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The existence of a cholinergic anti-inflammatory pathway negatively modulating the inflammatory and immune responses in various clinical conditions and experimental models has long been postulated. In particular, the protective involvement of the vagus nerve and of nicotinic Ach receptors (nAChRs) has been proposed in intestinal inflammation and repeatedly investigated in DSS- and TNBS-induced colitis. However, the role of α7 nAChRs stimulation is still controversial and the potential contribution of α4β2 nAChRs has never been explored in this experimental condition. Our aims were therefore to pharmacologically investigate the role played by both α7 and α4β2 nAChRs in the modulation of the local and systemic inflammatory responses activated in TNBS-induced colitis in mice and to assess the involvement of the spleen in nicotinic responses. To this end, TNBS-exposed mice were sub-acutely treated with various subcutaneous doses of highly selective agonists (AR-R17779 and TC-2403) and antagonists (methyllycaconitine and dihydro-β-erythroidine) of α7 and α4β2 nAChRs, respectively, or with sulfasalazine 50 mg/kg per os and clinical and inflammatory responses were evaluated by means of biochemical, histological and flow cytometry assays. α4β2 ligands evoked weak and contradictory effects, while α7 nAChR agonist AR-R17779 emerged as the most beneficial treatment, able to attenuate several local markers of colitis severity and to revert the rise in splenic T-cells and in colonic inflammatory cytokines levels induced by haptenization. After splenectomy, AR-R17779 lost its protective effects, demonstrating for the first time that, in TNBS-model of experimental colitis, the anti-inflammatory effect of exogenous α7 nAChR stimulation is strictly spleen-dependent. Our findings showed that the selective α7 nAChRs agonist AR-R17779 exerted beneficial effects in a model of intestinal inflammation characterized by activation of the adaptive immune system and that the spleen is essential to mediate this cholinergic protection.
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INTRODUCTION

During the last two decades, the existence of a CAP, vagus- and spleen-dependent, has been postulated by several authors (Olofsson et al., 2012; Bonaz et al., 2013; Martelli et al., 2014; Goverse et al., 2016). Apparently pivotal to the anti-inflammatory actions of CAP is the stimulation of α7 nAChR homomeric subtype (Wang et al., 2003). α7 nAChRs are expressed in several regions of the central nervous system and, in the periphery, on neurons, like the adrenergic neurons in the celiac/superior mesenteric ganglia and splenic nerve fibers (Downs et al., 2014), and non-neuronal cells like gut epithelial and glial cells (Costantini et al., 2012), endothelial cells (Saeed et al., 2005) and immune cells, such as macrophages (Wang et al., 2003), T lymphocytes, and dendritic cells (Kawashima et al., 2012). In particular, their activation by nicotine on immune cells can incite an intracellular cascade via Jak2/STAT3 signaling pathway leading to the inhibition of NF-κB transcription factor and, consequently, to the negative regulation of pro-inflammatory cytokines secretion (De Jonge et al., 2005). Accordingly, the anti-inflammatory properties of various selective α7 nAChR agonists have been demonstrated in a number of models of acute inflammation in vivo, such as acute lung injury (Pinheiro et al., 2017), cardiopulmonary bypass (Ge et al., 2016), burn injury (Kashiwagi et al., 2017), mesenteric and renal ischemia/reperfusion (Li et al., 2013; He et al., 2016), sepsis (Nullens et al., 2016) and post-operative ileus (The et al., 2007). More controversial are the effects produced by α7 nAChR agonists on subacute/chronic intestinal inflammation: in dextran sulfate sodium (DSS)-induced colitis, a model mainly dependent on the activation of innate immune responses, alternatively a protective (Salaga et al., 2016), anti-hyperalgesic, but not anti-inflammatory (Costa et al., 2012), or even detrimental (Snoek et al., 2010) role has been evidenced for α7 nAChRs stimulation, while in TNBS-induced colitis, where adaptive immune responses prevail (Kiesler et al., 2015), α7 nAChR agonists seem to exert a protective activity only when acting as partial agonists (Snoek et al., 2010; Salaga et al., 2016).

More recently, a potential counter-inflammatory action has emerged also for α4β2 nAChRs. Heteromeric α4β2 nAChRs, the predominant high-affinity binding sites for nicotine in the central nervous system, are well known to mediate the reinforcing, rewarding and dependence-inducing properties of nicotine (De Biasi and Dani, 2011) and its anti-nociceptive actions (Hurst et al., 2013). In the periphery, α4β2 nAChRs have been identified also on non-neuronal cells, like peritoneal, intestinal (van der Zanden et al., 2009) and alveolar macrophages (Matsunaga et al., 2001): their stimulation may inhibit the release of pro-inflammatory cytokines production through NF-κB inhibition in transfected human cells (Hosur and Loring, 2011) and promote the phagocytic activity of isolated intestinal and peritoneal murine macrophages (van der Zanden et al., 2009). However, no information is available up to now about the ability of α4β2 nAChRs ligands to modulate intestinal inflammation in vivo, as in colitis, where macrophages purportedly play a pivotal role (Mahida et al., 1989).

Starting from these premises, the main aim of the present study was to pharmacologically investigate the role of α7 and α4β2 nAChRs subtypes in the modulation of the local and systemic inflammatory responses in a murine model of colitis characterized by the pronounced activation of the adaptive immune system. To this purpose, we evaluated the effects produced by highly selective agonists (AR-R17779 and TC-2403) (Bencherif et al., 1996; Mullen et al., 2000) and antagonists (MLA and DBE) (Ward et al., 1990; Niimi et al., 2013) of α7 and α4β2 nAChRs, respectively, on the clinical and inflammatory markers increased in mice by TNBS colitis. The α7 nAChR agonist AR-R17779 emerged as the most effective treatment, able to attenuate colitis severity and to revert the rise in splenic T-cells populations and in colonic inflammatory cytokines levels induced by haptenization.

In view of the prominent role played by both the spleen and α7 nAChR signaling in mediating the CAP, we asked whether the protection afforded by AR-R17779 against TNBS-induced colitis could be maintained also after SPX and we demonstrated that, in our model of experimental colitis, the presence of the spleen is essential to the anti-inflammatory effect of exogenous α7 nAChR stimulation.

MATERIALS AND METHODS

Animals

All animal experiments were performed according to the guidelines for the use and care of laboratory animals and they were authorized by the local Animal Care Committee “Organismo Preposto al Benessere degli Animali” and by Italian Ministry of Health, “Ministero della Salute” (DL 26/2014). Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; Curtis et al., 2015). All appropriate measures were taken to minimize pain or discomfort of animals. Female CD1 Swiss mice (7–12 weeks old) (Charles River Laboratories, Calco, Italy), weighing 25–30 g, were housed five per cage and maintained under standard conditions at our animal facility (12:12 h light–dark cycle, water and food ad libitum, 22–24°C). Intragastric gavage administration was performed using suitable gavage needles (22 gauge, length 3 cm, ball diameter 1.5 mm). All the experimental procedures (induction of colitis, SPX) and euthanasia by CO2 inhalation were performed between 9 a.m. and 12 a.m.

Induction of Colitis

Six days before intrarectal (i.r.) instillation, animals were subjected to skin sensitization through cutaneous application of 50 μL of a 10% (w v-1) TNBS solution in 50% ethanol. After 20 h fasting with free access to water containing 5% glucose, colitis was induced by i.r. instillation of the same volume and concentration of TNBS applied during skin sensitization (Waldner and Neurath, 2009). TNBS instillation was performed using a PE50 catheter, positioned 4 cm from the anus, in anesthetized mice (isoflurane 2%) kept in the head-down position for 3 min to avoid the leakage of intracolonic instillate. The TNBS-induced colitis model with previous skin sensitization was chosen to have a model of colitis characterized by the prominent activation of the adaptive immune system (Te Velde et al., 2006).

Splenectomy

In a second series of experiments, chemical colitis was induced in mice 15 days after SPX. Mice, fasted for 16 h, were anesthetized by intraperitoneal injection of pentobarbital 60 mg⋅kg-1. The spleen was removed after laparotomy and ligation of blood vessels and, after the surgical intervention, mice were monitored daily to examine their health state and scar cicatrisation.

Experimental Design

Pharmacological treatments started 8 h after TNBS enema (day 1) and were applied once (sulfasalazine) or twice daily (b.i.d.), 8 h apart, during the following 2 days by a researcher not involved in biochemical, histological assays or daily monitoring of Disease Activity Index. All the pharmacological treatments were subcutaneously (s.c.) administered except for sulfasalazine, per os (p.o.) applied. Animals were euthanized by CO2 inhalation 3 days after TNBS or saline instillation (day 4).

Mice were assigned through block randomization to the normal group (N; n = 24), i.r. inoculated with 50 μL 0.9% NaCl (saline solution) and administered s.c. 10 mL kg-1 saline (b.i.d.) or to the following experimental groups of colitic mice: saline (CTR, 10 mL kg-1; n = 28), sulfasalazine 50 mg kg-1 die-1 p.o. (S; n = 7), TC-2403 2 mg kg-1 (n = 7) and 5 mg kg-1 (n = 7), DBE 0.5 mg kg-1 (n = 7) and 1.5 mg kg-1 (n = 7), AR-R17779 (A) 0.5 mg kg-1 (n = 7), 1.5 mg kg-1 (n = 16), 5 mg kg-1 (n = 7), MLA 0.1 mg kg-1 (n = 7), 0.5 mg kg-1 (n = 7), 1 mg kg-1 (n = 7). The dosage of each pharmacological treatment was chosen on the basis of the literature (Karimi et al., 2010; Snoek et al., 2010; Joh and Kim, 2011; Hijioka et al., 2012; Niimi et al., 2013). The study was performed using experimental blocks composed by 10 or 12 mice that were randomly assigned to five or six groups of treatment (N and CTR were present in each experimental block), each one encompassing two animals.

Splenectomy mice were assigned through block randomization to the following experimental groups: SPX/N (saline i.r., 10 mL kg-1 saline; n = 15), SPX/C (TNBS i.r., 10 mL kg-1 saline; n = 15) and SPX/A (TNBS i.r., AR-R17779 1.5 mg kg-1; n = 15). SPX study was performed through three experimental blocks composed by 15 mice that were randomly assigned to three groups of treatment, each one comprising five animals.

A group size of n = 7 was determined according to “a priori power analysis,” by setting α = 0.05, 1-β = 0.8 and effect size = 0.6 assuming as primary endpoint the reduction of colonic MPO levels. Due to seasonal variability, N and CTR mice were repeated periodically all over the study in order to verify the attainment of a constant degree of colitis severity with respect to physiological conditions, thus explaining the bigger size of N and CTR experimental groups with respect to the other groups. As regards A1.5, SPX/N, SPX/C, and SPX/A groups, a higher number of mice was necessary to perform the histological and biochemical assays described. Accordingly, each group of animals was randomly subdivided in two subgroups: colons excised from each subset was reserved either for histological analysis or for MPO activity determination and for cytokines assays. In this latter case, the colon was sometimes longitudinally split in two halves, each one dedicated to MPO activity assay or to cytokines determination.

Evaluation of Inflammatory Responses

Body weight, stools consistency and rectal bleeding were examined and registered daily throughout the experimentation by unaware observers, in order to assess the DAI. Immediately after euthanasia the macroscopic damage of colonic mucosa was assessed as MS. The wet weight and the length of each colon were measured and the weight/length ratio was considered as disease-related intestinal wall thickening (Bischoff et al., 2009). Colon, lungs, spleen and MLNs were collected for subsequent microscopic, biochemical or flow cytometry analyses.

Disease Activity Index

Disease Activity Index is a parameter that estimates the severity of the disease; it is based on the daily assignment of a total score, according to Cooper’s modified method (Cooper et al., 1993), on the basis of body weight loss, stool consistency and rectal bleeding. The scores were attributed blindly by two investigators and were quantified as follows: stool consistency: 0 (normal), 1 (soft), 2 (liquid); body weight loss: 0 (<5%), 1 (5–10%), 2 (10–15%), 3 (15–20%), 4 (20–25%), 5 (>25%) and rectal bleeding: 0 (absent), 1 (present).

Colon Macroscopic Damage Score (MS)

After euthanasia, the colon was explanted, opened longitudinally, flushed with saline solution and MS was immediately evaluated through inspection of the mucosa, executed by two investigators unaware of the treatments applied. MS was determined according to previously published criteria (Rapalli et al., 2016), as the sum of scores (max = 12) attributed as follows: presence of strictures and hypertrophic zones (0, absent; 1, one stricture; 2, two strictures; 3, more than two strictures); mucus (0, absent; 1, present); adhesion areas between the colon and other intra-abdominal organs (0, absent; 1, one adhesion area; 2, two adhesion areas; 3, more than two adhesion areas); intraluminal hemorrhage (0, absent; 1, present); erythema (0, absent; 1, presence of a crimsoned area < 1 cm2; 2, presence of a crimsoned area > 1 cm2); ulcerations and necrotic areas (0, absent; 1, presence of a necrotic area < 1 cm2; 2, presence of a necrotic area > 1 cm2).

Colonic Length and Thickness

To evaluate muscular contraction and deposition of fibrotic material induced by a prolonged inflammatory state, the length of the colon and its weight were measured, while weight/length ratio was calculated to estimate colon thickness, according to a previously published method (Bischoff et al., 2009).

Colonic and Pulmonary Myeloperoxidase Activity Assay

Myeloperoxidase activity, marker of granulocytic infiltration within a tissue, was determined according to Krawisz’s modified method (Krawisz et al., 1984). After being weighed, each colonic or lung sample was homogenized in ice-cold potassium phosphate buffer (100 mmolL-1, pH 7.4) containing 1 μg mL-1 aprotinin and centrifuged for 20 min at 12500 RCF at 4°C. Pellets were re-homogenized in five volumes of ice-cold potassium phosphate buffer (50 mmolL-1, pH 6) containing 0.5% hexadecyltrimethylammonium bromide (HTAB) and 1 μg mL-1 aprotinin. Samples were then subjected to three cycles of freezing and thawing and centrifuged for 30 min at 15500 RCF at 4°C. One hundred microliters of the supernatant was then allowed to react with 900 μL of a buffer solution containing 0.167 mg mL-1 o-dianisidine and 0.0005% H2O2. Each assay was performed in duplicate and the rate of change in absorbance was measured spectrophotometrically at 470 nm (Jenway, mod. 6300, Dunmow, Essex, England). The sensitivity of the assay was 10 mU mL-1, 1 unit of MPO being defined as the quantity of enzyme degrading 1 μmol of peroxide per minute at 25°C. Data were normalized with edema values [(wet weight – dry weight) dry weight-1] (Moore-Olufemi et al., 2005) and expressed as U g-1 of dry weight tissue.

Flow Cytometry Assays

Isolation of Splenocytes

Spleen, explanted immediately after euthanasia, was mechanically dispersed through a 100 μm cell-strainer and washed with PBS containing 0.6 mmolL-1 EDTA (PBS-EDTA). The cellular suspension was then centrifuged at 1500 RCF for 10 min at 4°C, the pellet re-suspended in PBS-EDTA and incubated with 2 mL of NH4Cl lysis buffer (0.15 molL-1 NH4Cl, 1 mmolL-1 KHCO3, 0.1 mmolL-1 EDTA in distilled water) for 5 min, in the dark, to induce the lysis of erythrocytes. Afterward, samples were centrifuged at 1500 RCF for 10 min at 4°C, the pellet was washed with PBS-EDTA and re-suspended in 5 mL cell staining buffer (PBS containing 0.5% FCS and 0.1% sodium azide). The obtained cellular suspension was stained with fluorescent antibodies (Kruisbeek, 2001).

Isolation of Mesenteric Lymph Nodes

The lymphoid tissue located in the middle of proximal colon’s mesentery was explanted immediately after euthanasia and flushed with PBS, then MLNs were isolated from adherent adipose and vascular tissue, mechanically dispersed through a 100 μm cell-strainer and washed with Hank’s Balanced Salt Solution (HBSS) containing 5% FCS. The cellular suspension was centrifuged at 1500 RCF for 10 min at 4°C, the pellet washed with HBSS containing 5% FCS and re-suspended in 3 mL cell staining buffer. The obtained cellular suspension was subjected to staining with fluorescent antibodies (Lopez, 2007).

Immunofluorescent Staining

Before the incubation with fluorescent antibodies, the cellular suspension of splenocytes or MLN was incubated with IgG1-Fc (1 μg 10-6 cells) for 10 min in the dark at 4°C, in order to block non-specific binding sites for antibodies. The following antibodies were used: Phycoerythrin-Cyanine 5 (PE-Cy5) conjugated anti-mouse CD3ε (0.25 μg 10-6 cells), Fluorescein Isothiocyanate (FITC) anti-mouse CD4 (0.25 μg 10-6 cells), PE anti-mouse CD8a (0.25 μg 10-6 cells), FITC anti-mouse F4/80 (0.25 μg 10-6 cells), Peridinin Chlorophyll Proteins-Cyanine5.5 (PerCP-Cy5.5) anti-mouse CD25 (1 μg 10-6 cells) and PE anti-mouse FoxP3 (1 μg 10-6 cells). Cells were incubated with antibodies for 1 h in the dark at 4°C, washed with PBS to remove excessive antibody and suspended in cell staining buffer to perform flow cytometry analysis. Because of the intracellular localization of FoxP3, staining with PE anti-mouse FoxP3 was preceded by cells fixation and permeabilization: after staining with cell surface markers, cells were fixed with FOXP3 Fix/Perm Buffer and permeabilized with PBS containing 0.2% Tween 20. Cells were then incubated with PE anti-mouse FoxP3 for 30 min in the dark, at room temperature, washed with PBS to remove excessive antibody and suspended in cell staining buffer (Holmes et al., 2001).

The viability of the cellular suspension was assessed through propidium iodide (PI) staining, a membrane impermeable fluorescent dye, excluded by viable cells, that binds to DNA emitting red fluorescence, thus resulting as a suitable marker for dead cells. Cells were incubated with 10 μg mL-1 PI for 1 min in the dark, at room temperature, and immediately subjected to flow cytometry analysis. Only PI- cells were included in the analysis.

Samples were analyzed using Guava easyCyteTM and InCyteTM software (Merck Millipore, Darmstadt, Germany). The various spleen and MLN cell populations were defined as follows: lymphocytes gated in the Forward Scatter (FSC)-Side Scatter (SSC) plot as FSC low: SSC low; T lymphocytes (CD3+); CD4+ T lymphocytes (CD3+CD4+CD8-); CD8+ T lymphocytes (CD3+CD8+CD4-); CD4+ Tregs (CD4+CD25+FoxP3+); macrophages (CD3-F4/80+). Percentages were reported to the total number of splenocytes or MLN cells of each mouse to calculate the number of cells per population.

Colonic Cytokines Levels

After euthanasia, colon tissues were homogenized for 1 min in tissue lysis buffer containing protease inhibitor cocktail (aprotinin 1 μg mL-1 and leupeptin 1 μg mL-1). Samples were then centrifuged for 30 min at 14000 RCF and the supernatant was collected. Total protein concentration was quantified using Pierce BCA protein assay kit (Thermo Fisher Scientific Inc., Waltham, MA, United States). IL-1β, IL-6, IFNγ, and IL-10 levels were then determined in duplicate in 100 μL samples, using commercially available ELISA kits (Mouse IL-10 ELISA kit, Abcam BiochemicalsTM, Cambridge, United Kingdom; Mouse IL-1β ELISA kit; Mouse IFNγ ELISA kit; Mouse IL-6 ELISA kit, RayBioTM, Norcross, GA, United States) according to the manufacturer’s protocol. The absorbances of the samples were measured spectrophotometrically at 450 nm (TECAN SunriseTM powered by MagellanTM data analysis software, Mannedorf, Switzerland). The assays sensitivity were, respectively, 5 pg mL-1 (IL-1β), 2 pg mL-1 (IL-6), 10 pg mL-1 (IFNγ), and 30 pg mL-1 (IL-10). Results were expressed as pg mg-1 protein.

Colonic Histology

Colonic samples were harvested from N, CTR, A1.5, SPX/N animals and from colitic splenectomized mice, either administered with saline (SPX/C) or with AR-R17779 1.5 mg/kg (SPX/A), immersion-fixed in 10% neutral buffered formalin overnight, dehydrated and embedded in paraffin. For each sample, at least five transverse 5-μm sections were cut in the distal colon, stained with hematoxylin–eosin and blindly examined in a light microscope (Nikon Eclipse E800). The histological damage was quantified according to Rapalli et al. (2016) by an unaware investigator: the grade of mucosal destruction (0, normal; 1, mild; 2, moderate; 3, severe) and the degree of leukocytes infiltration in the lamina propria and submucosa (0, absent; 1, mild; 2, pronounced) were scored (maximum score: 7). Since histological injury produced by TNBS instillation was localized almost exclusively in the distal portion of the colon, the average value of histological score was determined only from sections of distal colon, pooled with those determined for the other animals of the same experimental group and the mean value ± SEM was calculated.

Statistical Analysis

The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015). All data, each one representing the outcome of a single animal, were presented as means ± SEM. Comparisons among experimental groups were made using analysis of variance (one-way or two-way ANOVA) followed by Bonferroni’s post-test when P < 0.05, chosen as level of statistical significance, was achieved. All analyses were performed using Prism 4 software (GraphPad Software Inc., San Diego, CA, United States).

Materials

Sulfasalazine, MLA, TNBS, ethanol, HTAB and 30% hydrogen peroxide were purchased from Sigma–AldrichTM (St. Louis, MO, United States). AR-R17779 and TC-2403 were purchased from Abcam BiochemicalsTM (Cambridge, United Kingdom), while DBE was purchased from Tocris BioscienceTM (Bristol, United Kingdom). Drugs were dissolved in saline solution the day of the experiment. Fluorescent antibodies used for flow cytometry (FITC anti-mouse CD4, PE anti-mouse CD8, PE anti-mouse FOXP3, PerCP/Cy5.5 anti-mouse CD25), PI and FOXP3 Fix/Perm Buffer were purchased from BioLegendTM (San Diego, CA, United States), PE-Cy5 anti-mouse CD3 from Affymetrix eBioscienceTM (San Diego, CA, United States) and IgG1-Fc from MilliporeTM (Merck, Darmstadt, Germany).

RESULTS

TNBS Triggered a Severe Inflammatory Response Controlled by Sulfasalazine

Animals subjected to hapten-induced colitis showed a marked decrease of body weight and reduction of stools’ consistency compared with normal mice, as indicated by DAI increase from day 1 to day 4 (Figure 1A). Locally, TNBS instillation provoked a strong shortening and thickening of the colon and a substantial increase of macroscopic damage score, due to the appearance of ulcerations, luminal hemorrhages and erythemas (Figures 1B–D). Accordingly, histological observation revealed extensive mucosal necrosis and abundant granulocytes infiltration both in the lamina propria and in the submucosa in TNBS-exposed mice (Figure 2B; histological score: 6.5 ± 0.3 in Supplementary Figure 1A) compared with normal mice (Figure 2A; histological score: 1.0 ± 0.6 in Supplementary Figure 1A). Finally, upon instillation of the haptenating agent we observed a consistent granulocyte infiltration both in the colon and within the lungs (Figures 1E,F).
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FIGURE 1. Effects of sulfasalazine and α4β2 nAChRs ligands on TNBS-induced inflammatory responses. Disease Activity Index (A), macroscopic score (B), colonic length (C), colonic thickness (D), colonic MPO (E) and lung MPO (F) activity assessed in vehicle-treated normal mice (N) and in TNBS-treated mice administered with vehicle (CTR – white bar), sulfasalazine 50 mg/kg (S), TC-2403 (T) 2 and 5 mg/kg, DBE (D) 0.5 and 1.5 mg/kg (D1.5) (n = 7–12 independent values per group). ∗P < 0.05 vs. N mice; #P < 0.05 vs. CTR mice; NS, not significant vs. N and CTR mice; one-way ANOVA followed by Bonferroni’s post-test.
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FIGURE 2. Histology. Representative hematoxylin–eosin stained sections of colonic specimens harvested from vehicle-treated normal mice, non-operated (A) or splenectomized (D), and from TNBS-treated mice administered with vehicle, non-operated (B) or splenectomized (E), or with AR-R17779 1.5 mg/kg, non-operated (C) or splenectomized (F). TNBS colonic instillation caused mucosal necrosis, neutrophils infiltration and submucosal oedema (indicated by arrows) in vehicle-treated animals (B,E), attenuated by AR-R17779 treatment in non-operated mice (C) but not in splenectomized animals (F).



As expected, treatment with the anti-inflammatory agent sulfasalazine was able to dampen the local and systemic inflammatory responses induced by TNBS, improving mice health conditions by counteracting both the weight loss and diarrhea over the whole treatment period (Figure 1A), decreasing colon shortening and mucosal damage and mitigating colonic neutrophil infiltration (Figures 1B,C,E).

α4β2 nAChRs Agents Evoked Weak Effects on Experimental Colitis

The repeated administration of α4β2 nAChRs agents in colitic mice elicited weak effects on most of the analyzed inflammatory parameters. Only DAI was significantly reduced on day 4 by both the agonist TC-2403 and the antagonist DBE, when administered at the highest tested dose (Figure 1A); at the same dose, DBE was able to attenuate also colonic MPO activity (Figure 1E).

α7 nAChRs Agonist Protects against Experimental Colitis

Among the three different tested doses, the selective α7 nAChRs agonist AR-R17779 evoked the most prominent effects when administered at 1.5 mg kg-1. In fact, DAI had been ameliorated since day 3, reflecting an attenuation of both body weight loss and diarrhea (Figure 3A). As regards TNBS-induced local damage, treatment with AR-R17779 1.5 mg kg-1 decreased MS, counteracted colonic neutrophil infiltration (Figures 3B,E) and weakly mitigated mucosal destruction (Figure 2C; histological score: 4.0 ± 0.9 in Supplementary Figure 1A).
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FIGURE 3. Effects of α7 nAChRs ligands on TNBS-induced inflammatory responses. Disease Activity Index (A), macroscopic score (B), colonic length (C), colonic thickness (D), colonic MPO (E), and lung MPO (F) activity assessed in vehicle-treated normal mice (N) and in TNBS-treated mice administered with vehicle (CTR – white bar), AR-R17779 (A) 0.5, 1.5, and 5 mg/kg, MLA (M) 0.1, 0.5 and 1 mg/kg (n = 7–12 independent values per group). N and CTR values were the same already represented in Figure 1. ∗P < 0.05 vs. N mice; #P < 0.05 vs. CTR mice; NS: not significant vs. N and CTR mice; one-way ANOVA followed by Bonferroni’s post-test.



The local beneficial effects of AR-R17779 1.5 mg kg-1 were confirmed by the evaluation of inflammatory cytokines levels in the colon. TNBS exposure produced a remarkable increase of IL-1β and IL-6 levels compared with N mice, whilst moderate, not significant, increase of IFN-γ and reduction of IL-10 concentrations were observed. Treatment with α7 agonist slightly reduced colonic IL-1β and remarkably lowered IL-6 levels, but did not significantly modify either IFN-γ or IL-10 concentrations (Table 1).

TABLE 1. Effects of AR-R17779 on cytokines levels in TNBS-induced colitis.
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AR-R17779 appeared ineffective when tested at 0.5 mg kg-1 and exhibited only sporadic protective effects at 5 mg kg-1. Indeed, treatment with AR-R17779 5 mg kg-1 attenuated MS and colonic shortening and thickening (Figures 3B–D) while no remarkable effects were produced on the other inflammatory parameters with respect to CTR mice.

At contrast with exogenous α7 nAChRs stimulation, treatment with α7 antagonist MLA did not substantially affect the inflammatory parameters taken into consideration, except for MS and pulmonary MPO, which deteriorated, albeit not significantly, in mice administered with MLA 0.5 and 1 mg kg-1 with respect to vehicle-treated mice (Figures 3B,F).

AR-R17779 Attenuated TNBS-Induced Changes on Splenocytes Subpopulations

In order to investigate the mechanism of action of AR-R17779, we performed the phenotypic characterization of splenocytes and MLN lymphocytes in N, CTR and A1.5 animals. TNBS instillation remarkably augmented the number of splenic T lymphocytes, both CD8+ and CD4+ and slightly reduced macrophages count: such changes were mitigated by treatment with α7 agonist (Figure 4). As regards MLN, macrophages could not be identified, while a moderate reduction in the number of lymphocytes, in particular of CD4+ T cells, was elicited by colitis (Table 2). The administration of AR-R17779 did not prevent TNBS-induced MLN depletion, while further diminishing the number of MLN FoxP3+ Tregs (Table 2).
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FIGURE 4. AR-R17779 attenuated TNBS-induced changes in splenocytes subpopulations. Number of T lymphocytes (A), CD8+ (B), CD4+ (C), CD4+ Tregs (D) lymphocytes and macrophages (E) in the spleen excised from vehicle-treated normal mice (N) and TNBS-treated mice administered with vehicle (CTR – white bar) or AR-R17779 1.5 mg/kg (A1.5) (n = 7–10 independent values per group). ∗P < 0.05 vs. N mice; NS: not significant vs. N and CTR mice; one-way ANOVA followed by Bonferroni’s post-test.



TABLE 2. Effects of AR-R17779 on TNBS-induced changes in MLN subpopulations.
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Splenectomy Abolished the Protective Effects of AR-R17779

In SPX mice, colitis severity was similar to that induced in non-operated animals as regards both local and systemic effects, while AR-R17779 lost its protective properties in terms of DAI and colonic granulocytic infiltration, even worsening, instead of diminishing, MS (Figure 5). As regards histological injury, whose score is represented in Supplementary Figure 1B, mucosal damage in vehicle-treated colitic mice (Figure 2E) was increased compared to SPX/N mice (Figure 2D) but was not prevented by AR-R17779 treatment (Figure 2F).
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FIGURE 5. Splenectomy abolished the protective effects of AR-R17779 on TNBS-induced colitis. Disease Activity Index (A), macroscopic score (B), colonic length (C), colonic thickness (D), colonic MPO (E) and lung MPO (F) activity assessed in vehicle-treated normal mice (N; SPX/N) and in TNBS-treated mice administered with vehicle (CTR; SPX/C) or AR-R17779 1.5 mg/kg (A1.5; SPX/A), non-operated (black bars) or subjected to SPX (white bars) (n = 10–13 independent values per group). A1.5 values were the same already represented in Figure 3. ∗P < 0.05 vs. N mice; #P < 0.05 vs. CTR mice; NS: not significant vs. N and CTR mice; two-way ANOVA followed by Bonferroni’s post-test.



Regarding cytokines levels, in SPX mice TNBS produced the same changes evoked in non-operated animals; in particular, SPX/C mice exhibited a marked rise in IL-1β and IL-6, a weak increment of IFNγ and a feeble decrease of IL-10 colonic concentrations. Interestingly, after SPX, the treatment with α7 agonist lost completely its protective effects against colitis, being unable to lower IL-1β concentrations and exacerbating TNBS-induced increase of IL-6 levels, while leaving unmodified IFNγ and IL-10 colonic content with respect to SPX/C mice (Figure 6).
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FIGURE 6. Splenectomy abolished the effects of AR-R17779 on cytokines levels in TNBS-induced colitis. Colonic concentrations of IL-1β (A), IL-6 (B), IFNγ (C), and IL-10 (D) in vehicle-treated normal mice (N; SPX/N) and in TNBS-treated mice administered with vehicle (CTR; SPX/C) or AR-R17779 1.5 mg/kg (A1.5; SPX/A), non-operated (black bars) or subjected to SPX (white bars) (n = 7 independent values per group). ∗P < 0.05 vs. N mice; #P < 0.05 vs. CTR mice; NS: not significant vs. N and CTR mice; two-way ANOVA followed by Bonferroni’s post-test.



With respect to MLN T cells subpopulations, SPX slightly decreased T cells number in all the experimental groups, a reduction particularly evident for CD4+ lymphocytes. Administration of α7 agonist was unable to counteract the further reduction in MLN T cells count induced by colitis (Table 2).

DISCUSSION

The results collected in the present study indicate that the exogenous stimulation of α7 nAChRs by AR-R17779 exerted a beneficial effect in mice subjected to TNBS-induced colitis: this protection is spleen-dependent and it apparently involves the regulation of splenic T lymphocytes responses.

Intrarectal instillation of TNBS after skin sensitization produced in mice severe colitis, characterized by progressive deterioration of their clinical conditions with consistent weight loss and diarrhea. Colonic mucosal damage, already evident at the macroscopic observation and confirmed by histological examination, was accompanied by shortening and thickening of the intestinal wall and by the increase in IL-1β and IL-6 levels; a strong neutrophil infiltration was moreover revealed both locally and remotely in the lungs. This intense inflammatory response was mirrored by the remarkable rise in the number of T lymphocytes in the spleen and by their reduction in MLN, changes supporting the strong involvement of adaptive immune responses in our model of experimental colitis. As expected, the anti-inflammatory agent sulfasalazine, conventional therapeutic agent in human IBD (Talley et al., 2011), here employed as positive control, was able to efficiently counteract most of the TNBS-induced alterations, confirming the predictive power of the adopted experimental model.

As regards the effects produced by ligands of α4β2 nAChRs, the interpretation of the data obtained is not immediately straightforward. Indeed, both the agonist TC-2403 and the antagonist dihydro-β erythroidine generally evoked feeble effects and neither of them was able to remarkably modify the severity of TNBS-induced colitis. The only parameter significantly improved was represented by animals’ clinical conditions, surprisingly ameliorated by both ligands. If, in the case of the agonist, its antinociceptive properties may come into play (Rowley et al., 2008), the beneficial action of DBE is less comprehensible: to this end, we should recall the ability of ligands, either agonists or antagonists, to desensitize and/or up-regulate nAChRs following repeated administration (Hurst et al., 2013), leading possibly to overlapping actions. As a result, no firm conclusions can be drawn on the role played by α4β2 nAChRs in our model of intestinal inflammation: it is likely that the involvement of innate immune cells like macrophages, sensitive to α4β2 nAChRs modulation (van der Zanden et al., 2009), is overridden by that of adaptive immune components, whose response to α4β2 nAChRs ligands is yet to be clarified.

With respect to the effects produced by α7 nAChRs ligands, we could notice that repeated administration of α7 antagonist MLA did not significantly modify the local and systemic inflammatory responses evoked in the model we adopted of TNBS-induced colitis. Our findings seem therefore to indicate the absence of an endogenous α7 nAChRs-mediated counter-inflammatory cholinergic tone, similarly to what documented by Di Giovangiulio et al. (2016), who demonstrated that the severity of DSS-induced and T-cell transfer colitis was not increased in α7 nAChR-/- mice.

Contrarily to MLA, α7 nAChRs full agonist AR-R17779 was as effective as sulfasalazine in improving mice clinical conditions, in decreasing colonic macroscopic damage and pro-inflammatory cytokines levels and in preventing local neutrophil infiltration, demonstrating the remarkable protection afforded by exogenous stimulation of this receptor subtype against TNBS-induced colitis. Our results represent therefore a further clue in support of the anti-inflammatory action of α7 nAChRs activation and of the central role played by this receptor subtype in the CAP. Interestingly, AR-R17779 displayed a bell-shaped dose-response curve, exhibiting the greatest efficacy at the intermediate dose of 1.5 mg/kg s.c., thus confirming the tendency of α7 nAChRs to undergo desensitization in a dose-dependent way (Hurst et al., 2013). The findings collected are in line with those presented by Salaga et al. (2016), who demonstrated the protective effects of α7 nAChR partial agonist encenicline against TNBS-induced colitis, supposedly through the modulation of immune cells responses. As regards the investigation by Snoek et al. (2010) apparently denoting a lack of effect of GSK1345038A in the same experimental model, the comparison with our data could be misleading and not relevant, given the different conditions adopted (higher dose and double exposure to TNBS in our model) and the different inflammatory parameters examined by the two studies.

The beneficial effects of AR-R17779 were accompanied by its ability to attenuate the changes caused by TNBS exposure on splenic T lymphocytes, while colitis-induced MLN changes were not antagonized: this observation prompted us to speculate that the protection by the α7 nAChR agonist might be mediated by its immune suppressant effects on splenic T lymphocytes and by its efficacy in preventing their expansion and proliferation. Indeed, the vagal nicotinic down-regulation of splenic CD4+ T cells functions (Karimi et al., 2010) and the proliferative effects of α7 nAChRs antagonists on T cells (De Rosa et al., 2009) would point toward this mechanism of action.

Following SPX, colitis severity was not modified: in operated mice, the local and systemic inflammatory indices induced by haptenization were comparable to those of non-operated animals. Intriguingly, removal of the spleen provoked a proportional decrease in the count of MLN T lymphocytes in normal and colitic mice with respect to non-operated animals, suggesting that MLN T lymphocytes derive partly from spleen trafficking. This observation confirmed us also about the fact that changes in the number of MLN T lymphocytes do not reflect changes in the severity of colonic inflammatory responses. Notably, AR-R17779 lost completely its beneficial effects in colitic splenectomized mice, MS being even worsened by α7 nAChRs agonist. The spleen-dependence of the protective effect of nicotine has been already demonstrated in a model of lethal polymicrobial sepsis, where the activation of the innate immune system was considered pivotal to the development of the inflammatory process (Huston et al., 2006), but the involvement of the spleen in the modulation of adaptive immune responses by selective exogenous stimulation of α7 nAChRs is a novel finding.

Our results show now, for the first time, that AR-R17779 exerts beneficial effects in a model of intestinal inflammation characterized by activation of the adaptive immune system and that the spleen appears essential to the cholinergic protection. Starting from these considerations, intriguing results could arise also from the investigation of AR-R17779 effects in another model of hapten-induced colitis, such as oxazolone colitis, where the protective effect of nicotine has already been demonstrated (Galitovskiy et al., 2011) and where natural killer T cells dictate the Th2-associated cytokine pattern with respect to the Th1 profile typical of TNBS-induced colitis (Kiesler et al., 2015). On the whole, these studies will help to clarify the relationship between α7 nAChRs-mediated protection and splenic T cells functions and its possible implications in view of a therapeutic strategy against chronic inflammatory disorders based on the utilization of selective α7 nAChRs agonists.
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AR-R17779 1.5 mg/kg (A1.5) (n = 7 independent values per group). *P < 0.05 vs. N mice; *P < 0.05 vs. CTR mice; NS: not significant vs. N and CTR mice; one-way
ANOVA + Bonferroni's post-test.
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