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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, TRPA1 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-, TRPA1-, and TRPV1-IR; T cells showed CB2R-, GPR55- and TRPA1-IR, and neutrophils expressed GPR55-IR. Co-localization studies indicated that CB2R-IR was co-expressed with TRPV1-, TRPA1-, and GPR55-IR in different cellular elements of the dermis of the AD-dogs.

Conclusions and clinical importance: Cannabinoid receptor 2, and cannabinoid-related receptors GPR55, TRPV1 and TRPA1 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.
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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 (GM-CSF), tumor necrosis factor-alpha (TNF-α), 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 [CB1R 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 (CB1R and CB2R) and cannabinoid-related receptors (GPR55, TRPV1, TRPA1; PPARα, serotonin 1A [5-HT1aR]) was evaluated in dogs with AD (45). In that study, CB2R, GPR55, TRPV1 and TRPA1 immunoreactivity was also observed on different cellular elements of the dermis. Therefore, the aim of the present study was to improve histological knowledge 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).


TABLE 1 The clinical data of the dogs with atopic dermatitis (AD) enrolled in the present study.
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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 0.15 M 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 μm-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).




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 1 h 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 × 10 mins), the sections were incubated for 1 h at RT in a humid chamber with the secondary antibodies (Table 3) diluted in PBS. The cryosections were then washed in PBS (3 × 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).


TABLE 2 Primary antibodies used in the study.
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TABLE 3 Secondary antibodies used in the study.
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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-Qi1Nc 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, TRPA1, 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).

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-TRPA1 antibody should also recognize the same receptor in the dog.

The immunogen of the anti-TRPV1 antibody was the (C)EDAEVFK DSMVPGEK [824–838] peptide of rat TRPV1. 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 the dogs (CB2R, GPR55, TRPV1, and TRPA1) were verified using the ‘alignment' tool available on the Uniprot database (www.uniprot.org) and the BLAST tool of the National Center for Biotechnology Information (NCBI) (www.ncbi.nlm.nih.gov).



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 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, IBA1-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 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 S100A8 and S100A9 (S100A8/A9), was used as a marker for granulocytes/monocytes/macrophages. Since the co-localization between anti-CAL and -IBA1 antibodies did not show any co-localization (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. This evidence was supported by the observation of Kerkhoff et al. (53) who showed that S100A8/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 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 anti-cluster 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 AD pathogenesis.




Specificity of the secondary antibodies

The specificity of the secondary antibodies was tested by applying them after omission of the primary 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, TRPA1) was calculated and expressed as mean ± standard deviation, with n being the number of AD-dogs considered.




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 TRPA1). 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 1a–d). A large proportion of MCs showed bright cytoplasmic GPR55-IR, albeit with large individual variations (65 ± 38%, 75/168 cells, n = 4) (Figures 1e–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).


[image: Figure 1]
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 μm.



[image: Figure 2]
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 TRPA1-IR (g). The open arrows indicate some tryptase negative cells of the dermis which expressed TRPV1-IR (c). Bar: 50 μm.




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 TRPA1. 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 IBA1 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).


[image: Figure 3]
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 μm.



[image: Figure 4]
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 μm.




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.


[image: Figure 5]
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 μm.




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 TRPA1. In particular, the cell membrane and the cytoplasm of the T-cells expressed faint-to-moderate CB2R-IR (28 ± 11%, 137/278 cells, n = 5) (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 TRPV1 (30 ± 19%, 49/159 cells, n = 4) (Figures 7a–d) and moderate TRPA1-IR (52 ± 15%, 48/112 cells, n = 4) (Figures 7e–h).


[image: Figure 6]
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 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). Bar: 50 μm.
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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 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 TRPA1-IR (g). The open arrows indicate the nuclei of two intraepithelial CD3 immunoreactive lymphocytes (f). Bar: 50 μm.


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.


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).
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FIGURE 8
 Percentage of mast cells, T limphocytes, macrophages/dendritic cells and neutrophils that expressed CB2R, GPR55, TRPV1 and TRPA1. Mast cells expressing tryptase were immunoreactive for CB2R, GPR55, TRPV1, and TRPA1. T limphocytes expressing CD3 were immunoreactive for CB2R, GPR55, TRPV1, and TRPA1. Macrophages/dendritic cells expressing IBA1 were immunoreactive for CB2R, GPR55, TRPV1, and TRPA1. Neutrophils expressing MAC387 were immunoreactive only for GPR55. Data are presented as Mean (±SD).


Co-localization studies showed that CB2R-IR was co-expressed by subsets of GPR55- (Supplementary Figure 4), TRPV1- (data not shown) and TRPA1-IR (data not shown) inflammatory cells, supporting the evidence that 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 degranulation and suppresses their proinflammatory response (74), and that the activation of the CB2R on MCs reduces the release of peripheral mediators of nociceptors, such as the nerve growth factor (NGF), serotonin, histamine, and cytokines (75). An interesting study on mice showed that AEA inhibits MC degranulation by means of a mechanism which includes the participation of the CB2R and GPR55 which act in close cross-talk (76).

The observation of GPR55-IR in the MCs of dog skin, which is consistent with data obtained in the dog intestine (43), is promising evidence since the activation of this receptor seems to have anti-inflammatory effects by inhibiting the MC-mediated release of the NGF, as observed in cultures of human MCs (77). In dogs, it has also been shown that the NGF is one of the mediators of the pruritogenic pathways (8). Sensory nerves within the skin, under stressful conditions, can release neuropeptides, such as substance P (SP), the calcitonin gene-related peptide and the vasoactive intestinal peptide, which may activate a neuroimmune response by acting on the MCs located in close proximity to the sensory nerves (78, 79). On the other hand, upon activation, MCs may release the NGF and other neurotrophins, and other powerful mediators, such as histamine, tryptase, and cytokines, which can contribute to hyperinnervation and angiogenesis (77), and stimulate the respective receptors on itch-mediating sensory nerves (12, 80). Therefore, modulation of the release of the NGF by GPR55, although not yet demonstrated in dogs, can lead us to speculate that this receptor, in addition to its antinociceptive properties, may also exert an antipruritic effect (81).

The transient receptor potential vanilloid 1 is preferentially expressed in the sensory neurons of the peripheral nervous system in which it is primarily expressed by the nociceptor neurons of the dorsal root ganglia (DRG) (49). However, TRPV1 seems to also be involved in itching conditions, such as AD (82). The expression of TRPV1-IR in the MCs of dogs is consistent with the expression of the same receptor in the MCs of rodents (71) and humans (77, 78). By using a mouse strain (Nc/Nga) commonly utilized as a model for AD studies, it has been shown that the antagonism of TRPV1 attenuates the itching symptoms induced by house-dust mite allergens (83). In addition, it has been demonstrated that the activation of TRPV1 reduces itching in humans (84) and dogs (85).

The TRPA1 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 TRPA1-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 TRPA1 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

Macrophages are critically important in the AD pathogenesis, and they are one of the major components 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 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 differentiable from macrophages (since both cell types express IBA1 in dog skin) (51), showed immunoreactivity 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 CB1R 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.

The dendritic cells of the AD-dogs expressed TRPV1-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 TRPA1-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 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 CB1R 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 TRPA1 agonist and desensitizer (40, 141). Other Cannabis components, such as THC, CBC and CBG, may activate TRPA1 (142, 143).

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

Considering the endocannabinoid and cannabinoid properties, their mechanisms of action and favorable beneficial 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 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, TRPA1), T-cells (CB2R, GPR55, TRPA1), and on neutrophils (GPR55) suggests the possibility that the manipulation of the inflammatory cell functions with endocannabinoids and cannabinoids could result in a novel approach to the treatment of AD. Phytocannabinoids could potentially modulate inflammatory responses by regulating more than one underlying mechanism (inflammatory cells, keratinocytes, sensory nerves, fibroblasts, etc.).
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