

[image: Substance P aggravates ligature-induced periodontitis in mice]
Substance P aggravates ligature-induced periodontitis in mice





ORIGINAL RESEARCH

published: 14 April 2023

doi: 10.3389/fimmu.2023.1099017

[image: image2]


Substance P aggravates ligature-induced periodontitis in mice


Yasir Dilshad Siddiqui 1,2†, Xuguang Nie 1†, Sheng Wang 1†, Yasaman Abbasi 1, Lauren Park 1, Xiaoxuan Fan 3, Vivek Thumbigere-Math 4 and Man-Kyo Chung 1*


1 Program in Neuroscience, Center to Advance Chronic Pain Research, Department of Neural and Pain Sciences, School of Dentistry, University of Maryland, Baltimore, MD, United States, 2 Department of Preventive Dentistry, College of Dentistry, Jouf University, Sakaka, Saudi Arabia, 3 Department of Microbiology and Immunology, Flow Cytometry Shared Service, University of Maryland School of Medicine, Baltimore, MD, United States, 4 Department of Advanced Oral Sciences and Therapeutics, University of Maryland School of Dentistry, Baltimore, MD, United States




Edited by: 

Ljubomir Vitkov, University of Salzburg, Austria

Reviewed by: 

Violetta Borelli, University of Trieste, Italy

M. Danilo Boada, Wake Forest Baptist Medical Center, United States

*Correspondence: 

Man-Kyo Chung
 mchung@umaryland.edu












†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Molecular Innate Immunity, a section of the journal Frontiers in Immunology


Received: 15 November 2022

Accepted: 23 March 2023

Published: 14 April 2023

Citation:
Siddiqui YD, Nie X, Wang S, Abbasi Y, Park L, Fan X, Thumbigere-Math V and Chung M-K (2023) Substance P aggravates ligature-induced periodontitis in mice. Front. Immunol. 14:1099017. doi: 10.3389/fimmu.2023.1099017



Periodontitis is one of the most common oral diseases in humans, affecting over 40% of adult Americans. Pain-sensing nerves, or nociceptors, sense local environmental changes and often contain neuropeptides. Recent studies have suggested that nociceptors magnify host response and regulate bone loss in the periodontium. A subset of nociceptors projected to periodontium contains neuropeptides, such as calcitonin gene-related peptide (CGRP) or substance P (SP). However, the specific roles of neuropeptides from nociceptive neural terminals in periodontitis remain to be determined. In this study, we investigated the roles of neuropeptides on host responses and bone loss in ligature-induced periodontitis. Deletion of tachykinin precursor 1 (Tac1), a gene that encodes SP, or treatment of gingiva with SP antagonist significantly reduced bone loss in ligature-induced periodontitis, whereas deletion of calcitonin related polypeptide alpha (Calca), a gene that encodes CGRP, showed a marginal role on bone loss. Ligature-induced recruitment of leukocytes, including neutrophils, and increase in cytokines leading to bone loss in periodontium was significantly less in Tac1 knockout mice. Furthermore, intra-gingival injection of SP, but not neurokinin A, induced a vigorous inflammatory response and osteoclast activation in alveolar bone and facilitated bone loss in ligature-induced periodontitis. Altogether, our data suggest that SP plays significant roles in regulating host responses and bone resorption in ligature-induced periodontitis.
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1 Introduction

Periodontitis is a common oral disease affecting over 40% of the adult population in the United States (1). It is primarily due to the result of microbial dysbiosis and the dysregulation of host inflammatory responses (2, 3). Persistent and uncontrolled inflammation in periodontitis leads to a progressive loss of periodontal tissues, including the alveolar bones that support the teeth. Alveolar bone is maintained by constant mechanical stimulation from the tooth and undergoes vigorous remodeling throughout life. Alveolar bone disruption that occurs in periodontitis is irreversible and is the primary cause of tooth loss.

The host inflammatory response to periodontal infection is regulated by a number of factors, including sensory neurons that innervate the periodontal tissues (4, 5). These sensory neurons transduce various noxious mechanical, thermal, and chemical stimuli. Among these, nociceptive afferents expressing transient receptor potential cation channel subfamily V member 1 (TRPV1), are largely peptidergic afferents that secrete a variety of neuropeptides to regulate the inflammatory process (6). Substance P (SP) and calcitonin gene-related peptide (CGRP) are the most abundant neuropeptides. Recent studies have suggested that nociceptors play a regulatory role in periodontitis (4, 5, 7). We have demonstrated that the activity of nociceptors exaggerates inflammatory tissue responses and facilitates bone loss in a mouse periodontitis model (4). Infection with pathogenic microbes leads to the activation of TRPV1 and transient receptor potential cation channel subfamily A member 1 (TRPA1), which are enriched in the peptidergic nerve terminals, and mediate the Ca2+-dependent release of neuropeptides causing neurogenic inflammation (8–10). SP and CGRP are implicated in multiple biological processes including inflammation (11, 12); however, the specific role of these neuropeptides from these nociceptive terminals in periodontitis remains to be determined.

SP was identified as an early marker for gingival inflammation in experimental periodontitis in humans (13). SP has been detected at significantly higher levels in the gingival crevicular fluid of patients with periodontitis than normal, and its level decreases after effective treatment (14–17). In contrast, CGRP is present in human gingival crevicular fluid at lower levels at sites of periodontitis than at healthy sites (18–20). Given that CGRP and SP are known to affect bone remodeling, they may serve as neurogenic factors that contribute to the regulation of host responses and alveolar bone loss in the periodontium. Therefore, in this study, we used genetically engineered mouse models to investigate the roles of neuropeptides in ligature-induced periodontitis.




2 Materials and methods



2.1 Experimental mouse models

All animal procedures were performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals (Publication 85–23, Revised 1996) and were performed according to the University of Maryland-approved Institutional Animal Care and Use Committee protocols and the ARRIVE guidelines. C57BL/6 mice, Tac1−/− (Jax, 004103), and CalcaCre/Cre mice (Jax, 033168) were obtained from the Jackson Laboratory. CalcaCre is a knock-in/knock-out line in which Cre is targeted to the first coding exon of the mouse Calca gene, and therefore homozygote knock-in mice do not express Calca. Both Tac1−/− and CalcaCre/Cre mice procreate normally. Eight-week-old male and female mice were used in each experimental group. In all assays, the animals were randomly allocated to the experimental groups. Animals were group-housed under standard conditions with ad libitum access to water and food. The experimenters were blinded for the treatment groups during the analysis of the data in each assay.




2.2 Ligature-induced periodontitis

Mice were anesthetized using ketamine/xylazine (100-150 mg/kg of ketamine and 10-20 mg/kg of xylazine). A 5-0 silk ligature was placed around the second maxillary molar (M2), which remained in place in all mice throughout the experimental period. The suture was tied gently to prevent damage to the periodontal tissue. The ligatures remained in place in all mice throughout the indicated experimental period.




2.3 Micro-focus computed tomography

The animals were anesthetized with ketamine/xylazine and euthanized via transcardial perfusion using 4% PFA (4). Maxillae were hemisected and micro-focus computed tomography (µCT) images were obtained using a Siemens Inveon Micro-PET/SPECT/CT (Siemens, Ann Arbor, MI) at a 9 µm spatial resolution. Siemens Inveon Research Workplace 4.2 software was used for image acquisition and processing, 2-D and 3-D image viewing, and quantitative analysis. Unless otherwise indicated, bone loss was evaluated from the buccal side. To assess the levels of periodontal bone loss, four linear measurements were taken following 3-D reconstruction of the µCT scans. Bone loss was evaluated on the distal side of the distobuccal root of the first molar (M1), the mesial side of the mesiobuccal root of the second molar (M2), the distal side of the distobuccal root of M2, and the distal side of the distobuccal root of the third molar (M3). Unless otherwise indicated, distances from the cement-enamel junction (CEJ) to the most apical site of bone destruction were measured. Four measurements were averaged to obtain the distance from the CEJ.




2.4 Tissue processing and immunohistochemistry

Immunohistochemical assays of the trigeminal ganglion (TG) and maxillae were performed as previously described (4, 21–23). Maxillae were decalcified in 0.5M Ethylenediaminetetraacetic acid (EDTA) in PBS (pH 7.4) over the course of 14 days. Tissue processing was performed at the Histology Core at the University of Maryland School of Medicine for paraffin embedding and the tissues were sectioned at 5 µm. Some tissues were cryoprotected and cryosectioned at a thickness of 12 µm for TG and 30 µm for the decalcified maxillae. Immunohistochemical assays were performed using rat anti-substance P (Sigma-Aldrich, #MAB356), rabbit anti-TRPV1 (kindly provided by Dr. Michael Caterina at Johns Hopkins University), anti-CGRP (Millipore, #C7113, rabbit or Penninsula lab, guinea pig). pan-cytokeratin (BLD, #914204; mouse), and rabbit anti-CD45 (abcam, #ab10558; rabbit). The specificity of the anti-TRPV1 and anti-CGRP was previously verified (24, 25). SP primary antibody was validated by using Tac1-/- mice. The sections were further incubated with appropriate secondary antibodies for two hours at room temperature. Tooth sections were stained with 4’,6-diamidino-2-phenylindole (DAPI) to visualize the cellular nuclei.




2.5 Tartrate-resistant acid phosphatase (TRAP) staining

Maxillae were fixed overnight with 4% paraformaldehyde at 4°C and decalcified in 0.5M ethylenediaminetetraacetic acid (EDTA) for two weeks at room temperature. The decalcified tissues were dehydrated, embedded in paraffin, and sectioned into 5 µm slices. TRAP and alkaline phosphatase (ALP) staining was conducted using a commercial kit (#29467001; Fujifilm Wako Pure Chemical Corporation, Richmond, VA, USA), following the manufacturer’s protocol, with some modifications. Briefly, deparaffinized and rehydrated sections were incubated in acetate-tartaric acid buffer containing naphthol ASMX phosphate and Fast Red TR (TRAP substrate). The staining process was monitored until the color reaction became distinct. After washing, tissues were counterstained with the nuclear staining solution. In an experiment, ALP staining was performed together with TRAP staining, but it was not quantified. Digital images were scanned using an Aperio scanning system (Leica, Wetzlar, Germany). To quantify the numbers of osteoclasts in the interradicular alveolar bone surface, we selected images showing the tooth roots of both the first and second molars and the second and third molars. Dense, purple-colored, TRAP-stained multinucleated osteoclasts on the surface of bone between the roots from two teeth were counted. The number of osteoclasts from each region was normalized to the perimeter of the bone surface assessed, to calculate the number of osteoclasts per millimeter (TRAP+ cells/mm) of each sample.




2.6 Retrograde labeling of periodontal afferents

In C57BL/6 mice anesthetized with ketamine/xylazine, fluoro-gold (FG) (Fluorochrome LLC, Denver, CO, USA) was injected into the gingiva around the maxillary first molar to retrogradely label the periodontal afferents in the TG as described previously (23). FG was dissolved in 0.9% saline at a concentration of 4%. A 50 μl Hamilton syringe was used to slowly inject 5 μl of tracer into five sites (1 μl per site) on the gingiva around the distobuccal groove, buccal groove, mesial groove, palatal groove, and the distopalatal groove of the first maxillary molar. On seven days after injection, the ligature was placed around the maxillary first molar. The unligatured side was used as control. After two weeks, the mice were euthanized by transcardial perfusion for further histological study. After performing IHC, the FG signal was identified under a gold filter (11006v2, Chroma, Bellows Falls, VT, USA). We used Image J to calculate the surface area of the cells. We followed the criteria for neuronal size classification (small, < 300 μm2; medium, 300 to 600 μm2; large, > 600 μm2) (22, 26).




2.7 Flow cytometry

Mice were anesthetized using ketamine/xylazine and transcardial perfusion was performed using >20 ml PBS to flush out the immune cells from the vasculature. To dissect out the gingival blocks, vertical incisions were made immediately anterior to the maxillary M1 and posterior to the M3, and horizontal incisions were made at the border of the gingiva on both the buccal and palatal sides. Gingival tissues from the unligatured side were used as controls. The gingival tissues were processed as previously described (4, 27). The gingival tissues were digested in a mixture of 3.2 mg/ml type IV collagenase (Invitrogen, 17104019) and 0.15 μg/ml DNase (Sigma, DN25) in media for 25 min at 37°C with gentle shaking. Then EDTA was added to a final concentration of 2 mM, and the solution was incubated for 5 min. The enzymes were prepared in a complete media containing RPMI with 2 mM L-glutamine, 100 units/ml penicillin, 100 µg/ml streptomycin, and 10% fetal bovine serum. The enzyme-digested gingival tissues and media were mashed through a cell strainer with a pore size of 70 μm, and additional cold DNase media was added. The cell suspension was centrifuged at 4°C, at 314×g for 6 min, and the pellet was resuspended in 100 µl cold PBS containing 0.5% FBS. Gingival tissues and single cell suspensions obtained from two separate mice in the same experimental group were pooled for one flow cytometry experiment. Single cell suspensions obtained from two separate mice in the same experimental group were pooled for one flow cytometry experiment. CD45-PE, CD11b-BV421, and Ly6G-PE-Cy7 antibodies were used to identify neutrophils. Flow cytometry analysis was performed within 2 hours on Cytek Aurora flow cytometer (3 lasers: 405nm, 488nm, 640nm; Cytek Biosciences, San Jose, CA, USA). The spectral data were unmixed based on single color compensation beads controls and analyzed using FCS Express 7 software (De Novo Software, Pasadena, CA, USA). Neutrophils were defined by 7-AAD-/CD45+/Ly6G+/CD11b+. Percentages of each cell population in live, single cells were calculated for comparisons between groups.




2.8 Gingival injection of the drugs

Gingival injections of drugs were performed using an insulin syringe with a 31G needle under isoflurane anesthesia. SP (Sigma-Aldrich, # S6883; 1 µg/site), QWF (Tocris, #6645; 2 µg/site), neurokinin A (NKA; MilliporeSigma, # 86933746; 1 µg/site) or vehicles (PBS or dimethyl sulfoxide) were injected into the proximal and distal areas of the gingiva around M2.




2.9 Luminex multiplex assay

The mice were euthanized following anesthesia with ketamine/xylazine, and maxillae, including the gingiva, alveolar bone, and three molars, were dissected out. Whole tissues were ground in a buffer (210 µl; 50 mM Tris, 2 mM EDTA pH 7.5) containing a protease/phosphatase inhibitor cocktail (5872S; Cell Signaling Technology, Danvers, MA, USA) using a tissue grinder (Pyrex PTFE Pestle Tissue Grinder with Steel Shaft). After spinning down for 5 min at 1000 g at 4°C, the supernatant was collected and frozen on dry ice. Luminex multiplex cytokine assays were performed using Mouse Luminex Discovery Assay Kits (R&D Systems, Minneapolis, MN, USA) and a Luminex 100 Multi-analyte System (Luminex, Chicago, IL, USA).




2.10 Quantification and statistical analysis

All data are presented as mean ± SEM. The data were analyzed using Student’s t-tests, a one-way ANOVA, and a two-way ANOVA followed by post hoc assays, as indicated in the figure legends, using GraphPad Prism 7 (GraphPad Software, San Diego, California USA). Comparisons of distributions of neuronal sizes between two groups were performed using Mann-Whitney test. A value of P< 0.05 was considered statistically significant.





3 Results



3.1 Tac1 knockout mice show reduced bone loss in periodontitis

A subset of TG neurons retrogradely labeled from gingiva expressed SP, CGRP, and TRPV1 (Figures 1A, B). The FG-labeled gingival TG neurons were largely small- (52.4%) or medium- (42.2%) sized neurons with only a few large-sized neurons (5.4%) (Figure 1C). We previously showed that 23% of TG neurons retrogradely labeled from gingiva expressed CGRP, which is highly co-expressed with TRPV1 (23). Approximately 15% of the FG-labeled neurons express SP or TRPV1, and approximately 10% of the labeled neurons co-express SP and TRPV1. The majority of SP+, CGRP+, or TRPV1+ neurons were small-sized neurons (Figure 1D). FG+/SP+ neurons were significantly larger than FG-negative SP+ neurons (red). FG+/TRPV1+ neurons were also significantly larger than FG-negative TRPV1+ neurons (blue). In contrast, FG+/CGRP+ neurons were not significantly different from FG-negative CGRP+ neurons (green). However, the size distribution of FG+/SP+ and FG+/CGRP+ neurons were not significantly different. SP+ nociceptive afferents abundantly project to the gingiva and periodontal ligaments (Figures 1E, F). In contrast, SP was undetectable in Tac1 KO mice, confirming SP deficiency in this line. CGRP+ nociceptive terminals were also detected from periodontia (Figure 1G). These data suggest that SP+ or CGRP+ afferents represent a subpopulation of sensory neurons innervating periodontal tissues.




Figure 1 | Substance P and CGRP is expressed in small to medium-sized gingival afferents. (A) Representative images of immunohistochemical labeling of TRPV1 (red) and substance P (SubP; green) in trigeminal ganglia (TG). Periodontal afferents were labeled by Fluoro-gold (FG), a retrograde tracer, injected into the gingiva around the maxillary second molar. White arrowheads indicate examples of FG+/TRPV1+/SP+ neurons in TG sections. The yellow arrowhead indicates an example of FG+/TRPV1+/SP-negative neuron. The arrow indicates FG-negative TRPV1+/SP+ neuron. Scale bar, 50 µm. (B) Representative images of immunohistochemical labeling of TRPV1 (red) and CGRP (green) in TG retrogradely labeled by FG from gingiva. The white arrowhead indicates an example of FG+/TRPV1+/CGRP+ neuron. Scale bar, 50 µm. (C) Size distribution of FG-labeled gingival afferents (1,234 neurons from five TG). (D) Violin plots comparing the size distribution of FG+ or FG-negative SP+ (red), CGRP+ (green), or TRPV1+ (blue) neurons. N=159, 231, 75, 219, 147, and 257 neurons. ****p<0.0001 in Mann-Whitney test. NS, not significant. (E–G) Immunohistochemical labeling of SP (green; E, F), CGRP (red; G) and DAPI (blue) in decalcified periodontia of Tac1 KO or WT mice (E, F) or C57bl/6 (G) mice. B, bone; G, gingiva; P, periodontal ligament; T, tooth. Scale bar, 50 µm. NS, not significant.



To determine functional roles of SP and CGRP, encoded by Tac1 and Calca gene respectively, we used Tac1 and Calca knockout mice for ligature-induced periodontitis experiments. Tac1 knockout (KO) mice (Tac1-/-) were viable and exhibited a hypoalgesia phenotype (28). We first examined ligature-induced bone loss in the Tac1 KO mice via µCT. Two weeks after placing the ligature, wild type (WT) mice showed remarkable alveolar bone loss in both the buccal and palatal sides as indicated by a decrease in alveolar bone height, as well as buccal bone plate disruption (Figures 2A–C). In contrast, Tac1 KO mice exhibited an obviously reduced loss of the alveolar bones compared to WT controls. Specifically, alveolar bone height reduction and buccal bone disruption were less severe, and the buccal bone plate showed fenestration rather than complete resorption on the crest (Figures 2B, C). Consequently, the distance from CEJ to buccal alveolar bone crest (B-Crest) was significantly less in Tac1 KO than WT, although the distance from CEJ to the most apical site of bone destruction (B-max) was not significantly different. Bone loss in palatal side was also significantly less in Tac1 KO than WT. In histological sections, bone loss was more prominent in WT than in Tac1 KO after ligature, whereas alveolar bone without ligature was comparable (Figure 2D). Different extent of bone loss between genotypes are unlikely due to the different extent of mucosal damage since cytokeratin-expressing gingival epithelia were comparable (Figure 2E).




Figure 2 | Knockout of Tac1 reduces ligature-induced bone loss. (A) Time course of the experiments. Mx, Maxilla; Lt, left side ligature. (B) µCT examination of the effect of Tac1 KO on bone loss two weeks after ligature placement. Arrowhead, fenestration of buccal alveolar bone on the distobuccal root of M2. Scale bar, 1 mm. (C) Quantification of bone loss. *p < 0.05, **p<0.01 in Student’s t-tests. N=9 in WT and 8 in KO. (D) H&E staining of decalcified periodontia of WT and Tac1 KO with (bottom) or without ligature (top). Scale bar, 200 µm. (E) Immunohistochemical labeling of pan-cytokeratin (red) in WT and Tac1 KO 5 days after ligature. Blue, DAPI. Scale bar, 200 µm. Lig, ligature. (F) Violin plots comparing the frequency distribution of FG+ neuronal areas in TG from C57bl/6 mice in control and ligature side (N=1,234 neurons from five TG in control; N=779 from four TG in ligature group). Solid line within the plot, median; dotted lines, quartiles. *p<0.05 in Mann-Whitney test. (G) Proportions of SP+, TRPV1+, or SP+/TRPV1+ neurons among FG+ TG neurons in the control (Con) and the ligature (Lig) group. Each point indicates a proportion in a ganglion. N=5 in the control and 4 in the ligature group. 151 to 428 FG-labeled neurons per ganglia were quantified. (H) Violin plots comparing the size distribution of FG+/SP+ (black), FG+/TRPV1+ (red), or FG+/SP+/TRPV1+ (blue) neurons in the control (Con) or the ligature (Lig) group (N=159, 106, 147, 118, 111, and 85 neurons). Solid line within the plot, median; dotted lines, quartiles. * p<0.05; **p<0.01 in Mann-Whitney test.



We assessed if ligature-induced periodontitis produces changes in SP or TRPV1 expression in TG. The retrogradely labeled FG+ TG neurons from mice with ligature showed a slight but significant increase in neuronal sizes compared to controls (Figure 2F). The proportions of FG+/SP+ neurons, FG+/TRPV1+ neurons, or FG+/SP+/TRPV1+ neurons were not significantly different between the control and the ligature group (Figure 2G), suggesting that altered expressions of SP or TRPV1 in gingival afferents are not major contributors to the nociceptor regulation of periodontitis. Interestingly, the size distributions of FG+/SP+, FG+/TRPV1+, or FG+/SP+/TRPV1+ neurons were significantly larger in the ligature group than in controls, although the extent of such changes was modest (Figure 2H).




3.2 Calca deletion shows a marginal role in bone loss in periodontitis

Since CGRP is another type of neuropeptide abundantly expressed in nociceptors, we therefore also examined the involvement of CGRP in ligature-induced bone loss by using Calca KO mice that are deficient of CGRP (Figure 3). We found that ligature-induced bone loss in Calca KO mice was comparable to WT, suggesting that net effects of global knockout of CGRP may not significantly impact bone resorption in periodontitis.




Figure 3 | Knockout of Calca does not affect ligature-induced bone loss. (A) Time course of the experiments. (B) µCT analysis of bone loss one week after ligature placement in CalcaCre/Cre, in which Cre is knocked into the locus of Calca without expression of Calca. Scale bar, 1 mm. (C) Quantification of bone loss. N=5 per group. ns, not significant.






3.3 Tac1-encoded neuropeptides modulate osteoclast activation and host immune responses in periodontitis

In agreement with reduced bone loss, TRAP staining revealed that osteoclast numbers outlining the bone surfaces were also decreased in Tac1 KO mice in comparison to controls. These histological studies were conducted five days after ligature placement, when osteoclasts and bone resorption were more actively ongoing than at the two-week time point (Figures 4A–D). Osteoclasts activities were comparable between genotypes without ligature (Figure 4E). In ligature groups, ALP activities were observed along the bone surfaces in both Tac1 KO and WT mice in comparable extents, suggesting that Tac1 KO did not substantially affect the bone formation process (Figure 4F).




Figure 4 | Knockout of Tac1 reduces ligature-induced activation of osteoclasts. (A) Time course of the experiments. (B) TRAP staining five days after ligature placement in Tac1 KO and WT mice. Lig, ligature; M2, second molar; M3, third molar. Scale bar, 500µm. (C) Magnified view of the insets in (A) Scale bar, 100µm. (D) Quantification of TRAP+ cells. **p < 0.01 in Student’s t-tests. N=6 per group. (E) TRAP staining of periodontia without ligature in WT and Tac1 KO mice. Scale bar, 200µm. (F) Alkaline phosphatase staining in Tac1 KO and WT mice. Scale bar, 100µm. AB, alveolar bone; Lig, ligature; P, periodontal ligament.



Given that the regulation of host responses by neuropeptides underlies the neural regulation of barrier tissue functions, we further investigated the role of Tac1 in the recruitment of immune cells to sites of periodontitis. We performed flow cytometry assays using cells collected from gingiva with and without ligature in WT and Tac1 KO mice. The proportion of total CD45+ leukocytes (Figure 5A) and neutrophils (Figure 5B) were significantly greater in periodontia from the ligature side than from the control side in WT mice. In comparison, the proportion of ligature-induced total CD45+ leukocytes and neutrophils were significantly reduced in Tac1 KO mice compared to WT (Figures 5C, D). Consistently, immunohistochemical labeling of CD45 in periodontia with ligatures also demonstrated limited recruitment of CD45+ cells in Tac1 KO mice relative to controls (Figure 5). Furthermore, cytokines associated with inflammatory responses, such as tumor necrosis factor, interleukin 1β, and receptor activator of nuclear factor kappa- Β ligand (RANKL), were significantly lower in the periodontia of Tac1 KO mice than WT (Figure 6). Altogether, these results indicate that Tac1 KO mice exhibit reduced host response in ligature-induced periodontitis and suggest that SP is a major neurogenic regulator of host immune responses and alveolar bone loss in periodontitis.




Figure 5 | SP knockout reduces ligature-induced host responses at the site of periodontitis. (A, B) Flow cytometry was performed to identify the proportion of immune cells in single-cell suspensions from gingiva in control (Con; a-b) or ligature side (Ligature; c-d) in WT or Tac1 KO mice two weeks after ligature placement. The percentage in each plot represents the fraction of the given cells out of live, single cells in each sample. Examples of total CD45+ leukocytes (A) and neutrophils (B) in WT/control, KO/control, WT/ligature, and KO/ligature groups are shown. (C, D) Proportions of CD45+ or neutrophils in live, single cells in each sample are plotted. ****p <0.0001 in Sidak post hoc tests following one-way ANOVA. N=6 per group. (E) Immunohistochemical labeling of CD45 in a periodontium under ligature (Lig; yellow dotted line) in WT or Tac1 KO mice two weeks after placing the ligature. Scale bar, 50 µm. B, alveolar bone; Lig, ligature.






Figure 6 | SP knockout decreases proinflammatory cytokines in periodontium. (A) Time course of the experiment. Luminex assay for measuring tumor necrosis factor (TNF; B), interleukin 1β (IL1βγ C) and receptor activator of nuclear factor kappa- Β ligand (RANKL; D) in periodontia from WT or Tac1 KO mice. The mice were euthanized two weeks after placing the ligature. *p<0.05; ***p<0.0005; ****p<0.0001. N=8 per group.






3.4 Exogenous SP, but not NKA, induces inflammatory responses and promotes ligature-induced bone loss

Since Tac1 encodes both SP and NKA and both are detected in human gingiva crevicular fluid (17, 29), we determined if local injection of exogenous SP or NKA into gingiva is sufficient to induce osteoclastic activities and gingival inflammation. Results showed that injections of SP alone without periodontal ligature increased the number of osteoclasts along the bone surfaces of the injected areas (Figures 7A–C). Moreover, infiltration of CD45+ cells was also increased in SP-injected areas compared to vehicle-injected areas (Figures 7D–F). In contrast, the injection of exogenous NKA did not induce the osteoclast activity (Figures 8A–C) or CD45+ cell infiltration (Figures 8D, E). These results support the idea that Tac1 KO phenotypes inducing the inflammatory responses and osteoclasts activation are dominantly mediated by SP, but not by NKA.




Figure 7 | Exogenous injection of SP is sufficient to activate osteoclasts and to recruit immune cells in periodontium. (A) Time course of the experiment. (B) TRAP staining in substance P (SP; 1 µg/site)- or vehicle (Veh) injected into a periodontium. Scale bar, 100 µm. (C) Quantification of TRAP+ cells of the injected periodontia. *, p<0.05 in Student’s t-test. N=4 mice per group. (D) Immunofluorescence for CD45 in a periodontium injected with Veh or SP. Scale bar, 100µm. B, bone; GE, gingival epithelium. (E) Magnified view of the insets in panel (D) Scale bar, 30µm. (F) Quantification of CD45+ cells. Percentage of the number of CD45+ cells among DAPI+ cells in gingival epithelium and connective tissues within 600 µm distance to tooth surface was calculated. ***p<0.0001 in Student’s t-test. N=4 mice per group.






Figure 8 | Exogenous injection of neurokinin A is not sufficient to activate osteoclasts and to recruit immune cells in periodontium. (A) Time course of the experiment. (B) TRAP staining in neurokinin A (NKA; 1 µg/site)- or vehicle (Veh) injected into a periodontium. Scale bar, 100 µm. (C) Quantification of TRAP+ cells of the injected periodontia. N=6 mice per group. P>0.4 in Student’s t-test. N=6 mice per group. (D) Immunofluorescence for CD45 in periodontia injected with Veh or NKA. Scale bar, 100µm. B, bone; GE, gingival epithelium. (E) Quantification of CD45+ cells. Percentage of the number of CD45+ cells among DAPI+ cells in gingival epithelium and connective tissues within 600 µm distance to tooth surface was calculated. P>0.7 in Student’s t-test. N=5 mice per group.



To further test the roles of exogenous SP in periodontitis, we examined ligature-induced bone loss in mice with local injections of SP or vehicle (Figure 9). Consistently, the SP-injected group demonstrated more vigorous bone resorption compared to the Veh-injected group.




Figure 9 | Exogenous substance P aggravates ligature-induced periodontitis. (A) Time course of the experiment. Under isoflurane anesthesia, SP (1 µg/site) or vehicle (PBS) was injected twice a day into two sites in the gingiva around the maxillary second molar; one site between the first and second molars, and the other site between the second and third molars) for five days after placing the ligature. (B) µCT examination of a periodontium five days after ligature placement with Veh or SP injection. Scale bar, 1 mm. (C) Quantification of bone height loss. ****p<0.0001 in Student’s t-test. N=5 per group. CEJ, cement-enamel junction.






3.5 Pharmacological inhibition of SP receptors decreases ligature-induced bone loss resembling Tac1 KO mice

We also determined the effects of inhibiting SP receptors in the periodontium by performing gingival injections of QWF, a tripeptide SP antagonist, or vehicle with periodontal ligature (Figures 10A–D). Results showed that QWF injection significantly decreased bone loss compared to the vehicle injection, which is consistent with the effects of Tac1 KO.




Figure 10 | Substance P receptor antagonist reduces ligature-induced periodontitis. (A) Time course of the experiment. Under isoflurane anesthesia, QWF (2 µg/site) or vehicle (PBS) was injected twice a day into two sites in the gingiva around the maxillary second molar; one site between the first and second molars, and the other site between the second and third molars) for 14 days after placing the ligature. (B) µCT examination of a periodontium with vehicle or QWF injection. Scale bar, 1 mm. Dotted lines represent the measurements. (C) Quantification of bone loss. *p<0.05 in Student’s t-test. (D) Representative images of H&E stained sagital sections. N=8 per group.







4 Discussion

It has been suggested that there are neural regulatory mechanisms for bone homeostasis, with sensory neurons playing an important role in regulating bone metabolism and remodeling (30, 31). Dysregulation of neural activity is involved in a number of pathological conditions affecting the skeletons. Recently, we showed that chemical ablation of nociceptors by resiniferatoxin (RTX) or chemogenetic silencing of TRPV1-lineage afferents reduced bone loss in a periodontitis mouse model (4). Here, we have further demonstrated that periodontal ligature applied to Tac1 KO mice reduces alveolar bone loss, activation of osteoclasts, the recruitment of inflammatory cells to the periodontium, and cytokine levels. These results fully recapitulate the phenotype of mice with RTX induced-ablation or chemogenetic silencing of nociceptors. Moreover, we have shown that SP injections alone are sufficient to induce robust inflammation and bone resorption in the periodontium, while local pharmacological inhibition of SP receptors in gingiva decreases bone loss. Altogether, our data indicate that  nociceptor Mediated SP signaling plays an important role in regulating bone resorption in periodontitis. In contrast, while CGRP has been suggested as an anabolic regulator of alveolar bone loss through in vitro assays (7), we found that Calca KO mice did not show significant differences in alveolar bone loss in vivo. We assume that CGRP-mediated anabolic effects are overwhelmed by the catabolic effects of SP, and the simultaneous release of SP and CGRP from nociceptor terminals induces a net increase in bone loss.

Retrograde labeling of gingival afferents showed that >90% of gingival afferents are small to medium-sized neurons. This is in contrast with pulpal afferents, in which large-sized neurons are highly enriched (49%) (22). Our previous (23) and the current study showed that 23% and 15% of gingival afferents express CGRP and SP, respectively. Therefore, it would be reasonable to estimate that approximately a quarter of gingival afferents are peptidergic afferents. The proportion of the SP+ or TRPV1+ gingival afferents was not changed after placing the ligature. Inflammation of masseter muscle produced by complete Freund’s adjuvant upregulates the expression of SP and TRPV1 in TG whereas orthodontic tooth movement of the maxillary first molar does not induce such changes (32, 33). Therefore, upregulation of SP and TRPV1 in TG may be context dependent and the extent of tissue inflammation produced by ligature is not as strong as masseter inflammation. The analysis of size distribution showed that SP+ and TRPV1+ gingival afferents were larger than SP+ and TRPV1+ non-gingival (unlabeled) TG neurons, whereas CGRP+ gingival afferents were not different from CGRP+ non-gingival afferents. The size distributions of SP+ and CGRP+ peptidergic afferents were not significantly different. Comparing the size distributions between the control and the ligature group, SP+ or TRPV1+ gingival afferents were modestly shifted toward a larger range in the ligature group. These results suggest that gingival SP+ and TRPV1+, but not CGRP+, afferents are uniquely larger than non-gingival afferents, and the placement of ligature may upregulate SP and TRPV1 in medium-sized neurons. Alternatively, given the finding that the distribution of the entire FG+ neuronal sizes was also shifted in the ligature group, one possibility is that the harmful effects of retrograde labeling dye (e.g (34),) lead to the degeneration of a subset of small-sized TG neurons, which might be aggravated by the ligature-induced inflammation. Further studies using independent approaches (e.g., different chemical or viral tracers) may clarify it. Nonetheless, given the modest extent of changes, we presume that altered expressions of SP or TRPV1 in gingival afferents are not major contributors to the nociceptor regulation of periodontitis.

The Tac1 gene (also known as PPT-1 or PPT-A) encodes both SP and NKA (29). Tac1 produces multiple isoforms of mRNA transcripts through alternative splicing, which further produces SP and NKA via post-translational modification. SP and NKA are co-synthesized and co-released from sensory neurons and are both implicated in periodontitis (14, 15). Therefore, our data using Tac1 KO mice suggests that both SP and NKA are involved in the regulation of periodontal bone loss. Untangling the relative roles of Tac1-encoded SP and NKA in biological processes is challenging. As SP and NKA preferably bind to the G-protein linked NK1 receptor (NK1-R) and the NK2 receptor (NK2-R) respectively, and both receptors demonstrate broad expressions in periodontal tissues, specific inhibition of NK1-R and NK2-R may indicate the respective contributions of SP and NKA. Indeed, our data using QWF, an efficacious inhibitor of NK1-R, does suggest the dominant contribution of SP in periodontal bone loss. Furthermore, direct injection of SP, but not NKA, into gingiva was sufficient to produce immune cell recruitments and osteoclastic activation, which supports the dominant role of SP compared to NKA. These data suggest that specific NK1-R antagonists, such as FDA-approved anti-emetic Aprepitant (35), might be considered as a supplemental therapeutic approach to delay the development or progression of periodontitis.

NK1-R is broadly expressed in both immune and bone cells, and SP may, therefore, directly regulate the inflammatory process and bone remodeling under physiological and pathological conditions (36–38). SP enhances both osteogenesis and bone resorption in vitro (39–41). SP increases differentiation of osteoblasts and increases osteogenic activity at low concentration (39). Consistently, Tac1 KO mice show reduced bone volume and trabecular number/thickness in femur (42). At the higher concentrations that are likely detected at the site of injury or inflammation, SP enhances differentiation and resorptive activity of osteoclasts (39, 43, 44). Our results suggest that Tac1 deficiency does not globally influence alveolar bone without ligature but protects bone loss following ligature placement. Therefore, SP-induced osteoclast accumulation and differentiation may significantly contribute to the bone loss seen in periodontitis. In addition to NK1R, SP also binds to the mast cell surface receptor MRGPRB2 to activate mast cells, which play a significant role in the inflammatory process—including periodontitis (38, 45). Therefore, neural-mast cell interactions could lead to the regulation of the progression of periodontitis. In future studies, an analysis of the relative roles of NK1-R, NK2-R, and MRGPRB2 in periodontitis would be a rational approach to provide mechanistic insight into SP’s regulation of periodontal bone loss.

Aside from nociceptors, SP expression has also been reported in many other tissues, including inflammatory cells in periodontitis models (12, 44). However, these results should be interpreted with caution, as many SP antibodies may also detect other members of the tachykinin family (36, 46). A study using RNA in situ hybridization has demonstrated that SP is only expressed in a highly restricted number of cells (aside from neurons) during the inflammatory process (46). Therefore, we believe nociceptors remain the primary source of SP release in periodontitis, particularly at an early stage of inflammation.

In the current study, we did not attempt to identify the upstream signal which trigger the release of SP from afferent terminals under periodontitis. TRPA1 and TRPV1 are largely co-expressed in nociceptors and are both involved in various inflammatory processes (5). Tissue inflammation generates putative endogenous agonists of TRPV1 and TRPA1, such as byproducts of oxidative stress (47, 48). Inflammatory mediators such as prostaglandin E2 or bacterial toxins such as P. gingivalis-derived lipopolysaccharides can activate or sensitize TRPV1 and TRPA1 (49–51). TRPA1 activation then evokes SP secretion in dorsal root ganglion neurons (52). Therefore, it is possible that periodontitis-induced TRPV1/TRPA1 signaling triggers SP secretion from nociceptors in ligature-induced periodontists. Interestingly, however, TRPV1 KO mice have previously been reported to increase ligature-induced bone loss (7). One possibility is that the global KO of TRPV1 affects the function of osteoclasts, which may express functional TRPV1 (53, 54). Conditional KOs of TRPV1 specific to sensory neurons should reveal the relative contributions of neuronal and osteoclastic TRPV1.

Despite the substantial contributions of the peptidergic nociceptive afferents to periodontitis, it is puzzling that chronic periodontitis is not usually accompanied by pain. The molecular mechanisms of such painless periodontitis are not well understood but might involve a multitude of unique bacteria-host responses in periodontitis (55, 56). For example, mechanical hyperalgesia in gingiva does not occur by inoculating P. gingivalis, which is due to the inhibition of macrophages by CXCR4 in gingiva (57). Interestingly, lipopolysaccharides from P. gingivalis increase interleukin-10, an anti-inflammatory cytokine, upon injection into the skin (58). Further studies are warranted to determine the unique interactions of periodontal bacteria and the nociceptive system. Potential site-specific mechanisms of nociceptor regulation of local immunity and their contributions to the progression of alveolar bone pathology are also highly intriguing. While our data support the role of SP+ nociceptive afferents in aggravating marginal periodontitis, Nav1.8-expressing nociceptors, which include a substantial proportion of peptidergic nociceptors, show the opposite regulation of apical periodontitis (59). Besides nociceptive afferents, we do not exclude the potential roles of other neurochemically distinct subpopulations of gingival afferents in the alveolar bone remodeling in periodontitis. For example, glutamate is known to regulate bone homeostasis (60), and gingival afferents expressing glutamate, but not CGRP or SP, can regulate periodontal bone loss. These potential mechanisms of neural regulations of alveolar bone remodeling need to be further explored in the future.

In summary, we suggest that SP from nociceptors is a neuroimmune axis that modulates host responses and periodontitis-induced bone loss. Therefore, manipulating this axis, e.g., by localized inhibition of SP signaling in affected gums, could provide novel therapeutic approaches for treating periodontitis that supplement conventional therapies.





Data availability statement

The original contributions presented in the study are included in the article/supplementary materials. Further inquiries can be directed to the corresponding author.





Ethics statement

The animal study was reviewed and approved by University of Maryland Baltimore Institutional Animal Care and Use Committee.





Author contributions

SW, YS, XN, VT-M, and M-KC conceived the study. SW, XN, VT-M, XF, YA, and M-KC designed the experiments. SW, YS, XN, YA, LP, and XF collected and analyzed the data. SW, XN, YS, VT-M, XF, YA, LP, and M-KC interpreted the results. YS, XN, and M-KC prepared the manuscript, and other authors critically read and commented on the manuscript. M-KC supervised all aspects of the project. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by the National Institutes of Health grants R01 DE027731 and R35 DE030045 to M-KC, R00 DE028439, R03 DE029258, R56 DK131277, start-up funds from the University of Maryland School of Dentistry to VT-M, and National Cancer Institute-Cancer Center Support Grant P30 CA134274 and the Maryland Department of Health’s Cigarette Restitution Fund Program to XF.




Acknowledgments

The authors thank Ms. Sinu Kumari for her technical assistance and Dr. Sathish Kumar for help with the analysis of flow cytometry data.





Conflict of interest

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





References

1. Eke, PI, Dye, BA, Wei, L, Thornton-Evans, GO, Genco, RJ, and Cdc Periodontal Disease Surveillance workgroup, GDRP. James Beck, prevalence of periodontitis in adults in the united states: 2009 and 2010. J Dent Res (2012) 91:914–20. doi: 10.1177/0022034512457373

2. de Vries, TJ, Andreotta, S, Loos, BG, and Nicu, EA. Genes critical for developing periodontitis: Lessons from mouse models. Front Immunol (2017) 8:1395. doi: 10.3389/fimmu.2017.01395

3. Lamont, RJ, Koo, H, and Hajishengallis, G. The oral microbiota: Dynamic communities and host interactions. Nat Rev Microbiol (2018) 16:745–59. doi: 10.1038/s41579-018-0089-x

4. Wang, S, Nie, X, Siddiqui, Y, Wang, X, Arora, V, Fan, X, et al. Nociceptor neurons magnify host responses to aggravate periodontitis. J Dent Res (2022) 101:812–20. doi: 10.1177/00220345211069956

5. Lundy, FT, and Linden, GJ. Neuropeptides and neurogenic mechanisms in oral and periodontal inflammation. Crit Rev Oral Biol Med (2004) 15:82–98. doi: 10.1177/154411130401500203

6. Chung, MK, Jung, SJ, and Oh, SB. Role of TRP channels in pain sensation. Adv Exp Med Biol (2011) 704:615–36. doi: 10.1007/978-94-007-0265-3_33

7. Takahashi, N, Matsuda, Y, Sato, K, de Jong, PR, Bertin, S, Tabeta, K, et al. Neuronal TRPV1 activation regulates alveolar bone resorption by suppressing osteoclastogenesis via CGRP. Sci Rep (2016) 6:29294. doi: 10.1038/srep29294

8. 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(11):1435–1443. doi: 10.1038/s41590-019-0493-z

9. Lai, NY, Musser, MA, Pinho-Ribeiro, FA, Baral, P, Jacobson, A, Jacobson, A, Ma, P, et al. Gut-innervating nociceptor neurons regulate peyer's patch microfold cells and SFB levels to mediate salmonella host defense. Cell (2020) 180:33–49 e22. doi: 10.1016/j.cell.2019.11.014

10. Pinho-Ribeiro, FA, Baddal, B, Haarsma, R, O'Seaghdha, M, Yang, NJ, Blake, KJ, et al. Blocking neuronal signaling to immune cells treats streptococcal invasive infection. Cell (2018) 173:1083–1097 e22. doi: 10.1016/j.cell.2018.04.006

11. Campos, MM, and Calixto, JB. Neurokinin mediation of edema and inflammation. Neuropeptides (2000) 34:314–22. doi: 10.1054/npep.2000.0823

12. Suvas, S. Role of substance p neuropeptide in inflammation, wound healing, and tissue homeostasis. J Immunol (2017) 199:1543–52. doi: 10.4049/jimmunol.1601751

13. Scott, AE, Milward, M, Linden, GJ, Matthews, JB, Carlile, MJ, Lundy, FT, et al. Mapping biological to clinical phenotypes during the development (21 days) and resolution (21 days) of experimental gingivitis. J Clin Periodontol (2012) 39:123–31. doi: 10.1111/j.1600-051X.2011.01825.x

14. Linden, GJ, McKinnell, J, Shaw, C, and Lundy, FT. Substance p and neurokinin a in gingival crevicular fluid in periodontal health and disease. J Clin Periodontol (1997) 24:799–803. doi: 10.1111/j.1600-051X.1997.tb01192.x

15. Tuncer, LI, Alacam, T, and Oral, B. Substance p expression is elevated in inflamed human periradicular tissue. J Endod (2004) 30:329–32. doi: 10.1097/00004770-200405000-00006

16. Hanioka, T, Takaya, K, Matsumori, Y, Matsuse, R, and Shizukuishi, S. Relationship of the substance p to indicators of host response in human gingival crevicular fluid. J Clin Periodontol (2000) 27:262–6. doi: 10.1034/j.1600-051x.2000.027004262.x

17. Lundy, FT, Mullally, BH, Burden, DJ, Lamey, PJ, Shaw, C, and Linden, GJ. Changes in substance p and neurokinin a in gingival crevicular fluid in response to periodontal treatment. J Clin Periodontol (2000) 27:526–30. doi: 10.1034/j.1600-051x.2000.027007526.x

18. Lundy, FT, Shaw, C, McKinnell, J, Lamey, PJ, and Linden, GJ. Calcitonin gene-related peptide in gingival crevicular fluid in periodontal health and disease. J Clin Periodontol (1999) 26:212–6. doi: 10.1034/j.1600-051X.1999.260403.x

19. Sert, S, Sakallioglu, U, Lutfioglu, M, Aydogdu, A, Acarel, E, and Gunaydin, M. Neurogenic inflammation in periimplant and periodontal disease: A case-control split-mouth study. Clin Oral Implants Res (2019) 30:800–7. doi: 10.1111/clr.13486

20. Sakallioglu, EE, Lutfioglu, M, Sakallioglu, U, Diraman, E, Pamuk, F, and Odyakmaz, S. Local peptidergic innervation of gingiva in smoking and non-smoking periodontitis patients. J Periodontol (2008) 79:1451–6. doi: 10.1902/jop.2008.070667

21. Chung, MK, Jue, SS, and Dong, X. Projection of non-peptidergic afferents to mouse tooth pulp. J Dent Res (2012) 91:777–82. doi: 10.1177/0022034512450298

22. Chung, MK, Lee, J, Duraes, G, and Ro, JY. Lipopolysaccharide-induced pulpitis up-regulates TRPV1 in trigeminal ganglia. J Dent Res (2011) 90:1103–7. doi: 10.1177/0022034511413284

23. Wang, S, Kim, M, Ali, Z, Ong, K, Pae, EK, and Chung, MK. TRPV1 and TRPV1-expressing nociceptors mediate orofacial pain behaviors in a mouse model of orthodontic tooth movement. Front Physiol (2019) 10:1207. doi: 10.3389/fphys.2019.01207

24. Caterina, MJ, Leffler, A, Malmberg, AB, Martin, WJ, Trafton, J, Petersen-Zeitz, KR, et al. Impaired nociception and pain sensation in mice lacking the capsaicin receptor. Science (2000) 288:306–13. doi: 10.1126/science.288.5464.306

25. Arora, S, Wang, XI, Keenan, SM, Andaya, C, Zhang, Q, Peng, Y, et al. Novel microtubule polymerization inhibitor with potent antiproliferative and antitumor activity. Cancer Res (2009) 69:1910–5. doi: 10.1158/0008-5472.CAN-08-0877

26. Ichikawa, H, Matsuo, S, Terayama, R, Yamaai, T, and Sugimoto, T. Aspartate-immunoreactive primary sensory neurons in the mouse trigeminal ganglion. Brain Res (2006) 1082:67–72. doi: 10.1016/j.brainres.2006.01.092

27. Dutzan, N, Abusleme, L, Konkel, JE, and Moutsopoulos, NM. Isolation, characterization and functional examination of the gingival immune cell network. J Vis Exp (2016) (108):53736. doi: 10.3791/53736

28. Zimmer, A, Zimmer, AM, Baffi, J, Usdin, T, Reynolds, K, Konig, M, et al. Hypoalgesia in mice with a targeted deletion of the tachykinin 1 gene. Proc Natl Acad Sci U.S.A. (1998) 95:2630–5. doi: 10.1073/pnas.95.5.2630

29. Steinhoff, MS, von Mentzer, B, Geppetti, C, Pothoulakis,, and Bunnett, NW. Tachykinins and their receptors: Contributions to physiological control and the mechanisms of disease. Physiol Rev (2014) 94:265–301. doi: 10.1152/physrev.00031.2013

30. Nie, X, and Chung, MK. Piezo channels for skeletal development and homeostasis: Insights from mouse genetic models. Differentiation (2022) 126:10–5. doi: 10.1016/j.diff.2022.06.001

31. Tomlinson, RE, Christiansen, BA, Giannone, AA, and Genetos, DC. The role of nerves in skeletal development, adaptation, and aging. Front Endocrinol (Lausanne) (2020) 11:646. doi: 10.3389/fendo.2020.00646

32. Wang, S, and Chung, MK. Orthodontic force induces nerve injury-like transcriptomic changes driven by TRPV1-expressing afferents in mouse trigeminal ganglia. Mol Pain (2020) 16:1744806920973141. doi: 10.1177/1744806920973141

33. Chung, MK, Park, J, Asgar, J, and Ro, JY. Transcriptome analysis of trigeminal ganglia following masseter muscle inflammation in rats. Mol Pain (2016) 12. doi: 10.1177/1744806916668526

34. Mi, D, Yuan, Y, Zhang, Y, Niu, J, Wang, Y, Yan, J, et al. Injection of fluoro-gold into the tibial nerve leads to prolonged but reversible functional deficits in rats. Sci Rep (2019) 9:9906. doi: 10.1038/s41598-019-46285-7

35. Quartara, L, Altamura, M, Evangelista, S, and Maggi, CA. Tachykinin receptor antagonists in clinical trials. Expert Opin Investig Drugs (2009) 18:1843–64. doi: 10.1517/13543780903379530

36. Niedermair, T, Schirner, S, Seebroker, R, Straub, RH, and Grassel, S. Substance p modulates bone remodeling properties of murine osteoblasts and osteoclasts. Sci Rep (2018) 8:9199. doi: 10.1038/s41598-018-27432-y

37. Mishra, A, and Lal, G. Neurokinin receptors and their implications in various autoimmune diseases. Curr Res Immunol (2021) 2:66–78. doi: 10.1016/j.crimmu.2021.06.001

38. Green, DP, Limjunyawong, N, Gour, N, Pundir,, and Dong, X. A mast-Cell-Specific receptor mediates neurogenic inflammation and pain. Neuron (2019) 101:412–420 e3. doi: 10.1016/j.neuron.2019.01.012

39. Wang, L, Zhao, R, Shi, X, Wei, T, Halloran, BP, Clark, DJ, et al. Substance p stimulates bone marrow stromal cell osteogenic activity, osteoclast differentiation, and resorption activity in vitro. Bone (2009) 45:309–20. doi: 10.1016/j.bone.2009.04.203

40. Shih, C, and Bernard, GW. Neurogenic substance p stimulates osteogenesis in vitro. Peptides (1997) 18:323–6. doi: 10.1016/S0196-9781(96)00280-X

41. Sohn, SJ. Substance p upregulates osteoclastogenesis by activating nuclear factor kappa b in osteoclast precursors. Acta Otolaryngol (2005) 125:130–3. doi: 10.1080/00016480410017710

42. Niedermair, T, Kuhn, V, Doranehgard, F, Stange, R, Wieskotter, B, Beckmann, J, et al. Absence of substance p and the sympathetic nervous system impact on bone structure and chondrocyte differentiation in an adult model of endochondral ossification. Matrix Biol (2014) 38:22–35. doi: 10.1016/j.matbio.2014.06.007

43. Liu, HJ, Yan, H, Yan, J, Li, H, Chen, L, Han, LR, et al. Substance p promotes the proliferation, but inhibits differentiation and mineralization of osteoblasts from rats with spinal cord injury via RANKL/OPG system. PloS One (2016) 11:e0165063. doi: 10.1371/journal.pone.0165063

44. Yan, K, Lin, Q, Tang, K, Liu, S, Du, Y, Yu, X, et al. Substance p participates in periodontitis by upregulating HIF-1alpha and RANKL/OPG ratio. BMC Oral Health (2020) 20:27. doi: 10.1186/s12903-020-1017-9

45. Walsh, LJ. Mast cells and oral inflammation. Crit Rev Oral Biol Med (2003) 14:188–98. doi: 10.1177/154411130301400304

46. Song, Y, Stal, PS, Yu, JG, and Forsgren, S. Bilateral increase in expression and concentration of tachykinin in a unilateral rabbit muscle overuse model that leads to myositis. BMC Musculoskelet Disord (2013) 14:134. doi: 10.1186/1471-2474-14-134

47. Nassini, R, Materazzi, S, Benemei, S, and Geppetti,. The TRPA1 channel in inflammatory and neuropathic pain and migraine. Rev Physiol Biochem Pharmacol (2014) 167:1–43. doi: 10.1007/112_2014_18

48. Hargreaves, KM, and Ruparel, S. Role of oxidized lipids and TRP channels in orofacial pain and inflammation. J Dent Res (2016) 95:1117–23. doi: 10.1177/0022034516653751

49. Dall'Acqua, MC, Bonet, IJ, Zampronio, AR, Tambeli, CH, Parada, CA, and Fischer, L. The contribution of transient receptor potential ankyrin 1 (TRPA1) to the in vivo nociceptive effects of prostaglandin E(2). Life Sci (2014) 105:7–13. doi: 10.1016/j.lfs.2014.02.031

50. Kaewpitak, A, Bauer, CS, Seward, EP, Boissonade, FM, and Douglas, CWI. Porphyromonas gingivalis lipopolysaccharide rapidly activates trigeminal sensory neurons and may contribute to pulpal pain. Int Endod J (2020) 53:846–58. doi: 10.1111/iej.13282

51. Ferraz, CC, Henry, MA, Hargreaves, KM, and Diogenes, A. Lipopolysaccharide from porphyromonas gingivalis sensitizes capsaicin-sensitive nociceptors. J Endod (2011) 37:45–8. doi: 10.1016/j.joen.2007.07.001

52. Nakamura, Y, Une, Y, Miyano, K, Abe, H, Hisaoka, K, Morioka, N, et al. Activation of transient receptor potential ankyrin 1 evokes nociception through substance p release from primary sensory neurons. J Neurochem (2012) 120:1036–47. doi: 10.1111/j.1471-4159.2011.07628.x

53. Rossi, F, Bellini, G, Torella, M, Tortora, C, Manzo, I, Giordano, C, et al. The genetic ablation or pharmacological inhibition of TRPV1 signalling is beneficial for the restoration of quiescent osteoclast activity in ovariectomized mice. Br J Pharmacol (2014) 171:2621–30. doi: 10.1111/bph.12542

54. He, LH, Liu, M, He, Y, Xiao, E, Zhao, L, Zhang, T, et al. TRPV1 deletion impaired fracture healing and inhibited osteoclast and osteoblast differentiation. Sci Rep (2017) 7:42385. doi: 10.1038/srep42385

55. Gaurilcikaite, E, Renton, T, and Grant, AD. The paradox of painless periodontal disease. Oral Dis (2017) 23:451–63. doi: 10.1111/odi.12537

56. Chung, MK, Wang, S, Oh, SL, and Kim, YS. Acute and chronic pain from facial skin and oral mucosa: Unique neurobiology and challenging treatment. Int J Mol Sci (2021) 22. doi: 10.3390/ijms22115810

57. Nagashima, H, Shinoda, M, Honda, K, Kamio, N, Watanabe, M, Suzuki, T, et al. CXCR4 signaling in macrophages contributes to periodontal mechanical hypersensitivity in porphyromonas gingivalis-induced periodontitis in mice. Mol Pain (2017) 13:1744806916689269. doi: 10.1177/1744806916689269

58. Khan, J, Puchimada, B, Kadouri, D, Zusman, T, Javed, F, and Eliav, E. The anti-nociceptive effects of porphyromonas gingivalis lipopolysaccharide. Arch Oral Biol (2019) 102:193–8. doi: 10.1016/j.archoralbio.2019.04.012

59. Austah, ON, Lillis, KV, Akopian, AN, Harris, SE, Grinceviciute, R, and Diogenes, A. Trigeminal neurons control immune-bone cell interaction and metabolism in apical periodontitis. Cell Mol Life Sci (2022) 79:330. doi: 10.1007/s00018-022-04335-w

60. Skerry, TM. The role of glutamate in the regulation of bone mass and architecture. J Musculoskelet Neuronal Interact (2008) 8:166–73.




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those 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.

Copyright © 2023 Siddiqui, Nie, Wang, Abbasi, Park, Fan, Thumbigere-Math and Chung. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1099017-g006.jpg
A Tac1 KO
or WT 4
ligature

(Mx Lt M2)

B TNF c
*k%k*%

~ 20 = 300
£ £
215 2
= .5 200
'g 1.0 5
= € 100
805 8
c {am
2 3
© 0.0 0

1

weeks

euthanasia
(tissue collection)

30

N
o

Concentration (pg/ml)

RANKL






OEBPS/Images/fimmu-14-1099017-g009.jpg
Daily injection of SP or PBS to gingiva

C57bl/6

S days _
ligature euthanasia

(Mx Lt M2) (uCT)

(o]

e~ I .
N A O @

Distance from CEJ (mm)
o
o






OEBPS/Images/fimmu-14-1099017-g010.jpg
" Daily injection of QWF or PBS to gingiva
REAREAARAEZREXR

2 weeks _
ligature euthanasia

(Mx Lt M2) (uCT)

C57bl/6

=
o

o
o)

Distance from CEJ (mm)
o o
N IN

0.0






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Substance P aggravates ligature-induced periodontitis in mice

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Experimental mouse models

          



          		

            2.2 Ligature-induced periodontitis

          



          		

            2.3 Micro-focus computed tomography

          



          		

            2.4 Tissue processing and immunohistochemistry

          



          		

            2.5 Tartrate-resistant acid phosphatase (TRAP) staining

          



          		

            2.6 Retrograde labeling of periodontal afferents

          



          		

            2.7 Flow cytometry

          



          		

            2.8 Gingival injection of the drugs

          



          		

            2.9 Luminex multiplex assay

          



          		

            2.10 Quantification and statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Tac1 knockout mice show reduced bone loss in periodontitis

          



          		

            3.2 Calca deletion shows a marginal role in bone loss in periodontitis

          



          		

            3.3 Tac1-encoded neuropeptides modulate osteoclast activation and host immune responses in periodontitis

          



          		

            3.4 Exogenous SP, but not NKA, induces inflammatory responses and promotes ligature-induced bone loss

          



          		

            3.5 Pharmacological inhibition of SP receptors decreases ligature-induced bone loss resembling Tac1 KO mice

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-14-1099017-g008.jpg
euthanasia
(Tissue collection)

5 days

NKA

Veh

30

o o
N ~—

wiw/s||89 +dvdl

NKA

Veh

NKA

Veh

w

Veh

. g

o o o o o
<t (5] N ~

(%) sl182 +I1dva/siied +5+ad






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1099017-g004.jpg
A Tac1KO 1 week

or WT 4
ligature euthanasia
(Mx Lt M2) (histology)
B WT Tac1 KO E WT (no ligature) Tac1 KO (no ligature)

£
£
o)
K]
o
b
i«
<
4
[=






OEBPS/Images/fimmu-14-1099017-g002.jpg
A Tectko, 2 weeks , B C 06

or WT ¥ Y g
ligature euthanasia =
(Mx Lt M2) (uCT) W04
D wT Tac1 KO §
o 02
2 2
] s
® [72]
) 2 0.0
2 WT KO WT KO WT KO

B-Crest B-Max Palatal
E WT Tac1 KO

Lig

Ligature

ol
I

FG+ TG neurons

1000
800
600
400
200

Neuronal area (um?)

Labeled neurons (%)

Con Lig Conlig Con Lig Con Lig Con Lig  Con Lig
Control Ligature SP+  TRPV1+ SP+ V1+ EG+ SP+ FG+ TRPV1+ FG+ SP+ V1+






OEBPS/Images/fimmu-14-1099017-g005.jpg
WT/Con Ab KO/Con Ac WT/Ligature ~ Ad KOlLigature
4194.3
©3145.7-
8
— 5
Z2097.2 %
=
Q
&1045 6
B o 3 3 4 6
10°010° 10" 10° 10° 10°0 106° _10' 10° 10° -10010°  10'  10° 10 10’ ' 10° 10°
CD45 CD45 CDh45 CD45
Ba WT/Con Bb KO/Con Bc WT/Ligature Bd KO/Ligature
o 6 10° 10° .
1 Neutrophil © Neutrophil 3 Neutrophil ’ Neutrophil *
1d 1.8% L 28% 10° 48.6% ! 16 5.3%
Y] © © ©
3 E 3 3
ot PR Py s s 00 10 a0t 10 0
1070 10 CD‘flb 10 10 100 10 Clelb 10 10 1 CDlllb 1
c kkkk  kkkk D Tac1 KO
60 i 60 kkkk kkkE
i
< °
= =
K40 5 40 51:
+ =
% e s ® e
o 20 ° 5 20 ° o
© z &
= [
0 ) 0
WT KO WT KO
WT KO WT KO

Control Ligature

Control Ligature






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1099017-g007.jpg
euthanasia
Tissue collection)

5 days

(

o

SP

Veh

SP

Veh

o o o o
< (so] N -~

(%) sl182 +Idva/slied +5+ad





OEBPS/Images/fimmu-14-1099017-g001.jpg
(]

FG+ neurons

& 50 E 1200
> e
2 40 ©
[} o
ag) 30 8
E 20 2
o g
= =
£ 10 3
S0
e
100 200 300 400 500 600 700
Area (um?) SP+ CGRP+  TRPV1+
Tac1 KO Tac1 KO G
—_ e _— G CGRP
T (€]
; T
S
B P T| B P T
B
B






OEBPS/Images/fimmu-14-1099017-g003.jpg
A CalcaKO 1 weeks
or WT

ligature
(Mx Lt M2)

B
buccal palatal

f
euthanasia

(LCT)
£ Buccal Palatal
0.6 '
€ I
= ns ns
- | — | I R
Soad,, |
£ —g I
g ° %' s
o 02 °° @ g
o 1
C
_9 |
2 0.0 .
o

WT KO WT KO






OEBPS/Images/fimmu.2023.1099017_cover.jpg
& frontiers | Frontiers in Immunology

Substance P aggravates ligature-induced
periodontitis in mice





