifically, our cytoarchitectural analysis
shows that the two recognized subdivisions, LEA and MEA. can
be easily identified in the bottlenose dolphin, as in terrestrial mammals
(Kobro-Flatmoen and Witter, 2019). Layer II is more clearly
demarcated in LEA than in MEA; in addition, the boundary between
layers IT and III is very sharp in LEA. The cell-sparse zone between
layers IT and III was named external lamina dissencans by Jacobs et al.
(1979). The neurons in layer II of LEA are clustered in islands and
smaller than in the MEA. The layer IV (lamina dissecans) of the the
MEA is less distinct than in the LEA, whereas layers V (thicker in the
LEA than in the MEA) and VI (thicker in the LEA than in the MEA)
were slightly better differentiated from each other in the MEA than in
the LEA. Overall, the general appearance of the dolphin entorhinal
cortex is similar to that observed in terrestrial mammals; however,
layer is characteristically thicker VI in the dolphin LEA than in other
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FIGURE 10

Brightfield photomicrographs demonstrating non-pyramidal
spheroidal neurons (arrowheads) immunoreactive for calretinin (layer
V) (A), calbindin-D28k (layer Ill) (B), and parvalbumin (layer II) (C).
Scale bar =20 pm in (C) [applied to (A-C)].

FIGURE 11

Brightfield photomicrographs demonstrating non-pyramidal
polygonal neurons (arrowheads) immunoreactive for calretinin (layer
V) (A), calbindin-D28k (layer IlI) (B), and parvalbumin (layer Il1) (C).
Scale bar =20 pum in (C) [applied to (A-C)].

mammals (Morgane and Glezer, 1990). We also emphasize the
importance of layer II in the thalamo-related circuitry of Artiodactyls
(Peruffo et al., 2019), its role as a potential reservoir of immature
neurons, and its progressive increase in neuronal density in large-
brained species such as the bottlenose dolphin (La Rosa et al., 2020).

We also examined the distribution of CBPs in the entorhinal
cortex of the bottlenose dolphin. CBPs, such as CR, CB, and PV have
been observed in the entorhinal cortex of different species and found
to be localized in morphologically distinct populations of neurons
(Tufidn et al., 1992; Schmidt et al., 1993; Seress et al., 1994; Wouterlood
et al., 1995, 2000; Fujimaru and Kosaka, 1996; Miettinen et al., 1996,
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1997; Mikkonen et al., 1997; Berger et al., 1999; Suzuki and Porteros,
2002; Grateron et al., 2003; Kobro-Flatmoen and Witter, 2019). These
proteins are also colocalize with y-aminobutyric acid (GABA) and can
be used as proxy markers of local circuit interneurons (Kobro-
Flatmoen and Witter, 2019). CBPs have been studied in the dolphin
brain (Glezer et al., 1992, 1993, 1995, 1998; Hof et al., 2000; Cozzi
et al,, 2014; Graic et al,, 2022), but information on their presence in
the entorhinal cortex is limited. In our experimental series, CR-ir and
CB-ir neurons were always easily identified. The majority of the CB-ir
cells were confined to the superficial layers, whereas the CR-ir neurons
were distributed throughout all the cortical columns of the entorhinal
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FIGURE 12

Brightfield photomicrographs demonstrating nonpyramidal fusiform
neurons (arrowheads) immunoreactive for calretinin (layer Il) (A),
calbindin-D28k (layer I1) (B), and parvalbumin (layer II) (C). Scale

bar =20 pm in (C) [applied to (A-C)].

cortex. CR-ir and CB-ir neurons were far more present, and
consequently distinct, than PV-ir neurons, which were localized
mainly in superficial layers I and IIL. The data that we report here
confirm numerous previous experiments using CBPs in different areas
of cetacean brain (Hof et al., 1992, 2000; Glezer et al., 1993, 1995; Hof
and Sherwood, 2005), as well as evidence showing that PV
immunostaining was scarce or utterly absent in the cetacean cortex
(Glezer et al., 1998; Cozzi et al., 2014; Graic et al., 2021).
Immunoreactivity for the CR and the CB neurons was observed
in both pyramidal and non-pyramidal neurons, but the PV was only
expressed only in non-pyramidal neurons. Pyramidal neurons
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expressed both CB and CR in layers IL, III, V, and IV. However, there
was a population of large pyramidal-shaped CR-ir neurons in layers
V and VI that were significantly larger than those observed in the
same layers of CB preparations. In addition, we identified three main
types of non-pyramidal CBPs-ir neurons: spheroidal, polygonal, and
fusiform. Non-pyramidal neurons immunoreactive for CR, CB, and
PV are similar, except for fusiform neurons containing CR, which
were usually smaller than those immunoreactive for CB and,
especially, PV. The presence of CR-ir neurons strongly suggests a
GABAergic neuronal population (Glezer et al., 1992). Their presence
may also indicate that the absence of a distinct layer IV, as generally
expressed in the primate and rodent neocortex, could be replaced here
by a diffuse band of GABAergic/CR-ir neurons (Graic et al., 2021),
although this specific aspect required further investigation. Overall,
our observations, combined with those concerning the laminar
distribution, suggest that PV, CB, and CR are primarily localized in
non-overlapping neuronal populations in the dolphin
entorhinal cortex.

Our immunohistochemical observations are consistent with
previous studies in rodents and primates (Tunon et al., 1992; Schmidt
etal., 1993; Seress et al., 1994; Wouterlood et al., 1995, 2000; Fujimaru
and Kosaka, 1996; Miettinen et al., 1996, 1997; Mikkonen et al., 1997;
Berger et al., 1999; Suzuki and Porteros, 2002; Grateron et al., 2003;
Kobro-Flatmoen and Witter, 2019). As in terrestrial mammals, CB
and PV are primarily expressed in neurons located in layers IT and III,
whereas the CR-ir neurons are distributed throughout the layers, and
especially in layers V and VL. Studies in terrestrial mammals (Kobro-
Flatmoen and Witter, 2019) show that layer I is devoid of PV-ir
neurons, but in our study layer I of the dolphin entorhinal cortex
contained PV-ir neurons.

In rodents and primates, the distribution of CBPs-ir neurons is
highly dependent on the entorhinal subfield analyzed (Tunon et al.,
1992; Schmidt et al., 1993; Seress et al., 1994; Wouterlood et al., 1995,
2000; Fujimaru and Kosaka, 1996; Miettinen et al., 1996, 1997;
Mikkonen et al., 1997; Berger et al., 1999; Suzuki and Porteros, 2002;
Grateron et al., 2003; Kobro-Flatmoen and Witter, 2019). However,
in the present study in the bottlenose dolphin, we noted some
differences between the cytoarchitectonic organization of the LEA
and MEA (see above), but the distribution of the immunoreactivity
for the CR, CB and PV was similar in the two subdivisions of
the periarchicortex.

Layers I and III of the entorhinal cortex provide the main cortical
input to the hippocampal formation, while layers V and VI receive
information from the hippocampal formation and transmit it to the
neocortex and other brain structures (Witter and Amaral, 1991;
Insausti et al., 1997; van Groen et al., 2003; Kerr et al., 2007; Witter,
2007, 2012; Insausti and Amaral, 2012; Cappaert Van Strien and
Witter, 2015; Witter et al., 2017). Our results indicate that calcium-
binding protein neurons in the dolphin entorhinal cortex are located
in the interface between entorhinal input and output pathways. CB-ir
pyramidal neurons in layers II and IIT may harbor output neurons that
project through the perforant pathway to the dentate gyrus and CA1-3
regions of the hippocampus proper. Taken together, our data suggest
that pyramidal neurons immunoreactive for the CR in layers V and
VI could be projection neurons involved in signal flow between
different regions of the hippocampal formation. Non-pyramidal PV-ir
neurons, together with those immunoreactive for CB and CR, could
act as local interneurons that directly or indirectly regulate the activity
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FIGURE 13
entorhinal area (LEA) and medial entorhinal area (MEA) of bottlenose dolphin. For the explanations see the text.
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of projection cells. Contemplating the entorhinal cortex contextually,
since the seminal work from Hafting and colleagues (Hafting et al.,
2005) describing a topographical orientation map in the entorhinal
cortex of rodents, the entorhinal cortex of cetaceans, a taxa that lives
in the ocean with very few external landmarks, could prove to be a
very interesting comparative neuroanatomical example. As mentioned
in the introduction, dolphins do not possess an olfactory bulb and are
indeed deprived of olfaction [but not necessarily of chemoreception;
for reference see Cozzi et al. (2017)]. This lack of function may call
into question the role of the entorhinal formation and lamina
dissecans in cetaceans, as they are usually considered in terrestrial
mammals. A working hypothesis is that the entorhinal formation may
be the target of projections originating from other sensory areas,
possibly related to the establishment of connections to and between
the amygdalae. The topography of the sensory areas responsible for
echolocation, which map and interpret sound emission and perception
into distance and shape, is currently uncertain at best. A recent study
(Gerussi et al., 2023) found that the dolphin prefrontal cortex occupies

Frontiers in Neuroanatomy

the cranio-lateral, ectolateral and opercular gyri, with projections
involving lateral and ventral parts of the forebrain, hence close to the
area presently discussed. A specific study using tractography may help
the issue and evaluate the contribution of the entorhinal area to the
rest of the cerebral network in dolphins.
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Distribution of vasoactive intestinal peptide (VIP)
immunoreactivity in the rat pallial and subpallial
amygdala and colocalization with y-aminobutyric
acid (GABA)
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*Department of Veterinary Medicine, of distinct nuclear and cortical pallial and subpallial structures. The amygdala plays
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Vet v an important role in several complex functions including emotional behavior and
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and Food Science, University of Padova, learning. The expression of calcium-binding proteins and peptides in GABAergic

Legnaro, Italy neurons located in the pallial and subpallial amygdala is not uniform and is some-
times restricted to specific groups of cells. Vasoactive intestinal polypeptide (VIP) is
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C. Bombardi, Department of Veterinary present in specific subpopulations of GABAergic cells in the amygdala. VIP immu-
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SHS e o basolateral and central amygdala. However, a comprehensive analysis of the distri-
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bution of VIP immunoreactivity in the various pallial and subpallial structures is
currently lacking. The present study used immunohistochemical and morphomet-
ric techniques to analyze the distribution and the neuronal localization of VIP
immunoreactivity in the rat pallial and subpallial amygdala. In the pallial amyg-
dala, VIP-IR neurons are local inhibitory interneurons that presumably directly
and indirectly regulate the activity of excitatory pyramidal neurons. In the subpal-
lial amygdala, VIP immunoreactivity is expressed in several inhibitory cell types,
presumably acting as projection or local interneurons. The distribution of VIP
immunoreactivity is non-homogeneous throughout the different areas of the amyg-
daloid complex, suggesting a distinct influence of this neuropeptide on local
neuronal circuits and, consequently, on the cognitive, emotional, behavioral and
endocrine activities mediated by the amygdala.

KEYWORDS

amygdaloid complex, behavior, GABA, immunohistochemistry, immunoperoxidase

1 | INTRODUCTION and immunohistochemical features. Current neuro-

chemical, functional, and developmental data suggest
The rat amygdaloid complex (or amygdala) is composed of  that the amygdala comprises pallial and subpallial struc-
nuclei and cortical areas defined by specific cytoarchitectural tures. The pallial amygdala is composed of cells derived
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from the neuroepithelium of the embryonic pallium and
ganglionic eminences. Cells of the subpallial amygdala
are generated from the telencephalic subpallium
(Garcia-Lopez et al., 2007; Martinez-Garcia et al., 2002,
2007; Medina et al., 2004; Puelles et al., 2000; Real et al.,
2009; Swanson & Petrovich, 1998; Tole et al., 2005). The
pallial amygdala consists of deep and superficial
(or cortical) nuclei. The deep pallial nuclei include the
basolateral amygdala, the anterior amygdaloid area
(dorsal part), and the amygdalohippocampal area (lat-
eral and medial subdivisions). The basolateral amygdala
includes the lateral (dorsolateral, medial, and ventrolateral
subdivisions), basal (magnocellular, intermediate, and par-
vicellular subdivisions), and accessory basal (magnocellu-
lar and parvicellular subdivisions) nuclei. The superficial
pallial nuclei consist of the nucleus of the lateral olfactory
tract, the anterior cortical nucleus, the bed nucleus of the
accessory olfactory tract, the periamygdaloid cortex (peria-
mygdaloid cortex [PAC], medial [PACm], and sulcal
[PACs] subdivisions), and the posterior cortical nucleus.
The subpallial amygdala, also known as the extended
amygdala (Martinez-Garcia et al., 2008), includes the
medial nucleus (rostral, central [dorsal and ventral parts],
and caudal subdivisions), the central nucleus (lateral,
intermediate, capsular, and medial subdivisions), the bed
nucleus of the stria terminalis (medial and lateral subdivi-
sions) (Alheid, 1995; McDonald, 2003), and the interca-
lated nuclei (Garcia-Lopez et al., 2008; Guirado et al.,
2008; Martinez-Garcia et al., 2002, 2007, 2008; Medina
et al.,, 2004; Puelles et al.,, 2000; Real et al., 20009;
Swanson & Petrovich, 1998; Tole et al., 2005). In the pre-
sent study, the nomenclature of nuclear subdivisions is
based on Pitkédnen and Kemppainen (2002). The amygda-
loid complex is implicated in diverse behavioral functions
ranging from the recognition of emotionally significant
stimuli to the regulation of declarative memory. In addi-
tion, the amygdala is also involved in the regulation of
innate processes such as sexual and aggressive behaviors
(Aggleton, 2000). Immunohistochemical studies have sug-
gested that the amygdala contains a heterogeneous popu-
lation of neurons that show cortical-like or striatal-like
features. These latter cells can be classified based on their
immunoreactivity for calcium-binding protein (calbindin-
D28k, parvalbumin, and calretinin) and neuropeptides
(somatostatin, neuropeptide Y, and cholecystokinin)
(Amaral et al, 1989; Mascagni et al, 2009;
McDonald, 1994; McDonald et al.,, 1995; McDonald &
Augustine, 1993; Pitkanen & Amaral, 1994; Pitkinen &
Amaral, 19932, 1993b). In the amygdala there is a subpop-
ulation of inhibitory neurons that contain vasoactive intes-
tinal peptide (VIP). VIP is a 28-amino acid neuropeptide
widely distributed in both the central and peripheral ner-
vous systems that exerts its physiological actions through

specific membrane receptors belonging to the superfamily
of G protein-coupled receptors (GPCRs) (Fahrenkrug
et al., 2000; Harmar et al., 1998; Laburthe et al., 2002). Sig-
nificant functional and pharmacological evidence indicates
that VIP is clearly involved in the regulation of synaptic
transmission, acting as a neurotransmitter or neuromodu-
lator (Borghi et al., 1979; Pawelzik et al, 1992; Sun
et al., 2003). VIP-IR neurons are widely distributed in the
telencephalon, with their highest distribution in the cortex
and hippocampal region. Accordingly, VIP signaling path-
ways are implicated in the regulation of cognitive func-
tions and behavioral activities (Chaudhury et al., 2008;
Cottrell et al., 1984; Flood et al., 1990; Itoh et al., 1994) as
well as emotional and neuroendocrine activities (Bechtold
et al., 2008; Chaudhury et al, 2008; Cozzi, 1999;
Gozes, 2008; Loh et al., 2008).

In the neocortex and hippocampal formation, VIP-
immunoreactive (IR) neurons control local microcir-
cuits by preferentially targeting other GABAergic
interneurons (Freund & Buzsaki, 1996; Lim et al., 2018;
Pelkey et al., 2017). Accordingly, these cells can mediate
the disinhibition of principal excitatory cells (Rhomberg
et al., 2018). In the neocortex, nonpyramidal cells con-
taining calretinin (CR) show a high degree of colocaliza-
tion with VIP, and CR-IR axon terminals form many
symmetric synapses in the rat and human cortex
(DeFelipe, 1997). Previous immunohistochemical studies
demonstrated the presence of several VIP-immunolabeled
neurons in the basolateral and central amygdala. VIP-IR
neurons in the rat basolateral amygdala are small bipolar
and bitufted GABAergic interneurons that may also con-
tain CCK or CR and innervate both pyramidal and non-
pyramidal neurons (Mascagni & McDonald, 2003;
McDonald, 1985; Muller et al., 2003). More recently,
similar results were obtained in the mouse basolateral
amygdala, where VIP-IR neurons were found to be bas-
ket cells (Rhomberg et al., 2018). In the central nucleus
VIP-IR neurons had a multipolar or bipolar morphology
(Cassell & Gray, 1989).

The present study aims at: (i) corroborate these previ-
ous results; (ii) identify any morphological types of VIP-
IR neurons in the whole amygdaloid complex; and
(iii) obtain quantitative data on their intradivisional
and laminar distribution. Here, we applied immunohisto-
chemical techniques to analyze morphology, morphomet-
rics, and distribution of neurons in the rat pallial and
subpallial amygdala that exhibited VIP immunoreactiv-
ity. Consequently, the morphological feature of VIP-IR
neurons was correlated to the types of neurons character-
ized by Golgi stains, as described in the literature. Fur-
ther, the coexistence of VIP with GABA in the lateral
nucleus was studied using also double-labeling immuno-
fluorescence microscopy.
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2 | MATERIALS AND METHODS

2.1 | Animals and fixation

Eight male Wistar rats (290-360 g) were used in this
study. All animal procedures were conducted in accor-
dance with the guidelines of the European Community
Council Directives 219 86/609/EEC. To enhance the
concentration of VIP and y-aminobutiric acid (GABA)
in somata, four rats received an injection (15 pL) of
colchicine (1 mg/100 pL in saline, Sigma Chemical Co.,
221 #C-9754, St. Louis, MO) into the left lateral
ventricle 48 h before sacrifice. Non-colchicine-injected
rats (n = 4) were deeply anesthetized with a mixture
(4.0 mL/kg) of sodium pentobarbital (48 mg/kg) and
chloral hydrate (40 mg/kg; intraperitoneally) and were
perfused through the ascending aorta by using a peri-
staltic pump (flow rate 30-35 mL/min) as follows: 0.9%
saline (+4°C) for 2 min, followed by a solution of 4%
paraformaldehyde in 0.1 M sodium phosphate buffer,
pH 7.4 (flow 230 rate 10 mL/min) for 30 min.
Colchicine-injected rats (n = 4) were perfused intracar-
dially with 0.9% saline for 2 min, followed by a solution
of 4% paraformaldehyde and 0.2% glutaraldehyde in
0.1 M sodium phosphate buffer, pH 7.4 (flow rate
10 mL/min) for 30 min. The brains were removed from
the skull and postfixed in the final fixative for 2-4 h.
The brains were then cryoprotected in 20% glycerol in
0.02 M potassium phosphate-buffered saline 235 (KPBS)
(pH 7.4) at +4°C for 48 h, frozen in dry ice, and stored
at —70°C. Brains were cut in the coronal plane at 30-pm
section thickness on a freezing sliding microtome. The
sections were stored in a tissue-collecting solution (TCS:
30% ethylene glycol, 25% glycerol in 0.05 sodium phos-
phate buffer) at —20°C (for immunohistochemical stain-
ing) in 10% formalin at room temperature (for thionine
staining) until processed.

We underline that colchicine pre-treatment increases
the concentration of the VIP and GABA in the neuronal
somata. Besides, strong GABA immunoreactivity also
requires the addition of glutaraldehyde to the fixative.
Consequently, double-immunofluorescence experiments
examining the coexistence of VIP with GABA require
brains treated with colchicine and fixed with glutaralde-
hyde. To verify that the glutaraldehyde used to obtain
robust GABA immunoreactivity did not significantly affect
the VIP immunostaining, the immunoperoxidase experi-
ments were carried out in brains fixed with or without glu-
taraldehyde. The VIP immunoreactivity did not differ
significantly in brains fixed with two different fixatives. As
reported in the results, colchicine injections did not
increase the numbers of VIP-IR neurons but intensified
the cell bodies' immunostaining.

2.2 | Immunoperoxidase staining

This experiment used colchicine and non-colchicine-
injected rats (to compare the effect of colchicine and glu-
taraldehyde on VIP-immunostaining). Sections were
stained for VIP using two primary antibodies: a mouse
monoclonal antibody (sc-25,347, Santa Cruz Biotechnol-
ogy, USA) and a rabbit polyclonal antibody (code 20077,
Immunostar, USA). The final concentrations of both pri-
mary antibodies were established by performing immuno-
peroxidase using different dilution patterns. The free-
floating coronal sections were collected from TCS and
washed three times (10 min each time) in 0.02 M KPBS,
pH 7.4. To eliminate endogenous peroxidase activity, the
sections were treated with 1% H,O, in H,O for 15-30 min,
and then rinsed six times in 0.02 KPBS. To reduce nonspe-
cific binding, the sections were incubated in a solution
containing 10% normal horse serum (Colorado Serum Co.,
Denver, CO, #CS 1324) (for mouse monoclonal antibody)
or 10% normal goat serum (Colorado Serum Co., Denver,
CO, #CS 2530922) (for rabbit polyclonal antibody) and
0.5% Triton X-100 in 0.02 M KPBS for 2 h at room temper-
ature. Thereafter, the sections were incubated in a solution
containing mouse monoclonal antibody anti-VIP (diluted
1:500) or rabbit polyclonal antibody anti-VIP (diluted
1:1000), 0.5% Triton X-100, and 1% normal horse serum
(for mouse monoclonal antibody) or 1% normal goat
serum (for rabbit polyclonal antibody) for 48 h at 4°C. Fol-
lowing incubation in the primary antiserum, the sections
were washed three times for 10 min each in 0.02 M KPBS
containing 2% normal horse serum (for mouse monoclonal
antibody) or 2% normal goat serum (for rabbit polyclonal
antibody). The sections were incubated in a solution con-
taining horse biotinylated anti-mouse (1:200, Vector, Bur-
lingame, CA, BA-2000) (for mouse monoclonal antibody)
or goat biotinylated anti-rabbit (1:200, Vector, Burlingame,
CA, BA-1000) (for rabbit polyclonal antibody), 1% normal
horse (for mouse monoclonal antibody) or 1% normal goat
serum (for rabbit polyclonal antibody), and 0.3% Triton
X-100 in 0.02 M KPBS, pH 7.4 for 60 min at room temper-
ature. The sections were again washed three times for
10 min each in 0.02 M KPBS containing 2% normal horse
serum (for mouse monoclonal antibody) or 2% normal
goat serum (for rabbit polyclonal antibody) and transferred
to avidin-biotin (ABC) solution for 45 min at room tem-
perature. After the washes in 0.02 M KPBS containing 2%
normal horse serum (for mouse monoclonal antibody) or
2% normal goat serum (for rabbit polyclonal antibody), the
sections were recycled in the specific secondary antibody
solution for 45 min, and then in the ABC solution for
30 min. The sections were washed three times in 0.02 M
KPBS, pH 7.4, and immunoperoxidase reaction was devel-
oped in a solution containing 3,3'-diaminobenzidine
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(DAB; 273 0.05%, Pierce, #34001, Rockford, IL) and H,O,
(0.04%) in 0.02 M KPBS. After washing, the sections were
mounted onto gelatin-coated slides, dried overnight at
37°C, defatted, and intensified, according to Lewis et al.
(1986), with OsO,4 (0.005%, Electron Microscopy Sciences,
#19130, Ft. 276 Washington, PA) and thiocarbohydrazide
(0.05%, Electron Microscopy Sciences, #21900), and cover-
slipped with DePeX (BDH Laboratory Suplies Poole,
England).

2.3 | Double immunohistochemistry

This experiment used only colchicine-injected rats perfused
with 0.2% of glutaraldehyde. The final concentrations of pri-
mary antibodies were established by performing double-
immunofluorescence using different dilution patterns.
Free-floating sections were washed in 0.05 Tris-buffered
saline (TBS), pH 7.4 at room temperature (three times,
10 min each). To reduce nonspecific binding, free-floating
sections were incubated in 10% normal goat serum
(Colorado Serum Co., Denver, CO, #CS 0922) and 0.5% Tri-
ton X-100 in 0.05 M TBS for 40 min at room temperature.
Thereafter, sections were washed in a solution containing
1% normal goat serum and 0.5% Triton X-100 in 0.05 M
TBS. To assess colocalization of the VIP in GABAergic neu-
rons, the sections were incubated for 2 days at 4°C in a mix-
ture of primary antibodies: rabbit polyclonal antibody anti-
VIP (diluted 1:500, code 20077, Immunostar, USA) together
with mouse monoclonal antibody anti-GABA (diluted
1:500, Sigma #A 0310) which were dissolved in 1% normal
goat serum (Colorado Serum Co., Denver, CO, #CS 0922)
and 0.5% Triton X-100 in TBS. After washing (1% normal
goat serum, 0.5% Triton-X 100 in TBS), the sections were
incubated overnight in a secondary antibody solution con-
taining Alexa 488-conjugated goat anti-mouse IgG (1:400,
Molecular Probes, #A11029, Leiden, the Netherlands),
Alexa 594-conjugated goat anti-rabbit IgG (1:400, Molecular
Probes, #A11037, Leiden, the Netherlands), 1% normal goat
serum, and 0.5% Triton X-100 in 0.05 M TBS. Sections were
then washed with 0.05M Tris, pH 7.4, and mounted on
glass microscope slides (Super Frost Plus, Menzel-Glaser
303 #J1800AMNZ), dried, and coverslipped using Vecta-
shield Mounting Medium (#H-1000, Vector 304 Laborato-
ries, Burlingame, CA).

2.4 | Other staining

To help identify the cytoarchitectural boundaries of different
amygdaloid nuclei, one series of sections was stained with
thionin as follows. Sections were taken out of the 10% form-
aldehyde solution, mounted on gelatin-coated slides, and

dried overnight at 37°C. Sections were defatted 1 h in a mix-
ture of chloroform/ethanol 100% (1:1), and then rehydrated
through a graded series of ethanol, 2 x 2 min in 100% etha-
nol, 2 min in 96% ethanol, 2 min in 70% ethanol, 2 min in
50% ethanol, 2 min in dH20, and stained 30 s in a 0.125%
thionin (Fisher Scientific) solution, dehydrated and cover-
slipped with DPX (BDH Laboratory Suplies Poole, England).

2.5 | Specificity of antibodies

The mouse monoclonal antibody anti-VIP (sc-25,347,
Santa Cruz Biotechnology, USA) is raised against amino
acids 1-95 of VIP of human origin. The specificity of this
antibody was determined in Western blot analyses and in
the positive test control conducted by the manufacturer.
The specificity of the rabbit polyclonal antibody anti-VIP
(code 20077, Immunostar, USA antibody) was determined
previously using preadsorption tests conducted by the
manufacturer. We confirmed the specificity of VIP
immunostaining by absorption test using 5-10 pg/mL
of synthetic peptides (Sigma-Aldrich, V6130). The spec-
ificity of mouse monoclonal antibody anti-GABA has
been previously characterized (Benson et al., 1992;
Storm-Mathisen et al., 1983). For immunoperoxidase
experiment, the omission as well as the replacement of the
secondary antibodies with inappropriate secondary anti-
bodies resulted in elimination of all immunohistochemical
staining. For double immunofluorescence experiment, the
controls included omission of one of the two primary anti-
bodies, both primary antibodies, both primary and second-
ary antibodies, and all combinations of omission of one or
both secondary antibodies.

2.6 | Analysis of sections

Sections stained using immunoperoxidase were ana-
lyzed using a Leica DMRB microscope. Brightfield
images were recorded with a Polaroid DMC digital cam-
era (Polaroid Corporation, Cambridge, MA, USA) and
DMC?2 software (Polaroid Corporation, Cambridge, MA,
USA). To calculate the relative density of VIP-IR cell
bodies in the different amygdaloid nuclei and their subdi-
visions, immunostained neurons were plotted bilaterally
in every fifth section throughout the amygdaloid complex
with a computer-aided digitizing system (AccuStage 5.1,
St. 339 Shoreview, MN). Camera lucida drawings from the
adjacent thionin-stained sections were used to define the
outline of the nuclei and their subdivisions. Outlines were
superimposed on computer generated plots by using Corel
Draw X3 (Corel Corporation, Ottawa, Ontario, Canada).
Cell counts and the relative density of VIP-IR neurons
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(neurons/mm?®) were obtained in each section separately.
A mean relative density of immunostained neurons was
then calculated from all successive sections where the
nucleus or subdivision appeared.

AxioVision Rel.4.8 software (Zeiss) was utilized for
morphometrical and morphological analysis of the VIP-IR
neurons in the following representative pallial amygdalar
area: lateral nucleus (dorsolateral, medial and ventrolat-
eral divisions) and posterior cortical nucleus (layers I, II,
and III). In particular, for each animal, the perikaryal
areas of VIP-IR cell bodies of four non-consecutive sec-
tions of each amygdalar area were measured after manual
tracing of the cell body outline. Data were expressed as
mean + standard deviation (SD). In the lateral nucleus
(dorsolateral, medial, and ventrolateral divisions) and pos-
terior cortical nucleus (layers I, II, and III), the percentage
of different morphological VIP-IR cell types has been
reported. In each amygdaloid nucleus/area, the intensity
(density) of neuropil staining was evaluated by subjective
observations and expressed as very +-+-++ high, +++
high, ++ moderate, ++, + low, - absent.

Double immunofluorescence sections were analyzed
with a Nikon H550L (Nikon Instruments, Tokyo, Japan)
equipped with the appropriate filter cubes for immunoflu-
orescence. We used the FITC filter for Alexa 488 (Ex 465-
495; DM 505; BA 515-555) and the TRITC filter for Alexa
594 (EX 540/25; DM 565; BA 605-655). For immunofluo-
rescence analysis, the neurons were first located by the
presence of a fluorophore, which labeled one antigen, and
the filter was then switched to a fluorophore specific for a
different wavelength to determine whether or not the neu-
ron was labeled for a second antigen. In this way, the pro-
portions of neurons labeled for pairs of antigens or a single
antigen were determined in four rats. Bilateral colocaliza-
tion studies were assessed at the various rostrocaudal
levels of the lateral nucleus. In particular, counts of single-
and double-labeled neurons were carried out in five non-
consecutive sections obtained from —2.12 to —4.16 bregma
levels of each rat brain.

Contrast and brightness were adjusted to reflect the
appearance of the labeling seen through the microscope
using Adobe Photoshop CS3 Extended 10.0 software
(Adobe Systems, San Jose, CA).

3 | RESULTS

3.1 | General characteristics of VIP
immunoreactivity

VIP-IR neurons were distributed throughout the rostro-
caudal extension of the amygdala (Figure 1a-d). In many
amygdaloid nuclei/areas, neuronal labeling was particularly

somatodendritic and the immunoreactivity was cytoplas-
mic. However, immunolabeled axon-like processes could be
seen, especially in the central nucleus. The morphology of
VIP-IR neurons is described in detail below. Neuropil label-
ing density consisted of diffuse staining and neuronal pro-
cesses (dendrites and axons). The diffuse labeling could not
be associated with any specific neuronal elements and the
dendrites were devoid of immunopositive spines. Colchicine
injections did not increase the number of VIP-IR neurons
but did increase cell body immunostaining. Monoclonal
and polyclonal antibodies against VIP produced the same
immunostaining. The distribution of VIP-IR neurons in dif-
ferent nuclei and regions of the rat amygdala is shown in
Figure 2.

3.2 | Pallial amygdala

3.21 | Morphology of VIP-IR neurons

On the basis of cell body and dendritic tree characteris-
tics, VIP-IR neurons observed in the pallial amygdala
(excluding the anterior amygdaloid area) were classified
into four morphological types: multipolar polygonal,
multipolar spheroidal, bipolar, and tufted neurons. These
cells had a small cell body with a different dendritic
pattern.

Multipolar polygonal neurons exhibited a small angu-
lar or polygonal (sometimes triangular) cell body and
three to five aspiny primary dendrites of variable thick-
ness (Figure 3a).

Multipolar spheroidal neurons had a small roundish
or ovoid somata that emitted from three to five thin
aspiny primary dendrites of approximately equal thick-
ness (Figure 3b).

Bipolar neurons had a small ovoid or spindle-shaped
somata from which emanated two thin aspiny primary
dendrites emerged from their opposite poles (Figure 3c).

Tufted neurons had a small-sized ovoid or fusiform
cell body with one (single tufted neurons) or, more
rarely, two (bitufted neurons) tufts of primary dendrites
arising from opposite poles of the somata (Figure 3d).

The relative density and morphometric characteristics
of VIP-IR neurons in different amygdaloid nuclei and
nuclear subdivisions are summarized in Tables 1 and 2.

3.3 | Deep pallial nuclei

VIP-IR neurons were observed throughout the deep pal-
lial nuclei and were particularly numerous in the amyg-
dalohippocampal area (Table 1). These cells had the
characteristic morphological hallmarks of GABAergic
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(a) .

FIGURE 1

Brightfield photomicrographs of four coronal sections showing the distribution of vasoactive intestinal polypeptide (VIP)

immunoreactivity in the rat amygdaloid complex. The image in (a) is the most rostral and the image in (d) is the most caudal. The relative

density of immunopositive neurons is more evident in the pallial than in the subpallial amygdala. Note, however, a dense plexus of VIP-
immunoreactive (IR) axons in the lateral division of the central nucleus. The numbers at the left corner of each panel refer to the
rostrocaudal distance from the bregma, according to the atlas of Paxinos and Watson (1998). AAA, anterior amygdaloid area, dorsal part;

ABmc, accessory basal nucleus, magnocellular subdivision; ABpc, accessory basal nucleus, parvocellular subdivision; AHAL,

amygdalohippocampal area, lateral subdivision; AHAm, amygdalohippocampal area, medial subdivision; Bi, basal nucleus, intermediate

subdivision; Bme, basal nucleus, magnocellular subdivision; Bpc, basal nucleus, parvicellular subdivision; CEc, central nucleus,

capsular subdivision; CEi, central nucleus, intermediate subdivision; CEl, central nucleus, lateral subdivision; CEm, central nucleus,

medial subdivision; I, intercalated nucleus; COa, cortical anterior nucleus; COp, cortical posterior nucleus; Ldl, lateral nucleus, dorsolateral

subdivision; Lm, lateral nucleus, medial subdivision; Lvl, lateral nucleus, ventrolateral subdivision; Mcd, medial nucleus, central
subdivision, dorsal part; Mcv, medial nucleus, central subdivision, ventral part; Mr, medial nucleus, rostral subdivision; NLOT, nucleus of
the lateral olfactory tract; PAC, periamygdaloid cortex, periamygdaloid cortex subdivision; PACm, periamygdaloid cortex, medial

subdivision. Scale bar = 400 pm in (c) (applies to a—c).

interneurons. The deep nuclei contained a moderate den-
sity of VIP-IR fibers. Scattered VIP-IR cells were also
found in the anterior cortical nucleus (Table 1).

3.3.1 | Lateral nucleus

The highest number of VIP-IR neurons of the basolateral
complex was found in the lateral nucleus (Figures 1b-d
and 4a-c; Table 1). The highest relative density of VIP-IR
neurons was observed in the ventromedial division, where
the majority of immunopositive cells were multipolar
angular neurons (Table 1). The lateral nucleus contained

the four morphological cell types (Figure 3a-d). The
immmunopositive cells belonged especially to multipolar
type. Bipolar neurons were in dorsolateral and medial divi-
sions, whereas tufted neurons were observed only in
medial division. In the lateral nucleus, 376 VIP-IR neurons
were used for morphometric and morphological analysis.
The proportions of VIP-IR cell types were: multipolar
polygonal 69.1% (260 neurons; mean area 79.5 + 17.3 pm?;
min 51.5 pm? max 130.3 pm?), multipolar spheroidal 8.5%
(32 neurons; mean area 69.7 + 23.8 pmz; min 41.2 pmz;
max 98.7 pm®), bipolar 16.5% (62 neurons; mean area 78.7
+23.8 pm? min 47.3 pm? max 106.7 pm?), and tufted
59% (22 neurons, mean area 83.2+ 18.4 pmz; min
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FIGURE 2 (a-f) Computer-generated plots illustrating the distribution of vasoactive intestinal peptide (VIP) immunoreactive neurons

in the different nuclei and areas of rat amygdala. Each dot represents one immunostained neuron. Six coronal levels are presented (a is the

most rostral and f the most caudal). Numbers at the left lower corner of each panel refer to the rostrocaudal distance from bregma according

to the atlas of Paxinos and Watson (1998). AAA, anterior amygdaloid area, dorsal part; ABmc, accessory basal nucleus, magnocellular

subdivision; ABpc, accessory basal nucleus, parvocellular subdivision; AHAI, amygdalohippocampal area, lateral subdivision; AHAm,

amygdalohippocampal area, medial subdivision; BAOT, bed nucleus of the accessory olfactory tract; Bi, basal nucleus, intermediate

subdivision; Bmc, basal nucleus, magnocellular subdivision; Bpc, basal nucleus, parvicellular subdivision; CEc, central nucleus, capsular

subdivision; CEi, central nucleus, intermediate subdivision; CEl, central nucleus, lateral subdivision; CEm, central nucleus, medial

subdivision; I, intercalated nucleus; COa, cortical anterior nucleus; COp, cortical posterior nucleus; Ldl, lateral nucleus, dorsolateral

subdivision; Lm, lateral nucleus, medial subdivision; Lvl, lateral nucleus, ventrolateral subdivision; Mc, medial nucleus, caudal subdivision;

Mcd, medial nucleus, central subdivision, dorsal part; Mcv, medial nucleus, central subdivision, ventral part; Mr, medial nucleus, rostral
subdivision; NLOT, nucleus of the lateral olfactory tract; PAC, periamygdaloid cortex, periamygdaloid cortex subdivision; PACm,
periamygdaloid cortex, medial subdivision; PACs, periamygdaloid complex, sulcal subdivision. Scale bar = 500 pm in (f) (applies to a-f).

62.1 pm? max 96 ym?). The mean perikaryal area of the
VIP-IR neurons in the lateral nucleus was 79.10
+ 18.4 pm®. Table 2 reports the percentage distribution
and morphometric characteristics of the four cell types in
the different divisions. The number of VIP-IR neurons

increased caudally. The density of neuropil staining was
low in the dorsolateral and ventrolateral divisions. The
density of neuropil immunoreactivity increased in
the medial division, where immunostained neuronal pro-
cesses could be observed (Table 1).
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Many VIP-IR neurons were observed in the basal
nucleus (Figures 1b-d, 4d-f, and 5a-d; Table 1). VIP-IR
neurons were particularly located in the parvicellular
division (Table 1). VIP-IR neurons marked in the magno-
cellular and intermediate division had a multipolar
polygonal (Figure 5a—c), multipolar spheroidal, bipolar
(Figure 5b), and tufted morphologies. Many (80.1%;
229 neurons) VIP-immunostained neurons in the parvi-
cellular division had a multipolar polygonal morphology
(mean area 83 + 20.6 pm? min 50.1 pm? max 105 pm?)
(Figure 5d). However, some (19.9%; 57 neurons) multipo-
lar spheroidal neurons (mean area 58.5 + 10.4 pm?; min
51.2 pm?* max 65.9 pm?®) were observed in the same divi-
sion. The density of immunopositive neuropil was high,
especially in the parvocellular division, where many IR
neuronal processes were observed (Table 1).

3.3.3 | Accessory basal nucleus

VIP-IR neurons observed in the accessory basal
nucleus had a multipolar (angular and spheroidal) and
bipolar morphology (Figure 6a,b). In the accessory basal
nucleus, the number of labeled neurons was higher in
the parvicellular division than in the magnocellular divi-
sion (Figures 1d and 6a,b; Table 1). In the parvicellular
division, the majority of cells (81.6%; 196 neurons)

FIGURE 3 Brightfield
photomicrographs of different types of
vasoactive intestinal polypeptide (VIP)-
immunoreactive neurons (arrowhead) in
the pallial amygdala (we used the lateral
nucleus as an example of the pallial
nucleus): (a) multipolar polygonal
neuron (medial subdivision, Lm),

(b) multipolar spheroidal neuron
(medial subdivision, Lm), (c) bipolar
neuron (dorsolateral subdivision, Ldl),
and (d) tufted (single tufted) neuron
(dorsolateral subdivision, Ldl). See text
for explanations. Scale bar = 20 pm in
(d) (applies to a-d). VIP, vasoactive
intestinal polypeptide.

exhibited a multipolar polygonal morphology (mean area
69.7 + 15.4 pm?; min 47.6 pm?; max 98.9 ym?). However,
multipolar spheroidal (9.2%; 22 neurons; mean area 37.3

+ 9.1 pm?; min 34.1 pm?; max 44.4 pm?) and bipolar neu-
rons (9.2%; 22 neurons; mean area 68.7 + 11.2 pmz; min
64.5 pm? max 75.1 pm?) were observed. The density of
neuropil staining was moderate in both parvicellular and
magnocellular divisions (Table 1).

3.3.4 | Amygdalohippocampal area

The amygdalohippocampal area contained many VIP-IR
neurons (Figures 1d and 6c). As in the basolateral amyg-
dala, the amygdalohippocampal area contained multipo-
lar polygonal (Figure 6d), multipolar spheroidal, bipolar
(Figure 6e), and tufted VIP-IR neurons. The relative den-
sity of VIP-IR neurons in the amygdalohippocampal area
was very similar to that observed in the basolateral amyg-
dala (Table 1). The density of neuropil labeling, also char-
acterized by numerous immunostained neuronal
processes, was high in both divisions (Table 1).

3.3.5 | Anterior amygdaloid area

The anterior amygdaloid area contained VIP-IR neurons
with angular or fusiform cell bodies and two to four pri-
mary dendrites (Figure 6f). The density of neuropil
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TABLE 1

Nucleus or area

Deep pallial nuclei

Lateral nucleus

Dorsolateral
Medial
Ventrolateral
Basal nucleus
Magnocellular
Intermediate
Parvicellular
Accessory basal nucleus
Magnocellular
Parvicellular
Amygdalohippocampal area
Lateral
Medial
Anterior amygdaloid area
Superficial pallial nuclei®
NLOT
Anterior cortical nucleus
Layer I
Layer II
Layer III
BAOT
Periamygdaloid cortex
PAC
PACm
PACs

Division or layer

VIP neurons (mean/mm?) + SD

53.5+9.1
36.7+ 7.2
55.5 +10.5
723 +12.1
523 +9.1
43.7 £ 8.4
48.8 £9.6
57.8 +11.1
46 + 8.3
39.7+ 738
60.1 + 9.8
57.5 +10.1
49.5+9.3
655+ 12.1
6.1 +1.2

26.3 +4.9
Layer I: -

Layer II: 82.8%
Layer III: 17.2%
4.8 +0.9

Layer I: -

Layer II: 83.3%
Layer III: 16.7%
42.1 +83
Layer I: 2.9%
Layer II: 61.5%
Layer III: 35.6%
40.8 + 8.1
Layer I: 4%
Layer II: 62.7%
Layer III: 33.3%
41.2 +8.2
Layer I: 3.6%
Layer II: 63.4%
Layer III: 33%
50 +9.1

Layer I: -

Layer II: 58.6%
Layer III: 41.4%

1 TSNS

Relative density of VIP-immunoreactive (IR) neurons and neuropil in the different amygdaloid nuclei.
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(Continues)
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TABLE 1 (Continued)

Nucleus or area

Posterior cortical nucleus

Subpallial amygdala

Medial nucleus

Central nucleus

SALAMANCA ET AL.

Division or layer VIP neurons (mean/mm?) + SD VIP neuropil

54.5 + 10.5 + or ++ or ++4+

Layer I: 6.8% + or ++

Layer II: 52.3% ++ +

Layer III: 40.9% ++ +

113+14 + or ++
Rostral 285+ 54 + or ++
Central dorsal 2.7+ 0.5 +
Central ventral 34+06 +
Caudal 29+ 04 +

17.3 + 2.9 -or + or ++++
Capsular 27.5+53 +
Lateral - ++++
Intermediate - -or +
Medial 7+14 +

Intercalated nuclei

Note: The intensity (density) of neuropil staining is expressed as ++++ very high, +++ high, ++ moderate, + low, - absent. The significance of boldface
values refer to the total mean value of each nucleus (mean of the sum of division or layer).
Abbreviations: BAOT, bed nucleus of the accessory olfactory tract; NLOT, nucleus of the lateral olfactory tract; PAC, periamygdaloid cortex, periamygdaloid

cortex subdivision; PACm, periamygdaloid cortex, medial subdivision; VIP, vasoactive intestinal polypeptide.
“In the superficial pallial amygdala, the table reports the percentage of distribution of VIP-IR neurons in the three layers.

“In the central nucleus, the density of the VIP-IR neurons in the lateral division was not determined because of a strong intensity of neuropilar

immunostaining.

TABLE 2 Morphometry of VIP-immunoreactive (IR) neurons in the lateral and posterior cortical nuclei.

Nucleus Division or layer
Lateral
Nucleus Dorsolateral
Medial
Ventrolateral

Posterior cortical
Nucleus Layer I

Layer II

Layer III

Cell types and
percentage

MP: 31 (50%)
BP: 31 (50%)
MP: 170 (69.1%)
MS: 23 (9.3%)
BP: 31 (12.6%)
TN: 22 (9%)
MP: 59 (86.8%)
MS: 9 (13.2%)

MP: 48 (100%)
MP: 184 (50%)
MS: 110 (29.9%)
TN: 74 (20.1%)
MP: 216 (75%)
BP: 72 (25%)

Mean area
(pm?) + SD

97.3+13.9
77 +21.9
79.1 £17.5
79.1 +17.6
79.8 £15.7
83.2+18.4
74.7 £ 13.7
41.2 + 8.9

63.8 + 10.5
71.2 + 16.5
64.8 + 16.7
57.8 +£5.3

64.5 + 11.5
60.7 + 10.1

Min

80.4
473
54.7
64.8
62.1
62.1
51.5
40,3

53.4
43.4
46.2
53.9
51.2
50.1

Max

114.3

106.7

130.3
98.7
92.3
96
90.7
43.8

69.1
85.4
78.6
61.8
71.2
69.7

Total

87.2 +20.3

80.2 + 16.7

69.9 + 11.8

63.8 +10.5
66.6 + 14.7

63.5+9.6

Abbreviations: BP, bipolar neuron; MN, multipolar spheroidal neuron; MP, multipolar polygonal neuron; VIP, vasoactive intestinal polypeptide; TN, tufted

neuron.
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FIGURE 4 Brightfield
photomicrographs of VIP
immunohistochemical sections of the
lateral (a dorsalteral subdivision, Ldl—
bordered by dashed line; b, medial
subdivision, Lm; c, ventrolateral
subdivision, Lvl) and basal nuclei (d,
magnocellular subdivision, Bmc; e,
intermediate subdivision, Bi; f,
parvicellular subdivision, Bpc). Note the
numerous VIP-immunoreactive neurons
in the ventrolateral subdivision of the
lateral nucleus (c). Scale bar = 40 pm in
(f) (applies to a-f). VIP, vasoactive
intestinal polypeptide.

labeling was low (Table 1). In particular, the neuropil
staining was lower than in layer III of the NLOT
(Figure 1a). Therefore, the boundary between these two
areas was easy to identify.

3.4 | Superficial pallial nuclei

In the superficial pallial nuclei, the morphology of the
neurons closely resembled that of their counterparts in
the deep pallial nuclei. However, bipolar and tufted neu-
rons commonly had both the major somatic axis and the
primary dendrites oriented vertically. The superficial
nuclei contained moderate numbers of VIP-IR fibers and
terminals (Table 1).

3.4.1 | Nucleus of the lateral olfactory tract

In the nucleus of the lateral olfactory tract, VIP-IR neu-
rons were distributed throughout the three layers

o 1o T SN

(Figures 1la and 7a,b; Table 1). These cells showed a
multipolar (polygonal and spheroidal) and bipolar
(Figure 7b) morphology. Most VIP-IR neurons were
located in layer II and showed a multipolar spheroidal
morphology (Table 1). Some multipolar spheroidal neu-
rons were observed in layer III. Neuropil labeling,
including neuronal IR processes, was higher in layer III
than in layer II (Figures 1a and 7a). The density of neu-
ropil staining was low in layer I (Figure 1a; Table 1).

3.4.2 | Anterior cortical nucleus

Most of the VIP-IR neurons were located in layers II
and III (Figures la-c and 7c; Table 1). Layer II con-
tained mainly bipolar neurons, whereas layer III
exhibited mainly multipolar polygonal (Figure 7d)
and spheroidal cells. The density of neuropil labeling
was low throughout the nucleus (Table 1). However,
some VIP-IR fibers could be seen, especially in
layer II.
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3.4.3 | Bed nucleus of the accessory
olfactory tract

VIP-IR neurons with a multipolar angular morphology
were occasionally observed. The neuropil density was
low to moderate.

344 | Periamygdaloid complex

Each division of the periamygdaloid complex contained
many VIP-IR neurons (Figures 1c,d and 8a; Table 1) with a
multipolar polygonal (Figure 8b,c), multipolar spheroidal,
bipolar, and tufted morphology. Neuropil labeling was high
in layers IT and III (Table 1). VIP-IR fibers were more
numerous in the periamygdaloid complex than in the ante-
rior cortical nucleus. Layer I showed many dendritic-like
structures, but a diffuse neuropil immunostaining was low.

3.4.5 | Posterior cortical nucleus

The posterior cortical nucleus had one of the highest relative
densities of VIP-IR neurons observed in the amygdaloid
complex (Figures 1d and 8d-f; Table 1). These neurons
appeared to be distributed throughout the three layers of the
nucleus (Figure 8d; Table 1). The mean perikaryal area of
the VIP-IR neurons located in the posterior cortical nucleus
was 65.6 +12.7 um”. In the posterior cortical nucleus,
704 VIP-IR neurons were utilized for morphometric and

. v
G g > ’)‘ B ‘ ¥
bt SN T

" J’ e FIGURE 5 High magnification
gl brightfield photomicrographs illustrating
’ the VIP-immunoreactive neurons in the
.'fh magnocellular (Bmg; a, b), intermediate

- (Bi; c), and parvicellular subdivision
(Bpc; d) of the basal nucleus. In (a, c,
and d), an example of multipolar
polygonal neurons (arrowheads); in (b),

o, A a typical bipolar neuron (arrowhead).
Scale bar = 20 pm in (d) (applies to
a-d). VIP, vasoactive intestinal

$ = polypeptide.

™
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morphological analysis. The proportions of VIP-IR cell types
were: multipolar polygonal 63.7% (448 neurons; mean area
68.1 + 13.5 pm? min 43.4 pm?* max 85.4 um?) (Figure 8e),
multipolar spheroidal 15.6% (110 neurons; mean area 64.7
+ 16.7 pm% min 46.2 pm? max 78.6 pm?), bipolar 10.2%
(72 neurons; mean area 57.8 + 5.6 pm?% min 53.8 pm?% max
61.8 pm?) (Figure 8f), tufted 10.5% (74 neurons; mean area
60.7 + 5.2 pm?% min 54.8 pm?% max 64.2 pm?). Table 2
reports the percentage distribution and morphometric char-
acteristics of the four neuronal types in the different layers.
The density of immunopositive neuropil was high, especially
in layers II and III, where many IR neuronal processes were
observed (Table 1).

3.5 | Subpallial amygdala

The subpallial amygdala neurons typically had an ovoid
or fusiform soma and two to five nonspiny primary den-
drites. In the subpallial amygdala, VIP-IR neurons were
observed primarily in the central and medial nuclei. The
relative density of VIP-IR neurons in the subpallial amyg-
dala is reported in Table 1.

3.5.1 | Medial nucleus

The highest relative density of IR cells was observed in
the rostral division (Figures 1b,c and 9a; Table 1). Most of
the immunopositive neurons had an ovoid somata and
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FIGURE 6 Brightfield
photomicrographs of VIP
immunohistochemical sections of the
accessory basal nucleus (a,
magnocellular subdivision, ABmc; b,
parvicellular subdivision, ABpc),
amygdalohippocampal area (c—e, medial
subdivision, AHAm), and anterior
amygdaloid area (f, AHAm). Note the
numerous VIP-immunoreactive neurons
in the parvicellular subdivision of the
accessory basal nucleus (b) and in the
medial subdivision of the
amygdalohippocampal area (c). In

(d and e), note an example of multipolar
polygonal (d) and bipolar neurons

(e) (arrowheads) of the medial
subdivision of the
amygdalohippocampal area. The
photomicrograph in (f) illustrates a
fusiform neuron (arrowhead) in the
anterior amygdaloid area. Scale

bar = 40 pm in (c) (applies to a—c) and
20 pm in (f) (applies to d-f). VIP,
vasoactive intestinal polypeptide.

FIGURE 7 Brightfield
photomicrographs of VIP
immunohistochemical sections of the
nucleus of the lateral olfactory tract
(aand b, NLOT) and the anterior
cortical nucleus (c and d, AAA, bordered
by dashed line in c). Note the low level
of VIP immunoreactivity in the anterior
cortical nucleus (c). As in the deep
pallial amygdala, the superficial pallial
amygdala also contains VIP-
immunoreactive with a bipolar (b, layer
1I of the NLOT) and multipolar
polygonal (d, layer II of the anterior
cortical nucleus) morphology
(arrowheads). Scale bar = 40 pm in (a),
100 pm in (c), and 20 pm in (d) (applies
in b and d). VIP, vasoactive intestinal
polypeptide.
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FIGURE 8 Brightfield
photomicrographs of VIP
immunohistochemical sections of the
periamygdaloid cortex (a-c, PAC) and
posterior cortical nucleus (d-f, COp).
Note the high density of
immunoreactive neurons. In these areas,
neurons with multipolar polygonal (b,
layer I of the PAC subdivision of the
PAC; c, layer II of the PAC subdivision
of the PAC; e, layer II of the posterior
cortical nucleus) and bipolar (e, f, layer
II of the posterior cortical nucleus)
morphologies can be observed
(arrowheads). Scale bar = 100 pm in
(d) (applies to a and d), 20 pm in

(e) (applies in b, ¢, e), and 20 pm in (f).
VIP, vasoactive intestinal polypeptide.

FIGURE 9 Brightfield
photomicrographs of VIP
immunohistochemical sections of the
subpallial amygdala (a-d). In particular,
VIP-immunoreactive neurons can be
observed in the rostral division of the
medial nucleus (a, Mr). In (b), note a
neuron with an ovoid soma (arrowhead)
located in the rostral subdivision of the
medial nucleus (Mr). Note a bipolar
neuron (arrowhead) in the medial
subdivision of the central nucleus (c,
CEm). Interestingly, the lateral
subdivision of the central nucleus
contains a dense terminal plexus
immunoreactive for the VIP (d, CEl).
Scale bar = 40 pm in (d) (applies to a
and d) and 20 pm in (c) (applies to b and
¢). VIP, vasoactive intestinal

polypeptide.

5180117 SUOLLILIOD BA1E810 3|ceatidde 8 Aq peuBA0B a1 DI WO ‘38N 0 SN 10} AIRIGITBUIIUO A3 1A UO (SUOTHIPUGO-PUE-SLLLBILLICO" A |IW ARG PUIIUO//-STY) SUONIPUOD PUE SWLB 1 8} 385 *[7Z02/80/6T] U0 Akeiq i1 8UIIUO 4811 BuBOIOg! I BISPAIUN AQ 06ESZ 1B/Z00T OT/I0p/0Y" &SI AZRJq U U0 SAndAWOTeLe//SANY oI POpeOIUMOQ ‘g *YZ0C ‘Y6v8ZE6T



SALAMANCA ET AL.

two or three primary dendrites (Figure 9b). The remain-
ing division of the medial nucleus contained a small
number of VIP-IR cells (Table 1). The density of neuropil
immunostaining was low throughout the nucleus
(Table 1). The medial nucleus had only few VIP-IR termi-
nals, especially localized in the rostral division.

3.5.2 | Central nucleus

Small VIP-IR neurons were observed in all subdivisions
of the central nucleus (Figure 1b,c). These cells have an
ovoid cell body with two to four thick dendrites. In some
cases, a characteristic bipolar arrangement of primary
dendrites was observed. The central nucleus contained
bipolar neurons with fusiform somata and two thick pri-
mary dendrites (Figure 9c). Interestingly, a dense termi-
nal plexus IR for the VIP was observed in the lateral
division of the central nucleus (Figures 1b,c and 9d;
Table 1). Due to the dark staining of the neuropil, it was
sometimes difficult to visualize immunostained neurons
in the lateral division. The remaining division showed a
low neuropil immunostaining and may contain some
VIP-IR terminals.

3.5.3 | Intercalated nuclei
VIP-IR neurons were not observed in the intercalated
nuclei (Figure 1b).

FIGURE 10 Colocalization of the
vasoactive intestinal peptide with
y-aminobutyric acid (GABA) in the
lateral nucleus; dorsolateral division (a’-
a”, Ldl), medial division (b’-b”, Lm),
and ventrolateral division (¢/-c”, Lvl).
Double immunofluorescence images
showing VIP in red (left column a’, b/,
¢’), GABA in green (2", b”, ¢"), and
colocalization of VIP with GABA in
yellow (a”, b”, c”). Arrowheads
indicate double-labeled neurons). In the
lateral nucleus, VIP-immunoreactive
(IR) neurons represent only 14.5% of
GABAergic neurons, whereas all VIP-IR
neurons are IR for the GABA. Scale

bar = 20 pm in (c) (applies to a’-c”).
VIP, vasoactive intestinal polypeptide.

1o TSNS

3.6 | Double immunofluorescence
experiments: Colocalization of the VIP
with GABA in the lateral nucleus

Double immunofluorescence studies demonstrated that
in the lateral nucleus, VIP-IR neurons represent 14.5%
of the GABAergic cells (Figure 10a’-c"; Table 3). All
VIP-IR neurons were GABA-positive (Figure 10a’-c";
Table 3).

4 | DISCUSSION

In the present study, we provide a comprehensive analysis
of the distribution and significance of VIP immunoreactiv-
ity throughout the rat amygdala. VIP immunoreactivity is
associated with somata, primary dendrites and, particu-
larly in the lateral subdivision of the central nucleus, axon
terminals. Our study indicates that the distribution of
immunoreactivity for VIP differs among areas and cell
types, suggesting a distinct influence of this neuropeptide
on neuronal amygdaloid circuits.

4.1 | Pallial amygdala

Our investigation confirms the presence of VIP-IR inter-
neurons in the rat pallial amygdala and provides details
on their morphological characteristics and quantitative
distribution.
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TABLE 3 Colocalization of GABA with VIP in the lateral nucleus of the amygdala.
GABA-IR VIP-IR single- GABA/VIP % of GABA-IR % of VIP-IR
single-labeled labeled double-labeled double-labeled double-labeled
Nucleus Subdivisions neurons neurons neurons neurons neurons
Lateral 1162 0 197 14.5% (197/1359) 100% (197/197)
Nucleus Dorsolateral 301 0 59 16.4% (59/360) 100% (59/59)
Medial 721 0 119 14.2% (119/840) 100% (119/119)
Ventrolateral 140 0 19 11.9% (19/159) 100% (19/19)

Abbreviations: IR, immunoreactive; VIP, vasoactive intestinal polypeptide.

4.2 | Deep pallial amygdala

Golgi and immunohistochemical studies have demon-
strated that the deep pallial amygdala contains two types
of neurons, excitatory glutamatergic pyramidal cells and
inhibitory nonpyramidal cells that synthesize the neuro-
transmitter GABA (McDonald, 2020). The principal cell
type in the deep pallial amygdala is the pyramidal neu-
ron, also called projective, long-axon neuron (Tombol &
Szafranska-Kosmal, 1972), P-cell (Hall, 1972), or Class I
neuron (McDonald, 1982a, 1982b). Their size varies
depending on the nucleus or the division of the nucleus.
In addition to pyramidal cells, there is a heterogeneous
population of sparsely spiny or non-spiny nonpyramidal
neurons, most of which are local circuit GABAergic neu-
rons (McDonald, 2020). Hall (1972) called these cells the
“S” cells because of their resemblance to cortical stellate
cells, Tombol and Szafranska-Kosmal (1972) called them
Golgi II cells, and McDonald (1982a) called them Class II
cells. McDonald (1982b) further classified these cells into
three categories based on the shape of their soma and den-
dritic tree (multipolar, bipolar, and bitufted), and they ran-
ged in size from small to large. Another type of local circuit
neuron is the neurogliaform cell (Tombol & Szafranska-
Kosmal, 1972) or class III neurons of McDonald (1982b).
This latter neural element is a local circuit neuron with a
small dendritic field and a highly branched axon that
remains within the field (McDonald & Culberson, 1981).
GABAergic interneurons are commonly classified by the
expression of two types of molecular markers: calcium-
binding proteins and neuropeptides, including VIP. Several
immunohistochemical studies have demonstrated the colo-
calization of VIP and calretinin (CR) or cholecystokinin
(CCK) in some interneurons of the basolateral amygdala
(Mascagni & McDonald, 2003). Accordingly, several CR-
containing neurons in the same area are morphologically
very similar to VIP-IR interneurons (McDonald, 1994). The
morphological and morphometric data obtained in the pre-
sent study indicate that the VIP-IR neurons observed in the
pallial amygdala appear to be a subpopulation of nonpyra-
midal GABAergic interneurons. Specifically, these neurons

can be classified into four morphological types based on
cell body and dendritic tree characteristics: multipolar
polygonal, multipolar spheroidal, bipolar, and tufted neu-
rons. Whether morphologically different VIP-IR neurons
have different connections, however, remains to be
determined.

The present study has also attempted to correlate the
morphological features of VIP-IR neurons in the deep
nuclei with the cell types characterized by Golgi staining.
Accordingly, the perikaryal area and the dendritic
branching pattern of VIP-IR neurons in the pallial amyg-
dala suggest that these cells correspond to the multipolar,
bipolar, and bitufted small class II neurons seen in Golgi
preparations (McDonald, 1982a, 1982b).

Colocalization of VIP with GABA was examined at dif-
ferent levels of the lateral nucleus. Our double
immunofluorescence studies have demonstrated that in the
lateral nucleus, VIP-IR neurons represent 14.5% of GABA-
IR cells. The data we obtained are in agreement with a pre-
vious study showed, using a different methodology, that
17.4% of GABAergic neurons contain VIP (McDonald &
Pearson, 1989). The colocalization of GABA with the VIP
does not vary significantly in the different subdivisions of
the lateral nucleus. However, the ventrolateral subdivision
showed the lowest percentage of double-labeled cells.

The anterior amygdaloid area is composed mainly of
small- to medium-sized ovoid fusiform, or multiangular
densely spiny projection neurons. Among them are scat-
tered non-spiny angular or fusiform interneurons with
axons that arborize extensively in the vicinity of the cell
body (McDonald, 1992). Our results suggest that some of
these later cells may contain VIP as a neuropeptide.

Morphological, immunohistochemical, and ultrastruc-
tural data suggest that VIP-IR neurons of the basolateral
amygdala can not only influence the activity of other
GABAergic interneurons but also interact with excitatory
pyramidal cells. Previous studies have demonstrated that
VIP-IR interneurons in the basolateral amygdala can con-
trol local microcircuits by preferentially targeting other
GABAergic interneurons, thereby effectively disinhibiting
pyramidal neurons (Muller et al, 2003; Rhomberg
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et al., 2018; Spampanato et al., 2011). The synaptic connec-
tivity of VIP-IR interneurons in the rodent basolateral
amygdala has been investigated at the ultrastructural level.
In particular, VIP-IR interneurons in the rat basolateral
amygdala innervate the somata and dendrites of other
GABAergic interneurons, especially those IR for CB-D28k
(Muller et al., 2003). As in the hippocampus and neocortex
(Freund & Buzsdki, 1996), one of the most important func-
tions of VIP-IR interneurons is disinhibition. Since
CB-D28K-IR inhibitory interneurons can innervate the
perisomatic domain of pyramidal cells, the role of VIP-IR
interneurons may be to increase the overall firing rate of
pyramidal cells (Collins et al., 2001; Pape et al., 1998;
Paré & Gaudreau, 1996). This action, at least in the baso-
lateral complex, could contribute to the generation of the
oscillatory pattern of excitatory neurons during periods of
synchronous activity (Martina et al., 2001), and facilitate
associative plasticity during fear conditioning (Rhomberg
et al., 2018). The presence of VIP in the deep pallial amyg-
dala supports the role of this neuropeptide in the regula-
tion of cognitive and emotional functions mediated by the
amygdala. The present study indicates that in the deep pal-
lial amygdala, VIP-IR interneurons are inhibitory cells that
can be divided into four major morphological types. How-
ever, the specific functional properties of these morpholog-
ical cell types remain to be determined.

4.3 | Superficial pallial amygdala

The superficial pallial amygdala is composed of cortical
areas that have three distinct layers. Their neurons share
morphological similarities with those in the deep pallial
amygdala. Layer I is fibrous and virtually devoid of neurons.
Spiny pyramidal neurons represent the main cell type found
in layers II and III (P-cells of Hall, 1972). However, the
majority of the cell population in layer III of the nucleus of
the lateral olfactory tract is composed of large, moderately
spiny nonpyramidal neurons whose axons give rise to multi-
ple local collaterals. Sparsely spiny or non-spiny neurons,
that likely act as local circuit neurons, are distributed among
projection neurons. The proportion of inhibitory neurons in
the superficial amygdala is similar to the 20% found in the
deep pallial amygdala (McDonald, 1983; McDonald &
Augustine, 1993). Vaz et al. (2016) reported that in the
nucleus of the lateral olfactory tract of the rat, VIP-IR neu-
rons would represent 15% of the inhibitory interneurons.
These data are consistent with our unpublished observa-
tions. The bed nucleus of the accessory olfactory tract con-
sists mainly of pyramidal neurons (McDonald, 1992).
Accordingly, we did not observe any VIP-IR cells in this
nucleus. In the superficial pallial amygdala, the VIP-IR neu-
rons were heterogeneous in shape and small in resembling

a subclass of nonpyramidal neurons described using
Golgi staining (Alheid, 1995; McDonald, 1983, 1992;
Millhouse & Uemura-Sumi, 1985). In addition, double-
immunofluorescence experiments showed colocaliza-
tion of VIP with GABA in these superficial pallial nuclei
(personal observation). The exact activity of the neuro-
nal microcircuits of the superficial pallial amygdala is
virtually unknown. These superficial pallial nuclei of
the amygdala have a cortex-like functional organization.
In this sense, we can consider that here inhibitory VIP-IR
neurons can modulate the microcircuits through a direct
action on both pyramidal and nonpyramidal neurons, as
in the neocortex cortex (Lim et al., 2018), hippocampal
region (Freund & Buzsdki, 1996; Pelkey et al., 2017), and
piriform cortex (Suzuki & Bekkers, 2007). Based on the
characteristics of their cell bodies and primary dendrites,
VIP-IR neurons of the posterior cortical nucleus can be
divided into four major morphological types. Our results
indicate that VIP-IR neurons are local circuit neurons,
suggesting that VIP may regulate the intranuclear inhibi-
tory circuits in the posterior cortical nucleus. However, the
specific target of the different morphological inhibitory
interneurons remains to be determined. VIP signaling
pathways located in the superficial pallial amygdala may
be involved in the regulation of chemosensory behaviors
(olfactory and pheromonal activity).

4.4 | Subpallial amygdala

Neurons in the medial nucleus have small- to medium-
sized ovoid shaped somata which possess moderately to
densely spiny dendrites (McDonald, 1992; Sah et al., 2003).
The lateral division of the central nucleus is composed of a
homogeneous population of medium-sized ovoid spiny neu-
rons (McDonald, 1982a; Sah et al., 2003). The dendrites of
these neurons, that are located in the center of the division,
radiate in all directions. The direction of the dendrites of
peripheral neurons appears to follow the orientation of the
boundaries (McDonald, 1982a; Sah et al., 2003). The subpal-
lial amygdala also contains rare spine-sparse neurons
(McDonald, 1982a; Sah et al., 2003). The vast majority of
the neurons in the capsular division of the central nucleus
are medium-sized spiny cells similar to those in the lateral
division, except that their dendrites emerge from opposite
poles of the soma (McDonald, 1982a; Sah et al., 2003). The
medial division of the central nucleus consists of ovoid, fusi-
form, and piriform, moderately or sparsely spiny neurons
(McDonald, 1982a; Sah et al., 2003). The main neurons in
the intercalated nuclei are spinous medium-sized neurons
with round to bipolar dendritic trees (Millhouse, 1986; Sah
et al., 2003). Among these cells are medium-sized nonspiny
neurons that may be involved in local circuits. Rare spiny
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or nonspiny (more common) large neurons have also been
found (Millhouse, 1986; Sah et al., 2003).

VIP-IR neurons observed in the subpallial amygdala
had an ovoid somata with thick primary dendrites. These
neurons are mainly located in the rostral division of the
medial nucleus (where they show an ovoid morphology)
and in the central nucleus (lateral, medial, and capsular
divisions). In particular, neurons with a spindle-shaped
cell body and a bipolar arrangement of primary dendrites
were observed in the central nucleus. A dense plexus of
VIP-IR axons is located in the lateral subdivision of the cen-
tral nucleus. In contrast to the pallial amygdala, the main
cell type of the subpallial amygdala is GABAergic
(McDonald, 2003; Swanson & Petrovich, 1998). The present
study indicates that the few neurons in the subpallial
amygdala are IR for the VIP. In addition, double-
immunofluorescence experiments revealed colocalization
of the VIP with GABA in these subpallial nuclei (personal
observation). The morphological features of VIP-IR
neurons correspond to those observed in a subclass of
Golgi-staining neurons, as shown by previous immunohis-
tochemical studies (Cassell & Gray, 1989). The results of
the present study suggest that VIP may modulate the
intrinsic and extrinsic GABAergic projection of the subpal-
lial amygdala. Accordingly, VIP signaling pathways have
been implicated in the regulation of neuroendocrine and
autonomic activities mediated by the amygdala (Bechtold
et al., 2008; Chaudhury et al., 2008; Gozes, 2008; Loh
et al., 2008).

5 | CONCLUSIONS

All VIP-IR neurons in the pallial and subpallial amyg-
dala are GABAergic cells. However, in the pallial amyg-
dala, these neurons act exclusively as nonpyramidal
local interneurons capable of directly and especially
indirectly regulating the activity of pyramidal projection
neurons. On the other hand, based on the distribution,
morphology, and projections of GABAergic neurons, we
can hypothesize that VIP-IR neurons of the subpallial
amygdala could act as both projection neurons as well
as local interneurons (McDonald, 1992; Millhouse, 1986;
Sah et al.,, 2003). Whether morphologically different
VIP-IR neurons have different connections, however,
remains to be determined. The VIP immunoreactivity is
more prominent in the pallial than in the subpallial
amygdala.

In conclusion, the present study has provided evi-
dence for the heterogeneous morphologies of VIP-IR neu-
rons in the pallial and subpallial amygdala. Comparison
of our data with previous data regarding the morpho-
functional activity of the amygdala to our data suggests

that this heterogeneity may reflect a complex role of the
VIPergic system in the different subdivisions of the amyg-
dala, including their extrinsic as well as intrinsic connec-
tions. Our study indicates that the distribution of VIP
immunoreactivity in the amygdala suggests a distinct
influence of this neuropeptide on local circuits and out-
bound projections.
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ABSTRACT

Background: A large amount of anatomic data published over the past decade has provided novel insight into the
connections of the basolateral amygdala (BLA) in the rat, cat, and monkey. The mammalian (rat, cat, and
monkey) BLA has strong connections with the cortex (especially piriform, and frontal cortices), the hippocampal
region (especially perirhinal cortex, entorhinal cortex, and subiculum), the thalamus (in particular, the posterior
internuclear nucleus and medial geniculate nucleus) and, to some extent, the hypothalamus. An important
question remains as to how well the data obtained in rodents and primates can be extrapolated to ruminants.
New method: To address this issue the connections of the sheep BLA has been determined by Magnetic Resonance
Imaging (MRI) and Diffusion Tensor Imaging (DTI, Tractography).

Results: Tractography showed ipsilateral connections between the BLA and several areas.

Comparison with existing method(s): Reviews based mainly on description of the results obtained using antero-
grade and retrograde neuronal tracers. In the present research, we prefer to use a non-invasive technique (DTI).

Conclusions: This report shows the existence of specific amygdaloid connections in the sheep.

1. Introduction

The mammalian amygdaloid complex, or amygdala, is a nuclear
complex that comprises pallial and subpallial structures (Garcia-Lopez
et al., 2008; Guirado et al., 2008; Martinez-Garcia et al., 2002; Marti-
nez-Garcia et al., 2007; Martinez-Garcia et al., 2008; Medina et al.,
2004; Puelles et al., 2000; Real et al., 2009; Swanson and Petrovich,
1998; Tole et al., 2005; Bombardi, 2011, 2014). The pallial amygdala is
composed of deep and superficial (or cortical) nuclei. The deep pallial
nuclei include the basolateral amygdala (BLA), the anterior amygdaloid
area, and the amygdalohippocampal area. The superficial pallial nuclei
consist of the nucleus of the lateral olfactory tract, the anterior cortical
nucleus, the bed nucleus of the accessory olfactory tract, the peri-
amygdaloid cortex, and the posterior cortical nucleus. The subpallial
amygdala, also called extended amygdala (Martinez-Garcia et al., 2008),
includes the medial nucleus, the central nucleus, the bed nucleus of the
stria terminalis, and the intercalated nuclei (Garcia-Lopez et al., 2008;
Guirado et al., 2008; Martinez-Garcia et al., 2002; Martinez-Garcia et al.,
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2007; Martinez-Garcia et al., 2008; Medina et al., 2004; Puelles at al,
2000; Real et al., 2009; Swanson and Petrovich, 1998; Tole et al., 2005).
These subdivisions can be identified based on their unique connectivity,
immunohistochemical and cytoarchitectural profiles. Interestingly,
connectional studies with anterograde and retrograde neuronal tracer
have demonstrated that each nucleus is uniquely connected with other
brain areas (Pitkanen, 2000). Consistent with anatomic heterogeneity,
the amygdala is involved in many different functions, such as neuro-
vegetative modulation, emotional control, fear learning, memory pro-
cessing, decision making, aggression and sexual behavior (Aggleton,
2000; Whalen and Phelps, 2009; Bombardi and Di Giovanni, 2013;
Amaral and Adolphs, 2016). The amygdala is also involved in many
psychiatric and neurological diseases, such as depression,
post-traumatic stress disorders, schizophrenia, autism, Alzheimer’s dis-
ease, Parkinson’s disease, temporal lobe epilepsy and stroke (Aggleton,
2000; Whalen and Phelps, 2009; Amaral and Adolphs, 2016; Andrews
et al., 2022; Banwinkler et al., 2022; Luna et al., 2022; Xiao et al., 2022).
The BLA including the lateral, basal (or basolateral), and accessory basal
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(or basomedial) nuclei, forms a major part of the amygdaloid complex
and represent the main route by which sensory information from both
cortical and subcortical regions enters the amygdala. In particular, the
lateral nucleus is retained the main sensory receptive area able to con-
veys sensory information to basal, accessory basal and central nuclei for
further processing (Pitkanen, 2000). Many studies of the BLA connec-
tions have been reported for rat, cat, and monkey, using classical
anterograde and retrograde neuronal tracers (McDonald, 1998, 2020;
Pitkanen, 2000; Pitkanen et al., 2000; Whalen and Phelps, 2009;
McDonald and Mott, 2017). It must be noted that several studies have
validated the use of sheep as interesting alternative mammalian species
in comparative neuroscience studies, due to its large and highly con-
voluted brain (Chiocchetti et al., 2003; Bombardi et al., 2006; Peruffo
et al., 2019). The purpose of the present study was to determine the
connections of the sheep BLA using validated methods and protocols
(Peruffo et al., 2019; Gerussi et al., 2022) for structural imaging analysis
by Magnetic Resonance Imaging (MRI) and Diffusion Tensor Imaging
(DTTI) for tractography. The characterizations of these connections of the
sheep may help to further understanding the function of the basolateral
amygdala in mammals.

2. Material and methods

The of present study is based on four sheep (Ovis aries) brains
collected during routine commercial slaughtering processing at the
abattoir. The sheep were treated according to the European Community
Council directive (86/609/EEC) on animal welfare during the com-
mercial slaughtering process and were constantly monitored under
mandatory official veterinary medical care. The definition of “adult”
was based on the official documentation available corresponding to each
individual ear mark and confirmed by evaluation of body size and ex-
amination of teeth wear. All the sheep brains were extracted and fixed
by immediate immersion in neutral buffered cold paraformaldehyde (4
%). The time interval between the death of the animal and the extraction
of the brain was within 20 min. After at least 1 month of fixation, three
sheep brains were transferred to the Department of Neuroscience,
Biomedicine and Movement of the University of Verona to perform the
MRI using a 4.7 Tesla, 33-cm bore horizontal magnet (Oxford Ltd.,
Oxford, UK) equipped in a Bruker tomograph (Bruker, Karlsruhe,
Germany).

2.1. Diffusion tensor imaging (DTI)

Images were obtained with a single coil. The receiver and transmitter
were a birdcage with 7.2 cm of inner diameter. A 2D fast acquisition
with relaxation enhancement (RARE) series was used to obtain high
resolution T2w structural images. The parameters were: RARE factor 16;
field of view (FOV) 6.0 x 5.0 cm; repetition time (TR) 35,736 ms; matrix
size (MTX) 240 x 200; echo time (TE) 78.1 ms; 160 slices of 0.5 mm in
thickness; 0.250 x 0.250 mm resolution; number of averages (NEX) 8.
Acquisition time: 1 h and 11 min. DTI images were obtained using an
Echo Planar Imaging (EPI) series which settings were: EPI factor 11; FOV
6.0 x 5.0 cm; TR 20,000 ms; MTX 120 x 100; TE 24.7 ms; 80 slices of
1.00 mm; isotropic in-plane resolution of 0.500 mm; NEX 6. In addition,
5 b0 images and 30 noncollinear directions with a b value of 3000 s/
mm?2 were acquired. Acquisition time: 12 h and 50 min. The BLA
identification and selection were performed with the ITK-SNAP 3.8.0
software (www.itksnap.org) following the topographic localization
described in the atlas of Ella et al. (2017). Then, the regions were
uploaded in DSI Studio (www.dsi-studio.labsolver.org) to identify the
tracts. A deterministic fiber tracking algorithm (Yeh et al., 2013) was
used with augmented tracking strategies (Yeh, 2020) to improve
reproducibility. Seeding was from the whole brain and the BLA regions
were ROI. The anisotropy threshold was 0.08. The angular threshold was
randomly selected from 15 degrees to 90 degrees. The step size was
randomly selected from 0.5 voxel to 1.5 voxels.Tracks with length
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shorter than 8 or longer than 100 mm were discarded in order to focus
on the main fiber pathways. A total of 500000 seeds were placed. Each
BLA region was labeled as an "end region" which allowed to build the
tracts that started or arrived from/to the region.

3. Results

A whole tractographic image showing tracts from the BLA is in Fig. 1.

Tractography showed ipsilateral connections between the BLA and
several areas. Most important, based on the most numerous, the longest,
the most coherent and the clearest in quality, were connections with
hippocampus proper, subiculum, and entorhinal cortex. Other, fewer,
connections included frontal, and, to some extent, parietal, temporal,
and occipital cortices. There were no connections between BLA and
presumably primary sensitive cortices located in the occipital and pa-
rietal lobes. Evident connections were found to the olfactory system
(particularly the pyriform cortex and the olfactory tubercle, via the
medial stria), the basal ganglia, the thalamus (mediodorsal thalamic
nucleus and midline thalamic nuclei, and medial geniculate nucleus),
the hypothalamus (lateral part, via the amygdalofugal pathway), and
the brainstem (especially midbrain and pons). Most relevant were ipsi-
lateral connections following the ventral amygdalofugal pathway, the
large stria terminalis, the fornix, the internal capsule, and the external
capsule. Through these, connections were also made to the septal nuclei
(Fig. 1G). The ventral amygdalofugal pathway and the stria terminalis
appeared to be primarily subcortical fiber systems, whereas amygdalo-
cortical connections were established mostly via the external capsule.

4. Discussion

There is an extensive literature regarding the extrinsic and intrinsic
connections of the rat, monkey and, to some extent, cat amygdala. Re-
views based mainly on description of the results obtained using anter-
ograde and retrograde neuronal tracers (McDonald, 1998, 2020;
Pitkanen, 2000; Pitkanen et al., 2000; Whalen and Phelps, 2009;
McDonald and Mott, 2017). In the present research, we studied the
connection of the sheep BLA using tractography. DTI is a non-invasive
technique which is used to show the connectivity of the brain white
matter. Although the FA and other parameters might change in ex-vivo
tissues, previous work has shown that this technique gives valuable re-
sults on fixed brains, if these have been perfused in-vivo or otherwise
fixed through immersion within a few hours after death. In addition, a
fixed brain would hypothetically allow an unlimited acquisition time,
increased b value, increased number of directions, with relatively no
movement artifacts, thus achieving what cannot be done in living tissue
(Peruffo et al., 2019; Gerussi et al., 2022).

There is no doubt that diffusion imaging and its associated algo-
rithms have their own limits (Thomas et al., 2014; Schilling et al., 2019,
2020). The present fibers were deterministically generated, and the
precision of the tracts is somewhat an illustration, in which no direction
can be inferred from the images. Additionally, the hand drawn regions,
no matter how precisely following the BLA, are placed near large
structures such as the end of the temporal bundle or the external capsule,
which as such, can lead to artifacts. We strived to limit those tracts and
to be conservative in our analysis. The limited fibers presented here are
highly consistent with previous findings using other methods in other
species, and therefore constitute a fair approximation of actual path-
ways. Their value resides in the interpretation made based on known
neuroanatomy.

The BLA is divided into the lateral, basal (or basolateral), and
accessory basal (or basomedial) nuclei and represents the main route by
which sensory information from both cortical and subcortical regions
enters the amygdala. In rats, cats, and nonhuman primates the BLA re-
ceives different sensory information from frontal cortex and thalamus
and in turn, sends projections back to these areas as well as to basal
forebrain, hippocampal region, striatum, and hypothalamus (McDonald,
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Fig. 1. Tractography of the fibers reaching the amygdala. The pink-red shapes are the delineated amygdala regions considered. A, B and C are 3D illustrations inside
the brain surface in gray. D, E and F are coronal, sagittal, and horizontal (ventral) views respectively. G, H, and I are focusing on particular features. In G, the septal
nuclei are identified by the dotted line on one half, showing the fibers reaching them. In H, the stria terminalis is encircled by a dotted ring. In I, the amygdalofugal
fibers reaching the hypothalamus are identified by a dotted ring; the fibers going to the olfactory tract are identified by a full circle.

1998, 2020; Pitkanen, 2000; Whalen and Phelps, 2009). Each nucleus of
the BLA has its own specific connectional pattern and, consequently,
main characteristic functional properties. For example, the lateral nu-
cleus, considered the main sensory input station of the BLA, is involved
in fear conditioning, and regulates the visceral activity through direct
and indirect projection to the central amygdaloid nucleus. The basal
nucleus is strongly connected with the prefrontal cortex and cholinergic
nuclei, regulating motivational and attentional processes. The accessory
basal nucleus appears mainly involved in the processing of the olfactory
information together which superficial amygdaloid nuclei (McDonald,
1998, 2020; Pitkanen, 2000).

The mammalian amygdaloid complex has three extrinsic fiber sys-
tems: the ventral amygdalofugal pathway, the stria terminalis, and the
external capsule. Fibers from ventral amygdalofugal system appear to
joint fibers in the stria terminalis throughout their trajectories. The
ventral amygdalofugal pathway and the stria terminalis are both pri-
marily subcortical fiber system. The connections between BLA and
cortex travel via the external capsule. Our study indicates that also in the
sheep the ventral amygdalofugal pathway and the stria terminalis con-
nect the BLA with striatum, thalamus, hypothalamus, and brainstem. In
addition, fornix and external capsule connect BLA and hippocampal
region. Finally, we observed that the connections of the BLA with the
neocortex travel via the external capsule and the subcortical white
matter. Taken together our results indicate that the sheep BLA appear to
be connected with primary and multimodal cortical areas (including
prefrontal cortex), medial temporal lobe memory system, striatum,
thalamus and hypothalamus.

4.1. Functional analysis

Our study indicates that the BLA relates to a wide variety of cortical
and subcortical areas. In addition, as demonstrated in other species, our
results suggest that convergence of information from various functional
system occurs within the BLA (Table 1).

Previous studies in rat, cat and monkey have demonstrated that the
majority of the olfactory projection to the amygdala is directed to the
nucleus of the lateral olfactory tract, the anterior cortical nucleus and

Table 1

Main basolateral amygdalar interconnections in the sheep, as seen in diffusion
tensor imaging. The connections are is expressed as strong (+ + +), moderate (+
+), light (+), absent (-). The same connections have been reported for monkey,
cat and rat using neuronal tracers (McDonald, 1998, 2020; Pitkanen, 2000;
Pitkanen et al., 2000; Whalen and Phelps, 2009; McDonald and Mott, 2017).

Sheep Monkey Cat Rat
Pyriform Cortex ++ + - +++ + 4+
Frontal cortex ++ + 4+ + ++ 4 4+ 4
Parietal cortex + + + +
Temporal cortex + ++ ++ ++
Occipital cortex + ++ ++ ++
Hippocampus proper +++ +4++ +++ +++
Subiculum ++ + ++ + +++ +++
Entorhinal cortex ++ + ++ + +++ +++
Basal Ganglia +++ +++ +++ +++
Thalamus ++ + ++ + +++ +++
Hypothalamus +++ +++ +++ +++
Midbrain ++ ++ ++ ++

Pons ++ ++ ++ ++
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the periamygdaloid cortex (McDonald, 1998, 2020; Pitkanen, 2000;
Whalen and Phelps, 2009). However, as reported in the rat and cat, but
not in monkey (McDonald, 1998, 2020; Pitkanen, 2000; Whalen and
Phelps, 2009), the connections of the sheep BLA with olfactory areas
(primarily piriform cortex) support its role in processing of olfactory
information. Input and output of the BLA are not confined to the ol-
factory system. Accordingly, the BLA also receives input from all the
various sensory modalities (McDonald, 1998, 2020; Pitkanen, 2000;
Whalen and Phelps, 2009). Hence, the sheep BLA can be retain a
subcortical center of coordination for olfactory input with other sensory
information.

Interconnections between the amygdala and the hippocampal region
in the rat, cat and monkey have been reported in detail many reviews
(McDonald, 1998, 2020; Pitkanen, 2000; Pitkanen et al., 2000; Whalen
and Phelps, 2009; McDonald and Mott, 2017). Prominent connections of
the BLA with the hippocampus proper, subiculum, and entorhinal cortex
has been observed also in the sheep where could be critical for contex-
tual aspects of emotional learning and, in addition, may modulate
explicit memory processes.

The connections of the BLA with frontal cortex, as observed in rat,
cat, and monkey (McDonald, 1998, 2020; Pitkanen, 2000; Whalen and
Phelps, 2009) indicates that this amygdaloid area could be crucial for
the regulation of motivational behavior. In addition, the extensive direct
interconnections between BLA and mediodorsal thalamic nucleus
observed in the present study, indicate that the sheep amygdala, as re-
ported in other mammals (McDonald, 1998, 2020; Pitkanen, 2000;
Whalen and Phelps, 2009), could also regulate the frontal cortex activity
through connections with the thalamus.

As in rat, cat and monkeys (McDonald, 1998, 2020; Pitkdanen, 2000;
Whalen and Phelps, 2009), also in sheep the connections between BLA
and insular cortex could be involved not only in the transmission of
somatosensory, taste and visceral information, but also in the condi-
tioned taste aversion, a particular type of aversive learning.

In sheep, as observed in rats, cat and monkeys (McDonald, 1998,
2020; Pitkanen, 2000; Whalen and Phelps, 2009), there do not seem to
be connections with the primary acoustic and visual sensory areas
(because there are no obvious connections with the corresponding
cortices at the temporal and occipital lobes) but with those of a higher
order presumably located at the parietal and occipitotemporal level.
This data also indicates that the sheep BLA is the sensory gate of the
amygdala for highly processed multimodal cortical information.

In the present research, as in other mammals (McDonald, 1998,
2020; Pitkanen, 2000; Whalen and Phelps, 2009), connections between
sheep BLA and many subcortical structures has been observed. The
connections of the BLA with the basal ganglia (including the nucleus
accumbens) could be considered the main pathways mediating the
integration of reward information with instrumental components of
emotional responses. The connections with the midline thalamic nuclei
and medial geniculate nuclei, together with those of the sensory cortices,
could indicate that the BLA is important for processing sensory and
emotional associations. The connection of the BLA with hypothalamus
(lateral part), and brainstem (especially midbrain and pons) support the
modulatory role of the amygdala on some endocrine and autonomic
aspects of sexual and fear behaviors. Finally, fibers running in the
commissural formations can provide interamygdaloid connections.

In conclusion, it’s believed that the present study has added impor-
tant neuroanatomical details, thus reducing the knowledge gap, in a
species such as the sheep, which is increasingly used as an experimental
model (Herrmann et al., 2019; Taha et al., 2022). This report shows the
existence of specific amygdaloid connections in the sheep, using diffu-
sion MRI. In previous research the inputs and outputs of the amygdala,
including the BLA, has been extensively study in rat, cat, and monkey
using classical tract tracing methods. Our results indicate that there are
several similarities in the BLA connections comparing sheep with rat,
cat, and monkey, which include in all species a strong connection with
hippocampus proper, subiculum, and entorhinal cortex. There are also
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several interspecies differences in the BLA connections, such as the fact
that, unlike the monkey BLA, the BLA of rat, cat, and sheep are directly
connected to the olfactory areas (piriform cortex) but appear less con-
nected with the neocortex.
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Simple Summary: Serotonin is ubiquitously expressed in vertebrates and invertebrates, where
it regulates specific behavioural patterns. Though the specific effects of serotonin release in the
optic lobe are not entirely known, increasing evidence associates the serotonergic system with
optic lobe-mediated behaviours. In this study, the localization of serotonin transporter (SERT) was
immunohistochemically analysed in the optic lobes of moderate, docile and aggressive worker
honeybees. SERT-immunoreactive fibres were stratified in the optic lobe and distributed in the three
visual neuropils: lamina, medulla and lobula. Interestingly, SERT immunoreactivity was inversely
related to aggressive behaviour. The present study indicates that low levels of serotonin in the optic
lobe are associated with aggressive behaviour.

Abstract: Visual information is processed in the optic lobes, which consist of three retinotopic neu-
ropils. These are the lamina, the medulla and the lobula. Biogenic amines play a crucial role in
the control of insect responsiveness, and serotonin is clearly related to aggressiveness in inverte-
brates. Previous studies suggest that serotonin modulates aggression-related behaviours, possibly
via alterations in optic lobe activity. The aim of this investigation was to immunohistochemically
localize the distribution of serotonin transporter (SERT) in the optic lobe of moderate, docile and
aggressive worker honeybees. SERT-immunoreactive fibres showed a wide distribution in the lamina,
medulla and lobula; interestingly, the highest percentage of SERT immunoreactivity was observed
across all the visual neuropils of the docile group. Although future research is needed to determine
the relationship between the distribution of serotonin fibres in the honeybee brain and aggressive
behaviours, our immunohistochemical study provides an anatomical basis supporting the role of
serotonin in aggressive behaviour in the honeybee.

Keywords: optic lobe; serotonin; SERT; lamina; medulla; lobula; honeybee

1. Introduction

The capacity of insects to receive sensory input, process information and respond
with a specific behaviour is made possible by the brain [1]. The biogenic amine serotonin
is widely distributed in the brain of the honeybee, where it modulates a great variety of
behavioural processes, such as learning, memory and aggression [2,3]. Accordingly, in
honeybees, differences in serotonin activity are related to specific behavioural patterns [4].
The serotonin transporter (SERT) plays a key role in the regulation of serotonin levels in the
synapse. In fact, this plasma membrane transporter protein is responsible for the reuptake
of serotonin into presynaptic neurons [5]. Interestingly, the serotonergic system, including
SERT, is highly conserved between vertebrates and invertebrates [6,7].

The optic lobe, a complex structure located in the protocerebrum of honeybees, consists
of three retinotopic neuropils. These are the lamina, the medulla and the lobula. Their
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function consists, before the information is integrated in the high-order brain centre, of a
consecutive step aimed at visual conversion and segregation [8]. Interestingly, brain activity
in the optic lobes precedes behavioural choices, suggesting that attention-like processes
are pushed far out into the sensory periphery [9]. Inmunohistochemical studies indicate
that the honeybee optic lobe receives serotonergic fibres from the cell groups located in the
protocerebrum [10]. Serotonin exerts its effects in the optic lobe, acting on 5-HT1A and,
to some extent, 5-HT2 receptors [11,12]. Previous studies demonstrated that serotonin is
involved in the regulation of honeybee phototactic behaviour, and the 5-HT1A receptor is
the main mediator of this effect. In addition, serotonin in the optic lobe can modulate visual
responses, suich as the motion-sensitive visual antennal reflex and phototactic reflex [11,13].
The aforementioned studies support the idea that the interaction of the optic lobes and the
serotoninergic system may play a primary role in the management of behaviours.

The goal of the present study was to determine the distribution of serotonin fibres
in the optic lobes of different honeybees (docile, moderate and aggressive) using an im-
munofluorescence method with primary antibody against serotonin transporter (SERT).
Although the presence of serotonin immunoreactive fibres has been investigated using pri-
mary antibody against serotonin [10,14], different studies reported that antibodies against
SERT were preferable to determine serotonergic fibres [15]. Our results provide initial
insights into the serotonergic modulation of aggression-related behaviours in honeybee.

2. Materials and Methods
2.1. Animals and Fixation

Thirty worker honeybees (ten bees in the moderate group, ten bees in the docile group
and ten bees in the aggressive group) were used in this study.

In detail, the honeybees analysed in this study belonged to a genetic selection program
where the docility of 108 colonies was assessed four times a year by an expert beekeeper,
following Biichler et al., 2013 and Uzonov et al., 2015 [16,17]. The final phenotype of each
colony was obtained from the averages from four tests carried out between March and
June. Based on their mean phenotype, the ten best colonies (docility average: 3.43), the
ten most aggressive colonies (docility average: 1.8) and ten colonies as a moderate group
(docility average: 2.67) were sampled in October 2021. On the same day, one worker bee
per colony was taken from the colony and killed by freezing prior to brain analysis.

Docility is composed of two traits: gentleness and calmness. Gentleness, also known
as defensive behaviour, measures aggressiveness against humans, while calmness measures
the stillness and immobility of worker bees on the comb during the inspection [16]. Both
traits were evaluated together and scored on a scale from 1 to 4. A score of 1 referred to
the most aggressive behaviour and indicated that the colony is nervous: many bees flew
around the comb and tried to sting despite the use of smoke. A score of 2 meant that few
bees left the comb and tried to sting, even if smoke was used. A score of 3 indicated that
the bees moved on the comb without flying and it was possible to avoid stings with the use
of smoke. A score of 4 referred to the calmest behaviour; bees stayed still on the comb, and
it was not necessary to use smoke or protective clothes during their handling. Half-points
(1.5, 2.5, 3.5) were used to discriminate colonies with intermediate behaviours. Docility is
an important trait in beekeeping, as calm and gentle bees are easier to manage and there is
less risk for beekeepers of being stung or injuring the queen during the inspection of the
apiary. For this reason, docility is one of the most widely selected phenotypes in breeding
programs, together with honey production, swarming tendency and varroa resistance [18].
Thanks to breeding selection, docility has significantly increased since 1990 [19].

The animals were deeply anesthetized with ice and perfused with a solution of 4%
paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.4. The brains were dissected,
fixed in the same fixative for 3 h and washed (4 x 15 min) in phosphate-buffered saline
(PBS). The brains were then cryoprotected in 30% sucrose solution in PBS, pH 7.4, at +4 °C
for 48 h. Tissues were dipped in Tissue Tek® (Sakura Finetek Europe) mounting medium
and stored at 4 °C overnight, then frozen in isopentane (Sigma-Aldrich, Co., 270342-1L,
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St. Louis, MO, USA) cooled in liquid nitrogen. Serial coronal sections (15 pm thickness)
were cut on a cryostat and mounted on coverslips coated with poly-L-lysine (Thermo
Scientific, MA, USA).

2.2. Immunostaining

The final concentrations of primary antibody were established by performing im-
munofluorescence experiments using different dilution patterns. First of all the cryosections
were hydrated and washed in PBS (3 x 10 min). A solution containing 10% normal goat
serum (Colorado Serum Co., Denver, CO, USA, #CS 0922) and 0.3% Triton X-100- in 0.02 M
PBS (Sigma-Aldrich, Co., 9036-19-5, St. Lous, MO, USA) was used to block nonspecific
binding through incubation of cryosections for 40 min at room temperatures (RT). Sub-
sequently, after three 10-min washes in a solution containing 1% normal goat serum and
0.3% Triton X-100 in 0.02 M PBS, the cryosections were incubated overnight at 4 °C in
the following primary antisera: rabbit anti-SERT polyclonal antibody (diluted 1:100, code
24330, ImmunoStar, WI, USA) dissolved in 1% normal goat serum (Colorado Serum Co.,
Denver, CO, USA, #CS 0922) and 0.3% Triton X-100 in 0.02 M PBS. After washing in PBS
(3 x 10 min), the sections were incubated for 2 h at RT with the secondary antibody solu-
tion, which contained Alexa 594-conjugated goat anti-rabbit IgG (1:200, #A11012, Molecular
Probes, Leiden, the Netherlands) diluted in 1% normal goat serum and 0.3% Triton X-100
in 0.02 M PBS. The sections were then washed with 0.02 M PBS and mounted in buffered
glycerol at pH 8.6 with 4’ ,6-diamidino-2-phenylindole (DAPI) (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), a cell-permeable DNA-binding dye. The specificity of the rabbit
polyclonal antibody directed against insect SERT was determined by the manufacturer. In
the present experiments, the pre-adsorption test with SERT peptide control (code 24332,
ImmunoStar, WI, USA) abolished the immunostaining (Supplementary File S1). In addi-
tion, control sections incubated without the primary antibody resulted in the complete
disappearance of stained profiles. The omission, as well as the replacement of the sec-
ondary antibody with inappropriate secondary antibody, resulted in the elimination of all
immunohistochemical staining.

2.3. Analysis of Sections

Four sections for each animal were examined using a Nikon H550L (Nikon Instru-
ments, Natori, Japan) equipped with the appropriate filter cubes to differentiate the fluo-
rochromes employed. The TRITC filter was employed for Alexa 594 (EX 540/25; DM 565;
BA 605-655) and the DAPI/Hoechst/ Alexa Fluor 350 filter for DAPI (EX 375/28; DM 415;
BA 460/50). Bilateral observations of the optic lobes were carried out, proceeding ros-
trocaudally. Histological specimens were evaluated blindly. The images were recorded,
with identical parameters for the three groups (moderate, docile and aggressive), by a
Nikon DS-QilMc digital camera (Nikon Instruments, Japan) and Nikon Elements software,
version 4.10. Slight adjustments to the contrast and brightness of the figures were applied
using Adobe Photoshop CS3 Extended 10.0 software (Adobe Systems, San Jose, CA, USA).
The same adjustments were applied to the figures. The threshold technique in Image]
(version IJ 1.46r, downloaded from http://imagej.nih.gov/ij/download.html accessed on
20 July 2019) was used to analyse the percentage of the image with SERT immunoreactivity.
The images were first “thresholded” so that only the pixels above the threshold level were
counted as positive labelling elements. The threshold level was set case by case with
respect to the background level of the negative control sections. The pixel area occupied
by SERT-positive elements above the threshold level was measured and the percentage
fractions were calculated. The data were expressed as means & standard deviation (SD)
with a significance level of p < 0.05 and, after being tested for normality with a Shapiro-Wilk
test, analysed using a non-parametric Kruskal-Wallis test. Subsequently, the differences
between moderate, docile and aggressive groups were evaluated using the Wilcoxon test.
The data analysed in this study are available in Supplementary File S1.
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3. Results
Distribution of SERT Immunoreactivity in the Optic Lobe

The optic lobe of the honeybees, as is already known, was found to be composed of
three visual neuropils: the lamina, medulla and lobula. The lamina was most peripherally
located in the optic lobe, just below the retina. The lamina showed two layers: a layer
of cell bodies and a fibre layer. The next neuropil sheet, the medulla, was composed of
different layers (containing somata and cellular processes), including the outer and inner
medulla and the serpentine layer. The third neuropil region, the lobula complex, consisted
of a single neuropil. The outer chiasma connected the lamina to the medulla, whereas the
inner chiasma connected the medulla to the lobula.

The honeybee optic lobe was innervated with SERT-immunoreactive fibres and demon-
strated a specific pattern of innervation in the three visual neuropils: the lamina, medulla
and lobula (Figures 1 and 2). In the lamina, serotoninergic fibres were located in the cell
body layer, where the somata of unipolar and multipolar neurons are located. The lamina
exhibited many SERT-immunoreactive fibres in the layer of the fibres, which was a stratum
close to the outer chiasma (Figure 2A-C).

Figure 1. General appearance of serotonin transporter (SERT) immunoreactivity in the optic lobes of
the docile (A,B), moderate (C,D) and aggressive (E F) honeybees. Note that SERT immunoreactable
100 um. Abbreviations: La, lamina; Me, medulla; Lo, lobula.
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Figure 2. Distribution of serotonin transporter (SERT)-immunoreactive fibres in lamina (A-C),
medulla (D-F) and lobula (G-I) of docile (A,D,G), moderate (B,E,H) and aggressive (C,F,I) honeybees.
In the lamina, SERT-immunoreactive fibres were located in the cell body layer (Icb). The lamina
showed many SERT-immunoreactive fibres in the layer of fibres (lof). The outer medulla (om),
the serpentine layer (sl) and the inner medulla (im) contained many SERT-immunoreactive fibres
distributed across the different strata of the lobula. Immunoreactive fibres were also located in
the outer chiasma (oc) and inner chiasma (ic). Note that, in the lamina, medulla and lobula, the
immunoreactivity for the SERT decreased from docile to aggressive honeybees. Arrowheads indicate
the border between lobula and inner chiasma. Scale bar: 10 um.

In the medulla, serotoninergic fibres were present mainly in the serpentine layer and
adjacent neuropils of the outer and inner medulla (Figure 2D-F). Immunoreactive fibres
were distributed in the different strata of the lobula (Figure 2G-I). Inmunoreactive fibres
could be observed in the outer and inner chiasmata (Figure 2).

The distribution of SERT immunoreactivity varied in the three visual neuropils
(Figures 1-3). In the optic lobe of all the animal groups (moderate, docile, aggressive),
the lobula was found to have the lowest percentage covered by SERT immunoreactiv-
ity (p < 0.05). In moderate honeybees, the percentage of the lamina covered by SERT-
immunoreactivity was very similar to that in the medulla, whereas in docile honeybees,
the greatest immunoreactivity was calculated in the medulla (p < 0.05). In contrast, in the
aggressive group, the percentage covered by SERT immunoreactivity was higher in the
lamina than in the medulla (p < 0.05).



Animals 2022, 12,2032

6 0f 8

Percentage of the area
covered by SERT immunoreactivity

Percentage of the area
covered by SERT immunoreactivity

50 -
45

35 4
30
25 4
20 4
15 4

10

30 4

25 1

20 4

15 4

10 1

LAMINA MEDULLA

P<0.05
80 - P<0.05

50 | P<0.05

Docile

P<0.05

I
| P<0.05

rﬁ
1

r ]
‘0 0 -

Docile Moderate Aggressive

Percentage of the area
covered by SERT immunoreactivity
8

Moderate  Aggressive

LOBULA OPTIC LOBE

60 - P<0.05

50 4
w0l P<0.05

30 4 |

20 4

10 +

Percentage of the area

Docile

covered by SERT immunoreactivity

Moderate Aggressive Docile Moderate Aggressive

Figure 3. Histograms showing the mean percentages of the image covered by SERT immunoreactiv-
ity & standard deviation (SD) in the lamina, medulla and lobula and in the optic lobe as a complex
for docile, moderate and aggressive honeybees.

A significant variation in SERT immunoreactivity was observed among optic lobes
within the different honeybee groups (moderate, docile and aggressive). The lowest SERT
immunoreactivity was observed in the aggressive group. In particular, a remarkable
decrease in SERT-immunoreactive stain density was seen in all the visual neuropils of the
aggressive honeybees (Figures 1-3).

4. Discussion

The optic lobe is a complex extension of the brain and represents the processing centre
for visual information. It is made up of several parts, among which are the lamina (distal),
the outer chiasma, the medulla, the inner chiasma and the lobula (proximal) [8,9]. In
addition, the optic lobe of honeybees also regulates attention-like processes [9]. In the
present work, we reported for the first time the distribution of SERT immunoreactivity in the
optic lobe of honeybees. Previous studies have demonstrated the presence of serotonergic
fibres in the honeybee brain using primary antibodies against serotonin [10,14]. To evaluate
the density of serotonergic fibres, we preferred to use primary antibody against SERT. In
fact, previous research reported that antibodies against SERT were preferable to determine
serotonergic fibres, because, unlike serotonin, SERT is less liable to metabolism and, for
this reason, a more stable marker to stain serotonergic fibres [15]. The stratified pattern of
distribution of serotonergic fibres in the optic lobe observed in our study was similar to
that observed previously using different methods [10]. However, the antibody directed
against SERT labelled many fibres located in the outer and inner medulla.

Biogenic amines play a crucial role in the control of insect responsiveness. Serotonin
has been repeatedly related to aggressiveness in invertebrates [20], and serotonin is a
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component of aggressive behaviours [21,22]; however, the potential role of serotonin in
aversive responsiveness has not been addressed until now. The presence of serotoninergic
fibres in the optic lobe seems to indicate their involvements in visual information processing.
Accordingly, serotonin acts as a down-regulator of sting responsiveness and increases non-
specific responsiveness [23]. In addition, injection of serotonin into the optic lobe inhibits
the response to moving stripe patterns and decreases the amplitude of field potentials [24].

Though the specific effects of serotonin release in the optic lobe are not completely
understood, our results link the serotonergic system with optic lobe-mediated behaviours.
In particular, we observed that the highest and the lowest SERT immunoreactivity were
located in the docile and aggressive groups, respectively. These data suggest that low levels
of serotonin in the optic lobe are associated with aggressive behaviour. Interestingly, the
distribution of SERT immunoreactivity varied among the three visual neuropils with the
behaviour, suggesting a specific local function of serotonin in each visual neuropil.

In the optic lobe, the serotonin release determines particular effects depending on
which neuron is engaged, the different kinds of synapsis formed and the classes of receptors
activated [6,7]. Therefore, in order to provide the basis for subsequent evaluations of the
functional role of serotonin in the honeybee optic lobe, an accurate description of serotonin
fibres” ultrastructure and receptor distribution is necessary.

5. Conclusions

The description of the serotonergic innervation of the optic lobe provides informa-
tion for studies that seek to understand the mechanism by which serotonin modulates
aggression-related behaviours through its activity in different brain regions. Though more
information is needed to evaluate the functional significance of the serotonin innervation
of the optic lobe, such as studies involving SERT knock-out animals, the present study
demonstrates that serotonin may influence different components of optic lobe function,
including aggression-related behaviours.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ani12162032/s1, Supplementary File S1: Percentage of the image
covered by SERT immunoreactivity.
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Abstract: Cannabinoid receptors are expressed in human and animal trigeminal sensory neurons;
however, the expression in the equine trigeminal ganglion is unknown. Ten trigeminal ganglia from
five horses were collected post-mortem from an abattoir. The expression of cannabinoid receptors
type 1 (CBIR) and type 2 (CB2R), and the cannabinoid-related receptors like transient receptor
potential vanilloid type 1 (TRPV1), peroxisome proliferator-activated receptor gamma (PPARY), and
G protein-related receptor 55 (GPR55) in the trigeminal ganglia (TG) of the horse were studied,
using immunofluorescence on cryosections and formalin-fixed paraffin-embedded (FFPE) sections.
Neurons and glial cells were identified using fluorescent Nissl staining NeuroTrace® and an antibody
directed against the glial marker glial fibrillary acidic protein (GFAP), respectively. Macrophages
were identified by means of an antibody directed against the macrophages/microglia marker ionized
calcium-binding adapter molecule 1 (IBA1). The protein expression of CBIR, CB2R, TRPV1, and
PPARY was found in the majority of TG neurons in both cryosections and FFPE sections. The
expression of GPR55 immunoreactivity was mainly detectable in FFPE sections, with expression in
the majority of sensory neurons. Some receptors were also observed in glial cells (CB2R, TRPV1,
PPARYy, and GPR55) and inflammatory cells (PPARy and GPR55). These results support further
investigation of such receptors in disorders of equine trigeminal neuronal excitability.

Keywords: cannabidiol; equine; immunofluorescence; G protein-related receptor 55; peroxisome
proliferator-activated receptor gamma; transient receptor potential vanilloid type 1

1. Introduction

The most common neuropathic facial pain disorder in horses is trigeminal-mediated
(TGM) headshaking, with a reported prevalence of 4% in the United Kingdom equine
population [1]. Equine TGM headshaking shares some clinical similarities with human
trigeminal neuralgia. However, the underlying pathological mechanisms of TGM head-
shaking in horses appear to differ from human trigeminal neuralgia, with a functional
rather than structural abnormality [2]. Detailed nerve conduction studies of control and
headshaking horses identified that the infraorbital branch of the trigeminal nerve in affected
horses was sensitised, with a lower threshold for activation than non-affected horses [3].

Research in human trigeminal neuralgia has explored the involvement of the neu-
romodulatory endocannabinoid system (ECS) [4]. The ECS comprises endocannabinoid
molecules involved in signaling processes, along with receptors such as the cannabinoid
type 1 (CB1R) and type 2 (CB2R) receptors, and enzymes associated with ligand biosynthe-
sis, activation, and degradation. Cannabinoids derived from Cannabis sativa, including
cannabidiol (CBD), cannabigerol, cannabichromene, and cannabinol, as well as synthetic
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cannabinoids, act on these receptors and other cannabinoid-related receptors such as tran-
sient receptor potential (TRP) channels, nuclear peroxisome proliferator-activated receptors
(PPARs), and G protein-coupled receptors (GPRs) [5,6].

There is existing evidence suggesting that cannabinoids may effectively alleviate neu-
ropathic pain and hyperalgesia by inhibiting neuronal transmission in pain pathways [7,8].
Although there is a paucity of university-led research on cannabis therapy in equines,
in recent years, some interesting studies have shown beneficial therapeutic effects of
cannabinoid molecules in horses with allodynia [9], degenerative painful conditions such
as osteoarthritis and laminitis [10,11], and also behavioral disturbances [12]. Consequently,
considering the pronounced antinociceptive effects of cannabinoids, they could repre-
sent a promising therapeutic approach for the clinical management of TGM headshaking,
should the appropriate receptors be expressed in the equine trigeminal ganglion. While
the localisation of these receptors has been demonstrated in sensory neurons of the equine
dorsal root ganglion [13,14], their distribution within the equine trigeminal ganglion is
unknown. Therefore, this study aims to immunohistochemically characterise the expression
of cannabinoid receptors (CBIR and CB2R) and cannabinoid-related receptors, including
TRPV1, PPARY, and GPR55, in cryosections and formalin-fixed paraffin-embedded (FFPE)
sections of the equine trigeminal ganglion.

2. Results

To the authors” knowledge, the somatotopic organization of the trigeminal nerve and
ganglia of the horse has never been investigated; therefore, a portion of the ganglion has
been sampled and processed in both cryosections and FFPE. In all sections under examina-
tion, there was a voluminous portion of ganglion tissue (with the neuronal component) and
a small portion of the adjacent trigeminal nerve (trigeminal root) at the division of the three
branches (ophthalmic, maxillary, and mandibular). No differences in immunolabelling
were observed across the whole TG examined in all samples.

The immunoreactivity (IR) of all the studied receptors was visible in both the cryosec-
tions and the FFPE sections. In cryosections, all the receptors were widely distributed in
neurons, with PPARY being the most represented receptor in neurons (95 &+ 8%), followed
by TRPV1 (90 & 13%), CB2R (87 £ 18%), and CB1R (80 £ 12%). Since the expression of
the GPR55-IR was faint or undetectable in the cryosections of all the subjects analysed, the
proportion of TG neurons expressing GPR55-IR was not evaluated; however, the GPR55-IR
was more evident in FFPE (see below).

Although the low number of horses from which samples were obtained precludes
quantitative evaluation, receptors appeared to have lower expression in older subjects.

Some receptors were also distributed in satellite glial cells (SGCs), vascular cells, and
immune/inflammatory cells.

2.1. Immunoreactivity in Neurons—Cryosections

Cannabinoid receptor-1 immunofluorescence was faintly expressed by the cell body
cytoplasm of 80 £ 12% sensory neurons (440/556 cells counted, n = 5) and by large nerve
fibres (Figure 1a—c). In some neurons, CB1R-IR was also displayed on the cell membrane
(Figure 1d—f). Faint CB1R-IR was also expressed by the nucleoli of sensory neurons.

Cannabinoid receptor-2 immunofluorescence was brightly expressed by the cell body
cytoplasm of 87 £ 18% sensory neurons (448/517 cells counted, # = 5) and by nerve fibres
(Figure 1g—i). Satellite glial cells showed faint CB2R-IR.

Transient receptor potential vanilloid-1 immunofluorescence was brightly expressed
by the cell body cytoplasm of 90 & 13% neurons (496 /553 cells counted, n = 5) (Figure 2a—).
The TRPV1 immunolabelling was also visible in the growing tip of the axon (axon hillock)
and the nerve fibres surrounding the TG sensory neurons (Figure 2d—f). Satellite glial cells
showed faint TRPV1-IR.
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Figure 1. Photomicrographs of equine trigeminal ganglion cryosections showing immunoreactivity
for the cannabinoid receptor type 1 (CBIR) (a—f) and type 2 (CB2R) (g—i). (a—f) Stars indicate a few
sensory neurons showing faint cytoplasmic CBIR immunoreactivity of the cell body cytoplasm. The
open arrows indicate a neuron in which CB1R immunoreactivity was also expressed by the cell
membrane. (g-i) Stars indicate neurons expressing moderate CB2R immunoreactivity. Two open
arrows indicate autofluorescent pigments which were confined to the edges of the cell. Bar: 50 um.

Peroxisome proliferator-activated receptor gamma immunofluorescence was expressed
by the nuclei of the great majority (95 £ 8%) of sensory neurons (509/535 cells counted,
n =5) (Figure 2g-i). However, not all the neuronal nuclei showed the same degree of
labelling; in fact, in some cells, the nuclei were moderately reactive, while in other neurons,
the expression of PPARy was bright.

G protein-related receptor-55 immunofluorescence was faint or undetectable within the
cell body cytoplasm of the TG neurons. For this reason, the count of GPR55 immunolabelled
neurons was not possible.

In cryosections, faint CB2-IR was expressed by the cytoplasm of SGCs. Bright PPARy-
IR was expressed by the nuclei of SGCs, as also shown by the co-localisation of the anti-
PPARY and the anti-GFAP antibodies (Figure 3a—d).
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Figure 2. Photomicrographs of equine trigeminal ganglion cryosections showing immunoreactivity
for the cannabinoid-related receptor TRPV1 (transient receptor potential vanilloid 1) (a—f), and
PPARYy (Peroxisome proliferator-activated receptor gamma) (g-i). (a—f) Stars indicate sensory neurons
expressing moderate-to-bright TRPV1 immunoreactivity. The white arrows indicate the Dapi labelled
nuclei of satellite glial cells surrounding a large neuron expressing faint TRPV1 immunoreactivity. The
open arrows indicate two TRPV1 immunoreactive axon hillocks arising from two sensory neurons.
(g—i) The white arrows indicate neuronal nuclei expressing bright PPARy immunoreactivity. The
open arrows indicate the nuclei of satellite glial cells showing moderate PPARy immunoreactivity.
Bar: 50 um.

Peroxisome proliferator-activated receptor gamma immunofluorescence was also
expressed by the nuclei of interneuronal cells, likely macrophages, as shown by the co-
localisation of the anti-PPARy with the anti-IBA1 antibodies (Figure 3e-h).

Numerous inflammatory /immune cells, which were distributed around and between
sensory neurons, showed bright GPR55-IR. However, GPR55-IR was not observed in
IBA1-IR cells.

2.2. Immunoreactivity in Neurons—FFPE Sections

Cannabinoid receptor 1 immunoreactivity was faintly expressed by the cell body
cytoplasm of 63 £ 11% (288 /459 cells counted, n = 4) sensory neurons, and by the nucleolus
of sensory neurons. No CB1R-IR was expressed by nerve fibres (Figure 4a).
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Figure 3. Photomicrographs of equine trigeminal ganglion cryosections showing the co-localisation
between the antibody anti-PPARy (Peroxisome proliferator-activated receptor gamma) and the
satellite glial cells marker GFAP (glial acidic fibrillary protein), (a-d) and between the antibody anti-
PPARY and the macrophage marker IBA1 (e-h). (a-d) The white arrows indicate two neuronal nuclei
showing bright PPARy immunoreactivity; the open arrows indicate the dapi labelled nuclei of GFAP
immunoreactive satellite glial cells showing moderate PPARy immunoreactivity. (e-h) The open
arrows indicate the dapi labelled nuclei of IBA1 immunoreactive macrophages which co-expressed
PPARy immunoreactivity. Bar: 50 pm.
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Figure 4. Photomicrographs of formalin-fixed paraffin embedded sections of equine trigeminal
ganglion showing immunoreactivity for the cannabinoid receptor type 1 (CB1R) (a) and type 2
(CB2R) (b), transient receptor potential vanilloid 1 (TRPV1) (c), perossisome proliferator-activated
receptor gamma (PPARY) (d,e), and G-protein coupled receptor 55 (GPR55) (f). (a) Stars indicate
sensory neurons showing faint CB1R immunoreactivity. The open arrows indicate two strongly
immunoreactive nucleoli for the CB1R. (b) Stars indicate sensory neurons which showed moderate
CB2R immunoreactivity. The open arrows indicate the neuronal nuclei expressing strong CB2R
immunoreactivity. Black arrows show satellite glial cells surrounding the sensory neurons, showing
faint-to-moderate CB2R immunoreactivity. (c) A large proportion of sensory neurons expressed
moderate-to-strong TRPV1 immunoreactivity. Axon hillocks (open arrow) were also positive for
TRPV1, as well as satellite glial cells (black arrows). (d) The open arrows indicate the nuclei of
the sensory neurons, showing strong PPARy immunoreactivity. (e) Not all nuclei of satellite glial
cells showed PPARy immunoreactivity; some were strongly reactive (black arrows), whereas some
appeared negative (open arrows). (f) Stars indicate the cell body cytoplasm of sensory neurons with
moderate-to-strong GPR55 immunoreactivity. The open arrows indicate the axon hillock of a small
neuron which expressed strong GPR55 immunoreactivity. The black arrows indicate some satellite
glial cells which were positive for GPR55. Bars: (a—d,f): 100 pm; (e): 50 um.
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Moderate-to-strong CB2R-IR was expressed by the cell body cytoplasm of 72 4= 12%
(288/402 cells counted, n = 4) sensory neurons and by the nucleus of sensory neurons, as
well as by the nuclei of SGCs (Figure 4b) and Schwann cells.

Moderate-to strong TRPV1-IR was observed in the cell body cytoplasm of 81 + 9%
(355/435 cells counted, n = 4) of sensory neurons and in the nerve fibres (Figure 4c).

Peroxisome proliferator-activated receptor gamma immunoreactivity with strong
intensity was expressed by the neuronal nuclei of 87 £ 6% (284 /328 cells counted, n = 4) of
sensory neurons (Figure 4d,e). It was also expressed by the nuclei of Schwann cells.

G protein-related receptor 55 immunoreactivity was localised in the cell body cyto-
plasm of 92 £ 8% (304/328 cells counted, n = 4) of sensory neurons and by the nuclei of
sensory neurons; the immunolabelling was moderate to strong (Figure 4f).

Satellite glial cells showed cytoplasmic CB2R-, TRPV1- and GPR55-IR, and nuclear
PPARy-IR (Figure 4b-f). Notably, not all the SGCs showed PPARY-IR (Figure 3e).

Small perineuronal and interneuronal immune/inflammatory cells showed a strong
cytoplasmic GPR55- and PPARY-IR.

Figure 5 shows the graphical representation of the distribution of CB1R, CB2R, TPRV1,
GPR55, and PPARY in the different cellular elements of the equine TG cells.

B

PPARy
Interneuronal Interneuronal
Macrophage immune cell Macrophage immune cell
Satellite glial cell Sensory neuron Satellite glial cell Sensory neuron
Axon hillock Axon hillock

Figure 5. Graphical representation of the distribution of the cannabinoid receptors 1 (CB1R) and 2
(CB2R), and the cannabinoid-related receptors transient receptor potential vanilloid 1 (TRPV1), G
protein-coupled receptor 55 (GPR55), and nuclear peroxisome proliferator-activated receptor gamma
(PPARY), in the different cellular elements of the equine trigeminal ganglion. (A): Expression of
immunofluorescence in cryosections; (B): Expression of immunohistochemistry on formalin-fixed
paraffin-embedded sections.

Table 1 shows the semiquantitative evaluation of the density of CB1R, CB2R, TRPV1,
GPR55, and PPAR-gamma immunoreactivity in different cellular elements of the equine
trigeminal ganglia.



Int. J. Mol. Sci. 2023, 24, 15949

8 of 18

Table 1. Semiquantitative evaluation of the density of CB1R, CB2R, TRPV1, GPR55, and PPAR-
gamma immunoreactivity in different cellular elements of the equine trigeminal ganglia. The im-
munoreactive cells were graded as: —, negative; +, faint; ++, moderate; +++, bright. Abbreviations:
Cryo, cryosections; FFPE, formalin fixed paraffin embedded sections, IF, immunofluorescence; IHC,
immunohistochemistry.

Receptors CB1R CB2R TRPV1 GPR55 PPAR-Y
Neuron + IF Cryo ++ IF Cryo +++ IF Cryo +/— IF Cryo +++ IF Cryo
eurons + THC iFFPE ++ THC FFPE +4++ IHC FFPE  ++/+++ IHC FFPE  +++ IHC FFPE
. . — IF Cryo ++IF Cryo — IF Cryo — IF Cryo +++ IF Cryo
Satellite glial cells — THC FFPE +++ IHC FFPE — THC FFPE ++ IHC FFPE +++ IHC FFPE
Inflammatory or — IF Cryo — IF Cryo — IF Cryo — IF Cryo +++ IF Cryo
immune cells — IHC FFPE — IHC FFPE — THC FFPE +++ [HC FFPE +++ THC FFPE

3. Discussion

Chronic neuropathic pain is characterised by spontaneous pain and hypersensitivity,
manifested as hyperalgesia and allodynia, and is often refractory to conventional analgesics
and even pharmaceuticals specific for neuropathic pain. Neuropathic pain therefore, most
of the time, represents an unmet therapeutic need. Trigeminal-mediated headshaking is
likely to be the most common neuropathic facial condition causing pain in horses [1]. It
can be a significant source of pain, compromised welfare, and wastage in horses, alongside
safety concerns for riders and handlers. Therefore, elucidating better, more rational treat-
ments to alleviate this condition is of paramount importance. The ECS plays a major role in
the pain trafficking pathway, at both central and peripheral levels, and modification of this
system may open novel therapeutic targets [15,16]. To date, it is known that cannabis-based
drugs have important therapeutic potential in people, not only in treating inflammatory
diseases (such as osteoarthritis and inflammatory bowel disease), in dermatological dis-
eases such as atopic dermatitis and psoriasis, but also in neurodegenerative diseases such
as Alzheimer’s, multiple sclerosis and Parkinson’s, and neurological pathologies that in-
duce seizures and eating disorders [17-19]. Cannabinoid-based drugs may also be useful
in human trigeminal neuralgia [7,20,21]. Recently, Longworth et al. [21] reported that
cannabis-based medicines offered therapeutic benefits in 6 out of 8 treatments for people
with chronic facial pain, and in all cases, they did not cause undesirable effects.

While there are studies reporting the expression of cannabinoid receptors, endo-
cannabinoids, and their related enzymes in the TG of rodents, and the therapeutic efficacy
of CBD in modulating nociceptive transmission and head pain [16,22,23], research on the
ECS in the nervous system of horses is in its infancy. Although interesting electrophysio-
logical studies on trigeminal nerve conduction in horses are available [3,24], no functional
studies related to the influence of the ECS on the mechanisms of neuropathic pain have
been published. In rodents, endocannabinoids may inhibit the trigeminal release of neu-
ropetides that control nociceptive inputs through a CB1R-dependent mechanism [25]. Since
the expression of neuropetides regulating the nociceptive pathways has been also described
in horse sensory neurons [26], it is plausible to hypothesize that the ECS might act with a
similar mechanism in this species.

The evidence that cannabinoid receptors (CB1 and CB2) and cannabinoid-related
receptors (TRPV1, PPARY, and GPR55) are extensively expressed in the majority of equine
trigeminal ganglion neurons is indeed an encouraging discovery. In the present study;,
two different methodological procedures were applied to detect the cannabinoid and
cannabinoid-related receptors in the trigeminal ganglia, i.e., immunofluorescence on
cryosections and immunohistochemistry on FFPE sections; as these receptors are molecules
that could be degraded by the processes used for paraffin embedding. The fact that the
antibodies were able to identify neurons in paraffin-fixed tissues is an encouraging finding,
which will allow for future comparisons of labelling with TG obtained from horses with
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TGM headshaking, where tissues were collected and processed using standard techniques
for paraffin embedding.

Immunoreactivity in Trigeminal Neurons

Cannabinoid receptor-1 is widely expressed in the nervous pathways of the noci-
ceptive system of rodents [22,23,27-29], and in other mammals, including dogs [30] and
horses [13]. While in rats, CB1R is expressed almost exclusively by myelinated neurons in
both the TG [22] and DRG [28], in horses the receptor seems to be localised in neurons of
different dimensions.

Cannabinoid receptor-1 can be activated by endogenous and exogenous cannabinoids,
and it can modulate the release of nociceptive neurotransmitters. Several studies have
shown that CB1 receptor activation by endocannabinoids causes depression of neuronal
excitability and neurotransmitter release in presynaptic primary neurons [31,32]. However,
there is contradictory evidence showing that endocannabinoids may also contribute to the
potentiation of neurotransmission through CB1 receptors, as shown by Zhang et al. [33],
who found that the endocannabinoid anandamide (AEA) may cause elevation of the
intracellular Ca2+ concentration in the small neurons of the rat TG. Another study, which
was undertaken to elucidate the effects of certain cannabinoids on nociceptive TG cultured
neurons, showed that the predominant effects of AEA on TG nociceptors were excitatory,
and in part, also mediated by TRPV1 [34]. Alternatively, Akerman et al. [35] showed that
the cannabinoid receptor agonist WIN55,212, which acts on both CB1 and CB2 receptors,
was able to significantly inhibit the activation of trigeminal neurons by electrical stimulation
of the dura mater by acting and inhibiting neurons with A-fiber and C-fiber inputs. All of
these findings highlight the necessity for further study of the ECS as it relates to nociception,
with particular attention to the role of CBIR in sensory neurons.

Cannabinoid receptor-2 was initially considered a ‘peripheral cannabinoid receptor’,
since it is abundantly expressed in the immune system, including in horses [14]. However,
a growing body of evidence indicates that CB2R is not only expressed in brain microglia
during neuroinflammation [36], but is also expressed in peripheral sensory neurons, as
shown in humans [37], rats [23,30], and horses [13]. Cannabinoid receptor-2 shows vast
therapeutic potential. The most promising indications include neuropathic pain, in which
CB2R agonists have proven helpful [38,39]. Therefore, the finding that a large proportion
of equine TG neurons express CB2R (as seen in the current study) reinforces the evidence
that CB2R may play a great role in pain modulation in horses, as also proposed by Sanchez-
Aparicio et al. [10].

In both a former study [13] and the current one, CB2R-IR has also been expressed by
SGCs; this evidence is consistent with that described in rat sensory neurons [40].

The TRP vanilloid 1 (TRPV1) ion channel is usually expressed by DRG nociceptors
of mammals [30,41-43], including horses [14]. In rats, TRPV1 receptors are known to be
present in trigeminal neurons with C-fibre inputs [44]. It has been suggested that the role
of TRPV1 in neuropathic pain may include sensitisation of intact peripheral terminals,
ectopic activity in injured axons (through the activation of axonal TRPV1 receptors), or a
contribution to the modulation of transmitter release [45].

It has been shown that TRPV1 antagonists reduced pain sensitivity in models of
neuropathic pain [46] and provided pain relief in models of inflammatory pain [47]. In
addition, the desensitisation of TRPV1 located in DRG and TG has exhibited analgesic
effects, making it a potential therapeutic target for the treatment of neuropathic pain [48].

A recent study has suggested a role for TRPV1 channels in the modulation of synaptic
transmission through activation by endocannabinoids, such as anandamide [49]. Addi-
tionally, endocannabinoid-like molecules and endovanilloids can desensitise TRPV1, as
well as phytocannabinoids such as CBD [50], which shows anti-nociceptive, analgesic, and
anti-inflammatory effects [51].

Peroxisome Proliferator Activated Receptor Y, like the other PPAR receptors, acts
as a transcription factor, modulating various physiological functions, including lipid
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metabolism. It is principally expressed in fatty and vascular tissue [52]; however, it has
also been localised in brain tissue, where its activation reduced neurodegeneration [53].
There is some evidence indicating that PPARY plays a beneficial role in various neurolog-
ical diseases and that its activation may represent a potential target for the treatment of
numerous acute and chronic neurological diseases [54]. Indeed, the activation of PPARy
has reduced neuroinflammation in neuropathic pain [55,56]. The role of PPARYy during
inflammatory compression of the trigeminal nerve was investigated by Lyons et al. [57],
who demonstrated its important role in pain sensitivity and alleviation of allodynia with
PPARYy agonists. A further study suggests that drugs targeting spinal PPARy may yield
important therapeutic effects for neuropathic pain [58]. Cannabinoids produce analgesic
effects by acting on multiple pain targets in the peripheral and central nervous systems [59].
Cannabidiol, particularly CBD, due to its interaction with PPARy, may be useful for treating
neuropathic pain [60,61].

In studies performed on equine spinal ganglia, immunoreactivity for the PPARy
receptor was expressed by sensory neurons, SGC, and other unidentified interneuronal
cells [13,14]. The data reported in the current study on horse TG are consistent with those
expressed by the spinal ganglia. The localisation of PPARY-IR in SGCs of the horse TG
may play an important role in ganglion functional homeostasis, as also indicated in mice
by Chu et al. [62]. Also, the expression of PPARY-IR in the macrophages of the horse
TG seems to be an interesting finding, as there are observations suggesting that PPARy
signaling in macrophages may be a potential therapeutic target for the treatment of acute
pain development [63,64].

G protein-coupled receptor 55 (GPR55), which researchers have proposed classifying
as a third cannabinoid receptor [65,66], has been identified in the sensory neurons of
different species, including dogs, rats [30], and horses [14], and in canine inflammatory
cells [67]. While in cryosections, the GPR55 signal was so faint that it prevented cell
counting; in FFPE sections, GPR55-IR was strongly expressed (see below).

Unexpectedly, GPR55-IR was not observed in IBA1-IR cells, as previously shown in
the horse DRG [14]. This evidence indicates that macrophages (or dendritic or microglia
cells) of the equine TG do not express GPR55-IR. However, GPR55-IR has been observed in
unidentified inflammatory/immune cells in both cryosections and FFPE sections of the TG,
suggesting an active role of the receptor in TG homeostasis and immunity.

In a recent study in mice, GPR55 signaling contributed to the induction of inflamma-
tory responses and chronic pain via the recruitment of neutrophils, monocytes /macrophages,
and T-cells, possibly providing a new target for reducing pain [68]. Another study reported
that GPR55-KO mice did not develop mechanical pain in chronic pain models developed
by peripheral nerve injury and peripheral tissue inflammation [69]. Therefore, molecules
that block GPR55 (such as CBD) could potentially help patients with diverse ailments,
including chronic pain.

Immunoreactivity in satellite glial cells—localisation of some receptors in SGCs
(PPARY, CB2R, GPR55) and inflammatory /immune cells (PPARy and GPR55) seems to be
relevant, because a better understanding of the molecular crosstalk between TG neurons
and their surrounding cells may aid in the identification of novel targets for the develop-
ment of more effective analgesics [70]. In response to injury signals, SGCs and macrophages
accumulate around primary sensory neurons, forming a macrophage-SGC-neuron triad,
in which macrophages and SGCs work together to enhance and prolong neuropathic
pain through ATP and other inflammatory mediators, which promote the development of
inflammation-related neuropathic pain [70].

Satellite glial cells that envelop the cell bodies of primary sensory neurons in DRG and
TG support normal sensory transmission and nociception by maintaining metabolic and
ionic homeostasis [40]. In neuropathic pain and inflammation models, SGCs proliferate and
become activated [71,72], resulting in an increased expression of various molecules, such as
proinflammatory cytokines [73-75] and neurotrophins [76-78], and changes in functional
gap junctions [79,80]. The mechanisms by which peripheral nerve injury causes activation



Int. J. Mol. Sci. 2023, 24, 15949

110f18

of SGCs may involve ATP, with ATP released from damaged neurons believed to be one of
the critical mediators involved in activating SGCs through the stimulation of purinergic
receptors (as reviewed by Ohara et al. [77]). Recent studies have demonstrated that SGCs
are able to modulate neuronal excitability, leading to neuropathic pain [76,78].

In the TG, satellite glial cells have been recognised as significant contributors to
the regulation of neuronal function in various physiological and pathological conditions,
including pulpitis, inflammation of the temporomandibular joint, headaches, and other
orofacial neuropathic or inflammatory pain [81,82]. Cannabinoids may have a therapeutic
role in neuropathic pain, also reducing the synergy between neurons and SGCs in the
nociceptive pathways.

The small sample size, potential regional differences, and lack of close age matching
in our cases could represent a significant limitation, as well as the limited number of horses
and the uncertainty regarding their health status. Further studies involving a larger number
of subjects are required to confirm our results. It cannot be ruled out that some factors,
such as the unknown underlying pathological conditions of the horses in the study or the
medications they received, could potentially alter the CB1R, CB2R, TRPV1, GPR55, and
PPARY expression in tissues.

4. Materials and Methods
4.1. Animals

Ten whole trigeminal ganglia (TG) from both sides (right and left) of five healthy
horses, which were slaughtered for consumption, were harvested post-mortem from the
head. The age of the horses ranged from 10 months to 22 years (6 £ 5 years; mean =+ standard
deviation), and their weight ranged from 67 kg to 374 kg (274 4 121 kg). The breeds
included 2 Italian thoroughbred, 2 half-breeds and 1 French saddle horse.

The clinical history of the horses was unknown, but all had been assessed as fit for
slaughter for human consumption upon ante-mortem inspection. Heads were routinely
removed during carcass preparation and were cut off along the sagittal plane of the head.
This cut revealed the trigeminal roots, the attached trigeminal ganglia, and portions of the
ophthalmic, maxillary, and mandibular nerves (approximately 1.5 cm in length), which
were quickly removed and immersed in the fixative. Dissection was performed within
0.5-1 h of slaughter. The inclusion criteria for the selection of the animals were the normal
gross and histological TG appearance.

4.2. Immunofluorescence on Cryosections

Five right TG from the five horses were fixed for 48 h at 4 °C in 4% paraformaldehyde
in phosphate buffer (0.1 M, pH 7.2). They were subsequently rinsed in phosphate-buffered
saline (PBS; 0.15 M NaCl in 0.01 M sodium phosphate buffer, pH 7.2) and stored at 4 °C
in PBS containing 30% sucrose and sodium azide (0.1%). The following day, the tissues
were transferred to a mixture of PBS-30% sucrose-azide and Optimal Cutting Temperature
(OCT) compound (Sakura Finetek Europe, Alphen aan den Rijn, The Netherlands) at a ratio
of 1:1 for an additional 24 h before being embedded in 100% OCT in Cryomold® (Sakura
Finetek Europe, Alphen aan den Rijn, The Netherlands). The sections were prepared by
freezing the tissues in isopentane cooled in liquid nitrogen. Cryosections (14 um thick)
(n = 60) of trigeminal ganglia were cut on a cryostat and mounted on polylysinated slides
(n=22).

The cryosections were hydrated in PBS and processed for immunostaining. To block
non-specific binding, the sections were incubated in a solution containing 20% normal
donkey serum (Colorado Serum Co., Denver, CO, USA), 0.5% Triton X-100 (Sigma Aldrich,
Milan, Italy, Europe), and 1% bovine serum albumin in PBS for 1 h at room temperature (RT)
(22-25 °C). Serial cryosections of the same TG in all five cases were incubated in a humid
chamber overnight at RT with different antibodies directed against CB1R, CB2R, TRPV1,
GPR55, and PPARY (single immunostaining) or with a cocktail of primary antibodies
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(double immunostaining) (Tables 2 and 3), diluted in 1.8% NaCl in 0.01 M PBS containing
0.1% sodium azide.

Table 2. Primary antibodies used in the study.

Primary Antibody Host Code Dilution Source
CBIR Rabbit ab23703 1:100 (IF); 1:400 (IHC) Abcam
CB2R Rabbit PA1-744 1:250 (IF); 1:200 (IHC) Thermo Fisher
GPR55 Rabbit NB110-55498 1:200 (IF); 1:200 (IHC) Novus Biol.
GFAP Chicken Ab4674 1:800 (IF) Abcam
IBA1 Goat NB100-1028 1:80 (IF) Novus Biol.
PPARY Rabbit Ab45036 1:300 (IF); 1:400 (IHC) Abcam
TRPV1 Rabbit ACC-030 1:200 (IF); 1:300 (IHC) Alomone

Table 3. Details of the primary and secondary reagent combination in the double labelling experiments.

Double Labelling Experiment Secondary Reagent Combination
Rabbit anti-PPARy Donkey anti-Rabbit 488
Chicken anti-GFAP Donkey anti-Chicken TRITC
Rabbit anti-PPARYy Donkey anti-Rabbit 488

Goat anti-IBA1 Donkey anti-Goat 594
Rabbit anti-GPR55 Donkey anti-Rabbit 488
Chicken anti-GFAP Donkey anti-Chicken TRITC
Rabbit anti-GPR55 Donkey anti-Rabbit 488

Goat anti-IBA1 Donkey anti-Goat 594

Primary antibody Suppliers: Abcam, Cambridge, UK; Alomone, Jerusalem, Israel;
Dako Cytomation, Golstrup, Denmark; Novus Biologicals, Littleton, CO, USA; Santa
Cruz Biotechnology, Santa Cruz, CA, USA; Thermo Fisher Scientific, Waltham, MA, USA.
Abbreviations: IF, immunofluorescence; IHC, immunohistochemistry.

Secondary antibody Suppliers: Abcam, Cambridge, UK; Dako, Glostrup, Denmark;
Jackson Immuno Research Laboratories, Inc Baltimore Pike, PA, USA. Thermo Fisher
Scientific, Waltham, MA, USA. Vector Laboratories, Burlingame, CA, USA.

Table 3 summarizes the combination of primary and secondary antibodies used in
double labelling experiments.

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 (Table 4) diluted in PBS.

Table 4. Secondary antibodies used in the study.

Secondary Antibody Host Code Dilution Source
Anti-chicken TRITC Donkey 703-025-155 1:200 Jackson
Anti-goat 594 Donkey ab150132 1:600 Abcam
Anti-rabbit 488 Donkey A-21206 1:1000 Thermo Fisher
Anti-rabbit biotinylated Goat BA-1000 1:200 Vector laboratories

The sections were then washed in PBS (3 x 10 min) and counterstained with a blue fluo-
rescent Nissl stain solution (NeuroTrace®, # N-21479, dilution 1:200) (Molecular Probes, Eu-
gene, OR, USA), which was used to label the TG neurons and the satellite glial cells (SGCs)
and to determine the percentage of neurons that immunoreacted to each of the markers.

To identify the SGCs, the antibody anti-glial acidic fibrillary protein (GFAP) was also
utilised. In addition, since cannabinoid and cannabinoid-related receptors might also
be located on inflammatory cells, the anti-ionised calcium binding adapter molecule 1
antibody (IBA1), which recognises the microglia in the central nervous system (CNS) and



Int. . Mol. Sci. 2023, 24, 15949

13 0f 18

the macrophages outside the CNS, was utilised. The cryosections were then washed in PBS
(3 x 10 min) and mounted in buffered glycerol at pH 8.6.

4.3. Immunohistochemistry on FFPE

Five left TG were dissected from five horses (in one case, the sampled tissue was
insufficient for further analysis), fixed in 10% (vol /vol) phosphate-buffered formalin, and
paraffin-embedded according to standard procedures. Subsequently, three-micron-thick
consecutive sections were cut and processed for immunohistochemistry (n = 20). The
sections from each sample were dewaxed and rehydrated. Endogenous peroxidase was
blocked by immersion in 3% H;O, in methanol for 30 min at RT. The dilutions of the
primary antibodies are reported in Table 2. Antigen retrieval (citrate pH6; 10 min; MW:
750 W) was followed by cooling at RT for 20 min. Blocking of non-specific antigenic sites
was achieved by incubating the slides in a solution of 10% normal goat serum in PBS
(blocking solution) for 30 min at RT, and incubated overnight in a humid chamber at 4 °C
with the primary antibodies diluted in the blocking solution afterwards.

The slides were rinsed in TRIS buffer and then incubated with a secondary anti-rabbit
antibody (biotinylated goat anti-rabbit immunoglobulins; Dako, Glostrup, Denmark) di-
luted to 1:200 in the blocking solution. After two washes in TRIS buffer, immunoreactions
were detected with avidin-biotin immunoperoxidase (Vectastain Elite ABC Kit, Vector Labo-
ratories, Burlingame, CA, USA) and visualised with the chromogen 3,3'-diaminobenzidine
(0.05% w/v, cat# ACB999, Histo-Line Laboratories, Pantigliate, Milan, Italy). The slides were
counterstained with Harris haematoxylin (cat# 01HEMH2; Histo-Line Laboratories) and
permanently mounted with DPX medium (Fluka, Riedel-de Haen, Germany). Images were
acquired with an optical microscope (Eclipse E600; Nikon, Shinjuku, Japan) equipped with
the Imaging Source “33” Series USB 3.0 Camera (cat# DFK 33UX264; Bremen, Germany).

4.4. Quantitative Analysis of the [mmunoreactivity

The immunoreactivity of the antibodies was evaluated, and its cellular localisation
(membranous, cytoplasmic, and/or nuclear) was reported. The intensity of the expression
was also evaluated as faint, moderate, and bright (immunofluorescence)/strong (immuno-
histochemistry) in images acquired using the same exposure times (for immunofluores-
cence in cryosections), and through microscopy observations (for immunohistochemistry
on paraffin-embedded sections).

A minimum of one hundred Nissl-stained neurons were counted for each cannabinoid
and cannabinoid-related receptor in cryosections, following the protocol published by
Chiocchetti et al. [13].

In the FFPE sections, immunopositive neurons were counted in a total of 5 fields at
20 x magnification under the optical microscope and compared to the total number of cells
present in the same cell compartment.

The relative percentages of immunopositive neurons were expressed as Mean =+ standard
deviation (SD).

4.5. Specificity of the Primary Antibodies

The rabbit anti-CB1R [13], -CB2R [83], -TRPV1 [14,30], and -PPARY [14] antibodies had
previously been tested on horse tissues using Western blot (Wb) analysis. The immunogen
used to obtain the anti-GPR55 antibody was a synthetic 20 amino acid peptide from
the third cytoplasmic domain of Human GPR55 in amino acids 200-250. The homology
between the full amino acid sequences of the horse and human GPR55 was 80%, and the
correspondence with the specific sequence of the immunogen was 78% (https://www.
uniprot.org/, accessed on 7 January 2018). This antibody, which has recently been used in
horse sensory neurons [14], had previously been tested on rat and dog dorsal root ganglia
(DRG) using immunohistochemistry [30] and on mice tissues using Wb analysis [84].
However, the Wb analysis had not been carried out on horse tissue.
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Marker for macrophages—the goat anti-IBA1 antibody, recently used on horse tis-
sue [12,14], was directed against a peptide with the sequence C-TGPPAKKAISELP, from
the C Terminus of the porcine IBA1 sequence. Horse and porcine IBA1 molecules share
92.3% identity (https://www.uniprot.org/, accessed on 30 June 2019), and it is plausible
that the antibody used can also recognise IBA1 in the horse.

4.6. Specificity of the Secondary Antibody

The specificity of the secondary antibodies was tested by applying them to the sec-
tions after omitting the primary antibodies. No immunolabelled cells were detected after
omitting the primary antibodies.

4.7. Fluorescence Microscopy

The preparations were examined, by the same observer on a Nikon Eclipse Ni micro-
scope (Nikon Instruments Europe BV, Amsterdam, The Netherlands, Europe) equipped
with the appropriate filter cubes. The images were recorded with a DS-QilNc digital
camera and NIS Elements software BR 4.20.01 (Mountain View, Ottawa, ON, Canada).
Slight contrast and brightness adjustments were made using Corel Photo Paint, whereas
the figure panels were prepared using Corel Draw (Mountain View).

5. Conclusions

In conclusion, this study provides significant insights into the expression of cannabi-
noid receptors (CB1 and CB2) and cannabinoid-related receptors (GPR55, PPARy, and
TRPV1) in the TG neurons and SGCs of horses. To the authors” knowledge, this is the
first study to demonstrate this expression. The positive findings demonstrate the presence
and potential functional significance of these receptors in the equine TG, highlighting
their potential role in the modulation of trigeminal nerve function and neuropathic pain
pathways. Considering the pronounced antinociceptive effects of cannabinoids and the
expression of their receptors in the TG, these findings hold promise for the therapeutic
application of cannabinoids in managing headshaking in horses. By targeting the en-
docannabinoid system, modulation of the trigeminal neural network and subsequent
alleviation of trigeminal-mediated headshaking may be achievable. Investigation of re-
ceptor expression in TGM headshaking, and whether it differs from unaffected horses, is
warranted and now being undertaken. Such research endeavors could ultimately lead to
the development of novel cannabinoid-based therapies for the clinical management of this
debilitating condition, thereby enhancing the well-being, performance, and quality of life
of these horses and improving safety for riders and handlers.
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Simple Summary: The gastrointestinal tract of the bottlenose dolphin (Tursiops truncatus) differs
structurally and functionally from that of terrestrial mammals. In particular, the intestine does not
show any macroscopic subdivision and lacks a caecum. In addition, the histological aspect of the
intestine is relatively constant, without marked differences between the anterior and posterior parts.
Although the intestine of these cetaceans presents differences in comparison with terrestrial mammals,
little information is currently available on their enteric nervous system. The aim of the present study
was to investigate the morphological and quantitative aspects of neurons immunoreactive (IR) for the
neuronal nitric oxide synthase (nNOS) and Substance P (SP) in the intestine of bottlenose dolphins
(Tursiops truncatus). In these dolphin specimens, a smaller number of nNOS-IR neurons in the
submucosal plexus and a larger number of SP-IR neurons in the myenteric plexus were observed
compared to other mammals. Interestingly, no co-localization between nNOS- and SP-IR neurons
was detected in either of the plexuses, suggesting the existence of two completely distinct functional
classes of neurons in the intestine of the bottlenose dolphin.

Abstract: Compared with other mammals, the digestive system of cetaceans presents some remark-
able anatomical and physiological differences. However, the neurochemical features of the enteric
nervous system (ENS) in these animals have only been described in part. The present study gives
a description of the nitrergic and selected peptidergic systems in the myenteric plexus (MP) and
submucosal plexus (SMP) of the intestine of the bottlenose dolphin (Tursiops truncatus). The distribu-
tion and morphology of neurons immunoreactive (IR) for the neuronal nitric oxide synthase (nNOS)
and Substance P (SP) were immunohistochemically studied in formalin-fixed specimens from the
healthy intestine of three animals, and the data were compared with those described in the literature
on other mammals (human and non-human). In bottlenose dolphins, the percentages of nitrergic
neurons (expressed as median and interquartile range—IQR) were 28% (IQR = 19-29) in the MP
and 1% (IQR = 0-2) in the SMP, while the percentages of SP-IR neurons were 31% (IQR = 22-37) in
the MP and 41% (IQR = 24-63) in the SMP. Although morphological features of nNNOS- and SP-IR
neurons were similar to those reported in other mammals, we found some noticeable differences
in the percentages of enteric neurons. In fact, we detected a lower proportion of nNOS-IR neurons
in the SMP and a higher proportion of SP-IR neurons in the MP compared to other mammals. To
the best of the authors” knowledge, this study represents the first description and quantification of
nNOS-IR neurons and the first quantification of SP-IR neurons in the intestine of a cetacean species.
As nNOS and SP are important mediators of intestinal functions and the nitrergic population is
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an important target for many neuroenteropathies, data obtained from a healthy intestine provide
a necessary basis to further investigate and understand possible functional differences and motor
intestinal dysfunctions/alterations in these special mammals.

Keywords: cetaceans; gut; intestine; immunohistochemistry; nNOS

1. Introduction

Marine Cetartiodactyla underwent extensive morphological and physiological evo-
lutionary adaptations to life in the water [1]. Salinity and wide variations of temperature
and pressure are just a few of the environmental characteristics that cetaceans have to deal
with. Like other organs and systems of odontocetes, the gastrointestinal (GI) tract differs
structurally and functionally from that of terrestrial mammals. The tongue has no taste
buds, except in certain species [2], prey is swallowed without being chewed and the larynx,
which passes through the pharynx, can be voluntarily displaced to allow the passage of
food [2,3]. The stomach of delphinids consists of multiple chambers, including a highly
muscular forestomach, necessary to grind and digest the whole prey [4-7]. Unlike terres-
trial Cetartiodactyla (including the closely related ruminants and Hippopotamidae) which
also have multiple-chamber stomachs, the stomach complex of cetaceans does not promote
multiple chewing cycles. The intestine itself does not show any macroscopic subdivision
into small and large intestine, and the caecum is absent; in addition, the histological aspect
is also relatively constant, without marked differences between the anterior and posterior
parts [5,6,8]. Cetaceans also lack a gall bladder, an arguable evolutionary consequence of
the continuous ingestion of food [6].

Although the digestive system of cetaceans presents such differences, when compared
with terrestrial mammals, little information is currently available on their enteric nervous
system (ENS) [8-12]. The ENS regulates the great majority of digestive functions and
activities such as motility, absorption, secretion and blood flow [13]. In the last decade,
advances in our understanding of the brain—gut axis have shown the tremendous influence
of the ENS on immune, humoral and metabolic homeostasis (Kulkarni et al., 2018). It
consists of a huge integrated network of neurons and fibers arranged in the wall of the
digestive system, from the esophagus to the internal anal sphincter, and extending to the
pancreas and extrahepatic biliary system [14,15]. In the ENS, neurons, fibers and enteric
glial cells are organized into two major ganglionated plexuses, the myenteric (MP) and the
submucosal plexus (SMP) [13]. The MP is located between the longitudinal (LML) and
circular (CML) muscle layers, and provides motor innervation to the GI smooth muscle
cells, while the SMP regulates mainly mucosal and submucosal functions and activities,
at least in small laboratory rodents [15]. Enteric neurons can be grouped into different
functional classes (intrinsic primary afferent neurons (IPANs), excitatory and inhibitory
motor neurons and interneurons), based on their specific neurochemical code (i.e., the
cocktail of neurotransmitters that they synthesize). Nitric oxide (NO) is the most important
inhibitory neurotransmitter of the GI tract, and in most mammalian species, it is also
synthesized by descending interneurons, which do not necessarily have an inhibitory
action. Mostly released by MP neurons, NO induces relaxation of the GI musculature
and sphincters by acting directly on the intestinal smooth muscle cells or by attenuating
the release of the excitatory neurotransmitters, such as acetylcholine and substance P
(SP) [16,17]. Nitric oxide is synthesized through the activation of neuronal nitric oxide
synthase (nNOS), an enzyme that can be found in MP and SMP neurons and fibers of
different species [18-21].

SP belongs to the tachykinin family, a group of neuropeptides involved not only in
the regulation of different gastrointestinal functions, such as motility and secretion, but
also in inflammation and pain genesis [22-26]. In the gut, SP is found in MP excitatory
muscular motor neurons and MP and SMP IPANSs, as well as in extrinsic sensory fibers
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and enteroendocrine cells [9,15,25]. Frequently detected with acetylcholine in intestinal
intramural neurons and fibers, SP is considered a cholinergic co-mediator [15,27]. Since NO
and SP play important roles in intestinal motor function, they have been widely regarded
as relevant neurotransmitters in the study of GI motility disorders [28-31].

The aim of the present study was to describe and quantify nNOS and SP immunore-
active enteric neurons in the non-pathological gut of bottlenose dolphins. By doing so,
we provide a first insight into the complex interaction between two major neurochemical
classes of enteric neurons in the intestine of this common marine mammal.

2. Materials and Methods
2.1. Animals

Samples of intestine of three adult bottlenose dolphins were obtained from the Mediter-
ranean marine mammal tissue bank of the Department of Comparative Biomedicine and
Food Science of the University of Padova (Italy) (MMMTB, www.marinemammals.eu, ac-
cessed on 2 April 2021). The MMMTB (CITES IT020) works under the auspices of the Italian
Ministry for the Environment and the University of Padova, and receives tissue specimens
from cetaceans stranded along the Italian coast of the Mediterranean, or directly samples
tissues from dolphins and whales brought to its facilities for post mortem diagnosis.

According to Directive 2010/63/EU of the European Parliament and of the Council
of 22 September 2010 regarding the protection of animals used for scientific purposes,
the Italian legislation (D. Lgs. n. 26/2014) does not require any approval by competent
authorities or ethics committees because this study did not influence any therapeutic
decisions.

2.2. Tissue Collection

Tissues were collected from the antimesenteric side of the intestine in the putative jeju-
nal portion caudal to the duodenal ampulla (marked by the pancreatic and hepatic ducts).

All carcasses were coded for freshness [32]. Once removed, tissue fragments were
washed in PBS (0.1 M phosphate buffer saline, pH 7.4), and immersed in 4% buffered
formalin for at least 24 h at 4 °C; following fixation, tissue samples were dehydrated
and embedded in paraffin. Serial longitudinal and transverse sections (7 pm thick) were
collected on poly-L-lysine-coated slides and processed for histological and immunohisto-
chemical labeling.

2.3. Histology

One section for each specimen was stained with hematoxylin and eosin (H&E) to assess
tissue condition. Microscopic analysis of the sections showed the absence of pathological
alteration in the gut (data not shown), and therefore the tissues from all three animals were
included in the present research.

2.4. Double Immunofluorescence

To assess the proportion of subclasses of neurons and evaluate their co-localization,
we performed double immunostaining with immunolabeling for either PGP9.5 and nNOS,
PGP9.5 and SP or nNOS and SP. Briefly, sections were deparaffinized in xylene, rehydrated
through graded ethanol and heated in sodium citrate buffer (pH 6.0) in a microwave (5 min
at 700 W) for antigen retrieval. To block non-specific bindings, sections were incubated for
1.5 h at room temperature (RT) in a solution containing 20% normal goat serum (CS9022,
Colorado Serum Co., Denver, CO, USA) or 20% normal donkey serum (D9663, Sigma-
Aldrich, Saint Louis, MO, USA), and 0.5% Triton X-100 (Merck, Darmstadt, Germany) in
PBS. Sections were then incubated overnight in a humid chamber at RT in a cocktail of
primary antibodies (Table 1) diluted in 1.8% NaCl in 0.01 M PBS containing 0.1% sodium
azide. After rinsing in PBS (3 x 10 min), the sections were incubated for 1.5h at RT in a
solution of secondary antibodies (Table 1) diluted in PBS. Enteric neurons were identified
using blue fluorescent Nissl stain solution (NeuroTrace®, Molecular Probes, Eugene, OR,
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USA—NT throughout the text) for 90 min and/or the antibody guinea pig anti-PGP 9.5
(see Table 1 for details). The two neuronal markers identified the same neurons of the
MP and SMP (Supplementary Figure S1). After washing, the sections were mounted in

buffered glycerol at pH 8.6.

Table 1. Details of antibodies and NeuroTrace® used.

Primary Antibodies and NT Host Code Dilution Source
CHAT Goat Ab 144P 1:25 Millipore
cCHAT Rabbit 1:100 Generous gift of Dr. K. Lips @
pCHAT Rabbit 1:1000 Generous gift of Prof Kimura °
HuC/HuD Mouse A21271 1:200 Molecular Probes
HuC Goat SC-5977 1:100 Santa Cruz Biotechnologies
nNOS Rabbit Ab5380 1:300 Millipore
PGP 9.5 Guinea pig Ab5898 1:100 Millipore
SP Rat 10-S15A 1:300 Fitzgerald
NT N21479 1:200 Molecular Probes
Secondary Antibodies Dilution Source
Goat anti-rabbit IgG FITC 1:200 Calbiochem
Donkey anti-rat IgG Alexa 594 1:50 Invitrogen
Goat anti-guinea pig TRITC 1:100 Chemicon

Abbreviations: CHAT, choline acetyltransferase; cCHAT, central choline acetyltransferase; pCHAT, peripheral choline acetyltransferase;
nNOS, neuronal nitric oxide synthase; NT, blue fluorescent Nissl stain solution; PGP 9.5, protein gene product 9.5; SP, substance P; Suppliers:
Calbiochem, Merck Millipore, Merck KGaA, Darmstadt, Germany; Chemicon, Merck Millipore, Merck KGaA, Darmstadt, Germany;
Fitzgerald Industries International, Acton, Massachusetts, USA; Invitrogen, Thermo Fisher Scientific, Carlsbad, California, USA; Merck
Millipore, Merck KGaA, Darmstadt, Germany; Molecular Probes, Eugene, Oregon, USA; Santa Cruz Biotechnologies, Dallas, Texas, USA;

2 Justus-Liebig-576 University, Giessen, Germany; ® Shiga University of Medical Science, Otsu, Japan [33].

2.5. Specificity of the Primary Antibodies

The immunogen used to obtain antibody anti-nNOS (Ab5380) was the recombinant hu-
man neuronal nitric oxide synthase 1. The homology between the full amino acid sequences
of Tursiops truncatus (AOA6J3PRR6_TURTR) and Human nNOS (P29475 NOS1_HUMAN)
was 94.3%.

The immunogen used to obtain antibody anti-SP (10-S15A) was substance-P-BSA. The
sequence of SP is very well conserved among many mammalian species [34], including
the Tursiops truncatus (AOA2U3V1Z_TURTR), which shows 96.1% homology with the full
amino acid sequence of Human SP (P20366 SP_HUMAN) and the 100 % homology with
the peptidic sequence used as immunogen (RPKPQQFFGLM).

The homologies of NNOS and SP of Tursiops truncatus were verified by the “alignment”
tool available on the Uniprot database (www.uniprot.org, accessed on 2 April 2021) and
the BLAST tool of the National Center for Biotechnology information (NCBI) (www.ncbi.
nlm.nih.gov, accessed on 2 April 2021).

In addition, the anti-SP and anti-nNOS antibodies utilized in the present study have
been already successfully employed in the nervous system of the dolphins [35,36].

2.6. Specificity of the Secondary Antibodies

The specificity of the secondary antibodies (Table 1) was tested by the absence of
signal after the exclusion of the primary antibodies on bottlenose dolphin intestinal tissues.

2.7. Analysis of Sections

Immunohistochemical preparations were analyzed with a Nikon Eclipse Ni micro-
scope equipped with the appropriate filter cubes. The images were recorded with a DS-
QilNc digital camera and NIS Elements software BR 4.20.01 (Nikon Instruments Europe
BV, Amsterdam, The Netherlands). The proportions of neurons that were immunoreactive
for nNOS or SP were determined by examining fluorescent double-stained preparations.
Neurons were first located by PGP9.5 immunostaining and /or by the presence of a fluo-
rophore that labelled NT and then the filter was switched to determine whether or not the
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neuron was labelled for a second antigen (nNOS or SP), located with a fluorophore of a
different colour.

In this way, proportions of neurons labeled for pairs of antigens were determined.
At least 200 NT-labeled neurons were counted for each sample tissue from each animal
and the percentage of neurons that were NT labeled and/or PGP 9.5 immunolabeled and
that were also immunoreactive for nNOS or SP was calculated and expressed as a relative
percentage (median and interquartile range—IQR).

3. Results
3.1. Hematoxylin and Eosin Staining

In the bottlenose dolphin, the MP was organized in large ganglia located between
the longitudinal (LML) and circular muscle layer (CML). In longitudinal and transverse
sections, ganglia were different sizes and contained up to 43 neurons. The neurons of the
SMP were organized in smaller ganglia (up to 18 neurons) distributed at two different
levels within the submucosal layer. The inner submucosal plexus (ISMP) was composed of
small ganglia located near the muscularis mucosae, harboring small cell bodies, whereas the
outer submucosal plexus (OSMP), lying close to the CML, was composed of larger neurons.
Solitary neurons were also observed, dispersed in the submucosal layer.

3.2. Nitrergic Neurons

The nitrergic subpopulation of enteric neurons presented a homogeneous immunore-
activity of the soma, without nuclear labeling. These neurons showed an irregular outline
and short processes, resembling Dogiel type I neurons. In the MP, nNOS immunoreac-
tive (nNOS-IR) neurons represented 28% (IQR = 19-29) of the total neuronal population
(404/1478 cells; n = 3) (Figure 1A-C). In the SMP, nNOS-IR neurons were observed just
occasionally (1% IQR = 0-2), and only in the OSMP, close to the CML (9/1132 cells, n = 3)
(data not shown).

PGP9.5-R | B

PGP 9.5 IR | E

Figure 1. Micrographs showing nNOS (A-C) and SP immunoreactivity (IR) (D-F) in longitudinal sections of the myenteric

plexus in bottlenose dolphin intestine. Stars indicate PGP 9.5 immunoreactive myenteric plexus neurons (A,D) which were

not immunoreactive for the neuronal nitric oxide synthase (nNOS-IR) and substance P (SP-IR); arrows indicate PGP 9.5

immunoreactive neurons, which were also nNOS-IR (B) and SP-IR (E). (C,F) Merged images. Scale bar: 50 um.
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3.3. SP-IR Neurons

SP-IR was expressed by 31% (IQR = 22-37) of MP (456/1478 cells, n = 3) and 41%
(IQR = 24-63) of SMP neurons (412/1132 cells, n = 3). The majority of SP-IR myenteric
neurons showed a smooth outline of the cell body, a typical feature of Dogiel type II
neurons (Figure 1D-F). In the myenteric neuropil, we frequently observed bright SP-IR
nerve fibers forming baskets of SP-IR varicosities around nNOS-IR and nNOS-negative
neurons (Figure 2G-I). Immunolabeled varicosities and fibers were frequently visible
around submucosal blood vessels (data not shown).

3.4. Co-Localizations of nNOS and SP

No co-localization between the two markers was detected, in either of the plexuses
(Figure 2A-I).

nNOS-IR

nNOS-IR

nNOS-IR

Figure 2. Micrographs of the sections of the myenteric plexus (MP) (A-C) and submucosal plexus (SMP) (D-I) of the
bottlenose dolphin intestine. White stars indicate neurons showing neuronal nitric oxide synthase (nNOS) immunoreactivity
(nNOS-IR); open stars indicate neurons showing substance P-IR (SP-IR). (A-C) Sections in which it is evident that no MP
neurons co-expressed the two neuronal markers. (D-I) The SMP of the dolphin intestine was double layered; in the inner
SMP (D-F), neurons preferentially expressed SP-IR (E) and were nNOS negative (D); nitrergic neurons were only observable
in the outer SMP (G-I). The arrows indicate SP-IR varicosities encircling nitrergic neurons. (C,F,I) Merged images. Scale bar:
50 um.
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4. Discussion

One of the unsolved problems with the functional anatomy of the GI tract in dolphins
and whales is its subdivision. Since the post-gastric intestine shows no macroscopic change
of morphology and diameter, a classification into small and large intestine or any further
subdivision is impossible at the moment [2,7]. Waiting for a specific study that may identify
the branches of the mesenteric arteries, and thus establish a phylogenetic comparative
criterion to adopt for the subdivisions of the cetacean gut, here we describe the whole
system without further classification. Our observations on the histological architecture
of the ENS in the intestine of the bottlenose dolphin confirm previous findings [5,8-10].
A multi-layered distribution of the submucosal ganglia has already been reported in the
intestine of other large mammals [37-49].

Several neurotransmitters, including tachykinins and NO, regulate the contractility
of the GI musculature. The balance between excitatory and inhibitory signals to smooth
muscle cells generates all the intestinal physiological motor patterns. As NO is the main
transmitter involved in inhibitory inputs and SP is considered a co-transmitter in cholin-
ergic neurons, the present study provides the first comprehensive insight into these two
functional classes of neurons in the intestine of the bottlenose dolphin. Our data on the
nitrergic MP subpopulation (28%) are partially consistent with those obtained in other
large terrestrial mammals [50-56] and small terrestrial mammals [15,57,58]. Studies on rats
indicate that nitrergic neurons account for 23 to 30% of the entire neuronal population in
the ileum [59-63] and for about 34% in the colon [63,64].

The percentage obtained in the MP of bottlenose dolphins diverges from data obtained
in the small and large human intestine, where nitrergic neurons represent about 34% and
38%, respectively [65], and from data obtained in the porcine colon, where nitrergic neurons
account for about 50% of the enteric neuronal population [66].

In the SMP, nNOS-IR was expressed only by 1% of neurons, exclusively located in the
large ganglia close to the CML, whereas they were absent in the ISMP. These percentages
are similar to those previously described in the horse ileum [52] and in the small intestine
of pigs [55,67-69] where nNOS-IR neurons represented from 1% to 8% of the total SMP
neurons. On the other hand, our percentages are quite different from those obtained in the
lamb ileum [51] and pig ascending colon [66], where SMP nNOS-IR neurons account for
21% of the former and 45% of the latter.

The great majority of nINOS-IR cells observed in the present research were Dogiel
type I shaped. Dogiel type I cells, characterized by an angular outline of the soma and
numerous dendritic processes, include interneurons and inhibitory motor neurons [15].
Interestingly, in the bottlenose dolphin intestine, we observed the presence of nitrergic
neurons in the OSMP but not in the ISMP. In other species, it is well known that the ISMP
and the OSMP present different neurochemical coding and different electrophysiological
properties and, therefore, have distinct functions [45,68,70-72]. As OSMP neurons actually
show a phenotype more similar to that of the myenteric plexus neurons, it is plausible that
they supply an inhibitory innervation of the CML [73,74].

Several pathological conditions of the gastrointestinal tract of humans and other
mammals are associated with an impairment of NO neurons [28,31,56,75-82]. Thus, to
better understand the implications of nitrergic neurons in gastrointestinal pathologies of
dolphins, it is essential to investigate, in particular, the architecture and neurochemistry of
the ENS, especially its inhibitory components, in tissues of healthy animals.

To our knowledge, the distribution of SP-IR in the gastrointestinal tract of cetaceans
was described only in the striped dolphin (Stenella coeruleoalba) by Domeneghini et al. [10],
who reported generic values (i.e., low, average or high numbers) of intestinal SP-IR struc-
tures. In the bottlenose dolphin intestine, the myenteric SP-IR subpopulation accounts for
31% of the total neuronal population. This value is relatively higher than the percentages
reported in the ileum of sheep (13%) [53], horses (14%) [52] and in the small intestine of
pigs (from 1% to 9%) [55,69]. The majority of SP-IR neurons observed in the present study
resemble Dogiel type II cells. Since SP-IR neurons could possibly be IPANs, interneurons or
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excitatory muscular motor neurons [15,83,84], it seems unlikely that almost all MP neurons
were Dogiel type II cells, because motor neurons and interneurons usually show Dogiel
type I morphology. One explanation might be a reduced immunostaining of SP-IR neurons
with the appearance of a smooth outline. However, in contrast to this last hypothesis, there
is the clear morphology of nNOS-IR neurons, which showed an unequivocal Dogiel type I
morphology.

In the SMP of the bottlenose dolphin, SP-IR neurons represent 41% of the total neuronal
population and were largely located in the ISMP. This percentage is similar to that described
in the ileum of sheep (38%) [51,53] and in the small intestine of piglets (from 20% to 42%,
depending on the tract) [55,69], whereas it differs significantly from data obtained from
the horse ileum [52] and from the colon of piglets [85], where SP-IR neurons correspond to
66% and 87% of the total neuronal population, respectively.

As reported in other mammals, like the striped dolphin [10] and the horse [52],
we also observed baskets of SP-IR varicosities and fibers around the MP nitrergic and
non-nitrergic neurons in the bottlenose dolphin. These fibers, located around somata,
might arise from IPANs and interneurons [86] or from peripheral processes of dorsal root
ganglion afferent neurons, which participate in the control of gastrointestinal activities [87].
Puzzling and hitherto unconfirmed findings in other marine Cetartiodactyla belonging to
the Ziphiidae and Delphinapteridae families (Pfeiffer, 1993) reported a modified innervation
of the myenteric plexus and changes in the muscularis externa. Specifically, the musculature
of the gut showed the presence of intercalation-like striations, thus hinting at the possibility
of a more specific control the movements of the gut, presumably functional in the peculiar
modality of suction feeding [2,9]. The presence and distribution of visceral nitrergic and
substance P immunoreactive neurons that we report here may further support the existence
of such physiological mechanisms; however, voluntary movements would most likely
require different neurochemical profiles which would need further investigation.

In contrast to what was described in sheep [53] and similarly to what was described
in the small intestine of the mouse [57], no co-localization between nNOS- and SP-IR
was detected in either the plexuses, suggesting the existence of two completely distinct
functional classes of neurons in the intestine of the bottlenose dolphin. Indeed, also in colon,
recent studies have shown distinctly segregated excitatory and inhibitory neurons [88],
and their synaptic connections via intrinsic sensory neurons [88].

Limitations of the Study

This study should be considered as an initial preliminary overview and description of
nNOS- and SP-IR neurons in the intestine of bottlenose dolphins. Despite many efforts to
make the study scientifically accurate, we are aware of the limitations intrinsic to the present
research. First of all are the disadvantages of studying free-range animals. In fact, the time
between death and sampling is not always as short as it should be, especially regarding
tissue in direct contact with the animal’s microbiota. To avoid this problem, we chose
animals based on the conservation grade that they were assigned, and we selected samples
only from the freshest carcasses, with a conservation grade of 1 or 2 [31]. Nevertheless,
among the animals chosen, a difference in the quality and preservation of the tissues could
have existed, and it could have affected the immunoreactive properties. Furthermore, as
there are fewer studies of cetaceans than there are of domestic animals, many antibodies
were found to be useless. For instance, after various unsuccessful attempts with antibodies
against choline acetyltransferase (CHAT), we were forced to use SP to mark excitatory
neurons. In the same way, after many fruitless attempts with the pan-neuronal marker
HuC/HuD, we decided to use NT and PGP9.5 in parallel in order to identify neurons
in both plexuses. In the abovementioned cases, the lack of immunostaining could reflect
conformational differences of the proteins in dolphins or be the consequence of bad tissue
preservation. Another limitation was the reduced number of bottlenose dolphin included in
the study. For the abovementioned reasons, the results reported here, although of interest,
need to be supported by further investigation, with a larger number of cases.
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At present, we are unaware of any other quantitative data obtained from other
cetaceans with which to compare our data on the bottlenose dolphin. It is important
to acknowledge major difference in diet and environment between marine and terres-
trial mammals.

5. Conclusions

This is, to the best of the authors” knowledge, the first description and quantification
of nNOS-IR neurons, and the first quantification of SP-IR neurons as well, in the intestine
of a cetacean species.

Although the general characteristics and morphology of nNOS- and SP-IR neurons are
conserved among most mammal species, we found differences in the relative prevalence of
neurons expressing either markers, consisting mainly in a very small number of nNOS-IR
neurons in the SMP, and a larger number of MP SP-IR neurons. Further investigation is
needed to identify neurochemical classes of neurons and fibers in order to give a clearer and
more comprehensive picture of the ENS complexity in this species. Providing information
on the physiological conditions of a healthy intestine, including its nervous component, is
crucial to the understanding of its pathological states.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ani11041057 /s1, Figure S1: PGP 9.5 immunoreactivity in the myenteric plexus of the bottlenose
dolphin intestine.
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Cannabinoid receptors in the
inflammatory cells of canine
atopic dermatitis
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Rodrigo Zamith Cunha?, Giorgia Galiazzo?,

Claudio Tagliavia'?, Giuseppe Sarli' and Maria Morini*

!Department of Veterinary Medical Sciences (UNI EN ISO 9001:2008), University of Bologna,
Bologna, Italy, ?Faculty of Veterinary Medicine, Universita degli Studi di Teramo, Localita Piano
D'Accio, Teramo, ltaly

Background: Atopic dermatitis (AD) is one of the most common cutaneous
inflammatory and pruritic diseases in dogs. Considering its multifactorial
nature, AD can be a challenging disease to manage, and the therapeutic
strategy must often be multimodal. In recent years, research has been
moving toward the use of natural products which have beneficial effects on
inflammation and itching, and no side effects. Cannabinoid receptors have
been demonstrated to be expressed in healthy and diseased skin; therefore,
one of the potential alternative therapeutic targets for investigating AD is the
endocannabinoid system (ECS).

Objective: To immunohistochemically investigate the expression of the
cannabinoid receptor type 2 (CB2R), and the cannabinoid-related receptors
G protein-coupled receptor 55 (GPR55), transient receptor potential vanilloid
1 (TRPV1) and ankyrin 1 (TRPA1) in mast cells (MCs), macrophages, dendritic
cells (DCs), T cells, and neutrophils of the skin of dogs with AD.

Animals: Samples of skin tissues were collected from eight dogs with
AD (AD-dogs).

Materials and methods: The immunofluorescent stained cryosections of
the skins of 8 dogs with AD having antibodies against CB2R, GPR55,
TRPV1, TRPA1l were semiquantitatively evaluated. The inflammatory cells
were identified using antibodies against tryptase (mast cells), ionized calcium
binding adaptor molecule 1 (IBA1) (macrophages/DCs), CD3 (T cells), and
calprotectin (neutrophils). The proportions of MCs, macrophages/DCs, T cells,
and neutrophils expressing CB2R, GPR55, TRPV1 and TRPA1 were evaluated.

Results: The cells of the inflammatory infiltrate showed immunoreactivity
(IR) for all or for some of the cannabinoid and cannabinoid-related
receptors studied. In particular, MCs and macrophages/DCs showed CB2R-,
GPR55-, TRPAl-, and TRPV1-IR; T cells showed CB2R-, GPR55- and
TRPAL-IR, and neutrophils expressed GPR55-IR. Co-localization studies
indicated that CB2R-IR was co-expressed with TRPV1-, TRPAl-, and
GPR55-IR in different cellular elements of the dermis of the AD-dogs.
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Conclusions and clinical importance:
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Cannabinoid receptor 2, and

cannabinoid-related receptors GPR55, TRPV1 and TRPAl were widely
expressed in the inflammatory infiltrate of the AD-dogs. Based on the present
findings, the ECS could be considered to be a potential therapeutic target for
dogs with AD, and may mitigate itch and inflammation.

cannabidiol, CB2R, GPR55, immunohistochemistry, TRPA1, TRPV1

Introduction

Atopic dermatitis (AD) is one of the most common
cutaneous inflammatory and pruritic diseases in dogs; it
affects up to 27% of the canine population (1). Atopic
dermatitis is associated with well-defined clinical signs and
the overexpression of immunoglobulin IgE directed against
environmental allergens, (s.c. extrinsic AD) (2-4) even if cases
not due to IgE responses are known (s.c. intrinsic AD or atopic-
like) (3). Several factors, in both humans and dogs, appear to
contribute to skin inflammation and itching, such as increased
exposure to pollutants, changes in dietary habits, stress, genetic
factors, and cutaneous infections which predispose to the
development of the disease.

The cells of the epidermis (keratinocytes) and the innate
immune system play a critical role in AD, as shown not only in
humans and rodents (5), but also in dogs (6). It has been shown
that the skin of dogs with AD produces potent inflammatory
mediators (7) and neurotrophins (8), which may be related to
the hyperinnervation of the AD lesions (9). Pruritus, one of the
most severe clinical signs of AD, is caused by a complex interface
between pruritogenic molecules, keratinocytes, immunocytes,
cutaneous nerve fibers, and the peripheral and central nervous
systems (10).

Mast cells, strategically located at the sites directly
interfacing with the external environment (11, 12), may release
a variety of proinflammatory, vasoactive, and nociceptive
mediators (13-15). However, in AD, keratinocytes and other
inflammatory cell types, such as activated T-cells, macrophages,
dendritic cells (DCs), Langerhans cells (LCs), basophils, and
eosinophils may also display some abnormality (16, 17). In AD-
related hypersensitivity a Th2-polarized lymphocyte response is
activated by keratinocytes which produce cytokines (Interleukin
[IL]-25 and IL-33), and thymic stromal lymphopoietin (TSLP)
which leads to Th2 immune deviation (1, 8, 18, 19). Activated
Th2 cells release IL-31 which stimulate itching by acting
on IL-31 receptor A (IL-31RA) expressed on sensory nerve
fibers and various immune cells, such as MCs, macrophages,
DCs, eosinophils and basophils (20-26). Macrophages are also
stimulated by inflammatory cytokines secreted by keratinocytes,
such as granulocyte-macrophage colony-stimulating factor
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(GM-CSE), tumor necrosis factor-alpha (TNF-a), IL-6 and IL-2
(17, 27-29).

Over the past few years, research has been moving toward
the use of natural products which have beneficial effects on
inflammation and itching and, at the same time, do not have
the side effects of more established therapies, such as those
involving the use of glucocorticoids. One of the alternative
potential therapeutic targets to investigate when AD is present
is the endocannabinoid system (ECS). The ECS is composed of
endogenous ligands (N-arachidonylethanolamine [anandamide,
AEA] and 2-arachidonoyl glycerol [2-AG]), G-protein-coupled
receptors (cannabinoid receptors 1 and 2 [CBIR and CB2R])
and enzymes aimed at degrading and recycling the ligands
(30-32). The ECS contributes to the homeostasis of various
organs and its dysregulation seems to be associated with several
pathological conditions (31, 33-36).

The definition of the ECS has currently been expanded
to also include several fatty acid derivatives—the so-called
endocannabinoid-like mediators—as well as other cannabinoid-
related receptors, such as the G protein-coupled receptors
(GPRs), the transient receptor potential (TRP) channels, the
nuclear peroxisome proliferator-activated receptors (PPARs),
and the serotonin receptors in addition to the classic
cannabinoid receptors and endocannabinoids (30, 37-40).

A recent study has demonstrated that cannabidiol (CBD), a
non-psychotropic phytocannabinoid showing numerous health-
related benefits, including anti-inflammatory and anti-anxiety
properties (41, 42), may be useful in dogs with AD (1).
Despite these promising clinical studies, there are still few
studies dedicated to the histological localization of cannabinoid
receptors in the canine inflammatory cells (43, 44). It is evident
that knowing the cellular distribution of specific receptors is
fundamental to understanding the action of a drug.

The role of the ECS in the keratinocytes of healthy dogs
was recently analyzed, and the upregulation of the cannabinoid
receptors (CBIR and CB2R) and cannabinoid-related receptors
(GPR55, TRPV1, TRPA1; PPARq, serotonin 1A [5-HT1aR]) was
evaluated in dogs with AD (45). In that study, CB2R, GPR55,
TRPV1 and TRPA1l immunoreactivity was also observed on
different cellular elements of the dermis. Therefore, the aim
of the present study was to improve histological knowledge
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regarding the expression of cannabinoid and cannabinoid-
related receptors in the inflammatory infiltrate of canine atopic
dermatitis. In particular, the expression of the CB2R, GPR55,
TRPV1, and TRPA1 was immunohistochemically investigated
in MCs, macrophages, DCs, T-cells, and neutrophils, and the
percentage of immunopositive inflammatory cells present on the
total number of the same cell histotype was evaluated.

Materials and methods

Animals

Inclusion criteria

Eight client-owned dogs diagnosed with spontaneous AD,
based on predefined diagnostic criteria (45) and on the exclusion
of other causes of pruritus (flea bite, allergic dermatitis and
adverse food reaction), were enrolled (Table 1). Cutaneous
samples were collected from the AD-dogs on which no
treatment had been made in the previous 6 months. Written
client consent was obtained prior to the enrollment of all cases.
The skin samples utilized in the current study derived from the
same dogs included in a previous study (45).

Sample collection and processing

In the AD-dogs, a biopsy sample of skin lesions located in
the ventral abdominal or axillary areas (Table 1) was collected
using a sterile 8 mm biopsy punch. Sampling was carried out
under local (2% lidocaine) anesthesia, using the same protocol
for all dogs. The tissues from the AD-dogs were processed to
obtain cryosections. The samples were fixed overnight in 4%
paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.0)
at +4°C. After being washed in phosphate-buffered saline (PBS
0.15M NaCl in 0.01 M sodium phosphate buffer, pH 7.2), the
tissues were immersed in PBS plus sodium azide 0.1% for 48 h
(+4°C) and were then preserved in PBS-sodium azide 0.1%
plus sucrose 30% (+4°C). All the samples were subsequently
frozen in liquid nitrogen, and 14 pm-thick cryosections were
obtained. The cryosections were hydrated in PBS and processed
for histology and immunostaining.

Histopathology

The sections were hydrated in PBS for 10 mins and
processed for histological staining with hematoxylin and eosin
(H&E) following standard procedures. The sections were
observed under an Eclipse E600 (Nikon, Shinjuku, Japan)
optical microscope and evaluated following the criteria of Gross
et al. (48). Images were acquired using an optical microscope
(Eclipse E600; Nikon, Shinjuku, Japan) equipped with a USB
3.0 camera series “33” Imaging Source (cat. No. DFK 33UX264;
Bremen, Germany).
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Immunofluorescence

The sections were hydrated in PBS and processed for
immunostaining. To block non-specific bindings, the sections
were incubated in a solution containing 20% normal donkey
serum (Colorado Serum Co., Denver, CO, USA), 0.5% Triton
X-100 (Sigma Aldrich, Milan, Italy, Europe) and bovine serum
albumin (1%) in PBS for 1h at room temperature (RT). The
sections were incubated in a humid chamber overnight at RT
with the antibodies directed against the CB2R and cannabinoid-
related receptors (single immunostaining) or with a cocktail of
primary antibodies (double immunostaining) (Table 2) diluted
in 1.8% NaCl in 0.01 M PBS containing 0.1% sodium azide. After
washing in PBS (3 x 10 mins), the sections were incubated for
1h at RT in a humid chamber with the secondary antibodies
(Table 3) diluted in PBS. The cryosections were then washed
in PBS (3 x 10min) and mounted in buffered glycerol at
pH 8.6 with 4/,6-diamidino-2-phenylind01e— DAPI (Santa Cruz
Biotechnology, Santa Cruz, CA, USA).

The slides were examined using a Nikon Eclipse Ni
microscope equipped with the appropriate filter cubes to
differentiate the fluorochrome employed. The images were
recorded using a Nikon DS-QilNc digital camera and NIS
elements software BR 4.20.01 (Nikon Instruments Europe BV,
Amsterdam, Netherlands). The figure panels were prepared
using Corel Draw (Corel Photo Paint and Corel Draw, Ottawa,
ON, Canada).

Specificity of the primary antibodies

Antibodies anti-cannabinoid receptor 2

The rabbit anti-CB2R antibody (ab45942) utilized in the
present study had already been tested with Western blot (Wb)
analysis on dog tissues (42) and tested for comparative purposes
on rat tissues (49, 50). Another anti-CB2R antibody, raised
in mice, was used in the current study to carry out the co-
localization studies. Since the specificity of the mouse anti-
CB2 antibody (sc-293188) had not already been tested on
dog tissues, this antibody was co-localized with the rabbit
anti-CB2 antibody in a double-staining protocol. Both the
anti-CB2R antibodies were co-localized in keratinocytes and
blood vessels (Supplementary Figure 1). In the dermal cells, the
immunostaining obtained with the antibody raised in mice
(sc-293188) was brighter than that raised in rabbits (ab45942).

Antibodies anti-cannabinoid-related receptors
GPR55, TRPA1L, and TRPV1

In the present study, the anti-human GPR55 (NB110-55498)
antibody was used, the specificity of which was tested on dog
tissues using Western blot (Wb) analysis (49).
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TABLE 1 The clinical data of the dogs with atopic dermatitis (AD) enrolled in the present study.

Dogs Breed Sex Age

Pruritus visual analog scale (PVAS) (46)

Canine atopic dermatitis extent and severity index (CADESI-4) (47)

Skin area

AD1 Jack Russell FS 7yr

AD2 French Bulldog F 3yr

AD3 Cavalier King Charles Spaniel M 8yr

AD 4 Mixed breed M 11yr

AD5 Akita Inu M 4yr

AD6 Golden Retriever M 8yr

AD7 American Staffordshire M 4yr

Terrier
AD 8

French Bulldog F 3yr

PVAS: 9/10
CADESI-4: 20
Groin
PVAS: 8/10
CADESI-4: 48
Axilla (right and left)
PVAS: 8/10
CADESI-4: 30
Groin
PVAS: 6/10
CADESI-4: 20
Groin
PVAS: 8/10
CADESI-4: 55
Axilla
PVAS: 9/10
CADESI-4: 60
Groin
PVAS: 8/10
CADESI-4: 58
Axilla
PVAS: 8/10
CADESI-4: 32

Groin

E female; F*, spayed female; M, male; M", neutered male; NA, not available; yr, years.

The immunogen used to obtain the anti-TRPA1 antibody
was the EKQHELIKLIIQKME peptide, corresponding to amino
acids 1,070-1,085 of rat TRPA1. The homology between the full
amino acid sequences of the dog and rat TRPA1 was 82.29%, and
correspondence with the specific sequence of the immunogen
was 100%; therefore, the anti-TRPAI antibody should also
recognize the same receptor in the dog.

The immunogen of the anti-TRPVI antibody was the
(C)EDAEVFK DSMVPGEK [824-838] peptide of rat TRPVI.
The homology between the specific amino acid sequences of the
dog and the rat immunogens was 87.51%. The specificity of the
rabbit anti-TRPV1 antibody, which has recently been tested on
the canine nervous system (49), was tested using a preadsorption
test on the canine skin (45).

The homologies of the canine receptors studied in
(CB2R, GPR55, TRPVI, and TRPAl) were
the ‘alignment’ the
Uniprot database (www.uniprot.org) and the BLAST tool

the dogs

verified using tool available on

of the National Center for Biotechnology Information
(NCBI) (www.ncbi.nlm.nih.gov).
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Anti-mast cells tryptase antibodies

The skin tissues were processed for cryosectioning to
avoid any thermal and chemical modifications of the receptors
studied and the background and self-marking of the tissues
which are unfortunately often observable in paraffin-embedded
tissues. Unexpectedly, some difficulties in MC identification
were encountered, and it was necessary to test more anti-tryptase
antibodies. The only antibody, among those tested, capable of
effectively identifying MCs in the cryosections was the rabbit
anti-tryptase antibody (PAB070Ca01), raised against the tryptase
of dogs (43); its specificity was also tested in the current study by
combining immunohistochemical staining in association with
toluidine blue as a counterstain (44) (Supplementary Figure 2).
In the present study, the rabbit anti-tryptase antibody was used
in co-localization with the mouse anti-CB2R antibody.

However, since the antibodies directed against GPR55,
TRPV1, and TRPA1 were raised in rabbits, co-localization
studies with the rabbit anti-tryptase antibody were not possible.
Therefore, the expression of the cannabinoid-related receptors
in MCs was evaluated using anti-tryptase antibodies raised in
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TABLE 2 Primary antibodies used in the study.
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Primary antibody Host Code Dilution Source
CB2R Rabbit ab45942 1:00 Abcam

CB2R Mouse 5c-293188 1:50 Santa Cruz
CD3 Rat CD3-12 1:40 Leucocyte’s antigen laboratory, UC Davis
GPR55 Rabbit NB110-55498 1:100 Novus Biol.
IBA1 Goat NB100-1028 1:80 Novus Biol.
Calprotectin Mouse M0747Clone MAC387 1:400 Dako
Tryptase Rabbit PAB070Ca01 1:80 Cloude-Clone
Tryptase Mouse Clone AA1 1:100 Agilent
Tryptase Mouse AMO08408PU-NClone 3H2643 1:50 Origene
Tryptase Mouse MAB070Ca21Clone C13 1:50 Cloude-Clone
Tryptase Mouse sc-33676Clone G3 1:50 Santa Cruz
TRPA1 Rabbit ab58844 1:200 Abcam
TRPV1 Rabbit ACC-030 1:200 Alomone

Primary antibody Suppliers: Abcam, Cambridge, UK; Agilent, Santa Clara, CA, USA; Alomone, Jerusalem, Israel; Cloude-Clone Corp., Huston, TX, USA; Dako Cytomation, Golstrup,
Denmark; Novus Biologicals, Littleton, CO, USA; Origene Technologies, Rockville, MD, USA.

TABLE 3 Secondary antibodies used in the study.

Secondary antibody Host Code Dilution Source
Anti-mouse IgG Alexa-488 Donkey A-21202 1:250 Thermo fisher
Anti-mouse IgG Alexa-594 Donkey A-21203 1:500 Thermo fisher
Anti-goat 594 Donkey ab150132 1:600 Abcam
Anti-rabbit 594 Donkey ab150076 1:1000 Abcam
Anti-rabbit 488 Donkey A-21206 1:1000 Thermo fisher

Secondary antibody Suppliers: Abcam, Cambridge, UK; Thermo Fisher Scientific, Waltham, MA USA.

mice. Of the four different mouse anti-tryptase antibodies tested
(Table 3), only clone 3H2643 was capable of immunolabelling
the MCs in the cryosections whereas all the antibodies were
capable of identifying the MCs in the paraffin embedded sections
(observation of Dr. Gobbo). The co-localization between the
dog-specific rabbit anti-tryptase antibody (PAB070Ca01) and
the mouse anti-tryptase antibody (clone 3H2643) on the
cryosections showed that MCs co-expressed the same tryptase-
IR. In addition, only a few other cells (likely basophils) were
immunolabelled by the clone 3H2643, and were not recognized
by the PAB070Ca01 antibody (data not shown).

Marker for macrophages and dendritic cells

To identify macrophages, the anti-ionized calcium binding
adapter molecule 1 (IBA1) antibody was used (43). Since in the
dog skin, IBAI-IR is also expressed by DCs (51) and, in the
current study, no specific markers to differentiate DCs from
macrophages were used, the term “IBA1 immunoreactive cells”
will refer to both cellular types (macrophages/DCs). It was also
observed that IBA1 immunoreactive DCs were dispersed among
the keratinocytes of the basal layer of the epidermis, supporting
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the fact that the IBA1 marker is also expressed by dog skin DCs
(data not shown). The intraepithelial DCs were more properly
defined as Langerhans cells, given their specific site.

Marker for neutrophils

An antibody anti-CAL (clone MAC387), a complex of the
mammalian proteins S1I00A8 and S100A9 (S100A8/A9), was
used as a marker for granulocytes/monocytes/macrophages.
the anti-CAL
antibodies any

Since co-localization  between and -
IBA1 did
(Supplementary Figure 3), it is plausible to think that, at
least in the skin, the anti-calprotectin (CAL) (MAC387)
antibody mainly recognizes neutrophils instead of macrophages
(52). The observation of Dapi labeled multilobed nuclei

confirmed that the CAL immunoreactive cells were neutrophils.

not show co-localization

This evidence was supported by the observation of Kerkhoff
et al. (53) who showed that SI00A8/A9 comprises ~30 to 60%
of all cytosolic proteins in neutrophils and only 1-5% of all
monocyte cytosolic proteins, and that macrophages express
and release significantly less S100A8/A9 than do monocytes.
In addition, there was evidence that CAL expression was lost
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during the maturation of canine macrophages (54, 55), and
that it was more suited to assessing migrating monocytes and
early stages of macrophage maturation rather than the resident
macrophage population (56).

Marker for T lymhpocytes

To identify T-cells, the dog-specific
of differentiation 3 (CD3) antibody was used (57). A
recent study has shown that canine CD3 might also be
expressed by Th2 cells (26) which play a pivotal role in

anti-cluster

AD pathogenesis.

Specificity of the secondary antibodies

The of the
tested by applying them after omission of the primary

specificity secondary antibodies was
antibodies. No stained cells were detected after omitting the

primary antibodies.

Semiquantitative and quantitative
analysis

The immunoreactivity of the antibodies was evaluated, and
its cellular localization (nuclear, membranous, cytoplasmic)
was reported. The intensity of the expression was evaluated
semiquantitatively in pictures acquired using the same exposure
times, as faint, moderate and bright. The proportions of
dermal cells which were immunoreactive for the markers of
MCs (tryptase), macrophages/DCs (IBA1), T-cells (CD3), and
neutrophils (CAL), and which were also immunoreactive for
one of the cannabinoid receptors studied were determined by
examining fluorescently labeled, double-stained preparations.
Digital images of areas of the sections with a high density of
inflammatory cells, located just below the dermal-epidermal
junction, were acquired at x40 magnification. The cells were
first located by the presence of a fluorophore which labeled one
antigen; the filter was then switched to determine whether or
not the cells were labeled for a second antigen, located with a
fluorophore of a different color. In this way, the proportions of
inflammatory cells labeled for pairs of antigens were determined.
For each staining combination, sections of the skin were
used from three to five different AD-dogs. At least 30 cells
from each animal were counted for each inflammatory cells
marker. The percentage of cells which were immunoreactive
for a particular marker (tryptase, IBA1, CD3, and CAL) and
which were also immunoreactive for a second marker (CB2,
GPR55, TRPV1, TRPA1l) was calculated and expressed as
mean =+ standard deviation, with n being the number of AD-
dogs considered.
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Results

Histopathology

All eight samples were histopathologically diagnosed as
chronic hyperplastic mixed perivascular dermatitis, consistent
with the inflammatory pattern of canine AD. Specifically, the
skin showed moderate to severe, focal to diffuse hyperplasia in
the superficial (hyperkeratosis) and the suprabasal (acanthosis)
layers of the epidermis; in the dermis, superficial perivascular
to interstitial mild mixed inflammatory infiltrates (lymphocytes,
histiocytes, mast cells, plasma cells and few eosinophils)
were detected. In four of the eight cases, a periannesial
inflammatory infiltrate, predominantly neutrophilic, was also
observed (multifocal moderate pyogranulomatous dermatitis,
presumably an infection secondary to chronic AD).

Cannabinoid receptors in tryptase
immunoreactive mast cells

The mast cells were immunoreactive for all the
receptors investigated (CB2R, GPR55, TRPV1, and TRPAL).
Approximately a quarter of the MCs expressed moderate CB2-
IR in the cell membrane and the cytoplasm (26 £ 17%, 106/428
cells, n = 4) (Figures la-d). A large proportion of MCs showed
bright cytoplasmic GPR55-IR, albeit with large individual
variations (65 £ 38%, 75/168 cells, n = 4) (Figures le=h). The
mast cells showed moderate cytoplasmic TRPV1-IR (74 £ 20%,
172/229 cells, n = 4) (Figures 2a—d) and TRPA1-IR (66 £ 40%,
166/302 cells, n = 5) (Figures 2e=h).

Cannabinoid receptors in IBA1
immunoreactive macrophages/DCs

Macrophages/DCs were consistently observed in the derma
of the AD-dogs, although they had a different distribution
and density. Large proportions of IBA1 immunoreactive cells,
which were often grouped in close proximity to the blood
vessels, showed immunoreactivity for CB2R, GPR55, TRPV1,
and TRPAL. In particular, the cell membrane and the cytoplasm
of the macrophages/DCs expressed bright CB2R-IR (91 + 16%,
294/307 cells, n = 4) (Figures 3a-d) and moderate GPR55-IR (68
=+ 18%, 253/390 cells, n = 3) (Figures 3e-h). In the subepidermal
connective tissue, large IBA1 immunoreactive cells were often
intermingled with small GPR55 immunoreactive (and IBAl
negative) cells (likely lymphocytes). The macrophages/DCs also
showed cytoplasmic moderate TRPV1- (80 & 16%, 191/241 cells,
n = 3) (Figures 4a—-d) and faint TRPA1-IR (81 + 14%, 224/265
cells, n = 4) (Figures 4e-h).
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FIGURE 1
Photomicrographs of the cryosections of the skin of dogs with atopic dermatitis (AD) showing tryptase immunoreactive mast cells (MCs)
expressing cannabinoid receptor 2 (CB2R) (a—d) and G-protein coupled receptor 55 (GPR55) (e—h) immunoreactivity (IR). The white arrows
indicate the Dapi-labeled nuclei of tryptase positive MCs co-expressing CB2R- (c) and GPR55-IR (g). The open arrows indicate some tryptase
negative cells of the dermis which expressed CB2R- (c) and GPR55-IR (g). Bar: 50 pm.
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FIGURE 2
Photomicrographs of the cryosections of the skin of dogs with atopic dermatitis (AD) showing tryptase immunoreactive mast cells (MCs)

expressing transient receptor potential vanilloid 1 (TRPV1) (a—d) and transient receptor potential ankyrin 1 (TRPA1) (e—h) immunoreactivity (IR)
The white arrows indicate the Dapi-labeled nuclei of tryptase positive MCs co-expressing TRPV1- (c) and TRPAL-IR (g). The open arrows
indicate some tryptase negative cells of the dermis which expressed TRPV1-IR (c). Bar: 50 pm.
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FIGURE 3
Photomicrographs of the cryosections of the skin of dogs with atopic dermatitis (AD) showing IBA1 immunoreactive cells (macrophages and
dendritic cells) expressing cannabinoid receptor 2 (CB2R) (a—d) and G-protein coupled receptor 55 (GPR55) (e—h) immunoreactivity (IR). The
white arrows indicate the Dapi-labeled nuclei of IBA1 positive cells co-expressing CB2R- (c) and GPR55-IR (g). The open arrows indicate some
IBA1 negative cells of the dermis which expressed CB2R- (c) and GPR55-IR (g). Bar: 50 um.
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FIGURE 4

Photomicrographs of the cryosections of the skin of a dog with atopic dermatitis (AD) showing IBA1 immunoreactive cells (macrophages and
dendritic cells) expressing transient receptor potential vanilloid 1 (TRPV1) (a—d) and ankyrin 1 (TRPA1) immunoreactivity (IR) (e—h). The white
arrows indicate the Dapi-labeled nuclei of IBA1 positive cells co-expressing TRPV1-IR (c) and TRPA1-IR (g). The open arrow indicates one IBA1
negative cell which expressed TRPV1- (c) and TRPA1-IR (g). Bar: 50 um
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FIGURE 5

Photomicrographs of the cryosections of the skin of dogs with atopic dermatitis (AD) showing Calprotectin (CAL) immunoreactive cells
expressing G-protein coupled receptor 55 (GPR55) (a—d) and transient receptor potential vanilloid 1 (TRPV1) immunoreactivity (IR) (e-h). (a—d)
The white arrows indicate the Dapi-labeled nuclei of CAL positive cells co-expressing GPR55-IR (c). The open arrows indicate some CAL
negative cells expressing GPR55-IR (c). (e—h) The white arrows indicate the Dapi-labeled nuclei of the CAL positive cells which were TRPV1
negative (g). The open arrows indicate some TRPV1-IR cells which were CAL negative (g). Bar: 50 um.
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FIGURE 6

Photomicrographs of the cryosections of the skin of dogs with atopic dermatitis (AD) showing CD3 immunoreactive T lymphocytes expressing

cannabinoid receptor 2- (CB2R) (a—d) and G-protein coupled receptor 55- (GPR55) (e—h) immunoreactivity (IR) (e—h). (a—d) The white arrows

indicate the Dapi-labeled nuclei of some CD3 immunoreactive T lymphocytes co-expressing CB2R-IR. The open arrows indicate the nuclei of
(Continued)
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FIGURE 6 (Continued)

Bar: 50 pm.

the keratinocytes expressing CB2R-IR (c). (e—h) The white arrows indicate the dapi-labeled nuclei of some CD3 immunoreactive T lymphocytes
co-expressing GPR55-IR (g). The open arrows indicate the nuclei of two intraepithelial T lymphocytes co-expressing CD3- (f) and GPR55-IR (g).

Cannabinoid receptors in calprotectin
immunoreactive neutrophils

Round, and often irregularly-shaped cells, expressed CAL-
IR in the derma of the AD-dogs; the density of the CAL
immunoreactive cells was variable depending on the AD-
dog skin samples. Small groups of few CAL positive cells
were scattered in proximity of the epidermis, or were
intravascular. A large proportion (77 £ 8%, 84/112 cells,
n = 3) of CAL positive neutrophils showed moderate
cytoplasmic  GPR55-IR (Figures 5a-d). None of the CAL
immunoreactive neutrophils were TRPV1 (0/162 cells, n = 3)
(Figures 5e=h) or TRPA1 (0/150 cells, n = 3) immunoreactive
(data not shown). Due to the fact that the anti-CB2
antibody was also raised in mice, co-localization between the
anti-CAL and the -CB2R antibodies was not carried out.
However, since the co-localization study between the anti-
CB2R and the -GPR55 antibodies showed that the inflammatory
cells expressed both the markers (Supplementary Figure 4),
it is plausible that CAL immunoreactive cells may also
express CB2R-IR.

Cannabinoid receptors in CD3
immunoreactive T-cells

T lymphocytes were well represented in the derma of all
the AD-dogs considered. The CD3-IR was more expressed
in those T-cells scattered within the epithelial cells. However,
it was shown that the CD3 immunoreactive cells showed
immunoreactivity for CB2R, GPR55, TRPV1 and TRPAI. In
particular, the cell membrane and the cytoplasm of the T-cells
expressed faint-to-moderate CB2R-IR (28 & 11%, 137/278 cells,
n=15) (Figures 6a—d) and bright GPR55-IR (90 £ 15 %, 289/352
cells, n = 4) (Figures 6e-h). Many other small CD3 negative
cells, likely B lymphocytes, expressed GPR55-IR, as recently
shown in the dog intestine (43). The cell membrane and the
cytoplasm of the T-cells expressed faint TRPVI (30 £ 19%,
49/159 cells, n = 4) (Figures 7a-d) and moderate TRPAI-IR (52
+ 15%, 48/112 cells, n = 4) (Figures 7e=h).

The semi-quantitative evaluation of the intensity of the
immunolabelling of the cannabinoid and cannabinoid-related
receptors studied in the skin of the AD-dogs is reported in
Table 4. The data related to the distribution of the cannabinoid
receptors in MCs, macrophages/DCs, T-cells and neutrophils
are graphically represented in Figure 8.
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Co-localization studies showed that CB2R-IR was co-
expressed by subsets of GPR55- (Supplementary Figure 4),
TRPV1- (data not and TRPA1-IR (data not
shown) inflammatory cells, supporting the evidence that

shown)

dermal inflammatory cells may co-express different types of
cannabinoid receptors.

Discussion

Mast cell identification

Mast cells, the first-line responders to allergen stimulation
(58) and cell injury (59), play a pivotal role in the neuroimmune
response of the skin, and their number increases in skin affected
by AD (60, 61).

Several methods have been used to identify the MCs;
metachromatic stain with toluidine blue (and other cationic
stains) represent the first, rapid and inexpensive method for
labeling MCs (62). However, as recently shown, metachromatic
stains reveal a lower number of MCs when compared with
immunostaining for tryptase (63, 64), which represents the most
abundant secretory granule-derived serine proteinase contained
in MCs. Thus, immunohistochemistry is presently the best
technique for revealing the MCs in tissues, also in dogs (43,
63, 65). The mouse anti-tryptase antibody (clone 3H2643) also
immunolabelled some other cells which were not identified with
the rabbit anti-tryptase antibody. These cells could have been
basophils which could express a lesser amount of tryptase in
their cytoplasmic granules (66). However, the expression of the
cannabinoid receptors on basophils may be relevant due to the
role played by basophils in the Th2 immune response (67).

Cannabinoid receptors in mast cells

The expression of cannabinoid and cannabinoid-related
receptors has already been shown in the MCs of humans (64, 68—
70), rodents (13, 71), dogs (43, 44), and cats (50), and in the MC
cell line (72).

In the present study, MCs expressed CB2R, GPR55, TRPV1,
and TRPA1. The observation of CB2R-IR in the MCs of canine
skin is consistent with that of Galiazzo et al. (43) who described
CB2R-IR in the MCs of the dog intestine, and Campora et al.
(73), who identified CB2R-IR in cells of dog skin showing an
MCs-like morphology. Functional studies regarding the MC
cell line (RBL2H3) showed that the CB2R modulates MC
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FIGURE 7
Photomicrographs of the cryosections of the skin of dogs with atopic dermatitis (AD) showing CD3 immunoreactive T lymphocytes expressing

transient receptor potential vanilloid 1 (TRPV1) (a—d) and transient receptor potential ankyrin 1 (TRPA1) (e—h) immunoreactivity (IR). (a—d) The

white arrows indicate the dapi-labeled nuclei of some CD3 immunoreactive T lymphocytes co-expressing TRPV1-IR (C). The open arrows
(Continued)
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FIGURE 7 (Continued)

indicate the nuclei of CD3-IR cells which were TRPV1 negative. (e—h) The white arrows indicate the Dapi-labeled nuclei of some CD3
immunoreactive T lymphocytes co-expressing TRPAL-IR (g). The open arrows indicate the nuclei of two intraepithelial CD3 immunoreactive
lymphocytes (f). Bar: 50 pm.

TABLE 4 Semiquantitative evaluation of the density of CB2R, GPR55, TRPV1, and TRPA1 immunoreactivity in different cellular elements of the skin
of dogs with atopic dermatitis (AD-dogs).

Receptors Mast cells (tryptase) Macrophages and dendritic cells (IBA1) T-cells (CD3) Neutrophils (CAL)
CB2R ++ + 4+ + 4 NA

GPR55 +++ ++ +++ ++

TRPV1 ++ ++ + -

TRPA1 ++ + ++ -

C, cytoplasmic; M, membrane; NA, not applied. Immunoreactive cells were graded as: -, negative; +, faint; +-4-, moderate; + + +, bright.
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FIGURE 8
Percentage of mast cells, T limphocytes, macrophages/dendritic cells and neutrophils that expressed CB2R, GPR55, TRPV1 and TRPAL. Mast
cells expressing tryptase were immunoreactive for CB2R, GPR55, TRPV1, and TRPAL. T limphocytes expressing CD3 were immunoreactive for
CB2R, GPR55, TRPV1, and TRPA1. Macrophages/dendritic cells expressing IBA1 were immunoreactive for CB2R, GPR55, TRPV1, and TRPAL.
Neutrophils expressing MAC387 were immunoreactive only for GPR55. Data are presented as Mean (£SD).

degranulation and suppresses their proinflammatory response the other hand, upon activation, MCs may release the NGF
(74), and that the activation of the CB2R on MCs reduces and other neurotrophins, and other powerful mediators, such
the release of peripheral mediators of nociceptors, such as the as histamine, tryptase, and cytokines, which can contribute
nerve growth factor (NGF), serotonin, histamine, and cytokines to hyperinnervation and angiogenesis (77), and stimulate the
(75). An interesting study on mice showed that AEA inhibits respective receptors on itch-mediating sensory nerves (12, 80).
MC degranulation by means of a mechanism which includes Therefore, modulation of the release of the NGF by GPR55,
the participation of the CB2R and GPR55 which act in close although not yet demonstrated in dogs, can lead us to speculate
cross-talk (76). that this receptor, in addition to its antinociceptive properties,
The observation of GPR55-IR in the MCs of dog skin, may also exert an antipruritic effect (81).
which is consistent with data obtained in the dog intestine The transient receptor potential vanilloid 1 is preferentially
(43), is promising evidence since the activation of this receptor expressed in the sensory neurons of the peripheral nervous
seems to have anti-inflammatory effects by inhibiting the MC- system in which it is primarily expressed by the nociceptor
mediated release of the NGF, as observed in cultures of human neurons of the dorsal root ganglia (DRG) (49). However, TRPV1
MCs (77). In dogs, it has also been shown that the NGF is seems to also be involved in itching conditions, such as AD (82).
one of the mediators of the pruritogenic pathways (8). Sensory The expression of TRPV1-IR in the MCs of dogs is consistent
nerves within the skin, under stressful conditions, can release with the expression of the same receptor in the MCs of rodents
neuropeptides, such as substance P (SP), the calcitonin gene- (71) and humans (77, 78). By using a mouse strain (Nc/Nga)
related peptide and the vasoactive intestinal peptide, which commonly utilized as a model for AD studies, it has been shown
may activate a neuroimmune response by acting on the MCs that the antagonism of TRPV1 attenuates the itching symptoms
located in close proximity to the sensory nerves (78, 79). On induced by house-dust mite allergens (83). In addition, it has
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been demonstrated that the activation of TRPV1 reduces itching
in humans (84) and dogs (85).

The TRPAI is expressed in neuronal tissues, especially
in primary sensory neurons, in which it mediates the
peripheral and central processing of pain, itching, and thermal
(cold) sensations. Sensory neurons expressing TRPAI-IR
usually co-express TRPV1-IR (86). However, TRPA1 is also
functionally expressed in skin cells, such as keratinocytes, MCs,
macrophages, DCs, melanocytes, and endothelial cells (45, 87-
89). The observation of TRPA1-IR in the MCs of the AD-
dogs was consistent with the findings of Oh et al. (87) who
showed TRPALI in the MCs of AD lesions of humans and mice.
The Authors also showed that IL-13, one of the increasing
cytochines in the lesional atopic skin of dogs (90), represents
a potent stimulator of TRPA1 expression in MCs and sensory
neurons (87). In addition, Kang et al. (91) showed that, in
mice, the blockade of TRPA1 inhibits MC degranulation and
the production of Th2 cytokine IL-13. More recently, it has
been shown that, in a murine model of experimentally induced
AD, the genetic deletion of TRPA1 attenuated the pathological
findings of AD, including dermal infiltration by MCs and
macrophages, Th2 cytokines, and pruritus (92). All these
findings robustly emphasize the potential advantage of TRPA1
antagonists as therapy for pathological itching conditions in
dogs, although no preclinical or clinical studies have previously
been carried out on the skin of this species.

Cannabinoid and cannabinoid-related
receptors in macrophages

the AD
pathogenesis, and they are one of the major components

Macrophages are critically important in
of the dermal infiltrate in chronic lesions of human (21, 93) and
canine AD (6, 61, 94). Macrophages interact with lymphocytes
to start the acquired immune response, acting as antigen
presenting cells and releasing cytokines (95). Coordinated
interaction between macrophages, and T and B cells is required
to obtain a good immune response. It has been shown that
MCs may recruit macrophages by means of the release of
proinflammatory mediators (96). It is plausible to consider that
an alteration to any one or all of these cell types could reduce
the effectiveness of the immune system.

Macrophages of the AD-dogs showed CB2R-IR, a finding
consistent with a previous study on the human intestine (97)
and mouse skin (98). In mice and humans, the CB2R was shown
to modulate macrophages in response to chemoattractants (98)
and to switch the polarization of M1 macrophages into M2
macrophages (99, 100).

Macrophages of the skin of the AD-dogs showed GPR55-
IR, a finding consistent with those obtained in the macrophages
of rodents, humans (101, 102) and dogs (43). Macrophages of
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the skin of the AD-dogs also expressed TRPV1-IR; this finding
supported a recent study which showed the expression of TRPV1
on both the mRNA and the protein levels in canine peripheral
blood mononuclear cells and indicated that this ion channel was
functional (103). In addition, there is a study on mice supporting
the role of the TRPV1 channel in macrophage activation and
the effectiveness of a subset of TRPV1 channel antagonists in
suppressing inflammatory responses (104).

Large proportions of the dermal macrophages of the AD-
dogs showed TRPA1-IR; this evidence was consistent with the
data provided in the buccal samples of human patients with
oral lichen planus (105) and in skin samples of IL-13-induced
chronic AD in mice (87). A recent study involving mice showed
that TRPA1 plays a crucial role during AD pathogenesis, and
that this receptor could potentially be used as a target for
treating chronic skin inflammatory diseases (92); the authors
showed that, in addition to lower dermal MC infiltration and
proinflammatory cytokines, a lesser infiltration of macrophages
was also observed in TRPA1~/~ mice (compared to the wild
type mice).

Cannabinoid and cannabinoid-related
receptors in dendritic cells

Dendritic cells, which are the most potent antigen-
presenting cells of the immune system, are important players
during AD pathogenesis (29, 106, 107). It was shown that in the
skin of AD-dogs there were significantly more DCs as compared
to control skin (107, 108).

The dendritic cells of the AD-dogs, although not
(since both cell types
express IBA1 in dog skin) (51), showed immunoreactivity

differentiable from macrophages

for all the receptors studied. Although purely speculative (at
present, there are no functional data regarding dogs), it can
be hypothesized that, even in dogs, DCs might be potential
targets for cannabinoid-mediated modulation. The expression
of cannabinoid receptors on DCs has already been reported
by authors who showed that the ECS could regulate DC
growth, maturation, and their antigen presenting and T cell
stimulatory capacities (6, 109-111). Studies involving humans
have shown that the stimulation of DCs with CB2R agonists
reduced their cytokine production (109). In mice it has been
shown that AEA may induce DC apoptosis by engaging the
CBIR and the CB2R (110), and that CB2R signaling may affect
DC migration primarily by means of the inhibition of matrix
metalloproteinase 9 expression (112).

This is the first report regarding the expression of GPR55-IR
in the DCs of dogs; this finding is consistent with those obtained
involving human and mouse DCs (113, 114). At present, the
regulatory mechanism of GPR55 within the DC population is
poorly understood.
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The dendritic cells of the AD-dogs expressed TRPVI-IR,
as shown in human DCs (115). The role of this channel in
the innate immunity process has been shown in mice, in
which capsaicin (TRPV1 agonist) promoted maturation and the
migration of skin DCs to draining lymph nodes (116).

The TRPA1 was also largely expressed by the DCs of the AD-
dogs. It appears to be the first evidence of immunoreactivity of
these receptors on DCs since, in the literature, there is little and
controversial evidence regarding the expression of the TRPA1
on human DCs (117, 118).

Cannabinoid receptors in T lymphocytes

Atopic dermatitis-related hypersensitivity is considered to
be a Th2-polarized lymphocyte response in which a large
number of Th2 genes are upregulated (1, 8, 18, 119). The
immune responses of Th2 lymphocytes may drive in the s.c.
extrinsic AD (3) allergen-specific IgE production (120, 121), and
encourage the development of MCs and eosinophils (122). In
addition, the transcriptional effect of Th2 type cytokines seems
to reduce the production of filaggrin by keratinocytes, and alter
the skin barrier function (123).

The expression of the CB2R-, GPR55-, and TRPAI-IR
by T-cells indicates that a therapeutic effect of cannabinoid
molecules in dogs with AD may also be at the level of T cell
trafficking. There are studies which report that CBD suppresses
T cell function and that palmitoylethanolamide (PEA) could
directly inhibit T-cell responses by reducing their production of
lymphokines (124-126). In the current study, only a very small
proportion of T-cells expressed TRPV1-IR.

Cannabinoid receptors in calprotectin
immunoreactive neutrophils

Neutrophils, together with eosinophils and B-lymphocytes,
represent small subpopulations of skin-infiltrating cells of
canine AD (122, 127). However, there are findings obtained in
mice showing that neutrophils play a key role in chronic itch and
inflammation (128). Neutrophils, which may be recruited in the
skin infiltrate of AD-dogs by interleukin-17 (IL-17), produced by
CD4+ Th cells, which control neutrophil homeostasis, seem to
play an important role in the development of the Th2 response
(129). It has been shown that, in canine AD, there is an increase
in Th17 lymphocytes (119, 130). However, a recent study has
evaluated the mRNA and protein expression of IL-17 and its
receptor in the skin of healthy and atopic dogs, and showed that
there was no significant difference in the expression of IL-17 and
its receptor between healthy and atopic skin (131).

A large percentage of CAL immunoreactive neutrophils
co-expressed GPR55-IR; this finding was consistent with
the evidence of GPR55 in human neutrophils in which
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its activation inhibits their degranulation and the release
of reactive oxygen species (132). As shown in human
neutrophils (118, 133), also in dogs (current study), no CAL
immunoreactive cells expressed TRPA1-IR. Moreover, TRPV1-
IR was not expressed by CAL positive neutrophils in the AD-
dogs.

The role of endocannabinoids and
phytocannabinoids in atopic dermatitis

Considering the general up-regulation of endocannabinoids
(134), and cannabinoid and cannabinoid-related receptors in
AD lesions of humans (135) and animals (45, 73), it is reasonable
to consider the hypothetical role played by endocannabinoid
molecules as well as non-psychotropic Cannabis derivates, such
as CBD, cannabigerol (CBG) and cannabichromene (CBC), in
counteracting the inflammation and itching when AD is present.

In recent years, CBD has garnered significant attention
owing to its therapeutic potential in skin disorders (136, 137).
The functional activity of CBD on the CBIR is low whereas,
on the CB2R, it acts as a weak agonist. Cannabidiol acts as
an “indirect” CB1R/CB2R agonist by inhibiting the enzymatic
hydrolysis of AEA (138). Cannabichromene may also contribute
to the potential therapeutic effectiveness of some Cannabis
preparations by means of the CB2R-mediated modulation of
inflammation (139). The antagonistic effect of CBD on GPR55
seems to prevent inflammation and neuropathic pain by causing
the overexpression of endocannabinoids and IL-10 (140).
Cannabidiol acts as an agonist and desensitizer of the TRPV1
channel, leading to analgesic and anti-inflammatory effects and
to the relief of itching (141). In the same way, CBG activates
TRPV1 and inhibits the reuptake of endocannabinoids (142).

In rats, CBD is a potent TRPAI agonist and desensitizer
(40, 141). Other Cannabis components, such as THC, CBC and
CBG, may activate TRPA1 (142, 143).

The which MCs
degranulation (13) by means of its interaction with CB2R, also

endocannabinoid PEA, reduces
represents a promising molecule to contrast the inflammation
and itching in dogs with AD, as has been shown in mice (144).
In dogs, it has been shown that the topical application of PEA
reduces MC degranulation, and histamine-induced itching and
vasodilatation (145). In a rat model of MC cell lines, it has been
shown that PEA, which acts as a GPR55 agonist (39), controls
the MC degranulation and SP-induced histamine release (146).
In addition, PEA, as well as CBD and AEA, acts as a TRPV1
agonist and can desensitize the TRPV1 channel (147, 148).

the
properties, their mechanisms of action and favorable beneficial

Considering endocannabinoid and cannabinoid
results in treating other complex diseases, it is believed that they
could exert a positive therapeutic effect on some conditions

which are still challenging for veterinarians, such as AD, by
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reducing the associated inflammation and itch, as has also been
shown by two recent studies (149, 150).

The results of the present study could additionally
support the preclinical and clinical trials regarding those
molecules which are active on the skin inflammatory infiltrate
characteristic of canine AD and which are, therefore, capable of
mitigating the symptoms of this dermatologic disease.

Limitation

The mRNA and the molecular expression (Wb) of the CB2R,
GPR55, TRPV1 and TRPA1 were not considered. Only the
expression of cannabinoid and cannabinoid-related receptors
in the inflammatory cells of the skin of AD-dogs having
lesions was considered whereas neither the skin of AD-dogs
not having lesions, nor the normal skin (control dogs), and nor
the skin of dogs with non-allergic dermatosis were evaluated.
Although many reports have indicated that cannabinoid and
cannabinoid-related receptors are overexpressed during skin
inflammation, in the present study, the upregulation (or
downregulation) of the immunoreactivity of the receptors
studied regarding the inflammatory cells of AD dogs was
not evaluated. Therefore, to enhance knoweledge regarding
the expression and the role of these receptors in canine
AD, other routine investigations (molecular and functional)
are necessary.

Given the broad expression of the receptors studied in
different organs and cell types, which encompasses different
biological functions, the development of the Cannabis-related
drugs should proceed with caution. It must also be taken
into account that there can be a great difference between the
histological and the functional findings as well as between
the results obtained in rodents and those obtained in dogs,
or between studies in vitro and in vivo. Other basic studies
are required to support the preclinical and clinical studies
regarding the therapeutic use of cannabinoids in dogs.
Nevertheless, since the present evidence showed that the
receptors identified in MCs, T-cells, macrophages, DCs
and neutrophils are crucially involved in the pathogenesis
of AD, the pharmacological modulation of these channels
could be a valuable complementary strategy for local
control of the skin inflammation and pruritus observed
in AD.

Conclusion

The evidence regarding the effect of cannabinoid and
cannabinoid-related receptors on MCs, macrophages and
DCs (CB2R, GPR55, TRPV1, TRPAl), T-cells (CB2R,
GPR55, TRPA1), and on neutrophils (GPR55) suggests
the possibility that the manipulation of the inflammatory
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cell functions with endocannabinoids and cannabinoids
could result in a novel approach to the treatment of AD.
Phytocannabinoids could potentially modulate inflammatory
by than

(inflammatory keratinocytes,

responses regulating more one underlying

mechanism cells, sensory

nerves, fibroblasts, etc.).

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

All procedures were approved by the National Health
Authority (No. 1303/2021) in accordance with DL 26/2014 and
European Union Directive 2010/63/EU, under the supervision
of the Central Veterinary Service of the University of Bologna.
Written informed consent was obtained from the owners for the
participation of their animals in this study.

Author contributions

RC, MM, and GS contributed to the study design. FA
provided skin biopsies for the cryosections. FG, MD, RC,
CT, and GG were carried out the immunohistochemical
experiments. RC and FG: acquisition of data. RC and
MM: drafting of the manuscript. All authors interpreted the
data, contributed to the study execution, and approved the
final manuscript.

Funding

This study received a grant from ElleVet Sciences (2021).

Conflict of interest

The authors declare that the research was conducted in
the absence of any commercial or financial relationships
that could be
of interest.

construed as a potential conflict

Publisher’s note

All claims expressed in this article are solely those
of the authors and do not necessarily represent those

frontiersin.org


https://doi.org/10.3389/fvets.2022.987132
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Chiocchetti et al.

of their affiliated organizations, or those of the publisher,
the editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the
publisher.

References

1. Massimini M, Dalle Vedove E, Bachetti B, Di Pierro F, Ribecco C, D’Addario C,
et al. Polyphenols and cannabidiol modulate transcriptional regulation of Th1/Th2
inflammatory genes related to canine atopic dermatitis. Front Vet Sci. (2021)
8:606197. doi: 10.3389/fvets.2021.606197

2. Halliwell R. Revised nomenclature for veterinary allergy. Vet Immunol
Immunopathol. (2006) 114:207-8. doi: 10.1016/j.vetimm.2006.08.013

3. Tizard L. Veterinary immunology 10e. London: Elsevier (2018).

4. Santoro D. Therapies in canine atopic dermatitis: an update. Vet Clin North
Am Small Anim Pract. (2019) 49:9-26. doi: 10.1016/j.cvsm.2018.08.002

5. De Benedetto A, Agnihothri R, McGirt LY, Bankova LG, Beck LA. Atopic
dermatitis: a disease caused by innate immune defects? J Invest Dermatol. (2009)
129:14-30. doi: 10.1038/jid.2008.259

6. Pucheu-Haston CM, Santoro D, Bizikova P, Eisenschenk MN, Marsella R,
Nuttall T. Review: innate immunity, lipid metabolism and nutrition in canine
atopic dermatitis. Vet Dermatol. (2015) 26:104-€28. doi: 10.1111/vde.12199

7.Schlotter YM, Riemers FM, Rutten VP, Knol EF, Willemse T. Enzymes involved
in the conversion of arachidonic acid to eicosanoids in the skin of atopic dogs. Exp
Dermatol. (2010) 19:e317-9. doi: 10.1111/j.1600-0625.2009.01037.x

8. Olivry T, Mayhew D, Paps JS, Linder KE, Peredo C, Rajpal D, et al.
Early activation of Th2/Th22 inflammatory and pruritogenic pathways in acute
canine atopic dermatitis skin lesions. ] Invest Dermatol. (2016) 136:1961-
9. doi: 10.1016/j.id.2016.05.117

9. Laprais A, Dunston SM, Torres SME, Favrot C, Olivry T. Evaluation of
intraepidermal nerve fibers in the skin of normal and atopic dogs. Vet Dermatol.
(2017) 28:355-¢80. doi: 10.1111/vde.12420

10. Mollanazar NK, Smith PK, Yosipovitch G. Mediators of chronic pruritus
in atopic dermatitis: getting the itch out? Clin Rev Allergy Immunol. (2016)
51:263-92. doi: 10.1007/s12016-015-8488-5

11. Church MK, Kolkhir P, Metz M, Maurer M. The role and relevance of mast
cells in urticaria. Immunol Rev. (2018) 282:232-47. doi: 10.1111/imr.12632

12. Siiskonen H, Harvima I. Mast cells and sensory nerves contribute to
neurogenic inflammation and pruritus in chronic skin inflammation. Front Cell
Neurosci. (2019) 13:422. doi: 10.3389/fncel.2019.00422

13. Facci L, Dal Toso R, Romanello S, Buriani A, Skaper SD, Leon A. Mast
cells express a peripheral cannabinoid receptor with differential sensitivity to
anandamide and palmitoylethanolamide. Proc Natl Acad Sci USA. (1995) 92:3376-
80. doi: 10.1073/pnas.92.8.3376

14. De Filippis D, D’Amico A, Iuvone T. Cannabinomimetic control of mast
cell mediator release: new perspective in chronic inflammation. J Neuroendocrinol.
(2008) 1:20-5. doi: 10.1111/j.1365-2826.2008.01674.x

15. Amin K. The role of mast cells in allergic inflammation. Respir Med. (2012)
106:9-14. doi: 10.1016/j.rmed.2011.09.007

16. Esche C, de Benedetto A, Beck LA. Keratinocytes in
dermatitis:  inflammatory signals. Curr Allergy Asthma Rep.
4:276-84. doi: 10.1007/s11882-004-0071-8

atopic
(2004)

17. Asahina R, Maeda S, A. review of the roles of keratinocyte-derived cytokines
and chemokines in the pathogenesis of atopic dermatitis in humans and dogs. Vet
Dermatol. (2017) 28:16-€5. doi: 10.1111/vde.12351

18. Brunner PM, Guttman-Yassky E, Leung DYM. The immunology of atopic
dermatitis and its reversibility with broad-spectrum and targeted therapies. J
Allergy Clin Immunol. (2017) 139:565-76. doi: 10.1016/j.jaci.2017.01.011

19. Han H, Roan E Ziegler SF. The atopic march: current insights into skin
barrier dysfunction and epithelial cell-derived cytokines. Immunol Rev. (2017)
278:116-30. doi: 10.1111/imr.12546

Frontiersin Veterinary Science

19

10.3389/fvets.2022.987132

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fvets.2022.987132/full#supplementary-material

20. Tey HL, Yosipovitch G. Targeted treatment of pruritus: a look into the future.
Br J Dermatol. (2011) 165:5-17. doi: 10.1111/j.1365-2133.2011.10217.x

21. Kasraie S, Niebuhr M, Werfel T. Interleukin (IL)-31 activates signal
transducer and activator of transcription (STAT)-1, STAT-5 and extracellular
signal-regulated kinase 1/2 and down-regulates IL-12p40 production in activated
human macrophages. Allergy. (2013) 68:739-47. doi: 10.1111/all.12152

22. McCandless EE, Rugg CA, Fici GJ, Messamore JE, Aleo MM, Gonzales
AJ. Allergen-induced production of IL-31 by canine Th2 cells and identification
of immune, skin, and neuronal target cells. Vet Immunol Immunopathol. (2014)
157:42-8. doi: 10.1016/j.vetimm.2013.10.017

23. Cevikbas F, Wang X, Akiyama T, Kempkes C, Savinko T, Antal A, et al. A
sensory neuron-expressed IL-31 receptor mediates T helper cell-dependent itch:
Involvement of TRPV1 and TRPAL. J Allergy Clin Immunol. (2014) 133:448-
60. doi: 10.1016/j.jaci.2013.10.048

24. Nakashima C, Otsuka A, Kabashima K. Interleukin-31 and interleukin-
31 receptor: new therapeutic targets for atopic dermatitis. Exp Dermatol. (2018)
27:327-31. doi: 10.1111/exd.13533

25. Datsi A, Steinhoff M, Ahmad F, Alam M, Buddenkotte J. Interleukin-
31: The “itchy” cytokine in inflammation and therapy. Allergy. [2021] 76:2982-
97.doi: 10.1111/all.14791

26. Tamamoto-Mochizuki C, Olivry T. IL-31 and IL-31 receptor expression in
acute experimental canine atopic dermatitis skin lesions. Vet Dermatol. (2021)
32:631-e169. https://doi.org/10.1111/vde.13034

27. Enk AH, Katz SI. Early events in the induction phase of contact sensitivity. J
Invest Dermatol. (1992) 99:39S—41S. doi: 10.1111/1523-1747.ep12668608

28. Parameswaran N, Patial S. Tumor
signaling in macrophages. Crit Rev Eukaryot
20:87-103. doi: 10.1615/critreveukargeneexpr.v20.i2.10

29. Moore PE A. review of histiocytic diseases of dogs and cats. Vet Pathol. (2014)
51:167-84. doi: 10.1177/0300985813510413

30. Iannotti FA, Di Marzo V, Petrosino S. Endocannabinoids and
endocannabinoid-related mediators: targets, metabolism and role in neurological
disorders. Prog Lipid Res. (2016) 62:107-128. doi: 10.1016/j.plipres.2016.
02.002

31. Toth KE Adam D, Biro T, Olah A. Cannabinoid Signaling in the
Skin: Therapeutic Potential of the “C(ut)annabinoid” System. Molecules. (2019)
24:918. doi: 10.3390/molecules24050918

necrosis
Gene

factor-alpha
Expr.  (2010)

32. Silver RJ. The Endocannabinoid system of animals. Animals. (2019)
9:686. doi: 10.3390/ani9090686

33. Di Marzo V. Targeting the endocannabinoid system: to enhance
or reduce? Nat Rev Drug Discov. (2008) 7:438-55. doi: 10.1038/nrd
2553

34. Kupczyk P, Reich A, Szepietowski JC. Cannabinoid system in the skin—a
possible target for future therapies in dermatology. Exp Dermatol. (2009) 18:669—
79. doi: 10.1111/§.1600-0625.2009.00923.x

35. Donvito G, Nass SR, Wilkerson JL, Curry ZA, Schurman LD, Kinsey SG,
et al. The endogenous cannabinoid system: a budding source of targets for
treating inflammatory and neuropathic pain. Neuropsychopharmacology. (2018)
43:52-79. doi: 10.1038/npp.2017.204

36. Avila C, Massick S, Kaffenberger BH, Kwatra SG, Bechtel M. Cannabinoids
for the treatment of chronic pruritus: a review. ] Am Acad Dermatol. (2020)
82:1205-12. doi: 10.1016/j.jaad.2020.01.036

37. Kreitzer FR, Stella N. The
novel  cannabinoid  receptors.  Pharmacol
96. doi: 10.1016/j.pharmthera.2009.01.005

potential  of
(2009)  122:83—

therapeutic
Ther.

frontiersin.org


https://doi.org/10.3389/fvets.2022.987132
https://www.frontiersin.org/articles/10.3389/fvets.2022.987132/full#supplementary-material
https://doi.org/10.3389/fvets.2021.606197
https://doi.org/10.1016/j.vetimm.2006.08.013
https://doi.org/10.1016/j.cvsm.2018.08.002
https://doi.org/10.1038/jid.2008.259
https://doi.org/10.1111/vde.12199
https://doi.org/10.1111/j.1600-0625.2009.01037.x
https://doi.org/10.1016/j.jid.2016.05.117
https://doi.org/10.1111/vde.12420
https://doi.org/10.1007/s12016-015-8488-5
https://doi.org/10.1111/imr.12632
https://doi.org/10.3389/fncel.2019.00422
https://doi.org/10.1073/pnas.92.8.3376
https://doi.org/10.1111/j.1365-2826.2008.01674.x
https://doi.org/10.1016/j.rmed.2011.09.007
https://doi.org/10.1007/s11882-004-0071-8
https://doi.org/10.1111/vde.12351
https://doi.org/10.1016/j.jaci.2017.01.011
https://doi.org/10.1111/imr.12546
https://doi.org/10.1111/j.1365-2133.2011.10217.x
https://doi.org/10.1111/all.12152
https://doi.org/10.1016/j.vetimm.2013.10.017
https://doi.org/10.1016/j.jaci.2013.10.048
https://doi.org/10.1111/exd.13533
https://doi.org/10.1111/all.14791
https://doi.org/10.1111/vde.13034
https://doi.org/10.1111/1523-1747.ep12668608
https://doi.org/10.1615/critreveukargeneexpr.v20.i2.10
https://doi.org/10.1177/0300985813510413
https://doi.org/10.1016/j.plipres.2016.02.002
https://doi.org/10.3390/molecules24050918
https://doi.org/10.3390/ani9090686
https://doi.org/10.1038/nrd2553
https://doi.org/10.1111/j.1600-0625.2009.00923.x
https://doi.org/10.1038/npp.2017.204
https://doi.org/10.1016/j.jaad.2020.01.036
https://doi.org/10.1016/j.pharmthera.2009.01.005
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Chiocchetti et al.

38. Morales P, Hurst DP, Reggio PH. Molecular targets of the
phytocannabinoids: a complex picture. Prog Chem Org Nat Prod. (2017)
103:103-31. doi: 10.1007/978-3-319-45541-9_4

39. Petrosino S, Di Marzo V. The pharmacology of palmitoylethanolamide
and first data on the therapeutic efficacy of some of its new formulations. Br |
Pharmacol. (2017) 174:1349-65. doi: 10.1111/bph.13580

40. Mlost J, Bryk M, Starowicz K. Cannabidiol for pain treatment:
focus on pharmacology and mechanism of action. Int ] Mol Sci. (2020)
21:8870. doi: 10.3390/ijms21228870

41. Mechoulam R, Peters M, Murillo-Rodriguez E, Hanus LO. Cannabidiol-
recent advances. Chem Biodivers. (2007) 4:1678-92. doi: 10.1002/cbdv.200790147

42. Pertwee RG. The diverse CB1 and CB2 receptor pharmacology

of three plant cannabinoids: delta9-tetrahydrocannabinol, cannabidiol
and  delta9-tetrahydrocannabivarin. Br ] Pharmacol. (2008) 153:199-
215. doi: 10.1038/sj.bjp.0707442

43. Galiazzo G, Giancola F, Stanzani A, Fracassi F, Bernardini C, Forni M,
et al. Localization of cannabinoid receptors CBI1, CB2, GPR55, and PPAR«a
in the canine gastrointestinal tract. Histochem Cell Biol. (2018) 150:187-
205. doi: 10.1007/s00418-018-1684-7

44. Gobbo F, Sarli G, De Silva M, Galiazzo G, Chiocchetti R, Morini M. A double
histochemical/immunohistochemical staining for the identification of canine mast
cells in light microscopy. Vet Sci. (2021) 8:229. doi: 10.3390/vetsci8100229

45. Chiocchetti R, De Silva M, Aspidi F, Zamith Cunha R, Gobbo E
Tagliavia C, et al. Distribution of cannabinoid receptors in keratinocytes
of healthy dogs and dogs with atopic dermatitis. Front Vet Sci. (2022)
9:915896. doi: 10.3389/fvets.2022.915896

46. Hill PB, Lau P, Rybnicek J. Development of an owner-assessed scale
to measure the severity of pruritus in dogs. Vet Dermatol. (2007) 18:301—
8. doi: 10.1111/§.1365-3164.2007.00616.x

47. Olivry T, Saridomichelakis M, Nuttall T, Bensignor E, Griffin CE, Hill PB;
International Committe on Allergic Diseases of Animals (ICADA). Validation of
the Canine Atopic Dermatitis Extent and Severity Index (CADESI)-4, a simplified
severity scale for assessing skin lesions of atopic dermatitis in dogs. Vet Dermatol.
(2014) 25:77-85. doi: 10.1111/vde.12107

48. Gross TL, Thrke PJ, Walder EJ, Affolter VK. Skin Diseases of the Dog and Cat.
Ames: Blackwell Publishing (2005).

49. Chiocchetti R, Galiazzo G, Tagliavia C, Stanzani A, Giancola F
Menchetti M, et al. Cellular distribution of canonical and putative cannabinoid
receptors in canine cervical dorsal root ganglia. Front Vet Sci. (2019)
6:313. doi: 10.3389/fvets.2019.00313

50. Stanzani A, Galiazzo G, Giancola F Tagliavia C, De Silva M,
Pietra M, et al. Localization of cannabinoid and cannabinoid related
receptors in the cat gastrointestinal tract. Histochem Cell Biol. (2020)
153:339-56. doi: 10.1007/s00418-020-01854-0

51. Pierezan F Mansell J, Ambrus A, Rodrigues Hoffmann A.
Immunohistochemical expression of ionized calcium binding adapter molecule 1
in cutaneous histiocytic proliferative, neoplastic and inflammatory disorders of
dogs and cats. ] Comp Pathol. (2014) 151:347-51. doi: 10.1016/j.jcpa.2014.07.003

52. Villiers E, Baines S, Law AM, Mallows V. Identification of acute
myeloid leukemia in dogs using flow cytometry with myeloperoxidase, MAC387,
and a canine neutrophil-specific antibody. Vet Clin Pathol. (2006) 35:55-
71. doi: 10.1111/j.1939-165x.2006.tb00089.x

53. Kerkhoff C, Voss A, Scholzen TE, Averill MM, Zinker KS,
Bornfeldt KE. Novel insights into the role of S100A8/A9 in skin
biology. Exp Dermatol. (2012) 21:822-6. doi: 10.1111/j.1600-0625.2012.01
571.x

54. Mozos E, Pérez J, Day MJ, Lucena R, Ginel PJ. Leishmaniosis and generalized
demodicosis in three dogs: a clinicopathological and immunohistochemical

study. J Comp Pathol. (1999) 120:257-68. doi: 10.1053/jcpa.1998.
0273
55. Nolte A, Junginger J, Baum B, Hewicker-Trautwein M.

Heterogeneity ~ of  macrophages in  canine  histiocytic  ulcerative
colitis.  Innate Immun. (2017) 23:228-39. doi: 10.1177/17534259166
86170

56. Dandrieux JR, Martinez Lopez LM, Stent A, Jergens A, Allenspach K,
Nowell CJ, et al. Changes in duodenal CD163-positive cells in dogs with
chronic enteropathy after successful treatment. Innate Immun. (2018) 24:400-
10. doi: 10.1177/1753425918799865

57. Levi M, Parenti F Muscatello LV, Battaia S, Santilli R, Perego M,
et al. Pathological findings of canine idiopathic pericarditis and pericardial
mesotheliomas: correlation with clinical and survival data. Vet Sci. (2021)
8:162. doi: 10.3390/vetsci8080162

Frontiersin Veterinary Science

20

10.3389/fvets.2022.987132

58. Modena BD, Kristen D, Andrew A. White Emerging concepts:
mast cell involvement in allergic diseases. Translat Res. (2016)
174:98-121. doi: 10.1016/j.trs1.2016.02.011

59. Enoksson M, Lyberg K, Moller-Westerberg C, Fallon PG, Nilsson G,
Lunderius-Andersson C. Mast cells as sensors of cell injury through IL-33
recognition. J Immunol. (2011) 186:2523-8. doi: 10.4049/jimmunol.1003383

60. Soter NA. Morphology of atopic (1989)
9:16-9. doi: 10.1111/j.1398-9995.1989.tb04310.x

61. Wilkie JS, Yager JA, Eyre P, Parker WM. Morphometric analyses of
the skin of dogs with atopic dermatitis and correlations with cutaneous
and plasma histamine and total serum IgE. Vet Pathol. (1990) 27:179-
86. doi: 10.1177/030098589002700305

eczema. Allergy.

62. Ribatti D. The staining of mast cells: a historical overview. Int Arch Allergy
Immunol. (2018) 176:55-60. doi: 10.1159/000487538

63. He SH. Key role of mast cells
products in inflammatory bowel disease.
10:309-18. doi: 10.3748/wjg.v10.i3.309

64. Stinder S, Moormann C, Schumacher M, Buddenkotte J, Artuc M,
Shpacovitch V, et al. Expression of vanilloid receptor subtype 1 in cutaneous
sensory nerve fibers, mast cells, and epithelial cells of appendage structures. Exp
Dermatol. (2004) 13:129-39. doi: 10.1111/§.0906-6705.2004.0178 x

65. Atiakshin D, Samoilova V, Buchwalow I, Boecker W, Tiemann
M. Characterization of mast cell populations using different methods
for  their identification.  Histochem  Cell ~ Biol.  (2017)  147:683-
94. doi: 10.1007/s00418-017-1547-7

66. Jogie-Brahim S, Min HK, Fukuoka Y, Xia HZ, Schwartz LB. Expression of
alpha-tryptase and beta-tryptase by human basophils. J Allergy Clin Immunol.
(2004) 113:1086-92. doi: 10.1016/j.jaci.2004.02.032

and their major
World ] Gastroenterol.

secretory
(2004)

67. Yamanishi Y, Miyake K, Tki M, Tsutsui H, Karasuyama H. Recent advances in
understanding basophil-mediated Th2 immune responses. Immunol Rev. (2017)
278:237-45. doi: 10.1111/imr.12548

68. Lazzeri M, Vannucchi MG, Zardo C, Spinelli M, Beneforti P, Turini D, et al.
mmunohistochemical evidence of vanilloid receptor 1 in normal human urinary
bladder. Eur Urol. (2004) 46:792-8. doi: 10.1016/j.eururo.2004.08.007

69. Stinder S, Schmelz M, Metze D, Luger T, Rukwied R. Distribution
of cannabinoid receptor 1 (CB1) and 2 (CB2) on sensory nerve fibers
and adnexal structures in human skin. ] Dermatol Sci. (2005) 38:177-
88. doi: 10.1016/j.jdermsci.2005.01.007

70. Rasul A, El-Nour H, Lonne-Rahm SB, Fransson O, Johansson C, Johansson
B, et al. Serotonergic markers in atopic dermatitis. Acta Derm Venereol. (2016)
96:732-6. doi: 10.2340/00015555-2354

71. Bir6 T, Maurer M, Modarres S, Lewin NE, Brodie C, Acs G, et al.
Characterization of functional vanilloid receptors expressed by mast cells. Blood.
(1998) 91:1332-40.

72.Samson MT, Small-Howard A, Shimoda LM, Koblan-Huberson M, Stokes AJ,
Turner H. Differential roles of CB1 and CB2 cannabinoid receptors in mast cells.
Immunol. (2003) 170:4953-62. doi: 10.4049/jimmunol.170.10.4953

73. Campora L, Miragliotta V, Ricci E, Cristino L, Di Marzo V, Albanese F, et al.
Cannabinoid receptor type 1 and 2 expression in the skin of healthy dogs and dogs
with atopic dermatitis. Am J Vet Res. (2012) 73:988-95. doi: 10.2460/ajvr.73.7.988

74. Small-Howard AL, Shimoda LM, Adra CN, Turner H. Anti-inflammatory
potential of CBl-mediated AMP elevation in mast cells. Biochemical Journal.
(2005) 388:465-73. doi: 10.1042/BJ20041682

75. Malan TP, Ibrahim MM, Vanderah TW, Makriyannis A, Porreca F. Inhibition
of pain responses by activation of CB(2) cannabinoid receptors. Chem Phys Lipids.
(2002) 121:191-200. doi: 10.1016/s0009-3084(02)00155-x

76. Cruz SL, Sanchez-Miranda E, Castillo-Arellano JI, Cervantes-Villagrana
RD, Ibarra-Sinchez A, Gonzdlez-Espinosa C. Anandamide inhibits FceRI-
dependent degranulation and cytokine synthesis in mast cells through CB2 and
GPR55 receptor activation. Possible involvement of CB2-GPR55 heteromers. Int
Immunopharmacol. (2018) 64:298-307. doi: 10.1016/j.intimp.2018.09.006

77. Cantarella G, Scollo M, Lempereur L, Saccani-Jotti G, Basile F
Bernardini R. Endocannabinoids inhibit release of nerve growth factor
by inflammation-activated mast cells. Biochem Pharmacol. (2011) 82:380-
8. doi: 10.1016/j.bcp.2011.05.004

78. Siebenhaar F, Magerl M, Peters EM, Hendrix S, Metz M, Maurer M. Mast cell-
driven skin inflammation is impaired in the absence of sensory nerves. | Allergy
Clin Immunol. (2008) 121:955-61. doi: 10.1016/j.jaci.2007.11.013

79. Serhan N, Basso L, Sibilano R, Petitfils C, Meixiong J, Bonnart C, et al. House
dust mites activate nociceptor-mast cell clusters to drive type 2 skin inflammation.
Nat Immunol. (2019) 20:1435-43. doi: 10.1038/s41590-019-0493-z

frontiersin.org


https://doi.org/10.3389/fvets.2022.987132
https://doi.org/10.1007/978-3-319-45541-9_4
https://doi.org/10.1111/bph.13580
https://doi.org/10.3390/ijms21228870
https://doi.org/10.1002/cbdv.200790147
https://doi.org/10.1038/sj.bjp.0707442
https://doi.org/10.1007/s00418-018-1684-7
https://doi.org/10.3390/vetsci8100229
https://doi.org/10.3389/fvets.2022.915896
https://doi.org/10.1111/j.1365-3164.2007.00616.x
https://doi.org/10.1111/vde.12107
https://doi.org/10.3389/fvets.2019.00313
https://doi.org/10.1007/s00418-020-01854-0
https://doi.org/10.1016/j.jcpa.2014.07.003
https://doi.org/10.1111/j.1939-165x.2006.tb00089.x
https://doi.org/10.1111/j.1600-0625.2012.01571.x
https://doi.org/10.1053/jcpa.1998.0273
https://doi.org/10.1177/1753425916686170
https://doi.org/10.1177/1753425918799865
https://doi.org/10.3390/vetsci8080162
https://doi.org/10.1016/j.trsl.2016.02.011
https://doi.org/10.4049/jimmunol.1003383
https://doi.org/10.1111/j.1398-9995.1989.tb04310.x
https://doi.org/10.1177/030098589002700305
https://doi.org/10.1159/000487538
https://doi.org/10.3748/wjg.v10.i3.309
https://doi.org/10.1111/j.0906-6705.2004.0178.x
https://doi.org/10.1007/s00418-017-1547-7
https://doi.org/10.1016/j.jaci.2004.02.032
https://doi.org/10.1111/imr.12548
https://doi.org/10.1016/j.eururo.2004.08.007
https://doi.org/10.1016/j.jdermsci.2005.01.007
https://doi.org/10.2340/00015555-2354
https://doi.org/10.4049/jimmunol.170.10.4953
https://doi.org/10.2460/ajvr.73.7.988
https://doi.org/10.1042/BJ20041682
https://doi.org/10.1016/s0009-3084(02)00155-x
https://doi.org/10.1016/j.intimp.2018.09.006
https://doi.org/10.1016/j.bcp.2011.05.004
https://doi.org/10.1016/j.jaci.2007.11.013
https://doi.org/10.1038/s41590-019-0493-z
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Chiocchetti et al.

80. Rossbach K, Nassenstein C, Gschwandtner M, Schnell D, Sander K, Seifert R,
et al. Histamine H1, H3 and H4 receptors are involved in pruritus. Neuroscience.
(2011) 190:89-102. doi: 10.1016/j.neuroscience.2011.06.002

81. Schlosburg J E, Boger D L, Cravatt B F, Lichtman A H. Endocannabinoid
modulation of scratching response in an acute allergenic model: a new prospective
neural therapeutic target for pruritus. J Pharmacol Exp Ther. (2009) 329:314-
23. doi: 10.1124/jpet.108.150136

82. Sun S, Dong X, TRP channels and itch. Semin Immunopathol. (2016)
38:293-307. doi: 10.1007/s00281-015-0530-4

83. Yun JW, Seo JA, Jang WH, Koh HJ, Bae IH, Park YH, et al. Antipruritic
effects of TRPV1 antagonist in murine atopic dermatitis and itching models. J
Invest Dermatol. (2011) 131:1576-9. doi: 10.1038/jid.2011.87

84. Weisshaar E, Dunker N, Gollnick H. Topical capsaicin therapy in
humans with hemodialysis-related pruritus. Neurosci Lett. (2003) 345:192—
4. doi: 10.1016/s0304-3940(03)00511-1

85. Marsella R, Nicklin CE Melloy C. The effects of capsaicin
topical therapy in dogs with atopic dermatitis: a randomized, double-
blinded, placebo-controlled, cross-over clinical trial. Vet Dermatol. (2002)
13:131-9. doi: 10.1046/j.1365-3164.2002.00292.x

86. Kobayashi K, Fukuoka T, Obata K, Yamanaka H, Dai Y, Tokunaga A, et al.
Distinct expression of TRPMS8, TRPA1, and TRPV1 mRNAs in rat primary afferent
neurons with adelta/c-fibers and colocalization with trk receptors. ] Comp Neurol.
(2005) 493:596-606. doi: 10.1002/cne.20794

87. Oh MH, Oh SY, Lu J, Lou H, Myers AC, Zhu Z, et al. TRPA1-dependent
pruritus in IL-13-induced chronic atopic dermatitis. ] Immunol. (2013) 191:5371—
82. doi: 10.4049/jimmunol.1300300

88. Moore C, Gupta R, Jordt SE, Chen Y, Liedtke WB. Regulation of pain and itch
by TRP channels. Neurosci Bull. (2018) 34:120-42. doi: 10.1007/s12264-017-0200-8

89. Maglie R, Souza Monteiro de. Araujo D, Antiga E, Geppetti P, Nassini R, De
Logu F. The Role of TRPALI in skin physiology and pathology. Int ] Mol Sci. (2021)
22:3065. doi: 10.3390/ijms22063065

90. Marsella R, Olivry T, Maeda S. Cellular and cytokine kinetics
after  epicutaneous allergen challenge (atopy patch testing) with
house dust mites in high-IgE beagles. Vet Dermatol. (2006) 17:111-
20. doi: 10.1111/j.1365-3164.2006.00508.x

91. Kang J, Ding Y, Li B, Liu H, Yang X, Chen M. TRPA1 mediated aggravation
of allergic contact dermatitis induced by DINP and regulated by NF-kB activation.
Sci Rep. (2017) 7:43586. doi: 10.1038/srep43586

92. Zeng D, Chen C, Zhou W, Ma X, Pu X, Zeng Y, et al. TRPAI deficiency
alleviates inflammation of atopic dermatitis by reducing macrophage infiltration.
Life Sci. (2021) 266:118906. doi: 10.1016/j.1£5.2020.118906

93. Leung DY. Atopic dermatitis: the skin as a window into the
pathogenesis of chronic allergic diseases. J Allergy Clin Immunol. (1995)
96:302-18. doi: 10.1016/s0091-6749(95)70049-8

94. Ricklin Gutzwiller ME, Moulin HR, Zurbriggen A, Roosje P, Summerfield
A. Comparative analysis of canine monocyte- and bone-marrow-derived dendritic
cells. Vet Res. (2010) 41:40. doi: 10.1051/vetres/2010012

95. Honda T, Egawa G, Kabashima
adaptive immune responses in skin.
9. doi: 10.1093/intimm/dxz005

K. Antigen presentation and
Int  Immunol. (2019) 31:423-

96. He S, Peng Q, Walls AF. Potent induction of a neutrophil and eosinophil-rich
infiltrate in vivo by human mast cell tryptase: selective enhancement of eosinophil
recruitment by histamine. J Immunol. (1997) 159:6216-25.

97. Wright K, Rooney N, Feeney M, Tate J, Robertson D, Welham M,
et al. Differential expression of cannabinoid receptors in the human colon:
cannabinoids promote epithelial wound healing. Gastroenterology. (2005) 129:437-
53. doi: 10.1016/j.gastro.2005.05.026

98. Zheng JL Yu TS, Li XN, Fan YY, Ma WX, Du Y, et al. Cannabinoid receptor
type 2 is time-dependently expressed during skin wound healing in mice. Int ] Legal
Med. (2012) 126:807-14. doi: 10.1007/s00414-012-0741-3

99. Du Y, Ren P, Wang Q, Jiang S K, Zhang M, Li JY, et al. Cannabinoid 2
receptor attenuates inflammation during skin wound healing by inhibiting M1
macrophages rather than activating M2 macrophages. J Inflamm (Lond). (2018)
15:25. doi: 10.1186/s12950-018-0201-z

100. Tarique AA, Evron T, Zhang G, Tepper MA, Morshed MM, Andersen
ISG, et al. Anti-inflammatory effects of lenabasum, a cannabinoid receptor type
2 agonist, on macrophages from cystic fibrosis. J Cyst Fibros. (2020) 19:823-
9. doi: 10.1016/.jcf.2020.03.015

101. Taylor L, Christou I, Kapellos TS, Buchan A, Brodermann MH, Gianella-
Borradori M, et al. Primary macrophage chemotaxis induced by cannabinoid

Frontiersin Veterinary Science

21

10.3389/fvets.2022.987132

receptor 2 agonists occurs independently of the CB2 receptor. Sci Rep. (2015)
5:10682. doi: 10.1038/srepl 0682

102. Lanuti M, Talamonti E, Maccarrone M, Chiurchit V. Correction:
activation of GPR55 receptors exacerbates oxLDL-induced lipid accumulation
and inflammatory responses, while reducing cholesterol efflux from human
macrophages. PLoS One. (2015) 10:e0131850. doi: 10.1371/journal.pone.01
31850

103. Bujak JK, Kosmala D, Majchrzak-Kuligowska K, Bednarczyk P. Functional
Expression of TRPV1 Ion Channel in the Canine Peripheral Blood Mononuclear
Cells. Int ] Mol Sci. (2021) 22:3177. doi: 10.3390/ijms22063177

104. Ninomiya Y, Tanuma SI, Tsukimoto M. Differences in the effects of four
TRPV1 channel antagonists on lipopolysaccharide-induced cytokine production
and COX-2 expression in murine macrophages. Biochem Biophys Res Commun.
(2017) 484:668-74. doi: 10.1016/j.bbrc.2017.01.173

105. Kun J, Perkecz A, Knie L, Sétdlo G Jr, Torndczki T, Pintér E, et al.
TRPA1 receptor is upregulated in human oral lichen planus. Oral Dis. (2017)
23:189-98. doi: 10.1111/0di.12593

106. Novak N, Bieber T. The role of dendritic cell subtypes in the
pathophysiology of atopic dermatitis. ] Am Acad Dermatol. (2005) 53:5171-176.
doi: 10.1016/j.jaad.2005.04.060

107. Ricklin ME, Roosje P, Summerfield A. Characterization of canine dendritic
cells in healthy, atopic, and non-allergic inflamed skin. J Clin Immunol. (2010)
30:845-54. doi: 10.1007/s10875-010-9447-9

108. Olivry T, Moore PE, Affolter VK, Naydan DK. Langerhans cell hyperplasia
and IgE expression in canine atopic dermatitis. Arch Dermatol Res. (1996) 288:579-
85. doi: 10.1007/BF02505260

109. Matias I, Pochard P, Orlando P, Salzet M, Pestel ], Di Marzo V. Presence and
regulation of the endocannabinoid system in human dendritic cells. Eur ] Biochem.
(2002) 269:3771-8. doi: 10.1046/j.1432-1033.2002.03078.x

110. Do Y, McKallip RJ, Nagarkatti M, Nagarkatti PS. Activation

through cannabinoid receptors 1 and 2 on dendritic cells triggers
NF-kappaB-dependent  apoptosis: novel role for endogenous and
exogenous cannabinoids in immunoregulation. J Immunol.  (2004)

173:2373-82. doi: 10.4049/jimmunol.173.4.2373

111. Svensson M, Chen P, Hammarfjord O. Dendritic cell regulation
by cannabinoid-based drugs. Pharmaceuticals (Basel). (2010) 3:2733-
50. doi: 10.3390/ph3082733

112. Adhikary S, Kocieda VP, Yen JH, Tuma RE Ganea D. Signaling
through cannabinoid receptor 2 suppresses murine dendritic cell migration
by inhibiting matrix metalloproteinase 9 expression. Blood. (2012) 120:3741-
9. doi: 10.1182/blood-2012-06-435362

113. Castillo-Chabeco B, Figueroa G, Parira T, Napuri ], Agudelo M.
Ethanol-induced modulation of GPR55 expression in human monocyte-derived
dendritic cells is accompanied by H4K12 acetylation. Alcohol. (2018) 71:25-
31. doi: 10.1016/j.alcohol.2018.05.008

114. Tanikawa T, Oka S, Nakajima K, Hayashi Y, Nemoto-Sasaki Y,
Arata Y, et al. Expression and Distribution of GPR55, a Receptor for
Lysophosphatidylinositol, in Mouse Tissues and Cells. BPB Reports. (2022) 5:15-
20. doi: 10.1248/bpbreports.5.2_16

115. Téth BI, Benko S, Szollosi AG, Kovics L, Rajnavolgyi E,
Bir6 T. Transient receptor potential vanilloid-1 signaling inhibits
differentiation and activation of human dendritic cells. FEBS Lett. (2009)
583:1619-24. doi: 10.1016/j.febslet.2009.04.031

116. Basu S, Srivastava P. Immunological role of neuronal receptor vanilloid
receptor 1 expressed on dendritic cells. Proc Natl Acad Sci U S A. (2005) 102:5120-
5. doi: 10.1073/pnas.0407780102

117. Széllési AG, Oldh A, Téth IB, Papp E Crifra G, Panyi G, et al
Transient receptor potential vanilloid-2 mediates the effects of transient heat
shock on endocytosis of human monocyte-derived dendritic cells. FEBS Lett.
(2013) 587:1440-5. doi: 10.1016/j.febslet.2013.03.027

118. Naert R, Lopez-Requena
and  Pathophysiology in Immune
22:11460. doi: 10.3390/ijms222111460

K. TRPA1
] Mol

A, Talavera
Cells. Int

Expression
Sci.  (2021)

119. Marsella R. Advances in our understanding of canine atopic dermatitis. Vet
Dermatol. (2021) 21:1265. doi: 10.1111/vde.12965

120. Majewska A, Gajewska M, Dembele K, Maciejewski H, Prostek A, Jank M.
Lymphocytic, cytokine and transcriptomic profiles in peripheral blood of dogs with
atopic dermatitis. BMIC Vet Res. (2016) 12:174. doi: 10.1186/s12917-016-0805-6

121. Vogelnest L. Canine atopic dermatitis: a common, chronic and challenging
dermatosis. Vet Rec. (2021) 188:185-7. doi: 10.1002/vetr.273

frontiersin.org


https://doi.org/10.3389/fvets.2022.987132
https://doi.org/10.1016/j.neuroscience.2011.06.002
https://doi.org/10.1124/jpet.108.150136
https://doi.org/10.1007/s00281-015-0530-4
https://doi.org/10.1038/jid.2011.87
https://doi.org/10.1016/s0304-3940(03)00511-1
https://doi.org/10.1046/j.1365-3164.2002.00292.x
https://doi.org/10.1002/cne.20794
https://doi.org/10.4049/jimmunol.1300300
https://doi.org/10.1007/s12264-017-0200-8
https://doi.org/10.3390/ijms22063065
https://doi.org/10.1111/j.1365-3164.2006.00508.x
https://doi.org/10.1038/srep43586
https://doi.org/10.1016/j.lfs.2020.118906
https://doi.org/10.1016/s0091-6749(95)70049-8
https://doi.org/10.1051/vetres/2010012
https://doi.org/10.1093/intimm/dxz005
https://doi.org/10.1016/j.gastro.2005.05.026
https://doi.org/10.1007/s00414-012-0741-3
https://doi.org/10.1186/s12950-018-0201-z
https://doi.org/10.1016/j.jcf.2020.03.015
https://doi.org/10.1038/srep1
https://doi.org/10.1371/journal.pone.0131850
https://doi.org/10.3390/ijms22063177
https://doi.org/10.1016/j.bbrc.2017.01.173
https://doi.org/10.1111/odi.12593
https://doi.org/10.1016/j.jaad.2005.04.060
https://doi.org/10.1007/s10875-010-9447-9
https://doi.org/10.1007/BF02505260
https://doi.org/10.1046/j.1432-1033.2002.03078.x
https://doi.org/10.4049/jimmunol.173.4.2373
https://doi.org/10.3390/ph3082733
https://doi.org/10.1182/blood-2012-06-435362
https://doi.org/10.1016/j.alcohol.2018.05.008
https://doi.org/10.1248/bpbreports.5.2_16
https://doi.org/10.1016/j.febslet.2009.04.031
https://doi.org/10.1073/pnas.0407780102
https://doi.org/10.1016/j.febslet.2013.03.027
https://doi.org/10.3390/ijms222111460
https://doi.org/10.1111/vde.12965
https://doi.org/10.1186/s12917-016-0805-6
https://doi.org/10.1002/vetr.273
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Chiocchetti et al.

122. Hill PB, Olivry T. The ACVD task force on canine atopic dermatitis (V):
biology and role of inflammatory cells in cutaneous allergic reactions. Vet Immunol
Immunopathol. (2001) 81:187-98. doi: 10.1016/s0165-2427(01)00310-5

123. Combarros D, Cadiergues MC, Simon M. Update on canine ﬁlaggrin: a
review. Vet Q. (2020) 40:162-8. doi: 10.1080/01652176.2020.1758357

124. Wu HY, Chu RM, Wang CC, Lee CY, Lin SH, Jan TR. Cannabidiol-
induced apoptosis in primary lymphocytes is associated with oxidative stress-
dependent activation of caspase-8. Toxicol Appl Pharmacol. (2008) 226:260-
70. doi: 10.1016/j.taap.2007.09.012

125. Kaplan BLE, Springs AEB, Kaminski NE. The profile of immune modulation
by cannabidiol (CBD) involves deregulation of nuclear factor of activated T cells
(NFAT). Biochem Pharmacol. (2008) 76:726-37. doi: 10.1016/j.bcp.2008.06.022

126. Chiurchitt V, van der Stelt M, Centonze D, Maccarrone M. The
endocannabinoid system and its therapeutic exploitation in multiple sclerosis:
clues for other neuroinflammatory diseases. Prog Neurobiol. (2018) 160:82-
100. doi: 10.1016/j.pneurobio.2017.10.007

127. Olivry T, Naydan DK, Moore PF. Characterization of the cutaneous
inflammatory infiltrate in canine atopic dermatitis. Am J Dermatopathol. (1997)
19:477-86. doi: 10.1097/00000372-199710000-00008

128. Walsh CM, Hill RZ, Schwendinger-Schreck J, Deguine J, Brock EC, Kucirek
N, et al. Neutrophils promote CXCR3-dependent itch in the development of atopic
dermatitis. Elife. (2019) 8:e48448. doi: 10.7554/eLife.48448

129. Asahina R, Kamishina H, Kamishina H, Maeda S. Gene transcription
of pro-inflammatory cytokines and chemokines induced by IL-17A in canine
keratinocytes. Vet Dermatol. (2015) 26:426-31. doi: 10.1111/vde.12244

130. Jassies-van der Lee A, Rutten VP, Bruijn J, Willemse T, Broere F. CD4+
and CD8+ skin-associated T lymphocytes in canine atopic dermatitis produce
interleukin-13, interleukin-22 and interferon-y and contain a CD25+ FoxP3+
subset. Vet Dermatol. (2014) 25:456—-e72. doi: 10.1111/vde.12140

131. Shiomitsu S, Gillen J, Frasca S Jr, Santoro D. Evaluation of the cutaneous
expression of IL-17, IL-22, IL-31, and their receptors in canine atopic dermatitis.
Res Vet Sci. (2021) 136:74-80. doi: 10.1016/j.rvsc.2020.12.015

132. Balenga NA, Aflaki E, Kargl J, Platzer W, Schréder R, Blttermann S,
et al. GPR55 regulates cannabinoid 2 receptor-mediated responses in human
neutrophils. Cell Res. (2011) 21:1452-69. doi: 10.1038/cr.2011.60

133. Foote JR, Behe P, Frampton M, Levine AP, Segal AW. An exploration of
charge compensating ion channels across the phagocytic vacuole of neutrophils.
Front Pharmacol. (2017) 8:94. doi: 10.3389/fphar.2017.00094

134. Abramo E, Campora L, Albanese F. della Valle ME, Cristino L, Petrosino S,
et al. Increased levels of palmitoylethanolamide and other bioactive lipid mediators
and enhanced local mast cell proliferation in canine atopic dermatitis. BMC Vet
Res. (2014) 10:21. doi: 10.1186/1746-6148-10-21

135. Martin-Fontecha M, Eiwegger T, Jartti T, Rueda-Zubiaurre A,
Tiringer K, Stepanow J, et al. The expression of cannabinoid receptor 1 is
significantly increased in atopic patients. J Allergy Clin Immunol. (2014)
133:926-9.€2. doi: 10.1016/j.jaci.2013.12.1032

136. Petrosino S, Verde R, Vaia M, Allara M, Iuvone T, Di Marzo V. Anti-
inflammatory properties of cannabidiol, a nonpsychotropic cannabinoid, in
experimental allergic contact dermatitis. J Pharmacol Exp Ther. (2018) 365:652—
63. doi: 10.1124/jpet.117.244368

Frontiersin Veterinary Science

22

10.3389/fvets.2022.987132

137. Baswan SM, Klosner AE, Glynn K, Rajgopal A, Malik K, Yim S, et al.
Therapeutic potential of cannabidiol (CBD) for skin health and disorders. Clin
Cosmet Investig Dermatol. (2020) 13:927-42. doi: 10.2147/CCID.S286411

138. Ligresti A, De Petrocellis L, Di Marzo V. From phytocannabinoids
to cannabinoid receptors and endocannabinoids: pleiotropic physiological and
pathological roles through complex pharmacology. Physiol Rev. (2016) 96:1593-
659. doi: 10.1152/physrev.00002.2016

139. Udoh M, Santiago M, Devenish S, McGregor IS, Connor M.
Cannabichromene is a cannabinoid CB(2) receptor agonist. Br J Pharmacol.
(2019) 176:4537-47. doi: 10.1111/bph.14815

140. Sunda E Arowolo A, A. molecular basis for the anti-
inflammatory and anti-fibrosis properties of cannabidiol. FASEB J. (2020)
34:14083-92. doi: 10.1096/1j.202000975R

141. De Petrocellis L, Ligresti A, Schiano Moriello A, Allara M, Bisogno T,
Petrosino S, et al. Effects of cannabinoids and cannabinoid-enriched Cannabis
extracts on TRP channels and endocannabinoid metabolic enzymes. Br ]|
Pharmacol. (2011) 163:1479-94. doi: 10.1111/j.1476-5381.2010.01166.x

142. Borrelli F, Pagano E, Romano B, Panzera S, Maiello F, Coppola D, et al.
Colon carcinogenesis is inhibited by the TRPM8 antagonist cannabigerol, a
Cannabis-derived non-psychotropic cannabinoid. Carcinogenesis. (2014) 35:2787-
97. doi: 10.1093/carcin/bgu205

143. De Petrocellis L, Vellani V, Schiano-Moriello A, Marini P, Magherini PC,
Orlando P, et al. Plant-derived cannabinoids modulate the activity of transient
receptor potential channels of ankyrin type-1 and melastatin type-8. ] Pharmacol
Exp Ther. (2008) 325:1007-15. doi: 10.1124/jpet.107.134809

144. Vaia M, Petrosino S, De Filippis D, Negro L, Guarino A, Carnuccio
R, et al. Palmitoylethanolamide reduces inflammation and itch in a mouse
model of contact allergic dermatitis. Eur ] Pharmacol. (2016) 791:669-
74. doi: 10.1016/j.ejphar.2016.10.005

145. Cerrato S, Brazis P, della Valle ME, Miolo A, Puigdemont A. Effects
of palmitoylethanolamide on immunologically induced histamine, PGD2 and
TNFalpha release from canine skin mast cells. Vet Immunol Immunopathol. (2010)
133:9-15. doi: 10.1016/j.vetimm.2009.06.011

146. Petrosino S, Schiano Moriello A, Verde R, Allara M, Imperatore
R, Ligresti A, et al. Palmitoylethanolamide counteracts substance P-induced
mast cell activation in vitro by stimulating diacylglycerol lipase activity. J
Neuroinflammation. (2019) 16:274. doi: 10.1186/s12974-019-1671-5

147. Di Marzo V, De Petrocellis L, Fezza E Ligresti A, Bisogno T.
Anandamide receptors. Prostaglandins Leukot Essent Fatty Acids. (2002) 66:377-
91. doi: 10.1054/plef.2001.0349

148. Ross RA. Anandamide and vanilloid TRPV1 receptors. Br ] Pharmacol.
(2003) 140:790-801. doi: 10.1038/sj.bjp.0705467

149. CannPal Animal Therapeutics Limited. CBD Substantially Improves Atopic
Dermatitis Symptoms in Dogs. Available online at: https://www.prnewswire.
com/news-releases/cbd- substantially-improves- atopic- dermatitis- symptoms-in-
dogs-301095965.html. (accessed July 21, 2020).

150. ElleVet Sciences. ElleVet Sciences Announce Results of Atopic Dermatitis
Study Using Its CBD+CBDA Oil on Dogs. Available online at: https://www.
prnewswire.com/news- releases/ellevet- sciences-announces-results- of-atopic-
dermatitis- study- using- its- cbdcbda- oil- on- dogs- 301189648.html. (accessed July
9, 2020).

frontiersin.org


https://doi.org/10.3389/fvets.2022.987132
https://doi.org/10.1016/s0165-2427(01)00310-5
https://doi.org/10.1080/01652176.2020.1758357
https://doi.org/10.1016/j.taap.2007.09.012
https://doi.org/10.1016/j.bcp.2008.06.022
https://doi.org/10.1016/j.pneurobio.2017.10.007
https://doi.org/10.1097/00000372-199710000-00008
https://doi.org/10.7554/eLife.48448
https://doi.org/10.1111/vde.12244
https://doi.org/10.1111/vde.12140
https://doi.org/10.1016/j.rvsc.2020.12.015
https://doi.org/10.1038/cr.2011.60
https://doi.org/10.3389/fphar.2017.00094
https://doi.org/10.1186/1746-6148-10-21
https://doi.org/10.1016/j.jaci.2013.12.1032
https://doi.org/10.1124/jpet.117.244368
https://doi.org/10.2147/CCID.S286411
https://doi.org/10.1152/physrev.00002.2016
https://doi.org/10.1111/bph.14815
https://doi.org/10.1096/fj.202000975R
https://doi.org/10.1111/j.1476-5381.2010.01166.x
https://doi.org/10.1093/carcin/bgu205
https://doi.org/10.1124/jpet.107.134809
https://doi.org/10.1016/j.ejphar.2016.10.005
https://doi.org/10.1016/j.vetimm.2009.06.011
https://doi.org/10.1186/s12974-019-1671-5
https://doi.org/10.1054/plef.2001.0349
https://doi.org/10.1038/sj.bjp.0705467
https://www.prnewswire.com/news-releases/cbd-substantially-improves-atopic-dermatitis-symptoms-in-dogs-301095965.html
https://www.prnewswire.com/news-releases/cbd-substantially-improves-atopic-dermatitis-symptoms-in-dogs-301095965.html
https://www.prnewswire.com/news-releases/cbd-substantially-improves-atopic-dermatitis-symptoms-in-dogs-301095965.html
https://www.prnewswire.com/news-releases/ellevet-sciences-announces-results-of-atopic-dermatitis-study-using-its-cbdcbda-oil-on-dogs-301189648.html
https://www.prnewswire.com/news-releases/ellevet-sciences-announces-results-of-atopic-dermatitis-study-using-its-cbdcbda-oil-on-dogs-301189648.html
https://www.prnewswire.com/news-releases/ellevet-sciences-announces-results-of-atopic-dermatitis-study-using-its-cbdcbda-oil-on-dogs-301189648.html
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Chapter 8:
Expression of cannabinoid (CB1 and CB2) and cannabinoid-related receptors
(TRPV1, GPRSS, and PPARG0) in the synovial membrane of the horse
metacarpophalangeal joint
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Background: The metacarpophalangeal joint undergoes enormous loading during
locomotion and can therefore often become inflamed, potentially resulting in
osteoarthritis (OA). There are studies indicating that the endocannabinoid system
(ECS) modulates synovium homeostasis, and could be a promising target for OA
therapy. Some cannabinoid receptors, which modulate proliferative and secretory
responses in joint inflammation, have been functionally identified in human and
animal synovial cells.

Objective: To characterize the cellular distribution of the cannabinoid receptors
1 (CB1R) and 2 (CB2R), and the cannabinoid-related receptors transient receptor
potential vanilloid type 1 (TRPV1), G protein-related receptor 55 (GPR55)
and peroxisome proliferator-activated receptor alpha (PPARa) in the synovial
membrane of the metacarpophalangeal joint of the horse.

Animals: The dorsal synovial membranes of 14 equine metacarpophalangeal
joints were collected post-mortem from an abattoir.

Materials and methods: The dorsal synovial membranes of 14 equine
metacarpophalangeal joints were collected post-mortem from an abattoir. The
expression of the CB1R, CB2R, TRPV1, GPR55, and PPARa in synovial tissues was
studied using qualitative and quantitative immunofluorescence, and quantitative
real-time reverse transcriptase PCR (qRT-PCR). Macrophage-like (MLS) and
fibroblast-like (FLS) synoviocytes were identified by means of antibodies directed
against IBA1 and vimentin, respectively.

Results: Both the mRNA and protein expression of the CB2R, TRPVI,
GPR55, and PPARa were found in the synoviocytes and blood vessels of the
metacarpophalangeal joints. The synoviocytes expressed the mRNA and protein
of the CB1R in some of the horses investigated, but not in all.

Conclusions and clinical importance: Given the expression of the CB1R, CB2R,
TRPV1, GPR55, and PPARa in the synovial elements of the metacarpophalangeal
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joint, these findings encouraged the development of new studies supporting the
use of molecules acting on these receptors to reduce the inflammation during
joint inflammation in the horse.
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Introduction

The metacarpophalangeal joint is a high mobility structure
which undergoes enormous loading during locomotion and
jumping in the horse (1), so much so that it is the most commonly
reported joint affected by traumatic and degenerative lesions
in equine athletes (2) and results in lameness in thoroughbred
racehorses (3, 4). Currently, there is no specific cure for joint
disease, and the multimodal pharmacological treatment does not
act on the cause of joint inflammation but is aimed at slowing
its progression, minimizing/reducing pain, and increasing function
and performance (5). In recent decades, some molecules have given
encouraging results for the treatment of osteoarthritis, even if it
is difficult to draw definitive conclusions (6). Therefore, there is
a need for improving the understanding of the pathophysiology
and mechanisms of joint pain in order to develop safe and
effective drugs to alleviate symptoms in horses with synovitis
and osteoarthritis (OA) (7). Joint inflammation can affect
cartilage, bone and the synovial membrane within the joint (8).
However, regardless of which intra-articular tissue type is first
affected, the synovial membrane seems to modulate and reinforce
the inflammatory responses of the joints (9, 10). Hence, the
synovial membrane is key to enhancing the understanding of the
pathophysiological processes within the synovial joint.

The wall of the joint capsule is composed of two distinct layers:
the external and thick fibrous layer (stratum fibrosum), and the
inner and thin synovial membrane (synovium). The cells of the
intimal lining of the synovium secrete the fluid into the joint cavity
(synovial fluid), remove debris and are involved in the production
of cytokines/molecules which may modulate the joint inflammation
(9-13). Two types of synoviocytes lining the luminal side of
the joint capsule have been described in depth in humans and
animals (14, 15), including horses (11, 13, 16, 17): (1) macrophage-
like synoviocytes (MLS), also known as type A synoviocytes,
and (2) fibroblast-like synoviocytes (FLS), also known as type B
synoviocytes. Embedded in a thin layer of connective tissue rich
in fenestrated capillaries, the synoviocytes produce and control the
synovial fluid. Fibroblast-like synoviocytes, the dominating cell-
type in the synovial intima, produce hyaluronic acid and other
lubricating synovial additives of the synovial fluid, and also matrix
components (such as collagens, proteoglycans and laminin) and
degrading enzymes (such as matrix metalloproteinases [MMPs]
and other proteases) (18). In cultured human FLS, it has been
shown that these cells organize a basement membrane-like
extracellular matrix, capable of supporting monocyte survival and
compaction into the lining (19). A more recent study has shown
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that fibroblasts might also provide anchorage to the MLS and are
also a source of key survival factors of the MLS (20).

Although FLS morphologically differ from the other fibroblasts,
these cells may express the typical fibroblast markers vimentin
(21) or, uniquely in the horse, the neuronal marker Protein Gene
Product 9.5. (16). However, due to the specific functions of the FLS
in the synovial lining (22), there are only a few reports of selective
markers of FLS, differentiating them from other musculoskeletal
fibroblasts (13).

Macrophage-like synoviocytes are macrophages not derived
from bone-marrow immune cells (monocytes) but derived
from cells which disperse into the tissues during embryonic
development and are resident in the joint (23). Macrophage-
like synoviocytes may be distributed unevenly adjacent to
the joint lumen (11) or, as has recently been described in
mice, may congregate to form an internal immunological
barrier at the synovial lining which physically seclude the
joint (24, 25). General resident macrophage-markers, such as
CD11b, CD14, CD68, and CD206, may be expressed by horse
MLS (26).

The strong need to develop a treatment for synovial
inflammation, cartilage degeneration, and bone deformation
has led to of the
immunomodulatory endocannabinoid system (ECS) in the
development of OA (12, 27-32). The involvement of the ECS
in immunocytes and macrophages, as well as in regulatory

research regarding the involvement

actions on sensory nociceptors to ameliorate pain in OA, has
been described (33). The ECS consists of endocannabinoid
molecules involved in signaling processes, along with G-
protein-coupled receptors (GPCRs) and enzymes associated
with ligand biosynthesis, activation and degradation (33).
Endocannabinoids and endocannabinoid-like lipid mediators,
such as palmitoylethanolamide (PEA) (34), the phytocannabinoids
derived from Cannabis sativa, such as A-9-tetrahydrocannabinol
(THC), cannabidiol (CBD), cannabigerol, cannabichromene, and
cannabinol (35, 36), and the synthetic cannabinoids all act on
canonical cannabinoid-1 (CBIR) and—2 (CB2R) receptors. They
also act on cannabinoid-related receptors, such as the transient
receptor potential (TRP) channels, the G protein-coupled receptors
(GPCRs), the nuclear peroxisome proliferator-activated receptors
(PPARSs), and the serotonin receptors (12, 35, 37-39).

There are studies showing that the activation of CBIR
and CB2R, which are expressed in human, mouse, and horse
synoviocytes (28, 40-44), can induce potent anti-inflammatory
effects and modulate arthritic disease (31, 43, 45). The TRP
vanilloid 1 (TRPV1) ion channel, which is expressed in human and
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rat synoviocytes (41, 46), might also be a possible target for treating
joint diseases (46).

There are no studies which have reported the expression of G
protein-coupled receptor 55 (GPR55) or PPAR«a in synoviocytes.
However, GPR55 has been localized in human chondrocytes,
osteoclasts and osteoblasts (47, 48) and there are studies indicating
that PPARa agonists may exert beneficial effects on OA due to their
anti-inflammatory effects (49, 50).

Given the aforementioned data obtained in other species, it
is conceivable that the receptors of the endocannabinoid system
could be expressed in the horse synovial membrane and represent
a pharmacological target for the treatment of joint diseases.
Currently, only a few reports have been published regarding the
cannabinoid and cannabinoid-related receptors of the horse joint
synovium (4, 44).

Thus, the current study was designed to identify the
mRNA of Cnrl, Cnr2, TRPVI1, GPR55, and PPARA and to
immunohistochemically localize these receptors in the synovial
membrane of the equine metacarpophalangeal joint.

Materials and methods

Animals

The metacarpophalangeal joints of 14 healthy horses (9 females
and 5 males), ranging from 2 to 20 years of age (mean: 12
years; SD =+ 6.5), which were slaughtered for consumption
were collected from the thoracic limbs post-mortem. The breeds
included 1 Avelignese, 1 Italian thoroughbred, and 12 half-breeds.
The distal forelimbs were removed at the carpal joint to obtain the
metacarpophalangeal joints.

A complete cell blood count (CBC) and routine serum
biochemical analyses were carried out using blood samples taken
at the time of exsanguination. The horses, which did not show
lameness of either the thoracic or the pelvic limbs, were considered
to be healthy on the basis of a summary clinical visit prior to
slaughter, normal results of the CBC count and routine serum
biochemical analyses. In addition, the presence of OA or other
pathological conditions were excluded by post-mortem gross and
histological evaluation.

According to Directive 2010/63/EU of the European Parliament
and of the Council of 22 September 2010 regarding the protection
of animals used for scientific purposes, Italian legislation (D.
Lgs. n. 26/2014) does not require any approval by competent
authorities or ethics committees as this study did not influence any
therapeutic decisions.

RNA isolation and reverse transcription

Total RNA extraction was performed using TRI Reagent
(Molecular Research Center In, Cincinnati, OH, USA) and a
NucleoSpin RNA 1II kit (Macherey-Nagel GmbH & Co. KG,
Diiren, Germany) according to the manufacturers instructions.
Dorsal synovial membranes, collected from eight horses, were
homogenized in TRI Reagent (50 mg/ml) with IKA T10 Basic Ultra-
Turrax; 200 pL of chloroform were subsequently added to the
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suspension which was then mixed well. After incubation at room
temperature (RT) (10 min), the samples were centrifuged (12,000 x
g for 10 min) and the aqueous phase recovered. An equal volume of
70% ethanol was added, and the RNA containing phase was applied
to the NucleoSpin RNA Column and cleaned in the further steps of
the protocol. Finally, 60 |11 of molecular biology water was applied
into the column membrane, centrifuged, and RNA was eluted
into a new Eppendorf-type tube. After nanospectrophotometric
quantification (DeNovix, DeNovix Inc. Wilmington, DE USA), the
total RNA (500 ng) was reverse transcribed to ¢cDNA using 5X
iScript RT Supermix (Bio-Rad Laboratories Inc., Hercules, CA,
USA) in a final volume of 20 1.

Quantitative real-time PCR (RT-PCR) gene
expression analysis

To evaluate gene expression profiles, quantitative real-time
PCR (qPCR) was carried out in a CFX96 thermal cycler (Bio-
Rad Laboratories Inc.) using SYBR green detection (Cat.172-5121,
Bio-Rad laboratories Inc) for target genes. Specific primers for
the horse were designed (Beacon Designer 2.07, Premier Biosoft
International, Palo Alto, CA, USA) using the target genes for Cnrl
(Cannabinoid receptor 1), Cnr2 (Cannabinoid receptor 2), GPR55,
PPARA, and TRPVI (Table 1). Regarding the reference genes,
GAPDH (Glyceraldehyde-3-phosphate dehydrogenase), HPRT
(Hypoxanthine phosphoribosyltransferase 1) and ACTB (Actin B)
were selected on horse sequences as previously reported (51). All
the amplification reactions were carried out in 20 pl and analyzed
in duplicate; the reaction contained 10 pl of iTaq Universal SYBR
Green Supermix (Cat.172-5121, Bio-Rad laboratories Inc.), 0.8 pl
of the forward and reverse primers (5 wM each) of each target gene,
1.5 w1 cDNA, and 7.7 1 of water. The real-time procedure included
an initial denaturation period of 3 min at 95°C, 40 cycles at 95°C for
155, and 60°C for 30s, followed by a melting step with ramping
from 55 to 95°C at a rate of 0.5°C/10s. To validate the primers
chosen, extraction and qPCR from a positive control (equine
amygdala) were also performed. The specificity of the amplified
PCR products was confirmed by agarose gel electrophoresis and
melting curve analysis. The relative expressions of the interest genes
(IG) were normalized based on the geometric mean of the three
reference genes (RG) (52). The relative mRNA expression of the
genes tested was evaluated as using the ACt method with ACt =
(Ct geometric mean RG - Ct IG), which directly correlated with
the expression level.

Immunofluorescence

Dorsal synovial membrane specimens (~2cm X 1cm) were
dissected with a scalpel and fixed for 48 hours at 4°C in
4% paraformaldehyde in phosphate buffer (0.1M, pH 7.2),
subsequently rinsed in phosphate-buffered saline (PBS; 0.15M
NaCl in 0.01 M sodium phosphate buffer, pH 7.2) and stored at
4°C in PBS containing 30% sucrose and sodium azide (0.1%).
The following day, the tissues were transferred to a mixture of
PBS—30% sucrose-azide and Optimal Cutting Temperature (OCT)
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TABLE 1 Primer sequence used for quantitative real time PCR analysis.

Primer sequence (5 ->3')

PCR size (bp)

10.3389/fvets.2023.1045030

Accession number References

Cnrl F AACCTACCTGATGTTCTGGATTGG 147

R | GATGTGTGGATGATGATGCTCTTC

NM_001257151.1 Present study

R | TCACTCCTCCACACCCATTTCTACCC

Cnr2 F CTCCTGTTCATTGCCATCCTCTTCTCTG 114 NM_001257179.1 Present study
R | CTGCCTGTCTTGGTCCTGGTGTTC
GPR55 F CCGCCTTCTCCTCCTTCCTCTCAG 118 XM_023642534.1 Present study

PPARA F CATTGGCGAGGACAGTTGCGGAAG 182

R | CGATGTTCAATGCTGTGCTGGAAGATTC

NM_001242553.1 Present study

TRPV1 F ACCTGTGTCGCTTCATGTTTGTCTACC 105

R | ATTCAGCCAGCACGGAGTCATTCTTC

XM_014727972.2 Present study

compound (94-4583, Sakura Finetek Europe, Alphen aan den Rijn,
The Netherlands) at a ratio of 1:1 for an additional 24 h before
being embedded in 100% OCT in Cryomold® (94-4566, Sakura
Finetek Europe). The samples were prepared by freezing the tissues
in isopentane cooled in liquid nitrogen. Cryosections (14 pm thick)
of synovial membrane were cut on a cryostat (MC5000, Histo-
Line Laboratories, Pantigliate, Italy), and mounted on polylysinated
slides (HL26765, Histo-Line Laboratories).

The cryosections were hydrated in PBS and processed for
immunostaining. To block non-specific bindings, the sections
were incubated in a solution containing 20% normal donkey
serum (Colorado Serum Co., Denver, CO, USA), 0.5% Triton
X- 100 (Sigma Aldrich, Milan, Italy, Europe), and bovine serum
albumin—BSA (1%) in PBS for 1 hour at RT (22-25°C). The
cryosections were incubated in a humid chamber overnight at
RT with the anti-CBIR, -CB2R, -TRPVI, -GPR55, and PPAR«a
antibodies (single immunostaining) or with a cocktail of primary
antibodies (double immunostaining) (Table 2) diluted in 1.8% NaCl
in 0.01 M PBS containing 0.1% sodium azide. After washing in
PBS (3 x 10min), the sections were incubated for 1h at RT in
a humid chamber with the secondary antibodies (Table 3) diluted
in PBS. The cryosections were then washed in PBS (3 x 10 min)
and mounted in buffered glycerol at pH 8.6 with 4 ,6-diamidino-2-
phenylindole-DAPI (Santa Cruz Biotechnology, Santa Cruz, CA,
USA). To identify macrophages and fibroblasts, the anti-ionized
calcium binding adapter molecule 1 (IBA1) (53) and the anti-
vimentin (Clone V9) (42) antibodies were used, respectively.

Specificity of the primary antibodies

Antibodies anti-cannabinoid receptors

The rabbit anti-CB1R antibody utilized in the present study
had already been tested using Western blot (WB) analysis on horse
tissues (54).

The rabbit anti-CB2R antibody (PA1-744) utilized in the
present study had already been tested with Western blot (WB)
analysis on horse tissues (55). In the current study, another anti-
CB2R antibody, raised in mice (sc-293188), was used, the specificity
of which has not yet been tested on horse tissues; however, both
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TABLE 2 Primary antibodies used in the study.

Primary Host Code Dilution Source
antibody

CBIR Rabbit ab23703 1:100 Abcam

CB2R Mouse 5c-293188 1:50 Santa Cruz
CB2R Rabbit PA1-744 1:250 Thermo Fisher
GPR55 Rabbit NB110-55498 1:200 Novus Biol.

IBA1 Goat NB100-1028 1:80 Novus Biol.
PPARa Rabbit NB600-636 1:200 Novus Biol.
TRPV1 Rabbit ACC-030 1:200 Alomone
Vimentin Mouse 1S630 (Clone V9) 1:600 Dako

Primary antibody suppliers: Abcam, Cambridge, UK; Alomone, Jerusalem, Israel; Dako
Cytomation, Golstrup, Denmark; Novus Biologicals, Littleton, CO, USA; Santa Cruz
Biotechnology, California, USA; Thermo Fisher Scientific, Waltham, MA USA.

TABLE 3 Secondary antibodies used in the study.

Secondary Host Code Dilution Source
antibody

Anti-mouse Donkey | A-21203 1:500 Thermo Fisher
IgG Alexa-594

Anti-goat 594 Donkey | ab150132 1:600 Abcam
Anti-rabbit Donkey | A-21206 1:1000 Thermo FISHER
488

Secondary antibody suppliers: Abcam, Cambridge, UK; Thermo Fisher Scientific, Waltham,
MA USA.

the mouse and rabbit anti-CB2R antibodies were tested using a
double-staining protocol and were co-localized in horse tissues
(Supplementary Figure 1).

Antibodies anti-cannabinoid-related receptors
TRPV1, GPR55, and PPARalpha

The specificity of the anti-TRPV1 antibody had been tested
by the research group using Western blot analysis on horse tissue
(53). In addition, the specificity of the anti-TRPV1 antibody had
previously been tested using WB analysis on rat tissues (56).
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The immunogen used to obtain the anti-GPR55 antibody was
the synthetic 20 amino acid peptide from the third cytoplasmic
domain of Human GPR55 in amino acids 200-250. The homology
between the full amino acid sequences of the horse and human
GPR55 was 80%, and the correspondence with the specific sequence
of the immunogen was 78%. This antibody, which has recently been
used in horse sensory neurons (53), had previously been tested on
rat and dog dorsal root ganglia (DRG) using immunofluorescence
(57) and on mice tissues using WB analysis (58). However, the WB
analysis had not been carried out on horse tissue.

The specificity of the primary anti-PPARa antibody had been
tested using WB analysis on horse tissue (54). In addition, the
antibody utilized had also recently been tested on rat tissue (57)
as the anti- PPARa antibody reacts with rat tissue, as stated by
the antibody supplier. The same anti-PPAR« antibody has recently
been used in horse tissues (53, 59).

Marker for macrophages (MLS) and fibroblasts
(FLS)

The goat anti-IBA1 antibody, recently used on horse tissue
(53), was directed against a peptide having the sequence C-
TGPPAKKAISELP, from the C Terminus of the porcine IBAl
sequence. Horse and porcine IBA1 molecules share 92.3% identity
(https://www.uniprot.org/), and it is plausible that the antibody
used can also recognize IBA1 in the horse.

The mouse anti-vimentin antibody (Clone V9) had already
been used to label fibroblasts in the horse skin (60).

Specificity of the secondary antibody

The specificity of the secondary antibodies was tested by
applying them on the sections after omitting the primary
antibodies. No stained cells were detected after omitting the
primary antibodies.

Quantitative analysis

Quantitative analysis of the intensity of the expression of
cannabinoid and cannabinoid-related receptors in the synovial
intimal layer was carried out on 12 horses.

For each animal, and each receptor, two randomly selected
images of the synovial membrane (50 pm-thick and 100 pm-
wide; 5,000 Mmz area) were acquired (high magnification, x400),
using the same exposure time for all the images. The 50 pum-
thick of synovial membrane encompassed the intimal synoviocytes
and a minimal amount of underlying subintimal blood vessels,
infiltrating cells and fibroblasts (61). In each image the signal
intensity was analyzed using Image] software (Image J, version
1.52t, National Institutes of Health, Bethesda, MD, USA) (62)
by standardized thresholds for brightness and contrast were
determined empirically and applied to all images. The signal
intensity was finally obtained using the Color histogram (gMEAN)
tool of the software.
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FIGURE 1

Gene expression of Cnrl, Cnr2, GPR55, PPARA, and TRPVI in equine
sinovial membranes. The results are presented as ACt = (Ct Mean
RG - CtIG). Symbols indicate individual animals. For each gene,
mean =+ SD are indicated by horizontal bars. Different letters
indicate statistically significant differences (p < 0.05, Kruskal-Wallis
test, Dunn’s Multiple Comparison post-hoc test).

Statistical methods

For each receptor the mean of the two values/case of
signal intensity in the 12 horses were evaluated and compared.
Statistical analysis was carried out using GraphPad Prism software
(version 8.3, La Jolla, CA). The normality distribution of the data
was assessed using the Shapiro-Wilk test. Comparisons between
groups were performed with one way ANOVA Tukey’s multiple
comparisons test. A P-value < 0.05 was considered significant.

Fluorescence microscopy

The preparations were examined, by the same observer on
a Nikon Eclipse Ni microscope (Nikon Instruments Europe
BV, Amsterdam, The Netherlands, Europe) equipped with the
appropriate filter cubes. The images were recorded with a DS-
QilNc digital camera and NIS Elements software BR 4.20.01
(Mountain View, Ottawa, ON, Canada). Slight contrast and
brightness adjustments were made using Corel Photograph Paint
whereas the figure panels were prepared using Corel Draw
(Mountain View).

Results

qPCR for Cnrl, Cnr2, GPR55, PPARA and
TRPV1

Quantitative PCR data demonstrated that Cnr2, GPR55,
PPARA, and TRPVI were detected in all the equine synovial
samples (n = 8) while the transcript for Cnrl was detectable in
only four synovial samples (50%). As reported in Figure 1, the level
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FIGURE 2

Photomicrographs of the cryosections of the synovial membrane of a horse metacarpophalangeal joint showing vimentin (B) and IBA1 (C)
immunoreactivity. The white arrows indicate the DAPI (Blue) labeled nuclei (A) of some macrophage-like synoviocytes lining the synovial intima
which co-expressed moderate IBA1 (Red) and bright vimentin (Green) immunoreactivity. The open arrows indicate subintimal macrophages, which
were IBA1 immunoreactive and vimentin negative. (D) Merged image (Orange). Scale bar = 50 um

of gene expression was different in the synovial samples having a
greater expression of PPARA.

Immunofluorescence

It is necessary to point out that the identification of the two
types of synoviocytes of the equine metacarpophalangeal joints is
by no means a simple matter. In fact, there are some articles which
testify to the fact that the horse FLS can be very similar to the MLS,
from a morphological point of view (11, 16, 17). For this reason, two
markers which should be selective for fibroblasts (vimentin) and for

macrophages (IBA1) were used.

Vimentin and IBA1 distribution and
expression analysis

Vimentin appears to be an excellent marker for identifying
the morphology of the cells lining the synovial membrane of the
horse joint. Bright vimentin immunoreactivity (vimentin-IR) was
mainly expressed by FLS, which were recognizable owing to their
long and thin processes extending toward the joint cavity. In

Frontiersin

some portions of the synovial intima, these processes exhibited
a densely arranged plexus on the surface. Co-localization studies
have indicated that a proportion of moderate-to-bright vimentin
immunoreactive cells (MLS) also expressed IBA1-IR ( -

). In the subintima, the IBAl immunoreactive macrophages
showed faint or moderate vimentin-IR.

CBI1R distribution and expression analysis

Faint CBIR-IR was expressed by the cytoplasm of the
synoviocytes; however, the CBIR-IR was detectable in only
10/14 (71 %) horses. Co-localization studies have indicated
that vimentin immunoreactive FLS ( -D) and IBA1
MLS ( -H) expressed CBIR-IR.
Cannabinoid receptor 1 was not expressed by blood vessels
and fibroblasts.

immunoreactive

CBZ2R distribution and expression analysis

Cannabinoid receptor 2 immunoreactivity was

expressed by synoviocytes, blood vessels and fibroblasts.
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Vimentin

FIGURE 3

Photomicrographs of the cryosections of the synovial membrane of a horse metacarpophalangeal joint showing cannabinoid receptor type 1 (CB1)
immunoreactivity in synoviocytes. (A—D) The arrows indicate the DAPI (Blue) labeled nuclei (A) of cells resembling fibroblast-like synoviocytes
co-expressing faint CB1 (Green) receptor immunoreactivity (B) and bright vimentin (Red) (C) immunoreactivity. (D) Merged image (Orange). (E-H)
The arrows indicate the DAPI (Blue) labeled nuclei (E) of round macrophage-like synoviocytes co-expressing faint CB1 (Green) receptor (F) and IBAL1
(Red) (G) immunoreactivity. (H) Merged image (Orange). Scale bar = 50 pm
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FIGURE 4

Photomicrographs of the cryosections of the synovial membrane of a horse metacarpophalangeal joint showing cannabinoid receptor type 2 (CB2)
(B) and IBA1 (C) immunoreactivity. The white arrows indicate the DAPI (Blue) labeled nuclei (A) of some round macrophage-like synoviocytes lining
the joint cavity which co-expressed IBA1 (Red) and bright CB2 (Green) receptor immunoreactivity. The open arrows indicate two cells expressing
CB2 receptor immunoreactivity (likely fibroblast-like synoviocytes) which were IBA1 negative. (D) Merged image (Orange). Scale bar = 50 um.

Bright cytoplasmic CB2R-IR was observed in oval and
elongated FLS and in round-shaped IBAl immunoreactive
MLS  ( -D). with  the

CBIR antibody showed that synoviocytes expressed both

Co-localization anti-
receptors in those horses in which CBIR-IR was detectable
( ). The endothelial and
smooth muscle cells showed bright and moderate CB2R-
IR, respectively (Data not shown). Moderate CB2R-IR was
also expressed by cells, likely fibroblasts, distributed in the

vascular

sublining layer.

TRPV1 distribution and expression analysis

Transient receptor potential vanilloid 1 immunoreactivity
was expressed by synoviocytes, blood vessels and fibroblasts.
Bright TRPVI-IR was mainly expressed by the cell membrane
and cytoplasm of FLS and, in particular, also by their long
“dendritic” processes which extended irregularly toward the
luminal surface of the synovial membrane ( -D). Co-
localization between TRPV1 and IBAl showed that TRPVI-
IR was also expressed by the cell membrane and cytoplasm

of MLS ( -D). In some portions of the synovial
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intima, oval-shaped synovial cells, expressing moderate-to-bright
TRPV1-IR, appeared to be the prevalent cells, and were aligned
and organized in such a way as to form an epithelium-like
monolayer with the appearance of a barrier, resembling the cellular
organization recently described in the rat synovial membrane
(24, 25) (
however, the “elongated” FLS seemed to prevail in the most
The endothelial cells of the
capillaries adjacent to the joint lumen and arteries of the

-C). In other portions of the membrane,
superficial layer ( -D).

stratum fibrosum showed moderate cytoplasmic TRPV1-IR. The
vascular smooth muscle cells also showed moderate TRPV1-IR

( -5).

GPR55 distribution and expression analysis

G protein-coupled receptor 55 immunoreactivity was
expressed by the cytoplasm of synoviocytes and endothelial
cells. In particular, faint-to-moderate GPR55-IR was mainly
expressed by vimentin immunoreactive FLS showing elongated
processes ( -D). Only a few IBAl immunoreactive
MLS showed faint-to-moderate GPR55 ( -

endothelial cells and smooth muscle cells showed moderate

). Vascular
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FIGURE 5

Photomicrographs of the cryosections of the synovial membrane of a horse metacarpophalangeal joint showing transient receptor potential vanilloid
1 (TRPV1) (B) and IBA1 (C) immunoreactivity. Both of the two cell types lining the synovial intima, i.e., the fibroblast-like synoviocytes (FLS) and the
macrophage-like synoviocytes (MLS), showed bright TRPV1 (Green) immunoreactivity. The TRPV1 immunolabeling was also evident in the elongated
cellular process of the FLS extending through the joint cavity. The white arrows indicate the DAPI (Blue) labeled nuclei (A) of two IBA1 (Red)
immunoreactive MLS co-expressing bright TRPV1 (B) and moderate IBA1 (C) immunoreactivity. The open arrows indicate some round or elongated
FLS which were TRPV1 immunoreactive and IBA1 negative. The small open arrows indicate the DAPI labeled nuclei of the endothelial cells showing
moderate TRPV1 immunoreactivity. (D) Merged image (Orange). Scale bar = 50 um

GPR55-IR, respectively (
GPR55-IR was expressed by unidentified perivascular round-
shaped cells (likely lymphocytes) which did not have IBAI-IR

( ).

-H). In the subintima, bright

PPARa distribution and expression analysis

Peroxisome proliferator-activated receptor alpha
immunoreactivity was expressed by synoviocytes, blood vessels
and fibroblasts. The pattern of weak-to-moderate PPARa
immunoreactivity was unusual as it appeared to be continuous,
granular and indistinct immulolabeling of the cytoplasm of the
upper portions/processes of the cellular elements facing the joint
lumen ( -D). The co-localization with the anti-vimentin
antibody showed that the PPARa immunoreactive synoviocytes
were most likely FLS ( -H). No IBA1 immunoreactive
synovial cells showed PPARa-IR (data not shown). Endothelial
cells, as well as the smooth muscle cells of the blood vessels showed
moderate cytoplasmic PPARa-IR; however, the PPARa-IR was

more appreciable in large vessels (data not shown).

Frontiersin

shows the quantification of the intensity of the
expression of CBIR, CB2R, GPR55, PPARq, and TRPVI in the
synovial membrane of the equine metacarpophalangeal joints.

shows the graphical representation of the distribution
of the CB1R, CB2R, TPRV1, GPR55, and PPAR« in the different
cellular elements of the equine metacarpophalangeal synovial
membrane.

Arthropathies can be a significant source of pain in horses,
and finding new therapeutic treatments to alleviate the pain is of
paramount importance (63). It is known that cannabis-based drugs
have therapeutic potential in inflammatory diseases, including OA
and rheumatoid arthritis (RA), as demonstrated by pre-clinical
and clinical studies in animals and humans (28, 64). Interest in
this type of molecule in horses has also recently been evidenced
by a prospective, randomized, controlled study which attempted
to determine the plasma pharmacokinetics, short-term safety, and
synovial fluid levels of CBD following oral administration in
horses (65).
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FIGURE 6

Photomicrographs of the cryosections of the synovial membrane of a horse metacarpophalangeal joint showing transient receptor potential vanilloid
1 (TRPV1) (B, E), immunoreactivity in synoviocytes (A—C), and fibroblast and vascular cells (D—F). (A—C) The white arrows indicate the DAPI (Blue)
labeled nuclei of some round synoviocytes expressing bright TRPV1 (Green) immunoreactivity. The open arrows indicate subintimal cells (likely
fibroblasts) showing faint-to-moderate TRPV1 immunoreactivity. (D—F) The open arrows indicate the DAPI (Blue) labeled nuclei of some cells of the
interstitial connective tissues of the synovial membrane (close to the subintima) expressing moderate-to-bright TRPV1 (Green) immunoreactivity.
The open arrows and the small open arrows indicate the DAPI labeled nuclei of the vascular smooth muscle cells and endothelial cells, respectively,
expressing moderate TRPV1 immunoreactivity. (C, F) Merged images. Scale bar = 50 pm.

Therefore, the localization of CBIR, CB2R, TRPV],
GPR55, and PPARa in the synovial FLS and MLS of the
metacarpophalangeal joint of the horse is an encouraging finding.

Fibroblast-like highly  specialized
mesenchymal cells found in the intimal lining layer of the

synoviocytes  are
synovium of diarthrodial joints. In a healthy joint, the FLS form
a thin porous barrier at the interface between the sublining and
the synovial fluid space (66). Fibroblast-like synoviocytes are
pivotal cells in both joint maintenance and integrity, and in the
). The
role of the FLS has also been highlighted in the pathogenesis of
RA (15, 29, 68,
FLS participate in the pathogenesis of joint disease by producing

inflammatory response/pathogenesis of arthritis (10,
). It has been recognized that, even in horses,
proinflammatory cytokines and cartilage-degrading mediators

(70,

induced OA and septic arthritis, increased levels of inflammatory

). In horses with naturally occurring and experimentally

components, such as leukocytes, interleukin (IL)-1p, IL-6, tumor
necrosis factor a (TNF-a), and matrix metalloproteinases, has been
). In RA, it has been shown that FLS become
active upon stimulation by inflammatory cytokines released by

demonstrated (72,

macrophage-like synoviocytes (and T-lymphocytes) and secrete
matrix metalloproteases (MMP), causing joint destruction (69).
Macrophages derive from two main cellular lineages;

one lineage arises from bone-marrow-derived monocytes

and the other is derived from cells which disperse into the

Frontiersin
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(23). The
gene-expression

tissues during embryonic development tissue-

resident macrophages have  distinctive
profiles which depend on the particular tissue in which they
reside (25).

The three joint macrophage populations, i.e., the lining MLS,
the sublining macrophages and the interstitial macrophages, differ
in their origins and functions (74). In the healthy synovium,
macrophages are predominantly monocyte-independent (20, 24,

). The proliferation of macrophages harbored in the sublining
connective tissue gives rise to both the MLS and the interstitial
macrophages (24). In both mice and humans, lining MLS seem
to be highly phagocytic and anti-inflammatory (74). In joint
inflammation, the synovium also contains macrophages originating
from recruited monocytes which produce pro-inflammatory
cytokines and release molecules with the possibility of attracting
lymphocytes which additionally propagate inflammation.

To add to the complexity, macrophages exist as various
subsets, some of which are pro-inflammatory (M1) whereas others
are anti-inflammatory and favor tissue repair (M2) (75, 76).
Undoubtedly, in synovial inflammation and arthritis, monocytes
and macrophages play a central role, promoting the onset and the
progression of joint inflammation (74). In a recent study regarding
the horse synovial membrane, M1 and M2 macrophages were
characterized in normal and inflammed joints (26). It appears

evident that, given the central role of macrophages in OA, a clinical
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Vimentin

FIGURE 7

Photomicrographs of the cryosections of the synovial membrane of a horse metacarpophalangeal joint showing G protein-related receptor 55
(GPR55) immunoreactivity in synoviocytes and vascular cells. (A—D) The white arrows indicate the DAPI (Blue) labeled nuclei (A) of elongated cells
resembling fibroblast-like synoviocytes co-expressing moderate GPR55 (Green) (B) and bright vimentin (Red) (C) immunoreactivity. The small white
arrows indicate the DAPI labeled nuclei of the endothelial cells of the subintima blood vessels showing moderate GPR55 immunoreactivity which was
also expressed by the vascular smooth muscle cells (open arrow). (E=H) The white arrows indicate the DAPI (Blue) labeled nuclei of macrophage-like
synoviocytes co-expressing faint-to-moderate GPR55 (Green) (F) and bright IBA1 (Red) immunoreactivity (G). The open arrow indicates the nuclei of
a vascular smooth muscle cell expressing moderate GPR55 immunoreactivity. (D, H) Merged images (orange). Scale bar = 50 um.
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FIGURE 8

Photomicrographs of the cryosections of the synovial membrane of a horse metacarpophalangeal joint showing peroxisome proliferator-activated
receptor alpha (PPARa) immunoreactivity in synoviocytes (A—H). (A—C) The white arrows indicate the DAPI (Blue) labeled nuclei of synoviocytes
brightly immunolabelled with the anti-vimentin (Red) antibody which expressed faint-to-moderate PPARa (Green) immunoreactivity. It is possible to
see the indistinct PPARa immunostaining of the upper portions of the cells lining the joint cavity. (E=H) The figures show the longitudinal sections of
two villi of the synovial membrane in which the arrows indicate the DAPI (Blue) labeled nuclei (E) of the cells, likely fibroblast-like synoviocytes and
fibroblasts, co-expressing faint-to-moderate PPARa-(Green) (F) and bright vimentin-(Red) (G) immunoreactivity. (D, H) Merged images (Orange).
Scale bar =50 pm.
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approach targeting activated macrophages at an earlier stage of OA
may serve to inhibit or slow the progression of disease (77).

In the current study, all the macrophage populations
expressed IBA1-IR; in addition, also MLS, and sublining and
interstitial macrophages expressed vimentin-IR with its stronger
immunolabeling expressed by the MLS. Vimentin, which is the
main intermediate filament protein in mesenchymal cells (such
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FIGURE 9
Quantification of the intensity of the expression of CB1R, CB2R,
GPR55, PPARa, and TRPV1 in the synovial membrane of
metacarpophalangeal joints of 12 horses. Data are represented as
Mean + SD and were analyzed using One-way ANOVA multiple
comparisons test. *P < 0.05 and **P < 0.01.

10.3389/fvets.2023.1045030

as epithelial cells and fibroblasts), has already been observed in
rat (78) and human FLS (79). However, it has been reported
that vimentin could also be expressed in the mononuclear
phagocyte system (80); in particular, vimentin manifests enhanced
fluorescence in activated macrophages (81). In the current study,
only MLS showed bright vimentin-IR, evidence which suggested
an activated state of the lining macrophages.

Cnrl, Cnr2, GPR55, TRPV1, and PPARA
gene expression in synoviocytes

To date, the gene expression has been reported in the equine
synovial membrane only for TRPVI (4). The present study
confirmed the expression of TRPVI and also demonstrated the
expression of Cnrl, Cnr2, GPR55, and PPARA, according to the
Authors’ protein data. However, Cnrl were not expressed in all

the horses.

CB1R, CB2R, GPR55, TRPV1, and PPAR«
immunoreactivity in synoviocytes

Cannabinoid receptor 1, which is usually expressed by the
neurons, also in horses (54, 82), has been identified in human and
mouse synoviocytes (28, 31, 40). Cannabinoid receptor 1 has also
been identified in synoviocytes of the horse (44) in which it was
co-expressed with CB2R; the Authors were not able to identify
the synovial cell types expressing CB1R-IR. Comparing the results
of the current study with those described by Miagkoft et al. (43),
some differences should be noted. The first difference is related to
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FIGURE 10

Joint lumen

Vascular smooth muscle cells

Vascular endothelial cells

Graphical representation of the distribution of the cannabinoid receptors 1 (CB1R) and 2 (CB2R) and the cannabinoid-related receptors transient
receptor potential vanilloid 1 (TRPV1), G protein-coupled receptor 55 (GPR55) and nuclear peroxisome proliferator-activated receptor alpha (PPARa)
in the different cellular elements of the synovial membrane of the equine metacarpophalangeal joint. Fibroblast-like synoviocytes (FLS), identified
with an anti-vimentin antibody, expressed CB1R, CB2R, TRPV1, GPR55, and PPARa immunoreactivity. Macrophage-like synoviocytes (MLS), identified
with an anti-IBA1 antibody, expressed CB1R, CB2R, TRPV1, and GPR55 immunoreactivity.
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the notable expression of CBIR-IR in synoviocytes (greater when
compared to CB2R-IR) noted by Miagkoff et al. (44). In the present
study, the intensity of CB1R-IR was much lower than that of CB2R-
IR; this evidence was also supported by the quantitative data of the
mRNA Cnrl (although not necessary, a correlation between mRNA
and protein expression exists). The difference between the results
of the present study and that of Miagkoft et al. (44) did not lie
in the use of different anti-cannabinoid receptor antibodies since
the same anti-CB1R and -CB2R antibodies were used for both the
studies. Instead, a plausible reason for this discrepancy in the results
could be the use of sections of paraffin-embedded tissues which
may often create a background in immunofluorescence reactions.
Unlike what was observed in the Miagkoff et al. study (44), no
CB1R-nuclear immunolabeling was observed in the current study.
To avoid any tissue background, which might be an interference in
the reading of weak receptor immunostaining, cryosections of the
synovial membrane were used in the present study.

Cannabinoid receptor 2 is mainly expressed by the immune
cells (53), and its activation is usually associated with a decrease in
both immune cell function and cytokine release (83). Cannabinoid
receptor 2 has been identified in human, mouse, rat, and horse
synoviocytes (41-43).

Richardson et al. (28) identified CB2R (RNA and protein) in the
FLS of healthy human patients, and patients with OA and AR. It
has been shown that, in mouse and human joints, CB2R expression
is up-regulated by proinflammatory mediators and injuries, and
that its activation plays a key role in regulating inflammatory
signaling in macrophages and FLS and suppresses the production
of proinflammatory cytokines (42, 45, 84).

In the current study, CB2R-IR was brightly expressed in both
FLS and MLS, suggesting a functional role of the endocannabinoid
receptor system in horse joints. The evidence that targeting
the CB2R in murine MLS and human FLS may be responsible
for potent anti-inflammatory effects (45) could allow cautious
speculation that the horse intra-articular ECS could be a promising
therapeutic target for blocking pathological inflammation.

The TRP vanilloid 1 (TRPV1) ion channel is usually expressed
by nociceptors of mammals (57, 85), including horses (53).
However, TRPVI1 is also expressed in various non-neuronal
tissues, such as rat (41) and human (46) synoviocytes. Cells in
synovial compartments can be exposed to low pH conditions
after inflammation, infection, or injury. An acid sensing receptor
(TRPV1) has been identified on synovial cells which are responsive
to a low pH (pH 5.5-7.0) (46); TRPV1 is also activated by
heat (>43°C) and capsaicin (86). In joint inflammation, the
synovial compartments can also be exposed to thermal (>43°C),
chemical, and osmotic modifications which can activate the TRPV1
membrane sensors which respond by activating calcium and
sodium fluxes.

A number of studies have indicated that the TRPV1, which
seems to mediate the calcium dependent proliferative and secretory
responses of the synoviocytes in the event of joint inflammation,
might be a possible and valuable target for treating joint diseases
(46, 87), even in the horse (4). It has been shown that the TRP
channels are functionally expressed in human synoviocytes and
may play a critical role in adaptive or pathological changes in
articular surfaces during arthritic inflammation, in particular in the
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response of the synoviocytes to the inflammatory mediator TNF-a
(46). This evidence seems to have some therapeutic relevance, given
that an in vitro study showed that the synovial cells from arthritic
animals spontaneously produced large amounts of TNF-a (88).

The finding of TRPV1-IR in the FLS of the horse is consistent
with those obtained in humans (46, 89), rats (41), and mice (31).
The evidence of TRPV1-IR in MLS (and sublining macrophages)
of the horse is also consistent with what has already been observed
in human MLS (89). Gene expression and immunohistochemical
data strictly correlate and integrate with the recent observations of
Braucke et al. (4) who identified and quantified the TRPV1 mRNA
and the TRPV 1 protein level in the metacarpo/metatarsophalangeal
joints of the horse, and observed a higher expression of TRPV1 in
samples from joints with pathology.

It has been shown that TRPV1 inhibits M1 macrophage
polarization in the synovium and attenuates the progression of
OA in a rat model of OA (90). In addition, Engler et al. (91)
showed that stimulation of the cultured synovial fibroblasts of OA
and RA in human patients with capsaicin (TRPV1 agonist) led
to the increased expression of IL-6 mRNA and IL-6 protein, and
that IL-6 protein expression could be antagonized with capsazepine
(a TRPV1 antagonist). Therefore, TRPV1 may play a role in
non-neuronal mechanisms which could modulate nociception in
symptomatic OA and RA patients.

Vanilloid receptor 1 (VR1 or TRPVI1) is desensitized
by endovanilloids, endocannabinoids (anandamide),
endocannabinoid-like molecules (92, 93) and phytocannabinoids,
such as CBD (38, 94) which shows anti-nociceptive, analgesic,
and anti-inflammatory effects (35, 95). The importance of the
endocannabinoid signaling acting on TRPV1 has been highlighted
by different OA studies in which it has been shown that synovial
fibroblasts express several receptors involved in endocannabinoid
action, and that endocannabinoid anandamide (AEA) reduces
IL-6, IL-8, and TNF-a production by mixed synoviocytes (31).

Studies involving phytocannabinnoids showed that CBD,
targeting synovial fibroblasts under inflammatory conditions,
(96).
Cannabidiol may exert its anti-inflammatory and protective effects

demonstrated anti-inflammatory effects on arthritis
via TRPV1 receptors, as shown in the in vitro LPS-stimulated
murine macrophage cell line (97). In mice, it has been shown that
synovial cells treated with CBD produced significantly less TNFa
in culture and that CBD suppressed clinical signs of the disease
without obvious side effects during chronic treatment (27). Since
CBD binds to several other receptors (TRPA1, GPR55, PPAR
gamma, serotonin receptors, etc.), its mode of action remains
elusive. However, CBD reduces IL-6/IL-8/ MMP-3 production of
RA synovial fibroblasts (96).

Not only phytocannabinoids but also the synthetic cannabinoid
WIN55,212-2  mesylate  (WIN)
inflammatory effects in monocytes and synovial fibroblasts via a
TRPV1 (and TRPA1) dependent pathway (12).

G protein-coupled receptor 55 (GPR55), which is considered

demonstrated strong anti-

to be the third cannabinoid receptor, has been identified in the
sensory neurons of different species, including dogs, rats (57) and
horses (53), and in canine inflammatory cells (58). In addition,
GPR55 has also been localized in human chondrocytes (48),
osteoclasts and osteoblasts (47), and seems to be associated with
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bone remodeling and vascular homeostasis (98). To the best
of the Authors’ knowledge, no data are available regarding the
expression of GPR55 in synoviocytes and subintimal synovial cells.
The expression of GPR55-IR has recently been shown in the
macrophages harbored within the horse dorsal root ganglia (53). A
study on rodents has shown that the peripheral activation of GPR55
can reduce mechanosensitivity in the event of joint inflammation
(99). However, it is not clear whether this effect was exerted only at
the level of the peripheral and central nervous system or also locally,
at the level of the synovial cells.

In the present study, GPR55-IR has been demonstrated
in both FLS, MLS, subintimal macrophages, and unidentified
inflammatory/immunitary cells, suggesting an active role of
the receptor in synovial membrane homeostasis and immunity.
Cannabidiol, which acts as a GPR55 antagonist, should be able to
reduce the migration of macrophages, as shown in mice (100).

Peroxisome proliferator-activated receptor alpha seems to have
a role in sensory modulation due to its expression in the sensory
neurons of animals, including horses (54).

Peroxisome proliferator-activated receptor alpha can be
expressed by different cells of innate immunity, including
monocytes and macrophages (101). A number of studies have
documented the anti-inflammatory consequences of PPARa
activation in human and murine macrophages (102, 103). Ligands
of PPAR-a have been shown to regulate inflammatory responses
(104) so much so that, in PPAR-a deficient mice, abnormally
prolonged responses to different inflammatory stimuli have
been noted (105). The endogenous and exogenous PPAR-alpha
ligands reduce the degree of macrophage inflammation caused by
LPS/IFN-gamma stimulation (106).

There are studies indicating that PPARo agonists may exert
beneficial effects on OA due to their anti-inflammatory effects (49).
Fenofibrate, a PPAR-alpha ligand, has been shown to inhibit the
development of arthritis in a rat model of human RA by reducing
cytokine production (IL-6, IL-8 and granulocyte monocyte colony-
stimulating factor) from FLS (107).

There is extensive documentation regarding the anti-
inflammatory, analgesic, immunomodulatory and neuroprotective
lipid mediator PEA,
(108, 109).
Palmitoylethanolamide exerts its analgesic and anti-inflammatory

effects of the endocannabinoid-like

also for joint health and pain modulation

effects primarily by activating the PPAR-o; however, binding
to PPAR-a, PEA triggers TRPV1 channel activation, providing
another mode of action in which PEA interacts with the
endocannabinoid and endovanilloid systems (110).

CB1R, CB2R, GPR55, TRPV1, and PPARx
immunoreactivity in synovial blood vessels

Endothelial cells and smooth muscle cells were positive
for analyzed markers. However, since among cells surrounding
endothelial cells there are not only smooth muscle cells but also
pericytes as well as adventitial cells (111, 112) and no specific
markers for these cellular cytotypes have been used, it cannot be
excluded that cannabinoid and cannabinoid-related receptors may
also be expressed by other vascular cells.
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The principal functions of the endothelium are to promote
smooth muscle cell relaxation and arterial dilation, control
vascular permeability, exert an antithrombotic effect, and regulate
angiogenesis (113).

The angiogenesis may exacerbate OA pain, and the upregulated
angiogenic factors and the molecules produced by vascular cells
may also stimulate nerve growth (7, 114). In addition to the role
they play regarding pain, neuropeptides released by stimulated
nerve endings are involved in vasodilation, inflammation
(by producing proinflammatory cytokines and by activating
inflammatory infiltrating cells), and synoviocyte proliferation
and activation (115, 116). During joint diseases, the proliferation
of endothelial cells and their morphological differentiation
to form tubes accompanies extracellular matrix degradation
which facilitates the tissutal invasion of inflammatory cells and
is perpetuated by various mediators (2, 116-118). Therefore,
angiogenesis and matrix degradation may be interesting/key
targets to counteract the progression and chronicity of joint
inflammation and degeneration.

Cannabinoids are hypotensive and vasodilator molecules which
can exert their effects by acting on the vascular smooth muscle cells
and/or endothelial cells (119).

Cannabinoid receptor 1 has been observed in both vascular
cellular elements (120) in which it exerts vasodilatatory effects.
However, in the present study, any CB1R-IR was observed in the
capillaries or larger blood vessels of the horse synovium; this finding
was also in contrast to the data published by Miagkoff et al. (44).

In the present study, the expression of CB2R-IR by vascular
endothelial and smooth muscle cells was described. The Expression
of CB2R-IR has previously been observed in the vascular
endothelial cells of humans and animals (57, 121, 122), including
horses (44).

The expression of CB2R-IR in blood vessels may functionally
be in relation to the data observed in normal joint of rats
in which it has been shown that the CB2R agonist JWH133
caused hyperemia via a CB2R and TRPV1 mechanism, and
that, during acute and chronic inflammation, this vasodilatatory
response was significantly attenuated (122). Rajesh et al. (123),
by investigating the effect of CB2R receptor agonists on TNFa-
induced proliferation, migration and signal transduction in the
smooth muscle cells of human coronary arteries, observed that
CB2R agonists decreased vascular smooth muscle proliferation
and migration. Although for the most part, hypothetically and
totally not demonstrated, the Authors cannot exclude that CB2R
agonists might also reduce the angiogenesis and inflammation in
an inflamed horse joint.

In the current study, TRPVI-IR was observed in both the
endothelial and smooth muscle cells of the synovial blood vessels,
a finding consistent with that obtained in humans and other
animals (124-127).

The
compounds, which have mainly been tested in tumor experiments,

notable anti-angiogenic activities of cannabinoid
are carried out directly, inhibiting vascular endothelial cell
migration and survival, and decreasing the expression of
proangiogenic factors (35, 128). It has been shown that CBD
may inhibit angiogenesis by the down-modulation of several
angiogenesis-related molecules (117). Cannabinoids may act on

different receptors to obtain their effect; however, the expression of
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TRPV1-IR in the endothelial cells of the horse synovial membrane
is relevant as it is known that TRPV1 promotes endothelial cell
proliferation and network-formation by means of the cellular
uptake of the endocannabinoid anandamide (127). Therefore,
CBD, which stimulates and desensitizes TRPV1, may potentially
contrast angiogenesis in horse joint inflammation.

The endothelium exerts a profound relaxing effect on the
underlying smooth muscle cells; nitric oxide (NO) is a well-
characterized vasoactive substance produced by the endothelium
which diffuses to and relaxes the smooth muscle, causing arterial
dilation (129). It has been shown that CBD causes vasorelaxation of
the human mesenteric arteries via activation of the CB1 and TRPV1
channels, and it is endothelium- and nitric oxide-dependent (129).

G protein-coupled receptor 55 was observed in the blood
vessels of the horse joint, a finding which is consistent with that
of Xu et al. (130) who identified GPR55 in the endothelium
of human and mouse aortas, and of Daly et al. (131) who
located GPR55 in the endothelium of mouse blood vessels. The
first evidence of the functional role of GPR55 was obtained
in the vascular system in which it was shown to regulate
systemic vascular resistance and angiogenesis (98, 132). Scientific
evidence indicates that the agonists of GPR55 can elicit either
vasoconstriction or vasorelaxation (133). Recent studies involving
humans have indicated that L-a-lysophosphatidylinositol, a GPR55
agonist, induced endothelium-dependent vasorelaxation in the
pulmonary arteries (134) and mediated ovarian carcinoma cell-
induced angiogenesis (135). Due to the antagonist effect of CBD on
GPR55, it is reasonable to consider, although in a purely speculative
way, that CBD might reduce angiogenesis and vasorelaxation of the
blood vessels of the horse joint via GPR55.

Also the expression of PPARa-IR was observed in the
endothelial cells of the horse joint, as has already been described
in the blood vessels of the cervical DRG (53). The anti-proliferative
and anti-angiogenic properties of PPARa in endothelial cells have
been demonstrated in a variety of in vitro and in vivo models
(104). Taken together, these findings lead us to hypothesize that
the analgesic and anti-inflammatory properties of this receptor, as
previously described in other species, are also present in the horse
(38, 136).

The present study demonstrated that, in the equine synovial
membrane in healthy joints, the mRNA of Cnrl, Cnr2, TRPVI,
GPR55, and PPARA was present, according to the protein results.
Moreover, the mRNA results of TRPV1 were consistent with a
previous study regarding equine articular tissue (4). To the best
of the Authors’ knowledge, no data have been reported on equine
articular tissue regarding the expression of the other receptors
described in this paper.

Limitation

There are some limitations which should be taken into
consideration when interpreting the results of this study. It
cannot be ruled out that some factors could potentially alter
the CBIR, CB2R, TRPVI1, GPR55, and PPARa expression in
tissues, such as the unknown underlying pathological conditions
of the horses in the study or the medications received. In
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addition, the limited number of horses considered in the current
study, the reduced representation of male to female horses, as
well as adult and young horses, represent another limitation of
the study.

Conclusion

The present study was the first study to demonstrate the
mRNA presence and the protein cellular distribution of the
cannabinoid receptors (CB1 and CB2) and three cannabinoid-
related receptors (TRPV1, GPR55, and PPARa) in the horse
synovial tissues of the metacarpophalangeal joint of the horse.
Cannabinoid receptor 1 was identified in FLS and MLS, although
it was not expressed in all the horses. Cannabinoid receptor
2, TRPV1 and GPR55 were identified in FLS, MLS, and blood
vessels, while PPARa-IR was identified in FLS and blood vessels.
Due to their cellular localization, these receptors may be the
target of many drugs (endocannabinoids and endocannabinoid-
related molecules, non-psychoactive phytocannabinoids, synthetic
cannabinoids and several agonist and antagonist drugs) which
could potentially be utilized to improve inflammation and pain
in horses with joint diseases. These results should hopefully
encourage the development of new molecular and preclinical
studies supporting the use of molecules already tested and used
in humans and animals which could potentially reduce the
joint inflammation in horses with joint diseases. Comparison
of the data of the current study with the data obtained from
the synovial tissues of horses with metacarpophalangeal joint
disease could be of interest to verify whether mRNA of Cnrl,
Cnr2, TRPVI, GPR55, and PPARA, and the immunoreactivity
for the same receptors are up- or down-regulated during
joint disease.
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