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Abstract

Introduction—Peri-implantitis has a prevalence of 11-47%, involves destruction of peri-implant 

bone, and may lead to implant loss. A detailed understanding of the pathogenesis of peri-

implantitis is lacking. The objective of this study was to develop a murine model of experimental 

peri-implantitis.

Materials and Methods—Machined, smooth surface screw-shaped titanium implants were 

placed in the healed alveolar bone of the left maxillary molars of C57BL/6J male mice, eight 

weeks after tooth extraction. Peri-implantitis was induced by securing silk ligatures around the 

head of the implant fixtures. Implant survival and peri-implant bone levels were analyzed by 

micro-computerized tomography (micro-CT) scans and histology twelve weeks after ligature 

placement.

Results—Implant survival was 60% (6/10) for implants with ligatures and 100% (8/8) for 

controls. Micro-CT revealed significantly greater bone loss around the implants that received 

ligatures and that survived as compared to controls. The radiographic findings were confirmed via 

histology and toluidine blue staining.

Conclusions—This study describes a murine model of experimental peri-implantitis around 

screw-shaped titanium implants placed in the edentulous alveolar bone. This model should be a 

useful tool to dissect pathogenic mechanisms of peri-implantitis and evaluate potential treatment 

interventions.
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Introduction

Peri-implantitis is an inflammatory condition of the soft tissues and bone around dental 

implants which leads to bone destruction and eventually to implant loss (1). With a 

prevalence of 11%-47%, peri-implantitis poses a significant clinical problem given the 

cumulative number of implants delivered overtime (2, 3). No effective treatment protocols 

for peri-implantitis exist, partly due to incomplete knowledge of the pathogenic mechanisms 

of this disease.

Peri-implantitis shares some common features with periodontitis (4). Fixtures with peri-

implantitis present with mucosal inflammation, increased pocket depth and clinical 

attachment and radiographic bone loss. Both diseases are initiated by the collection of the 

bacterial biofilm (5). The bacterial composition of the biofilm that develops in pockets 

around implants is mostly Gram-negative and the microbiota is similar to that associated 

with periodontitis (6). However, more recent studies demonstrated that, even though 

periodontitis and peri-implantitis are initiated by bacteria, there are significant differences in 

bacterial composition between the two diseases (7). At the host response level, the 

inflammatory infiltrate present in peri-implantitis lesions shares many common cellular 

components with periodontitis such as the presence of plasma cells, lymphocytes and 

macrophages (8). On the other hand, peri-implantitis lesions present with distinct 

characteristics from those associated with periodontitis because they often occur around the 

circumference of the fixture, as opposed to surface-specific lesions observed around teeth 

with periodontitis (9). Histopathologically, the inflammatory infiltrate in peri-implantitis 

penetrates deep and beyond the soft tissues surrounding the pocket, often spreading to bone 

and its trabecular spaces (10). The connective tissue around implant fixtures is loosely 

organized, which facilitates migration of the inflammatory infiltrate (11-14). Little 

biochemical and molecular information exists about the possible role of specific pro-

inflammatory and other mediators in the pathogenesis of peri-implantitis (15-18).

The understanding of peri-implantitis could be facilitated by the development of a simple, 

easily reproducible and inexpensive animal model that parallels the clinical scenario. Mice 

constitute an attractive option not only because they fit the criteria described above, but also 

because of the availability of genetically manipulated strains, which are invaluable tools in 

dissecting the mechanisms of diseases. Only one murine model for peri-implantitis has been 

described (19) thus far; in that model, implants were however placed in the center of the 

palate and not in the alveolar bone.

The purpose of this study was to develop a ligature-induced murine model of peri-

implantitis. The hypothesis to be tested in this study is that peri-implantitis can be induced 

around dental implant fixtures installed in post-extraction, healed maxillary edentulous 

ridges of mice.
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Materials and Methods

Mice

Eighteen four-week-old C57BL/6J (The Jackson Laboratories, Bar Harbor, ME) male mice 

were used according to the guidelines of the Chancellor's Animal Research Committee of 

the University of California, Los Angeles. In addition, the ARRIVE (Animal Research: 

Reporting In Vivo Experiments) guidelines for the execution and submission of studies in 

animals were followed (20). Mice were fed a soft diet (Bio Serve®, Frenchtown, NJ) ad 

libitum for the duration of the experiment. Eight animals/implants were included in the 

control group and 10 animals/implants in the experimental group (ligature, peri-implantitis). 

At the end of the experimental period, there were eight remaining implants in the control 

group and six in the experimental group. No other adverse events were observed in the 

animals other than loss of implant osseointegration. All the procedures performed in the 

mice including tooth extraction, implant placement and ligature placement were performed 

under 10× magnification (Leica S6D Stereozoom, Chicago, IL).

Induction of Peri-Implantitis

Mice had their maxillary left first, second, and third molars extracted under inhalation 

anesthesia with 3% isoflurane and allowed to heal for eight weeks. Extractions were 

performed by tooth elevation with a #5 dental explorer (G. Hartzell and Son, Concord, CA). 

Mice were given oral antibiotics diluted in the drinking water for four weeks 

(sulfamethoxazole and trimethoprim, UPS; 850 μ g/170 μ g per mL).

Machined, smooth surface screw-shaped implants were fabricated from 6AL4V titanium 

rods (D. P. Machining Inc., La Verne, CA). The threaded surface of the implants was 1 mm 

long and 0.5 mm in diameter. Fixtures were placed eight weeks after teeth were extracted 

(Fig. 1). Animals were anesthetized with 3% isoflurane and a mesio-distal incision was 

made in keratinized tissue using a 12D blade in the area corresponding to the previously 

present teeth using the right maxillary molars as spatial reference. After elevation of buccal 

and palatal full thickness flaps with a #5 dental explorer, osteotomy was performed with a 

0.3 mm diameter carbide micro hand drill (BIG Kaiser Precision Tooling Inc., Hoffman 

Estates, IL) mounted on a manual handle that was activated by rotation. The osteotomy sites 

were approximately 1 mm deep into the healed extraction sockets. Titanium implants (one 

per animal) were self-tapped in the region of the first/second maxillary left molars using a 

clock-wise screwing motion. Implants were allowed to heal for four weeks, during which 

time mice were given antibiotics and fed as described above.

After four weeks, osseointegration was evaluated by applying bucco-lingual wiggling forces 

to the fixtures with two dental explores on anesthetized animals and observing implant 

movement under 10× magnification. Once implants were clinically determined to be 

osseointegrated, 6-0 silk ligatures (P.B.N. Medicals, Stenløse, Demark) were tied around 

each fixture immediately apical to the implant head in animals in the experimental group. 

Implants in the control group did not receive ligatures. Control and peri-implantitis animals 

were randomly selected by the toss of a coin. Twelve weeks after ligature placement, 
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maxillae were harvested using a digital optical microscope (Keyence® VHX-1000, Osaka, 

Japan), fixed in 4% paraformaldehyde for 48h, and stored in 70% ethanol.

Micro-Computerized Tomography Analysis

Mouse maxillae were imaged using micro-computerized tomography (micro-CT) (Model 

1172, SkyScan, Kontich, Belgium) at 10 μ m resolution as described by Kang et al. (21). 

Linear measurements were performed using Dolphin software.

In order to quantify bone loss after the induction of peri-implantitis, samples were oriented 

such that the head and the shaft of the implant were perpendicular to each other in the 

sagittal and coronal planes. Measurements were taken from points where the implant head 

met the shaft and vertically to the alveolar bone on the mesial, distal, buccal, and palatal 

areas; measurements were averaged to generate a mean bone level value for each fixture. All 

measurements were performed by a blinded examiner.

Histology

For the descriptive histological assessment of implant osseointegration and bone levels, 

undecalcified maxillae were embedded in methyl methacrylate (22). Sagittal or coronal 

sections were obtained with a Buehler Isomet Low Speed Saw (Lake Bluff, IL) at 200 μ m 

thickness. Sections were ground to a final thickness of 20 μ m with the Exakt Grinding 

System (Lake Bluff, IL) (23) and stained with toluidine blue. Sections were then digitized 

using the Aperio Image Scope model V11.1.2.752 (Vista, CA).

Statistical Analysis

Bone level measurements in each group were averaged (mean ± standard error of the mean) 

and the data between groups compared using Students' t-tests (GraphPad, GraphPad 

Software, Inc. La Jolla, CA).

Results

Induction of Peri-Implantitis

Our clinical and histological observations of the healing of extraction sockets in mice 

revealed that the ideal time for implant placement after tooth extraction is at eight weeks. 

Our previous studies also showed that implant survival after the initial osseointegration 

period was 86% (data not shown). Four weeks after implant placement, a ligature was tied 

below the head of the implant for twelve weeks in the implants that demonstrated clinical 

osseointegration. Implant survival was 60% (6/10) in the experimental animals versus 100% 

(8/8) in the control group (Table 1).

Among the surviving implants, the experimental group presented with more gingival 

swelling than controls (Fig. 2A). Micro-CT analysis revealed the alveolar bone crest 

position to be considerably more apical in the experimental group when compared to 

controls (Fig. 2B). The average distance between the apical surface of the implant head and 

the bone was 0.422 ± 0.019 mm in the experimental group as compared to 0.226 ± 0.016 

mm in the control group at sixteen weeks after placement. The difference between the two 
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groups was statistically significant. Because four implants in the experimental group were 

not present at sacrifice, an assumption was made that they exfoliated due to the peri-

implantitis process that reached the apex of the fixtures.

For purposes of data analysis, the four experimental animals with lost implants were also 

combined with those in the experimental group and 1 mm of bone loss assigned to the 

fixtures. Mean bone loss in the experimental group (including the lost fixtures) was 0.579 ± 

0.0490 mm as compared to 0.4221 ± 0.019 mm in the experimental group (excluding the 

lost fixtures); the difference was statistically significant (Fig. 2C). Fig. 2D shows histology 

of control and experimental sites twelve weeks after ligature placement; bone level is more 

apical in the experimental specimen, which also presented with a dense inflammatory 

infiltrate in the area immediately coronal to the alveolar bone.

Discussion

The results of this study confirm that machined titanium implants with smooth surfaces can 

be successfully placed in healed post-extraction molar areas of mice. Additionally, these 

data suggest that murine peri-implantitis can be induced around osseointegrated fixtures by 

installation of silk ligatures. The process of murine molar extraction, alveolar ridge healing, 

implant osseointegration and development of peri-implantitis herein described share several 

features with the same sequence of events in humans. Thus, our murine model resembles 

human dental implant biology in a way that is closer than the model previously proposed. 

The main difference between our model and the one described by Becker et al. is that theirs 

included placement of the implant in the central palatal bone and not in an area previously 

occupied by a tooth, which does not fully mimic implants placed in humans (19).

Osseointegration was 82% in this study (data not shown), which is lower than the 96% 

observed in humans (24), but still within an acceptable range from which analogies could be 

drawn to the healing process in humans. It is likely that the most common reason for early 

implant failure was related to variability in our ability to determine if fixtures presented with 

primary stability at the time of placement. Because of the model's reduced size and the fact 

that implant installation was delivered without a standardized torque device, there were 

unavoidable variations in determining the endpoint for fixture insertion. Implant primary 

stability was evaluated by attempting to detect bucco-palatal movement of the fixture when 

wiggling it between two periodontal probes, which may also not allow for detection of lack 

of stabilization that is subtler to tactile means.

Four of the mice in the experimental (peri-implantitis) group did not present with the 

implant fixture at the end of the study. All mice in the control group had their implants at 

twelve weeks after peri-implantitis induction via ligature placement. It is not possible to 

precisely determine the cause of fixture loss in four of the experimental mice or the point in 

time when they occurred. It is likely, however, that the reason why implants were not 

present in these mice was because the ligature-induced peri-implantitis process resulted in 

progressive bone loss to the point that implants became mobile and exfoliated on their own. 

This suggested outcome of the non-accounted implants is based on the findings associated 
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with the six mice in the experimental group where the implant fixtures were present at the 

end of the study and in which significant peri-implant bone loss was observed.

Placement of ligatures around the osseointegrated implant fixtures resulted in clinical, 

radiographic and histological findings that are consistent with those of peri-implantitis in 

humans and other experimental animal models (3, 8, 10). The six specimens of the 

experimental group that retained the implant fixtures by the end of the study presented with 

clinical inflammation, alveolar bone loss and a supra-alveolar soft tissue infiltrate that was 

rich in inflammatory cells. In contrast, mice in the control group presented with clinical, 

radiographic and histological features similar to those observed in mice that were sacrificed 

at eight weeks following implant installation. The bone level around implants in the 

experimental group was markedly different from those in the control group and statistically 

significant. This strongly suggests that the installation of silk ligatures and its associated 

inflammatory process were responsible for the peri-implant bone loss. The rate of bone loss 

around implants placed in our murine model should be characterized in greater detail so that 

experimental end-points may be determined at a stage before implants are exfoliated. In the 

future, the processes of osseointegration and peri-implantitis development could be observed 

by periodic micro-CT examinations of the same animals at different time points within the 

experimental period by high-resolution in vivo micro-CT scanners. As these devices become 

more accessible to researchers, they will allow the quantification of longitudinal bone loss in 

peri-implantitis.

The characterization of the inflammatory process and mechanisms of bone destruction 

associated with this murine model at the cellular and molecular levels is the subject of 

current investigation by our research group. At this point, any comments about the basic 

phenomena associated with the observed clinical process would be speculative in nature.

Animal models are essential for understanding disease initiation and progression because 

they avoid limitations associated with human studies, such as the ability to control the 

environment and to replicate experimental conditions. A dog model has been used to study 

peri-implantitis and shares similarities with humans, but presents with limitations in terms of 

dissecting the molecular mechanisms involved in disease initiation and progression due to 

the limited availability of molecular and genetic tools (10, 11, 14, 25). Currently, there are 

large databases available consisting of mouse genetic profiles and phenotypic characteristics 

that allow reasonable extrapolations from mice to humans (26-28). We elected to utilize the 

ligature model because it is the most widely accepted periodontitis rodent model (29). In 

addition, some authors consider this model as the most representative of human periodontitis 

(30). The methodology employed in this study is easily transferable to a rat model, which 

would provide with yet another animal model to validate comparisons made between peri-

implant disease in rodents and humans.

Human peri-implantitis is a highly prevalent problem (2, 3) that will tend to increase 

because of the growing number of dental implants that are placed in patients. It is estimated 

that over 500,000 implants are currently placed per year in the United States only, and many 

more around the world. This poses considerable quality of life and financial burdens to 

society, given that the pathogenesis of peri-implantitis is poorly understood and proven 
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treatment options essentially non-existent. Current treatment options for peri-implantitis 

include non-surgical and resective/reconstructive surgical therapies (31), but the actual 

efficacy of these treatment methods has not been determined. Therefore, understanding the 

pathogenesis of peri-implantitis in a systematic manner will allow for the identification of 

procedural and/or pharmacological treatment approaches for this condition and the murine 

model should be a valuable instrument in enlightening these paths.

In conclusion, we successfully developed a peri-implantitis murine model. This model 

should allow future dissection of the pathologic pathways involved in peri-implantitis and 

aid in developing preventive and therapeutic approaches for peri-implantitis.
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Figure 1. Research design
Schematic diagram depicting timing of the experimental design.
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Figure 2. Peri-implantitis Development
A) Representative clinical images of the control (left) and experimental (right) groups at 

twelve weeks after ligature placement. B) Representative sagittal micro-CT images of 

control (left) and experimental (right) groups. Notice the reduced alveolar bone level on the 

experimental specimen. C) Graph representing the average distance of the implant head to 

the alveolar bone. Data are mean ± standard error of the mean. Left bar (a) corresponds to 

the control group, middle bar (b) corresponds to the experimental group excluding lost 

implants and right bar (c) corresponds to the experimental group including the lost implants. 

***p<0.001 comparing control (a) (n≥8) and experimental groups (b and c) (n≥6, and n≥10, 

respectively). + p<0.05 comparing groups b and c. D) Representative histological sample 

stained with toluidine blue twelve weeks after ligature placement in the control (left) and 

experimental group (right). Notice reduced alveolar bone level and supra-crestal 

inflammatory infiltrate on experimental specimen.
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Table 1

Implant survival rate twelve weeks after peri-implantitis induction.

Implants at Lig Placement Implants Remaining Percent Implant Survival

No Ligature 8 8 100%

Ligature 10 6 60%
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