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1. Summary 

Peri-implantitis represents a severe and frequently occurring complication in patients with 

dental implants. Knowledge on the pathophysiology of peri-implantitis is limited and 

scientific questions regarding the role of oral microbiome and implant material are still open. 

Nevertheless, in the course of purposive research a plethora of therapeutic treatments and 

preventive implant modifications have been developed with promising results in vitro. For 

transition into clinical applications, evaluation of these strategies in preclinical animal models 

is required. Most published rodent models of peri-implantitis in the oral cavity rely on the 

induction of an infection by using ligatures or pre-infected implants, but these models are 

unable to represent the clinical situation. Therefore, the aim of the present thesis was to 

develop an improved peri-implantitis rat model using polymicrobial oral lavage. Moreover, 

the objective was to investigate host responses against bacterial challenge in vivo. For this 

purpose, the establishment of an implant regime was necessary, which allows a sufficient and 

long-term stable osseointegration of a transmucosal titanium implant in the maxilla of the rat. 

Furthermore, the incorporation of human specific bacteria into the oral microbiome of the rat 

was important to investigate the influence of pathogens in terms of peri-implant inflammation 

and bone degradation in the animal model. 

In the introduced rat model a self-drilling titanium implant (Ø 1.3 mm; L: 4 mm) was inserted 

mutual in mesial position to the first molars. The implants integrated into the bone with long-

term stability. Subsequent application of the early colonizer Streptococcus oralis (with avid 

attachment ability to implant surface) together with the late colonizer Aggregatibacter 

actinomycetemcomitans (a well described oral pathogen) showed an increased inflammatory 

response with respect to the number of inflammatory cells and fibrous tissue compartments as 

well as bone height reduction at implant site in the bacteria-treated group compared to the 

antibiotic-treated group (P < 0.05) or sham-infected controls. Biofilm formation on implant 

surfaces - characterized by multi-layered colonization - could be documented by CLSM and 

SEM after bacterial treatment and an increased detection of S. oralis and A. 

actinomycetemcomitans in the bacteria-treated group revealed by PCR indicates incorporation 

of human specific bacteria in the rat. 

Taken together, a novel rat model with inducible peri-implantitis was successfully developed. 

The progression of the peri-implantitis in rat shows a similar pathophysiology as the human 

peri-implantitis. The present model is useful as a base for future studies investigating complex 
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pathogenic mechanisms during peri-implantitis as well as to develop innovative preventive 

and therapeutic strategies. This peri-implantitis rat model will serve as a bridge from 

development of innovative implant materials to clinical translation.   
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2. Introduction 

2.1 Peri-implant disease 

Dental implants have become an indispensable instrument to replace missing teeth in clinical 

dentistry. A prerequisite for successful implant survival is “osseointegration”, where materials 

such as titanium can form a direct, structural and functional connection with the surrounding 

bone
1
. The success rates for the placement of endogenous dental implants were reported as 

high as 93 - 97% after 5 years follow-up
2-4

, and a 82.9% success rate has been reported after 

16 years
5
. Despite the high success rate, implant failure, defined as “the inadequacy of the 

host tissue to establish or maintain osseointegration”, might occur
6
. Many factors related to 

the failure of implants are described in the literature, including surgical/technical 

complications, mechanical overloading, patient-related factors such as local and systemic 

disease and bacterial related infections
7,8

. Peri-implant inflammation has become the most 

frequent reason for implant failure in the last decades
9
. 

Peri-implant diseases are present in two forms: peri-implant mucositis and peri-implantitis. 

Peri-implant mucositis is a bacteria-induced, reversible inflammatory process of the peri-

implant soft tissue, without concurrent loss of peri-implant bone tissue
10

. In contrast, peri-

implantitis is an irreversible disease, which affects both the peri-implant mucosa and the 

supporting bone
10

. Based on various study designs and population sizes with different risk and 

statistic profiles, the prevalence of mucositis was reported ranging from 63% to 80% of 

subjects (30% - 50% of implant sites), while the prevalence of peri-implantitis differs between 

18% and 56% of subjects (9% - 40% of implant sites)
10-12

. 

The diagnostic criteria for peri-implant disease are mainly based on clinical examination and 

radiographs
13

. Peri-implant mucositis is characterized by inflamed or erythematous mucosa 

and bleeding on probing. Peri-implantitis is further characterized by the formation of peri-

implant pockets deeper than 5 mm and bleeding or suppuration during examination
14

. In 

addition, characteristic symmetrical “crater” bone destructions around the implant can be seen 

radiographically
10

. Implant mobility occurs at the final stage, indicating complete loss of 

direct bone to implant interface
15

. 

Once peri-implantitis was diagnosed, it is essential to perform suitable therapeutic strategies 

according to the severity of peri-implant disease. Many methods such as mechanical cleaning, 

antiseptic medication as well as surgical therapies are applied in clinical practice. However, 
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the efficacy of currently used interventions is unpredictable and there is neither a strong 

consensus nor a recognised treatment regime for peri-implantitis so far
16-18

. It is mainly due to 

a lack of knowledge regarding the involved pathogenic mechanisms.  

2.2 Aetiology and pathogenesis of peri-implantitis  

Much research has been done in an attempt to reveal the pathogenesis of peri-implantitis. 

Therefore, three factors have been shown that influence the onset and progression of peri-

implant diseases: 1) the microorganisms in the oral environment, 2) the structural 

morphologies of peri-implant tissues and 3) host responses to microbial challenge. 

2.2.1 The oral ecosystem, biofilm formation and ecological plaque hypothesis 

The oral cavity is one of the most densely populated tissues of the human body. Over the last 

decades more than 500 species of microorganisms have been isolated, characterized and 

identified using modern molecular biological methods
19

. It is a dynamic ecosystem 

continuously colonized by microorganisms that is defined as the oral microbial flora
19

.  

Biofilm is a microbial-derived community characterized by cells that adhere to each other 

and/or to a natural (tooth, mucosa, tongue) or artificial (prostheses, implants) surface, 

embedded in a self-produced matrix of extracellular polymeric substances (EPS)
20

. Complex 

multispecies communities of bacteria are formed in a biofilm within several hours after 

cleaning/brushing (Fig. 1). The initial step of biofilm formation is the deposition of a salivary 

pellicle, which is comprised of lipids and proteins, including salivary agglutinin 

glycoprotein
21

. This is followed by the adsorption of primary colonizing bacteria (particularly 

Streptococci and Actinomyces), which recognize the pellicle and express receptors for salivary 

agglutinin glycoprotein
22,23

. Some oral Streptococci also secrete protective extracellular 

polysaccharides and synthesize adhesins, providing adhesion for other bacterial colonizers to 

assemble the biofilm
23

. Eventually the dental plaque is formed and increases in complexity 

with time
19

.  
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Figure 1. Stages of biofilm formation in oral environment (Wolf et al., Thieme, 2006)  

 

As part of a biofilm community, bacteria become more virulent than their planktonic forms 

and less susceptible to antimicrobial agents
24

. The biofilm structure serves as a physical 

barrier and prevents neutrophils and antibodies to penetrate into the biofilm
24

. A novel 

hypothesis “ecological plaque hypothesis”
 
has been summarized to describe how oral biofilms 

cause oral diseases, including caries, periodontitis or peri-implantitis
25,26

. According to this 

notion, changes in the local environmental such as plaque accumulation may favour the 

growth, survival and metabolism of some microbial species, resulting in an alteration in the 

composition of the microbial community
25

. This ecological shift may also enhance the 

virulence of the new predominant species which act as opportunistic pathogens, subsequently 

initiate and promote oral disease
26

. In other words, it implicated that the interrelationship 

between the bacteria and the host response determines the status of health and disease.   
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2.2.2 Peri-implant tissue morphology 

The periodontal and peri-implant mucosa share lots of similarities in clinical and 

histopathological situations. However, there are also some fundamental differences between 

them
27

 (Fig. 2). 

	

Figure 2: Schematic drawing of periodontal tissue and peri-implant tissue. (Valerie 

Sternberg Smith, RDH) 

 

2.2.2.1 Peri-implant epithelium  

The peri-implant and the periodontal mucosa present anatomic similarities, including the 

presence of a stratified, squamous, keratinized oral epithelium continuous with a sulcular 

epithelium lining the lateral surface of the peri-implant sulcus from the gingival margin
28

. 

Similar to the natural teeth, a successive junctional epithelium lies immediately apical to the 

non-keratinized sulcular epithelium and attaches to the implant surface
28

. However, the 

positioning of the most apical portion of the junctional epithelium differs from implants to 
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teeth. In tooth sections, it is mainly located at the cemento-enamal junction level, while in 

implant sections, where no cemento-enamel junction exists, it located at a variable distance 

from gingival margin
29

. The epithelial interface consists of an internal basal lamina and 

hemidesmosomes that connect the epithelium to the implant surface
30

.  At the implant site, an 

internal basal lamina and hemidesmosomes are only observed in the lower regions of a peri-

implant epithelium and rarely in the middle region
31,32

. In contrast, in natural teeth, they are 

found throughout the complete dento-junctional interface
33

.  

2.2.2.2 Peri-implant connective tissue 

Connective tissue around the implant can be divided into two parts. The upper part is located 

under the junctional epithelium, presented with Type III collagen fibres and relatively rich in 

fibroblasts
34,35

. The lower part is poor in cells and represented by large and dense bundles of 

thick Type I collagen fibres
34,35

. In the case of natural teeth, the collagen fibre bundles 

(dentogingival fibres, dento-periodontal fibres and circular fibres) in the connective tissue are 

inserted perpendicularly into the teeth surface
36

. In contrast, in the case of implants a dense 

network of collagen fibres, extend from the alveolar bone crest to the gingival margin, parallel 

to the long axis of the implant
36

. Devoid of a periodontal ligament, the alveolar bone is in 

direct contact to the implant surface. The absence of Sharpey’s fibres socketing into the 

implant surface and the lack of periodontal ligaments weaken the mechanical resistance to 

bacterial intrusion in an inflammatory process, leading to a more rapid destruction compared 

to natural teeth
37

.  

The vascular supply around implants is different compared to teeth. In natural dentition, the 

blood supply is originated from vessels within the periodontal ligament and from supra-

periosteal vessels lateral to the alveolar process
38

. In contrast, because the implant lacks a 

periodontal ligament, the blood supply to the soft tissue around an implant is decreased. The 

inner zone of connective tissue (50 - 100 µm), adjacent to the implant surface is poor in any 

vascular structure
39

. Whilst, the outer zone has a richer vascular supply that mainly derived 

from terminal branches of larger vessels from the bone periosteum
38

. As a result of the 

restricted blood supply, fewer nutrients and immune competent cells could reach the peri-

implant tissues to tackle early stages of bacterial growth and therefore leaving peri-implant 

tissue more susceptible to an infection
27,37

. The comparison of peri-implant tissue with 

physiological periodontium is shown in table 1. 
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Table 1: Comparison of peri-implant tissue with physiological periodontium (Ralf et al. 

Head & Face Medicine 2014) 

Peri-implant mucosa Physiological periodontium 

Consists of oral epithelium, sulcular epithelium and junctional epithelium  

Internal basal lamina and hemidesmosomes are 

lined mostly in the lower region of a peri-

implant epithelium  

Internal basal lamina and hemidesmosomes are lined 

throughout the dento-junctional interface  

The apical portion of junctional epithelial 

located at a variable distance from gingival  

The apical portion of junctional epithelial located in 

cemento-enamel junction 

Subepithelially more collagen fibres and less 

fibroblasts/vessels 
Subepithelially more fibroblasts and vessels 

Parallel collagen fibres in relation to implant 

surface 

Dentogingival, dento-periodontal and circular fibres 

inserting perpendicularly to the teeth surface 

Restricted blood supply facilitated via the 

supra-periosteal vessels 

Enrichment of blood supply originated from 

periodontal ligament and supra-periosteal vessels 

Direct bone-to-implant contact 
Anchoring system of root cementum, alveolar bone 

and periodontal fibres 

	

2.2.3 The microbiology and histopathology of peri-implant diseases 

2.2.3.1 Peri-implant microbiology 

Like teeth artificial manufactured surfaces of dental implants are also prone to microbial 

colonization
40

 and the microbial flora at the oral cavity presents as a ‘‘reservoir’’ for the 

biofilms that build-up around implants. In vivo studies revealed the occurrence of bacterial 

colonization within 30 minutes after implant placement
41

 which closely resembles that at 

neighbouring teeth
42

.  

At clinical healthy implant sulci, the biofilm mainly consists of gram-positive cocci, non-

motile bacilli and a limited amount of gram-negative anaerobic species, similar to that at 

natural teeth
43,44

. When switched to peri-implant mucositis, increased numbers of cocci, 

motile bacilli and spirochetes were commonly found, at proportions comparable to 

gingivitis
45

. In peri-implantitis, a transition of biofilm composition towards a greater 

proportion of gram-negative, motile and anaerobic species can be detected, which are 

traditionally associated with periodontitis
44,46

. Those findings indicate the similar 

microbiological features of peri-implantitis and periodontitis and highlight the importance of 
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periodontitis to be a risk factor for the development of peri-implantitis. Nevertheless, some 

microorganisms, which are not usually associated with periodontitis or dental abscesses, have 

been isolated recently in peri-implantitis, including Staphylococci coliforms as well as 

Candida spp fungi
46-56

. Table 2 highlights the studies investigating the microbiology of failing 

implants.  

Table 2:  Summary of studies investigating microbiology of failing implants (Pye et al., A 

review of dental implants and infection, Journal of Hospital Infection, 2009) 

Type of implant 

(no. of patients/implants) 

Method of detection Most prevalent microbes detected  

(% sites infected with bacteria) 

Brånemark 

(37/1-4 per patient)
49

 

Culture Prevotella intermedia / Prevotella 

nigrescens 60% 

Actinobacillus actinomycetemcomitans 

60% 

Staphylococcus spp., coliforms, Candida 

spp. 55% 

Not stated 

(41/not stated)
57

  

Culture/indirect 

immunofluorescence 

Bacteroides forsythus 59% 

Spirochetes 54% 

Fusobacterium spp. 41% 

Peptostreptococcus micros 39% 

Porphyromonas gingivalis 27% 

Titanium hollow cylinder 

implants (7/not stated)
44

 

Culture/dark 

field microscopy 

Bacteroides spp., Fusobacterium spp., 

spirochetes, fusiform bacilli, motile and 

curved rods (% not stated) 

Not stated (13/20)
58

   Culture Staphylococcus spp. 55% 

Not stated (21/28)
59

 Checkerboard  

DNA–DNA  

hybridization technique 

P. nigrescens, P. micros,  

Fusobacterium nucleatum (% not stated) 

IMZ (12/18)
60

 Culture Bacteroides spp. 89% 

Actinobacillus actinomycetemcomitans 

89% 

F. nucleatum 22% 

Capnocytophaga spp. 27.8%  

Eikenella corrodens 17% 

Various (10/12)
61

 PCR P. gingivalis 67% 

Campylobacter rectus 42% 

E. corrodens 42% 

Treponema denticola 42% 

P. intermedia 33% 

Tannerella forsythia 33% 

Actinobacillus actinomycetemcomitans 

17% 

9 Astra Culture Actinomyces spp. 83%  

F. nucleatum 70% 

16 Brånemark P. intermedia/nigrescens group 60% 

5 ITI Staumann (17/30)
62

  Streptococcus anginosus (milleri) group 

70% 

 P. micros 63% 

  Enterococcus spp. 30% Yeast spp. 30% 
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Implant surface characteristics and its potential for biofilm formation are still under debate. 

Many studies indicate that the surface microstructure of implants influenced early bacterial 

adhesion but not the bacterial flora or biofilm maturation
41,47,63-65

. Higher roughness, higher 

free energy and lower wettability of the implant surface may favour bacterial colonization and 

biofilm formation
23

, thereby peri-implantitis may occur earlier, with faster and more extensive 

progression. However, other studies demonstrated no influence of biofilm formation and 

inflammatory reactions by using abutments with different chemically and surface properties
66

. 

Thus, it will be necessary in future studies to evaluate the potential differences in bacterial 

accumulation in relation to surface properties of implants. 

2.2.3.2 Histopathology of peri-implant diseases 

Recent studies have reported that peri-implant diseases have similar immune-pathological 

events to periodontal diseases, except for a faster disease progression and a more severe tissue 

destruction
67

. The accumulation of biofilm on the implant surface initiated the inflammation, 

thereafter established the peri-implant mucositis at the early stage. Histological observations 

from human or experimental dogs have indicated considerable inflammatory changes in peri-

implant mucositis, including elongation of pocket epithelium, loss of connective tissue, 

increased microvessel density
68

 and infiltration of inflammatory cells
12,69

. When the 

inflammation spreads into the supportive bone, it leads to peri-implantitis. Recent study in 

dogs found the bone destruction is associated with  increasing osteoclasts migrating apically 

to the bone marrow
70

. mRNA expression of pro-inflammatory cytokines including 

interleukine-6, interleukine-8 and tumour necrosis factor-α also increased in the peri-

implantitis site compared to periodontitis
71.	 In addition, up-regulation of matrix 

metalloproteases vascularization factors and complement receptor C1q,	 down-regulation of 

inhibitors of metalloproteases and growth factors were observed in peri-implantitis
72,73

. 

Although the histopathology of peri-implant infections is well described, the mechanisms and 

molecules involved in these processes are not fully understood. Therefore, the pathogenesis of 

peri-implant diseases needs to be further investigated. 

2.2.3.3 Streptococcus oralis and its role in biofilm formation at implant 

The predominant initial colonizers of oral biofilms are Streptococci species. Streptococcus 

oralis, a gram-positive bacterium, is found as a commensal inhabitant in humans, non-human 

primates and rodents
74,75

. It plays an important role in biofilm development by expressing 
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adhesins that could recognize specific motives on host proteins and grow in combination with 

fimbriae of Actinomyces and other late colonizers in the dental plaque flora
75

. S. oralis is 

capable of binding to implant titanium surfaces both in vitro and in vivo, and has a high 

detection frequency in subgingival plaque at implant
76,77

. A recent study analysing biofilm 

formation revealed a positive growth pattern of A. actinomycetmecomitans when inoculated 

with S. oralis in the development of a well-defined biofilm structure
78

. 

2.2.3.4 Aggregatibacter actinomycetemcomitans and its pathogenicity 

As noted in table 2, A. actinomycetemcomitans is one of the frequent detectable microbes in 

subgingival/submucosal sites in human peri-implantitis
79

. A. actinomycetemcomitans, 

previously named as Actinobacillus actinomycetemcomitans
80

, is a gram-negative 

microaerophilic bacterium classified as a late colonizer in oral biofilms. Currently, this 

species has been verified as one of the most putative pathogens that is associated with 

localized aggressive periodontitis (LAgP) in adolescence
81,82

. It is also involved in chronic 

periodontitis
83

 and non-oral infections such as endocarditis
84

. The pathogenicity of this 

microorganism is mainly depending on its abilities to adhere and invade host cells. With the 

presence of adhesins and fimbriae, A. actinomycetemcomitans is able to bind to the surfaces 

of epithelial cells, teeth and implants, and to promote colonisations in human oral cavities
85,86

. 

The bacterium possesses a wide range of virulence factors contributing to the invasion of host 

tissues. Leukotoxin secreted by A. actinomycetemcomitans is an important virulence factor
87

,	

and it could inactivate or evade host immune defenses by selectively killing of 

polymorphonuclear leukocytes (PMNs)
88,89

 or inducing lymphocytes apoptosis
90-92

. 

Furthermore, lipopolysaccharide derived from A. actinomycetemcomitans can stimulate host 

inflammatory responses by recruitment of inflammatory cells, generation of cytokines, 

activation of lytic enzymes and osteoclastogenesis, which finally leads to soft tissue and 

alveolar bone destruction
93,94.	 Other factors including collagenase, bacteriocins, cytotoxins 

and epitheliotoxin have also been reported to be associated with periodontal tissue 

destruction
95-97

. 

In addtion to humans, non-human primates, cows and rats are putative hosts of wild-type A. 

actinomycetemcomitans as well. Wild-type strains found in clinical isolates	 can	 bind to rat 

buccal epithelial cells
98

 and have the capacity to induce inflammation
99

. Therefore, clinical 

isolated A. actinomycetemcomitans is used recently in rodent models for pathogenesis studies 

of periodontal and peri-implant disease.  
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2.3 Animal models of experimental peri-implantitis 

For ethical reasons, sequential and prospective studies on the pathogenesis of peri-implantitis 

are only warranted in animals
100

. Animal models have distinct advantages that can mimic 

human cellular complexities occurring in vivo and are superior to in vitro experiments in 

examining complex cause and effect relationships. So far, many experimental animal models 

have been established to investigate the molecular mechanisms and new therapies of peri-

implantitis. Dogs, pigs and monkeys are the most commonly used animals, while small 

animals such as rats and mice are getting preferable nowadays. The selection of an 

experimental model is determined by the objective and requirement of the study.			

2.3.1 Non-human primates 

It is well known that the oral structures of non-human primates closely resemble that of 

human, especially their masticatory function and mandible morphology compared to other 

animals. Besides, they are susceptible in developing periodontal and peri-implant diseases
101

.  

Therefore, experimental researches carried out in non-human primates are highly relevant to 

human clinical situation.  

Macaque, baboon and cynomolgus macaque were frequently recruited to study the 

pathogenesis and treatment of peri-implant diseases
102-104

. The primary experimental units 

reported were the mandibular premolar and molar regions. Peri-implant mucositis in non-

human primates was induced by terminating the plaque-control regimen, followed by ligature 

placement
105

. Peri-implantitis was induced either by excessive loading of the implant
106

 or by 

excessive plague accumulation placing ligature around the implants
73,102,103

. Microbiological 

analysis revealed increasing level of motile rods, spirochetes, Porphyromonas gingivalis, 

Prevotella intermedia, Fusobacterium spp. and beta-hemalytic streptococci in peri-implantitis 

lesions
73,102,104

. This was associated with significant changes in clinical parameters, including 

gingival indices, pocket depth, loss of attachment, and bone loss in histomorphometrical 

measurements
107

. However, no histopathological characteristics have been reported in 

ligature-induced peri-implantitis in non-human primates so far. 

Despite the anatomical similarities and high clinical relevance, the use of non-human primates 

was limited by ethical and economic constraints. Experimental studies in non-human primates 

require a strong ethical justification regarding their care and use. The high expenses of 
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purchasing and house maintenance
101

, as well as the difficulties in controlling postsurgical 

infections
108

 of these animals make them rarely used in present dental research
109

.  

2.3.2 Canines 

Dogs have been almost exclusively used as an animal model for peri-implant study. The 

occurrence of periodontal disease in dogs is high, increases with aging, and more important, 

the etiopathology is closely related to humans
110

. Except for the information acquired from 

comparative study using human biopsy material from peri-implant mucosa, a substantial part 

of information available to date is from experimental study in dogs. In addition, dogs are used 

for surgical manipulations, including wound healing and regeneration in peri-implantitis. 

Among all the canine models, the most used animal is Beagle
111

. Beagles have been 

historically employed for dental research, especially in periodontal diseases, guided bone 

regeneration and dental implant investigation. The high incidence of natural-occurring 

periodontal diseases makes the Beagle suitable for the study of biofilm deposition and peri-

implantitis
112,113

. The bilateral mandible four premolars were the most extracted teeth and the 

majority of the study placed six implants in the jaw
114-117

. Peri-implant mucositis in dogs was 

commonly induced by stopping the oral hygiene to facilitate plaque accumulation
29,66,118-121

 

while peri-implantitis can be experimentally induced by fixing ligatures around the 

implants
69,114-117,122-125

. Increasing proportion of P. gingivalis, P. intermedia, Tannerella 

forsythia, occasional Campylobacter spp. and Candida spp. was detected by microbiological 

analysis
126-129

. Clinical signs of tissue destruction and morphological characteristics of peri-

implant defects similar to human peri-implantitis were observed
122,130

, including an apical 

migrated epithelium, connective tissue leukocytes infiltration
121

 and circumferential intrabony 

and suprabony horizontal peri-implant defect
116

. The heterogeneous bone loss between studies 

results from the heterogeneity in ligature material and location. However, the ligature 

placement may cause traumatic injury and induce a foreign body reaction that is distinct from 

peri-implant diseases. A more naturally occurring peri-implantitis canine model has been 

developed, in which ligature was placed for a certain period of time to induce initial active 

breakdown of the peri-implant tissue, then the ligature was removed to allow for a period of a 

“spontaneous” progression
69,125,131,132

. Unlike the initial ligature-induced peri-implantitis 

models, the natural progression period after ligature removal resembles more closely a human 

peri-implantitis. Nevertheless, an ideal canine peri-implantitis induction model should be 

naturally occurring without the placement of any ligature. 
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As a limitation of mimicking human peri-implantitis, the defect configuration in dogs was not 

the same as observed in humans. Interproximal peri-implant defect with buccal dehiscence 

was not found in dogs while human has a 15.8% occurrence
116

. In addition, relatively high 

expense, special daily care requirement and maintenance make use of dogs less desirable in 

periodontal study. 

2.3.3 Miniature pigs 

Miniature and micropigs share moderate similarities in oral and maxillofacial structures with 

humans. They overcome the potential disadvantages of commercial breeding pigs in large 

growth rates, excessive body weight and demanding manageability, thus have been developed 

as an animal model in dental research. In implant dentistry, their anatomic characteristic of 

jaw bone facilitates the insertion of implants used in humans.  Therefore, they are frequently 

employed to evaluate the safety, efficacy of biomaterials and new implant designs
133

.  

To date, there are only a few peri-implantitis studies reported with a mini-pig model. In 

accordance with non-human primates and canines, the primary experimental units in pigs 

were also the mandibular premolar region
109

 and the way to induce peri-implantitis was via 

ligature with or without a soft diet
134,135

. Clinical observations revealed greater calculus 

deposits, increased periodontal depths, higher gingival index and plaque index scores, and 

increased bone loss in peri-implantitis sites by radiograph. The microbiological analysis 

pointed to a switch of primarily gram-positive facultative organisms to gram-negative obligate 

anaerobes
135

. However, no histopathological characteristics of ligature-induced peri-

implantitis were investigated in the mini-pigs. 

Nevertheless, pigs are often considered noisy, aggressive and difficult to handle
136,137

. They 

are relatively expensive and have husbandry issues as well. However, with the successful 

establishment of metabolic syndrome and diabetes in the miniature-pig model
138

, future 

studies in the effect of peri-implantitis on systemic disease (such as diabetes and obesity) will 

be applied on miniature pigs.  

2.3.4 Rodents 

Apart from those large species, small animals with less cost, easier maintenance and fewer 

ethical and social issues became preferable in dental research. Since 1966 Rovin et al. used 

rats to prove the influence of bacteria with initiation of periodontal disease by placing silk 

ligatures in the gingival sulcus around the molar teeth of germfree and conventional rats
139

, 
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rodents have been widely used for microbiological and immunological studies in periodontal 

research
140

. They share similar periodontal anatomy and histopathology of periodontal lesions 

with humans
141

. Compared to non-human primates, dogs and minipigs, rodents are less 

expensive, easier to handle and commercially available with different genetic backgrounds. 

Furthermore, rat and mouse models can provide considerable insights in the interrelation of 

periodontal diseases and systemic diseases. The high reproducibility also makes rodents a 

suitable animal model for experimental and preclinical studies.		

Several rodent periodontitis models have been developed in periodontal studies, including rat 

ligature models
139,142-145

, oral lavage models
146-149

, lipopolysaccharide injection models
150-152

 

and calvarial models
153-155

. In terms of similarity of periodontitis and peri-implantitis, the 

established methodologies in rodent periodontitis models provided a basis for the 

etiopathological study of peri-implant diseases.  

In “ligature-induced” defect models, the ligature is commonly used to initiate periodontitis or 

peri-implantitis in large animal models. Placement of ligature around the cervical of teeth or 

implants is thought to favour biofilm accumulation, which in turn, cause a rapid breakdown of 

periodontal/peri-implant soft and hard tissues. So far, several murine models with different 

genetic backgrounds have reported the induction of peri-implantitis by ligature
156-163

. 

Although the ligature alone could not produce periodontal inflammation in gnotobiotic rat
139

, 

this model has still been questioned with the possibility of mechanical injury during and after 

the placement of a ligature, which could exacerbate periodontal/peri-implant tissue 

destruction and cause physiological bone remodelling
164,165

 

The lipopolysaccharide (LPS) injection model was used to examine the host innate immune 

responses to bacterial components via LPS injection into the gingival tissue. Bone loss around 

teeth has been verified after various bacterial LPS injections including Escherichia coli
166

, A. 

actinomycetemcomitans
167

 and Salmonella typhimurium
150

. Recently, two murine peri-

implantitis models via localized delivery of Porphyromonas gingivalis-lipolysaccharide were 

established
168,169

, in which severe inflammatory responses of peri-implant tissue and 

significant bone loss were found. Despite the sensitivity and accuracy in inflammatory 

induction, this model does not resemble the initiation of human peri-implantitis due to the 

lack of bacterial colonization.  

Currently, Freire et al. reported a rodent model using pre-infected implants ahead of 

implantation 
170,171

. In this model, A. actinomycetemcomitans biofilm was established in vitro 
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on titanium implant before placement to rat oral cavity. Although host responses with 

significant inflammations post-implantation were induced, this biofilm formation procedure 

prior to osseointegration failed to recapitulate in vivo peri-implant pathogenesis. 

All these models show some limitations with respect to the human pathogenic process and do 

not facilitate further studies such as investigation in surface modification of dental implants. 

Thus, a suitable rodent model that mimics the natural occurrence and progression of human 

peri-implantitis is still desirable. 

Oral infection by topical administration of bacteria has long been carried out in rodents
172

. 

Various human periodontal pathogens were used in these models, including A. 

actinomycetemcomitans
173

, P. gingivalis
148,174-177

, Tannerella forsythia
178

, Treponema 

denticola
179

 or a combination with two or more microorganisms
149,180

. Among them, the A. 

actinomycetemcomitans rat-feeding model is particular well established to examine bacterial 

behaviour and periodontal infection. Typically, rodents are orally administrated with certain 

amount of bacterial suspensions. The bacterial colonization and infection may be enhanced by 

prior antibiotic application to reduce the oral flora and repeated inoculation of organisms. 

PCR is frequently used for bacterial detection and bone loss can be measured 

macroscopically, histologically or by microcomputed tomography (Micro-CT). Compared to 

mono-infections, recent studies demonstrated a more severe inflammatory response and 

greater bone loss with polymicrobial oral infections
149,180,181

. So far one murine peri-

implantitis model mono-infected with P. gingivalis has been reported, which induced bone 

loss and a shift in gingival cytokine expression
182

. Also in the meantime one rat peri-

implantitis model via oral inoculation has been reported
183

. Although no significant bone loss 

was attained due to the small sample size in this study, certain inflammatory responses at 

implants subjected to polymicrobial infection could be observed by histologic analysis. These 

preliminary studies provided the possibility to induce peri-implant inflammation by oral 

lavage with human pathogens and therefore, more advanced models aiming at establishing 

peri-implantitis that simulate the initiation and progression of human peri-implant disease and 

further investigate complex host-microbe interaction are needed. 
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3. Aim of this thesis  

The aim of this study was to develop and validate a peri-implantitis model simulating the 

sequential coinfection with oral lavage in rat, characterizing the peri-implant diseases by 

quantitative determination of host inflammatory responses and bone loss. This goal was to be 

achieved by the steps below: 

1) Initial (S. oralis) and late colonizer (A. actinomycetemcomitans) were selected to 

investigate the growth pattern and colonization with surface-modified implants in vitro. 

2) For the transition to in vivo experiments, an implant surgery procedure in rats had to be 

developed to determine the optimal healing period post-surgery. 

3) Through a series of implant design tests and modifications, an optimal implant for implant 

surgery, osseointegration and long-term peri-implantitis studies in rats should be 

developed.  

4) Based on these results, the establishment of peri-implantitis induced by mixed bacterial 

oral lavage should be verified by quantitatively assessing inflammatory responses of the 

host and bone loss as well as visualization of biofilms on the implants in the rat model. 
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4. Material and methods 

4.1 Implant surface treatment 

All samples were sandblasted and etched before using to produce rough surfaces. This is to 

favour bacterial adhesion and colonization as well as to facilitate osseointegration when 

implanted in vivo. In detail, implants were modified by grit blasting with Al2O3 (110 µm) 

under 280 kPa for 10 seconds and etching with HCl (pH 3) at 80°C for 20 minutes. 

Afterwards they were sterilized by autoclaving. 

4.2 Bacterial culture 

In our experiments the oral pathogens Streptococcus oralis (DSMZ 20627) and 

Aggregatibacter actinomycetemcomitans (MCCM 2474) were used. Both bacteria grew 

anaerobically at 37°C in Shaedler Bouillon. 

In order to observe the growth pattern of bacteria and calculate a reproducible seeding density 

in the application of the different bacteria, growth curves were established to correlate the 

amount of colony forming units (CFUs) with the optical density (OD) of bacterial solutions at 

560 nm over time. To start a growth curve, a small amount of S. oralis or A. 

actinomycetemcomitans were grown in 10 ml sterilized Shaedler Bouillon at 37°C in an 

anaerobic incubator for one night. 2.5 ml overnight bacteria were then cultured in 97.5 ml 

Shaedler Bouillon in the same anaerobic incubator. At an interval of every 30 minutes, 1.0 ml 

cultured bacteria were removed to measure the optical density at 560 nm in a 

spectrophotometer (Eppendorf AG, Thomas Scientific, Swedesboro, USA). At the same time, 

0.1 ml cultured bacteria were taken and used for serial dilution to plate out cells on agar plate 

to calculate the number of distinct CFUs after one to three days incubation. Each growth 

curve was plotted by time on the horizontal axis and OD on the vertical.  

4.3 In vitro colonization of S. oralis or A. actinomycetemcomitans on implants 

A pilot in vitro experiment was performed to observe the bacterial colonization on titanium 

implant surface. Titanium implants (self-drilling, Ø1.0 mm, length 3 mm) were used in this 

study. In view of the distinct growth speed of S. oralis and A. actinomycetemcomitans 

according to the growth curves, different incubation time (one night for S. oralis and two 

nights for A. actinomycetemcomitans) was applied. Afterwards, sterilized implants were 

placed in each bacteria solution. For the documentation of biofilm formation, implants were 
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removed from S. oralis solution after 5 hours incubation and A. actinomycetemcomitans 

solution after 24 hours.  

After incubation, implants were gently washed with phosphate-buffered saline (PBS) to 

dislodge loosely adherent bacteria. To determine the bacterial viability, the live/dead kit (Life 

Biotechnologies, Thermo Fisher Scientific Inc., Waltham, USA) was applied to the implants 

following the manufacturer’s instruction. SYTO9 penetrates all bacteria in the microbial 

population and stains them green, while propidium iodide (PI) only penetrates the cells with 

damaged membrane, quenching the green SYTO9 fluorescence and stains the nonviable 

bacteria red
184

. After 20 minutes incubation at room temperature in the dark, the implants 

were gently rinsed with PBS, and immediately fixed in 2.5% glutaraldehyde for 30 minutes. 

The fluorescence from the stained cells on each implant was then viewed and analysed with a 

Leica inverse confocal laser scanning microscope (Leica DM IRB, Wetzlar, Germany). 

Biofilms were observed using 10x and 63x water-immersion objectives. An excitation 

wavelength of 488 nm was adjusted, and all light emitted between 480 - 500 nm and 490 - 

635 nm was collected by different filters. The scan mode time series was used to take a series 

of continuous scanning in the horizontal orientation (X-Y axes) at 2 to 5 µm intervals (Z axis). 

Scans were taken at a resolution of 1024 by 1024 pixels.  Simultaneously dual-channel 

images displaying green and red fluorescence were acquired by the software (Imaris, Version 

6.2.1, Bitplane, Oxford instruments, Zurich, Switzerland). The superimposed images were 

processed.  

4.4 Preliminary in vivo studies 

4.4.1 Implant surgery and rat treatment 

To evaluate in vivo bone osseointegration after implant placement, self-drilling implants 

(Implant SD, Ø1.0 mm, L: 3 mm) were placed and observed in Spraque-Dawley rats. 

Altogether 15 rats (weight 250 to 350 g, Charles River Laboratories, Sulzfeld, Germany) were 

kept in a temperature and humidity controlled room, exposed to a 24 hour light-dark cycle of 

equal time with free access to food and water ad libitum. They received a daily dose of 100 µl 

antibiotics (20 mg kanamycin and 20 mg ampicillin) for one week before surgery. Under 

general anesthesia by intraperitoneal administration of ketamine (85 - 90 mg/kg body weight) 

and xylazine (4 - 6 mg/kg body weight), a mesio-distal incision was made in the alveolar 

ridge region, anterior to the first rat molar bilatery in the upper jaw. After elevation of a full-

thickness flap, a pilot hole of Ø 0.8 mm and 2 mm depth was drilled under saline irrigation. 
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Self-drilling implants were drilled into the hole deeply until the head was stopped by the 

bone. Afterwards, the rats were randomly divided into three groups with 5 rats in each group: 

group 0 wks: 5 rats were sacrificed immediately after the surgery; group 3 wks: 5 rats were 

sacrificed after three weeks; group 6 wks: 5 remaining rats were sacrificed six weeks after the 

surgery. All the animals were regularly checked for oral and general health and were 

euthanized under anesthetic at each time point. The maxillae with implants were removed and 

fixed in 4% PFA for three days and stored in 70% ethanol for further analysis. 

All the animal experiments in this study were conducted in accordance with the German 

Animal Welfare Act and with the European Communities Council Directive 2010/63/EU for 

the protection of animals used for experimental purposes. All experiments were approved by 

the Local Institutional Animal Care and Research Advisory Committee and permitted by the 

local authority (Lower Saxony State Office for Consumer Protection, Food Safety, and 

Animal Welfare Service, AZ 12/0729). 

4.4.2 Analysis of peri-implant bone levels post-implantation  

Micro-CT was used to determine the bone height at implant in maxillae at different time 

point. Scan axis was aligned buccal-lingual. After scanning, the two-dimension image data 

were stored in the Digital Imaging and Communications in Medicine (DICOM) format.  Bone 

height was measured using ImageJ analysis software (Software ImageJ 1.42q; Wayne 

Rasband; National Institutes of Health, USA) by calculating the distance from the 

middle/widest of implant head to the bone crest (Fig. 3). The mean bone height for each 

implant was calculated by measuring the buccal and palatal aspect of each implant.  

	

Figure 3: Assessments of bone height in micro-CT images. Line 1 in red represents the 

middle of implant head; Line 2 in red represents the bone crest. The distance between line 1 

and line 2 (indicated by arrow) was referred as bone height around the implant in this 

experiment. Bar = 5 mm. 
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4.4.3 The development of the implants 

To find the optimal implant that facilitates implant procedure, osseointegration and biofilm 

colonization for long-term peri-implantitis study, four titanium alloy implants varied in height, 

width, shape and screw design were tested in sequence in the preliminary in vivo study. The 

small self-drilling implant (Implant SD, screw type) with 3 mm length and 1.0 mm diameter 

was applied in rats in the first place. The second option is the cylindrical implant with a long 

head (Implant LC, rod shaped, Science Workshop of Medical School of Hanover), which had 

the same diameter with Implant SD, but was composed of a 2 mm long head and 3 mm long 

cylindrical thread. The lasered/glued implants were produced by our group after the first two 

trials, constituted with half long of Implant LC head (1 mm) and the whole thread of Implant 

SD (2.75 mm). The ultimate trial is the big self-drilling implant (Implant BS, Synthes GmbH, 

Oberdorf Switzerland), which has a slightly longer length (1 mm) and wider diameter (0.3 

mm) compared to Implant SD. The designs and development of these experimental implants 

are shown in Figure 4. The modification of implants (sandblasting and etching) and animal 

surgery are the same as described before. Implant SD, Implant LC and Implant LG were 

placed deeply into the maxillae until the head was on the bone, Implant BS was installed to a 

point where the top of the head appeared grossly. All animals were observed for 13 days 

following surgery. Their body weight and implants retention were checked every other day. 

Assessments regarding the complexity of implantation and lost rate of implants were 

evaluated. 

	

Figure 4: The development and blueprints of different types implants used in the 

preliminary in vivo experiment. (a): Implant SD: small self-drilling implant, 1 mm in 

diameter and 3 mm in length; (b): Implant LC: cylindrical implant with long head, 1 mm in 

diameter, 5 mm in total length, including 2 mm long head and 3 mm long thread; (c):  Implant 

LG: lasered/glued implant, 1 mm in diameter, 3.75 mm in total length, including 1 mm long 

head and 2.75 mm thread; (d): Implant BS: big self-drilling implant, 1.3 mm in diameter and 

4 mm in length. 
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4.5 Peri-implantitis model 

4.5.1 Preparation of inocula 

Mixed inocula of S. oralis and A. actinomycetemcomitans were applied in this rat model. 

These two bacteria were first grown separately in culture dishes in an anaerobic incubator. 

After 1 (S. oralis) or 3 days (A. actinomycetemcomitans) adherent cells were scraped of the 

culture dishes and resuspended in 25 ml PBS. Bacteria were pelleted, washed twice, and were 

resuspended in a solution of PBS containing 3% sucrose adjusted to 10
8 

cells/500 µl (S. 

oralis: OD560 = 0.6; A. actinomycetemcomitans: OD560 = 0.8) according to established growth 

curves and CFU determination. To facilitate bacterial retention in the oral cavity of the rat 3% 

sucrose was added as described by Bezerra et al. (2012)
185

.  

4.5.2 Experimental design 

35 female adult Spraque-Dawley, weighing from 250 to 350 g were recruited in this 

experiment. Implant BS were modified by sandblasting and HCl etching as described before.  

All the rats received a daily dose of 100 µl antibiotics (20 mg kanamycin and 20 mg 

ampicillin) for one week before surgery. Under general anesthesia, implantation surgery was 

performed as described before. During the subsequent healing period of 3 weeks the rats 

received antibiotics (20 mg kanamycin, 20 mg ampicillin) by oral infusion. Afterwards, the 

rats were randomly divided into three groups: group A (Antibiotic): the rats received 

antibiotics (20 mg kanamycin, 20 mg ampicillin) for a period of 3 months by oral infusion; 

group B (Bacteria): the rats received a daily inoculum of 1x10
8
 S. oralis in 500 µl PBS with 

3% sucrose for one month, and an inoculum of 1x10
8
 S. oralis and 1x10

8
 A. 

actinomycetemcomitans in 500 µl PBS with 3% sucrose for the following two months; group 

C (Control): the rats received food and water ad libitum for 3 months. The experimental setup 

is depicted in Figure 5. The rats were regularly checked for oral and general health and were 

sacrificed at the end of experimental phase using an overdose of anesthetics. Oral swabs were 

taken for PCR analysis, the maxillae and mandibles were removed for macroscopic and 

histological examinations (Fig. 5).  
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Figure 5: Research design. Schematic diagram depicting timing and grouping of the 

experimental design 

 

4.5.3 Analysis of marginal bone levels at implants 

After removal the maxillae were immediately fixed in 4% paraformaldehyde for 3 days. One 

half of each maxilla was embedded in Technovit 7200 (Heraeus Kulzer GmbH, Hanau, 

Germany) and trimmed for staining with hematoxylin and eosin (H&E) and the second half 

was decalcified in 10% EDTA for 3 weeks after removing the implant. Afterwards the 

specimens were embedded in paraffin, sectioned in slices of 8 µm and stained with H&E. 

These specimens were photographed at 15-fold magnification under standardised conditions 

and analysed by ImageJ analysis software. The bone levels at implants were determined and 

calculated according to the histometric measurements at implants introduced by Borg et al. 

(2000)
186

. Briefly, the distance between the top of the implant head and the most coronal 

bone-implant contact point buccal and oral was measured using the measurement tools in 

ImageJ. To compensate for minimal deviations during cutting the implant the ratios between 

the lengths of the implants (4 mm) and the implant lengths measured in the histological 

sections were multiplied with the measured marginal bone height. The mean bone height for 

each implant was calculated by measuring the buccal and palatal aspect of each implant (Fig. 

6).   

Figure 6: Drawing of the measurement of 

marginal bone height at implants. The red 

line represents the coronal aspect of the 

implant head (reference line), the green line 

represents the most coronal point of bone-

implant contact, and the blue line represents 

the most apical part of the implant thread 

(apical line). The bone height was calculated 

by the following formula: 4 mm (length of the 

implant) / ② * ①. 
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4.5.4 Analysis of marginal bone levels at rat teeth 

Bone levels at rat teeth were measured to verify that oral lavage with S. oralis and A. 

actinomycetemcomitans was effective to induce bone loss in the present rat model. Therefore, 

mandibles and maxillae were mechanically defleshed and stained with methylene blue. The 

buccal and lingual aspects were photographed at 15-fold magnification under a dissection 

microscope (Wild M3Z, Heerbrugg, Switzerland) with the corresponding buccal and lingual 

cusp tips superimposed. The distances between the cemento-enamel junction and the alveolar 

bone crest at 7 buccal and palatal sites of the molar teeth were measured following the method 

originally published by Baker et al. (2000)
177

. Bone levels were calculated as the sum of 14 

distances (Fig. 7). 

 

Figure 7: Morphometric assessment of the bone level at teeth. White arrows indicate the 

location of measurements from cemeto-enamel junction (CEJ) to alveolar bone crest (ABC) 

along the molar root. Bar = 1 mm. 

 

4.5.5 Characterization of the peri-implant inflammatory reaction  

To identify the presence or absence of an inflammatory host response a histological semi-

quantitative grading was done in a double-blinded fashion and followed a scheme adapted 

from Bleich et al.
187

. The grading system was adjusted to the original procedure to encompass 

the host immune response of the peri-implant tissues in the rat (Table 3). Therefore, grading 

of the cellular infiltration within the connective tissues of the transmucosal area and the peri-

implant sulcus was evaluated by categorizing the number (< or > 50 cells) of neutrophils and 

macrophages per field of view. In addition, signs of fibrosis of the transmucosal region were 

estimated by counting the number and density of collagen fibres. The quality of the bone-

implant interface was characterized by counting osteoclasts and assessing the relative depths 

of Howship’s lacunae close to the implant. All specimens were analysed by one experienced 

histologist with a Zeiss Axioskop 40 microscope (Carl Zeiss Microscopy GmbH, Jena, 

Germany). For each section the sum of the gradings was calculated.  
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Table 3: Semi-quantitative grading system for histological scoring of infection 

Parameter Score Histological appearance 

Infiltration with inflammatory cells in the 

connective tissue 

0 No neutrophils/macrophages per field of view 

1 Mild, some neutrophils/macrophages per field of 

view 

2 Moderate, up to 50 neutrophils/macrophages per 

field of view 

3 Severe, more than 50 neutrophils/macrophages 

per field of view 

Inflammatory cells in the peri-implant 

sulcus/pocket 

0 No neutrophils 

1 Some neutrophils 

2 Many neutrophils 

Signs of fibrosis 0 No 

 1 Mild 

 2 Moderate 

 3 Severe, with prominent neoformation of fibrotic 

tissue 

Bone-implant interface 0 Fully healed (or beginning of healing without 

signs of bone destruction), mostly osteoblasts 

1 Some osteoclasts / osteoclast activity   

2 Mild osteoclast activity 

3 Moderate osteoclast activity 

4 Severe osteoclast activity (loss of implant) 

 

4.5.6 Microscopic detection of biofilm 

In vivo biofilm was detected by both CLSM and scanning electron microscopy (SEM). 

After sacrificing the rats, one remaining implant in the rat oral cavity was immediately 

removed and gently washed with PBS. The specimens were stained with live/dead staining 

and visualized by CLSM as described in previous in vitro experiments. 

After CLSM observation, implants were immediately post-fixed with EM fixation (4% PFA; 

0.1% glutaraldehyde in HEPES pH 7.35) for 2 hours at room temperature. Gently washed 

with HEPES buffer, the specimens were then dehydrated with ascending ethanol 

concentration (30 - 100%) and dried with hexamethyldisilazane (HMDS). Finally, they were 

mounted on the microscopic stubs and sputter coated with gold. Samples were observed and 

images were captured with a scanning electron microscope (SEM 505, Philips GmbH, 

Hamburg, Germany) in the high-vacuum mode at 10 kV.  
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4.5.7 PCR detection of bacterial DNA in the rat 

The presence of S. oralis and A. actinomycetemcomitans in the oral cavity of the rat were 

evaluated by qualitative polymerase chain reaction (PCR). The bacterial flora of the rats was 

sampled immediately after euthanasia with sterile cotton swabs that were gently rubbed over 

the tongue and the soft tissue of the oral cavity for 30 sec. One sample was collected from 

each rat. The bacterial genomic DNA was extracted from the swabs using the FastDNA
TM

 

SPIN Kit for Soil (MP Biomedicals, Santa Ana, USA) following the instructions of the 

manufacturer. Species-specific primers were designed with the following sequences: S. oralis: 

5’-TCC-CGG-TCA-GCA-AAC-TCC-AGC-C-3’ (forward primer) and 5’-GCA-ACC-TTT-

GGA-TTT-GCA-AC-3’ (reverse primer); A. actinomycetemcomitans: 5’-TAG-CCC-TGG-

TGC-CCG-AAG-C-3’ (forward primer) and 5’-CAT-CGC-TGG-TTG-GTT-ACC-CTC-TG-3’ 

(reverse primer)
188,189

. Positive controls of genomic DNA were used from corresponding 

species and negative controls contained sterile ultrapure water. PCR was performed using 5 µl 

of DNA in a 50 µl mixture containing 2 µl of both primers, 5 µl deoxynucleotide triphosphate 

mixture, 0.3 µl Taq DNA polymerase and 5 µl buffer fulfilled with sterilized water. The 

following PCR program was used: 95 °C for 15 min, followed by 40 cycles composed of 

95 °C for 30 sec, 58 °C for 30 sec and 72 °C for 45 sec (S. oralis) or 40 cycles composed of 

94 °C for 30 sec, 55 °C for 1 min and 72 °C for 2 min (A. actinomycetemcomitans). All cycles 

were finished with a final step of 72 °C for 10 min. After amplification, PCR products (5 µl) 

were visualized by 1.5% agarose gel electrophoresis in Tris-borate-EDTA buffer at 80 Volt for 

20 min and then 120 Volt for 1 hour. A 100 bp DNA ladder was used as a molecular weight 

marker. Samples were considered positive for S. oralis with a single band at 374 bp and 

positive for A. actinomycetemcomitans with a single band at 428 bp. 

4.6 Statistical analysis 

SPSS 20.0 software package was used for statistical analysis and all data were expressed as 

means ± standard deviation (SD). Differences among the groups were analysed by a one-way 

analysis of variance (ANOVA) followed by Fisher’s least significant test (LSD) (homogeneity 

of variances) or Dunnett T3 (heterogeneity of variances) for multiple comparisons. 

Differences with P < 0.05 were considered statistically significant. 
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5. Results 

5.1 Different growth patterns of the bacteria: 

The growth curves of Streptococcus oralis (DSMZ 20627) and Aggregatibacter 

actinomycetemcomitans (MCCM 2474) were presented in Figure 8. S. oralis, which is an 

early colonizer, showed a rapid growth pattern after 5 hours incubation and reached the 

stationary phase until 10 hours. A. actinomycetemcomitans, which is a late colonizer, showed 

a slow increase from the 3rd hour to the 24th hour. Autoaggregation was observed with this 

strain during incubation, resulting in the fluctuation of the curve.  

A 

	

B	

	

																																																															Incubation	Time	(min)	

Figure 8: Bacteria growth curves. (A) Growth curve of Streptococcus oralis (DSMZ 

20627); (B) Growth curve of Aggregatibacter actinomycetemcomitans (MCCM 2474); OD: 

optical density. 
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5.2 Establishment of biofilms on titanium implants in vitro 

CLSM superimposed images showed that biofilms covered the whole dental implants (non-

stained background, black) with viable (green) and non-viable (red) colonies (Fig. 9). In both 

cases, live cells were predominately present. Of note, S. oralis biofilm on the implants 

consisted of clustered or chains of cocci after 5 hours incubation. While after 24 hours 

incubation, A. actinomycetemcomitans was visualized with clusters of rods.  

Figure 9: CLSM images of in vitro biofilms grown on the implants. Viable cells were 

stained in green, non-viable cells were stained in red and the non-stained black background 

resembles the implant surfaces. (A) S. oralis biofilm on the implants after 5 hours incubation. 

Bar = 9.45 µm. (B) A. actinomycetemcomitans biofilm on the implants after 24 hours 

incubation. Bar = 9.45 µm. 

 

5.3 Preliminary in vivo experiments 

5.3.1 Micro-CT imaging analysis of peri-implant bone level 

All 30 implants from three experimental groups were found located in the maxillae although 

some of them from group 3 wks and group 6 wks were covered by surrounding mucosa. The 

bone level measured from the middle of implant head to the alveolar bone crest was 0.4030 ± 

0.1679 mm in group 0 wks, 0.5042 ± 0.2947 mm in group 3 wks and 0.5259 ± 0.2797 mm in 

group 6 wks. Significant difference was observed when group 3 wks or group 6 wks 

compared to group 0 wks (P = 0.011 and P = 0.003 respectively, LSD test), while no 

difference was found between group 3 wks and group 6 wks (P = 0.577, LSD test). Taking the 

bone level in group 0 wks as baseline, the bone level at implant decreased approximately 0.10 

mm after 3 weeks, and about 0.12 mm after 6 weeks (Fig. 10). 
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Figure 10: Bone level around implants at 0 week, 3 weeks and 6 weeks. (A) 

Representative Micro-CT images of implant in the maxilla in group 0 wks, group 3 wks and 

group 6 wks. Arrows indicate the alveolar bone crest. Bar = 1 mm. (B) Bone level was 

calculated by measuring the distance from middle of the implant head to alveolar bone crest. 

Graph shows bone level of three different groups. Data are presented as means ± SD. 

Significance was determined using LSD test. ** P < 0.01. (C) Schematic diagram shows bone 

level at baseline and after 3 or 6 weeks. Compared to the baseline, the bone level decreased 

about 0.10 mm after 3 weeks, and 0.12 mm after 6 weeks.  

 

5.3.2 Assessment of different implant type 

Small self-drilling implants (SD) facilitated implantation, however, they were soon covered 

by surrounded mucosa. Yet 100% osseointegration was found after a healing period of 13 

days. With a cylindrical-shape thread, Implants LC were found difficult to implant during 

surgery. Only 16/30 of these implants were successfully implanted in the rats. They were 

observed higher than the adjacent molar in the oral cavity, and half of them were loosen or 

lost in the healing period. Implants LG were the combination of Implants SD and Implants LC 

that jointed by laser or glue. They were found easily broke into 2 parts when reaching a 

certain torque in the surgery. After implantation, 2 of them were loosen in the next 13 days. 
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Like Implants SD, Implants BS were also easy to implant. During the whole healing period, 

all the implants were stably osseointegrated and none of them were covered by surrounding 

mucosa. The assessments of different implants are shown in table 4. 

Table 4 In vivo assessments of different implants 

Group 

Number of total 

implants used in 

the surgery ① 

Number of failed 

implants during the 

surgery ② 

Number of loosen 

implants within 13 

days after surgery ③ 

Remainin

g ratio
#
 

Implant SD 

SD 
30 0 0 100% 

Implant LC 30 14 8 26.7% 

Implant LG 22 5 2 68.2% 

Implant BS 12 0 0 100% 

# Remaining ratio = the number of remaining implants after 13 days / the number of total 

implants used in the surgery; The number of remaining implants after 13 days = ① - ② - ③. 

Implant SD: small self-drilling implant; Implant LC: cylindrical implant with long head; 

Implant LG: lasered/glued implant; Implant BS: big self-drilling implant. 

 

5.4 The peri-implantitis model 

5.4.1 Clinical results 

Implants (n = 62) were successfully installed in the maxilla of 33 rats (Fig. 11A), two rats 

died during surgery. During the healing period of 21 days 7 implants were lost and 5 implants 

were lost during the following experimental phase (1 in group A and 2 in each group B and 

C). The remaining 50 implants were stable osseointegrated over the complete experimental 

period of 3 months (Fig. 11B). The rats were in good general health, did not lose weight or 

showed any other adverse reactions to the treatments. 

Figure 11: Surgical site and implant 

position. (a) The clinical situation 

within the oral cavity of the rat. The 

implants were placed in the alveolar 

ridge of the maxillae, anterior to the 

first molar. (b) Representative 

histological overview of an implant in 

the maxillae after the healing period of 

3 weeks. The implant thread is 

surrounded by healthy soft tissues and 

compact bone (H&E staining, bar = 

500 µm) 
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5.4.2 Establishment of biofilms on titanium implants in vivo 

CLSM and SEM images revealed in vivo biofilm on the titanium implants (Fig. 12, Fig. 13). 

Unlike the in vitro colonization, when biofilm covered the whole implant, in both CLSM and 

SEM images, biofilms were mostly found only on one side of the top part (from the head to 

the 2
nd

 thread) and seldom appeared on the other side or on the middle or lower part of the 

implants (Fig. 12 A, Fig. 13A). Instead, the lower part of the implants was covered by host 

cells. 

In CLSM images, the biofilm was densely packed adjacent to the implant surface (Fig. 12). 

Live cells of bacteria (green fluorescence) were in predominant number. The outermost 

surface was covered by the nuclei of the host cells. Unlike the cells covered on the lower part 

of the implants, most of the cells on the biofilm were dead (red fluorescence with nuclei).  

	
Figure 12: CLSM images of in vivo biofilms on the implant. Viable cells are stained in 

green, non-viable cells are stained in red and the non-stained black background resembles the 

implant surfaces. (A) Overview of implants with live/dead staining. The area under one thread 

(indicated by white box) was covered by massive biofilm. Bar = 240 µm. (B) Enlarged box 

area of (A) shows massive biofilm (mostly stained in green, indicated by white arrows) and 

some nuclei (stained in red, indicated by yellow arrows). Bar = 26.82 µm. 

 

Imaging of the biofilms on the implants by scanning electron microscopy clearly present the 

heterogeneous structure of the biofilm. In the SEM images, multispecies and multilayer 

biofilm was found under the head of the implants with great quantity of extracellular matrix 

(Fig. 13). Agglomerates of rod- and coccoid-shaped cells were observed within the biofilm. 

Scattered host cells were embedded in the biofilm network. 
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Figure 13: SEM images of in vivo biofilm on the implants. (a) At lower magnification, 

biofilm covered area was indicated by dashed box. Bar = 200 µm. (b) Enlarged box from (a) 

shows complex network of biofilm and rat cells. Bar = 10 µm. (c) Higher magnification of (b) 

shows the biofilm are composed of primary rod-like (indicated by black arrows) and coccoid-

shaped bacteria (indicated by yellow arrow). Rat cells (indicated by green arrows) are 

embedded within the biofilm. Bar = 4 µm. 

 

5.4.3 Bone level at implants 

Bone level at implants was microscopically analysed after sacrifice and histological 

preparation. The distances between the reference points were 2.29 ± 0.32 mm in group A, 

2.60 ± 0.39 mm in group B and 2.46 ± 0.27 mm in group C. The differences between the bone 

levels of group A compared to group B were statistical significant (LSD test, P = 0.048) (Fig. 

14). The bone levels of group C were higher compared to group A, but did not reach statistical 

significance (LSD test, P = 0.352) 

Figure 14: The graph shows means and 

SDs of all bone level measurements in 

Group A, B and C after three months 

of treatment. For each implant buccal 

and palatal bone levels were measured. A 

significant difference (* P < 0.05) was 

found between Group A and B using LSD 

test. 

 

 

 

5.4.4 Bone loss at rat teeth 

The bone loss at molar teeth in rats was measured after sacrifice. In group A the cumulative 

distance from the cemento-enamel junction to the alveolar bone crest was 0.68 ± 1.04 mm and 

in group B 2.13 ± 0.68 mm. In group C this distance was 2.07 ± 1.15 mm. The differences 
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between group A and group C (LSD test: P = 0.003), as well as between group A and group B 

(LSD test: P = 0.001) were statistically significant (Fig. 15).  

 

Figure 15: The graph shows means and 

SDs of bone loss at teeth in Group A, B 

and C after three months of treatment. 

Significant differences (** P ≤ 0.01) were 

found between Group A and B as well as 

Group A and C using LSD test.  

 

 

 

5.4.5 Characterization of the peri-implant inflammatory reaction 

After a 3-week healing period the mucosa of the transmucosal region was closely attached to 

the implant surface and only a slight to moderate influx of neutrophils and macrophages was 

observed. Newly formed bone and osteoid depositions were found at the bone-implant contact 

area (Fig. 11b).  

After a three months period of antibiotic treatment in group A a narrow peri-implant sulcus 

was lined by a thin sulcular epithelium (Fig. 16a) and only a few scattered neutrophils were 

observed in the underlying connective tissue. Collagenous fibres were orientated in circular 

bundles around the implant and a dense compact bone surrounding the implant thread showed 

a few signs of bone remodelling (Fig. 16b).  

In contrast, after the 3-months bacterial challenge massive infiltrations of neutrophils and 

macrophages were present in the connective tissue of rats belonging to group B (Fig. 16b, 

16b2). Specimens exhibited numerous neutrophils migrating through the sulcular epithelium 

into the peri-implant sulcus, which was characterized by extensive ulcerations of the epithelial 

layers. These specimens showed only a few fibroblasts while the number of collagen fibres 

was at the same time increased. Howship’s Lacunas and high numbers of osteoclasts were 

solely observed in group B indicating high bone resorbing activities (Fig. 16e, 16e2).  

After a 3-months period of food and water ad libitum without any further treatment, a 

keratinized peri-implant sulcus epithelium of 300 to 800 µm length was formed in group C. 

The peri-implant connective tissues were colonized by numerous fibroblasts and only a few 

monocytes infiltrated the tissues. The bone and the implant surfaces were in 90% of the 

distance in direct contact (Fig. 16c, 16c2, 16f, 16f2).  
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Figure 17: The semi-quantitative evaluation of the histological specimens 

Four categories were evaluated in a blinded fashion using an established grading system for 

histological scoring.  Figures a-d shows the representative scores of each item in group A (n = 

16), group B (n = 18) and group C (n = 17).  

(a) Inflammatory infiltrations in the connective tissue. Severe infiltrations were not observed 

in group A but were present in 18% of the specimens in group B; (b) Inflammatory cells in the 

peri-implant sulcus/pocket: the percentage of specimens with neutrophils infiltrations in group 

C (24%) was higher compared to group A (13%) and was lower compared to the group B 

(39%); (c) Signs of fibrosis: group A did not include specimens with moderate or severe 

fibrosis while group B included 6% specimens with severe fibrosis; (d) Bone-implant 

interface: mild osteoclasts activity was not observed in group A and group C, but was present 

in 20% of specimens in group B; (e) The means of sum scores per rat in group A (n = 11), 

group B (n = 11) and group C (n = 10) are shown in the columns.  Error bars = SDs. 

Significant differences (** P < 0.01) between group A and B is observed using Dunnett T3 

test.  
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5.4.6 PCR detection of bacterial DNA in the oral cavity of rats 

S. oralis or A. actinomycetemcomitans DNAs were not detected by qualitative PCR in oral 

swab samples before surgery in the rats. After the experimental phase of 3 months S. oralis 

was solely detected in 7 out of 11 rats in group B. A. actinomycetemcomitans was detected in 

all groups, but with a significant higher frequency in rats of group B (8/11) compared to group 

A (2/11) or C (2/11). (Table 5) 

Table 5: Detection of S. oralis and A. actinomycetemcomitans after three months 

treatment Presented is the occurrence of the applied bacterial species in percentage (ratio of 

positive oral swabs and total oral swabs in each group, see numbers in parentheses) 

  PCR detection 

Group S. oralis A. actinomycetemcomitans 

Control 0% (0/11)  18.18% (2/11) 

Antibiotic 0% (0/11) 18.18% (2/11) 

Bacteria 63.64% (7/11) 72.72% (8/11) 
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6. Discussion 

6.1 Bacterial growth and attachment to the implant in vitro 

Peri-implantitis is an infectious disease caused by polymicrobial anaerobic bacteria
190

. In this 

experiment, we attempted to develop a biofilm-caused peri-implantitis rat model that mimics 

human disease. S. oralis and A. actinomycetemcomitans were chosen for this study. S. oralis is 

a gram-positive bacterium, which is considered as a primary colonizer in dental plaque that 

expresses adhesins, providing a film for other bacterial colonizers to assemble the biofilm
191

. 

A. actinomycetemcomitans is one of the late colonizers which is thought to be an important 

pathogen associated with both periodontitis and periimplantitis
42,55,99

. Both bacteria were 

found as commensal inhabitants in rats
86,192,193

. Hence, the growth curve of each bacterium 

was observed over time. S. oralis grew rapidly and entered the stationary phase within 24 

hours. By contrast, A. actinomycetemcomitans showed a slow growth rate and needed longer 

incubation period to reach the stationary phase. These observations are in accordance with 

their successive growth found in vivo
194

. Besides, autoaggregation was observed with this 

strain of A. actinomycetemcomitans during incubation period. This behaviour was also 

observed in other clinical isolates which is mainly due to their long bundled fimbriae, while 

the smooth, laboratory variant strain are non-autoaggregating
195,196

.  Attachment is a critical 

step for an organism to induce oral infection. Prior to in vivo establishment of biofilm in rats, 

bacterial attachment was first tested with screw type titanium implants in vitro. Currently, 

most dental implants for clinical use have a rough surface, modified with sandblasting and 

acid-etching. The main reason for this surface topography is to increase surface area so as to 

improve osseointegration. Unfortunately, the rougher microtexture of implants may also 

favour bacterial colonization and potentially enhance the inflammatory response. In this 

context, sandblasting and etching were applied on all the implants used in this study to mimic 

the clinical situation. Revealed by CLSM images, both S. oralis and A. 

actinomycetemcomitans demonstrated a high level of adhesive ability and viability after 

culturing with modified implants in vitro. Those observations are in accordance with the 

previous findings that S. oralis can colonize titanium surfaces in vitro
77

 and in vivo
76

, and a 

clinical isolated strain of A. actinomycetemcomitans has the ability to attach solid 

surfaces
85,197,198

 as well as the oral cavity of rats
199

. These results indicate the possibility of in 

vivo S. oralis and A. actinomycetemcomitans colonization with titanium implants. 
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6.2 The proper healing period post-implantation in the rat model 

Since in vitro results clearly demonstrated the adhesive ability of S. oralis and A. 

actinomycetemcomitans to the modified implant surface, it is essential to transfer these results 

to an in vivo animal model and study the colonization of these two bacteria in an oral 

environment as well as the direct and complex impacts on the host responses.  

As an alternative model to large animals, rodents are not only inexpensive, easy to handle, but 

also provide some unique characteristics to evaluate microbial and host responses. Instead of 

replacing natural teeth with implants as done by most dog models, the natural diastema ahead 

of molar in maxillae of rats, resembling the anatomy structure in the molar area, has been 

proved to be an appropriate position for implantation, and implants located here are stable 

over a period of six weeks
170

. Hence, to reduce the possible extra injury and minimize the 

healing period caused by molar extraction we chose the diastema of the rat maxillae as our 

implant location in the following in vivo studies.  

The initial idea for the first in vivo experiment was to test the stability of screw type implant 

and investigate biofilm formation after bacterial oral lavage as well as the host inflammatory 

responses. In order to standardize the implantation depth of each implant for subsequent bone 

degradation analysis, all the implants were placed deeply until the head was stopped by the 

bone crest. However, those small implants were soon covered by surrounding mucosa due to 

the deep location in the bone, which made it impossible for plaque accumulation on the 

implant surface and subsequent peri-implantitis development. Hence, the goal in this 

experiment switched to study the change of bone height around implant within a certain time 

post-surgery. 

Micro-CT was used to determine the post-surgery bone level around the implant in this 

orientation study. Compared to the bone level on surgery day, significant bone loss around 

implant was found three weeks after implantation, while a minor bone recession occurred 

during the next three weeks. It is likely the bone repair/remodelling process including 

replacement of the pre-exist bone injured by drilling and formation of new bone took place 

mainly during the first three weeks post-implantation, whereas the maturation of bone may 

need longer time. These results were consistent with other findings in rat models by means of 

histological or ultrastructural investigations which demonstrated the initial bone 

osseointegration formed within a period of 3 to 4 weeks after implants insertion
156,200-203

. In 

humans, a standard healing period of at least 3 months in the mandible and 6 months in the 
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maxilla for implant osseointegration is suggested. This time lag between the experimental 

models and humans could be explained by the notion that rats have a faster bone healing rate 

than humans
204

. Nevertheless, an optimal healing period is essential for maintaining long 

period stability in both humans and rats. Based on these results, 3 weeks were determined as 

the proper healing period post-implantation in our rat model. 

6.3 Achieving the optimal implant used in the rat model 

A suitable implant in the animal model is important to investigate biofilm formation and host 

responses to bacterial challenge. The goal of achieving an optimal implant in the rat has been 

approached by alteration of implant shape, height, width and implant design. Self-drilling 

implants have the advantage of facilitating implant placement and producing good initial 

stability in the bone
205

. Thus, implant SD was used in the first attempt and was implanted 

deeply until the head was right above the bone so as to gain initial osseointegration and obtain 

reliable data of bone level change. However, they were soon covered by surrounding mucosa 

due to their short length which prevented the biofilm formation and the likely inflammation. 

Cylindrical Implants LC were purchased to overcome this shortness. With a longer head, they 

are supposed to prevent mucosa covering and form a transmucosal interaction. However, they 

were found difficult to implant because of the blunt cylindrical shape which dependent on 

exact fit in the bone
206

. Besides, a high lost rate of this implant was observed soon after 

implantation, which is likely due to the occlusal interferences caused by the long head. To 

improve the success rate of implantation and create some exposed surface for biofilm 

accumulation, our group designed a new implant that is constituted with a self-drilling thread 

from Implant SD and a half head from Implant LC, combined either by laser or glue. The 

application of these implants proved once again the facilitation of self-drilling shape, but 

revealed the unqualified combination when certain torque forces were applied. In view of the 

complicated manufacture process, low quality and remaining ratio, this type of implant is not 

considered optimal either. Implant BS were approached eventually. Unlike the former three 

types of implants being placed deeply on the bone, we installed Implant BS to a point where 

their heads are just above the mucosa. In addition to the advantage of easy placement by a 

self-drilling thread, its longer length assured the sufficient bone embracement for initial 

stability. Meanwhile, its wider diameter may increase the contact area with subgingival 

bacteria for biofilm formation and its transmucosal location allowed the peri-implant soft and 

hard tissue investigation. Although it may not be the ideal implant that has the reference point 

for exact bone measurement, its feasible acquirement, simple structure and high initial 
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stability presented by our results suggest it as the best tested implant for long period peri-

implant study in rat model. 

6.4 In vivo biofilm observations  

Bacterial attachment and biofilm formation are prerequisites for oral infection
139

. Although 

many rodent models of periodontitis or peri-implantitis demonstrated the existence of certain 

pathogens by molecular biological techniques, very few have provided with the visible proofs. 

In the present rat study, in vivo biofilms at implant site were observed by both CLSM and 

SEM. Distinct from the entire coverage on implants with in vitro biofilms, biofilms in vivo 

were mostly found on the upper part of implant, that is above the tissue-implant interface. 

Characterized by a complex architecture composed of multi-layers and multi-species 

microorganisms, biofilm on the implant were also observed in direct contact with host cells, 

which we speculated as neutrophils or macrophages based on the shape of the nuclei. It 

resembles the human situation
207

 and provides the basis for future implant-microbe-host 

interaction investigation. One limitation in the present study is the difficulty in quantification 

of in vivo biofilm on the implants because densely packed cells could not easily be separated 

and counted. Therefore, further comparison of biofilm between groups requires innovative 

technologies.  

6.5 Bone loss in the peri-implantitis model 

According to the consensus report of the Seventh European Workshop on Periodontology 

“peri-implantitis is characterized by changes in the level of the crestal bone in conjuction with 

bleeding on probing with or without concomitant deepening of peri-implant pockets”
14

. 

Inflammation and bone loss are the two major diagnostic criteria that define peri-implantitis 

in humans. In our rat model, inflammatory onset including the lack of epithelial seal, 

connective tissue inflammation together with bone degradation was present at implant sites, 

indicating the establishment of peri-implantitis by the 3 months mixed bacterial lavage in the 

rat. Although significant bone loss was solely demonstrated in the group applied with bacteria 

compared to the group treated with antibiotics, a trend of marginal bone level reduction was 

also observed in the control group. Those results may indicate the natural bone resorption at 

implant site in rats, which is quite close to periodontal diseases because spontaneous 

periodontitis occurs in conventional rats as well
208

. It is likely that the three months antibiotic 

medication attenuated the natural bone loss and inflammatory reaction by eliminating bacteria 

from the rat oral cavity and maintaining a quasi gnotobiotic state. Gnotobiotic rats were not 
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used in this study because the germ-free state is highly unnatural and is not helpful for the 

immunological investigations
209

.  

With respect to bone loss at teeth, all three experimental groups revealed an increase of the 

CEJ-ABC distance after 3 months. In comparison to the Antibiotic-Group, the Control and the 

Bacteria groups demonstrated significant more bone loss. Bone loss in the bacteria treated 

group is likely due to the increased number of bacteria and it is obvious that the antibiotic 

treatment reduce natural bone loss at teeth compared to untreated rats. Natural bone loss at 

rats was reported by Hoffman and Schour
210

 and Belting et al.
211

 with an increased distance of 

approximate 1.7 mm during a period of 100 days, which is in the same range compared to the 

results of the present study.  

6.6 In vivo inflammation in the peri-implantitis model 

In view of the histomorphometry, our rat model shares several similarities to the peri-

implantitis lesion of humans and other experimental animal models whilst a few differences 

were also noticed. After three months of constant antibiotic treatment, fully osseointegrated 

implants together with healthy soft tissues were observed in most of the rat specimens. Only 

scarce immunocytes were present within the well-organized connective tissue and the 

collagen fibers orientated parallel to the long axis of the implant. All these resemble the 

healthy peri-implant tissues in humans and dogs
36,212

. With respect to the results from analysis 

of human biopsy material, peri-implantitis lesions revealed pathological features that consist 

of the transmigrating immunocytes from the pocket epithelium and an intensive inflammatory 

cell infiltrate that spread into most part of the connective tissue
213

. In the present rat study 

cellular infiltration dominated by neutrophils and macrophages were also exhibited in the 

connective tissues, but with a less extensive appearance. These pathological changes were in 

accordance with the mild clinical inflammatory reaction observed under the experimental 

condition in the rat. The discrepancies regarding the intensity of the host reaction may 

indicate the different disease states investigated. While in human biopsy studies, most 

specimens were taken from the implant with severe bone loss or even from mobile implants, 

in our rats, bone degradation was less progressed. Similar to human peri-implantitis, the most 

advanced inflammatory reaction in the rat was detected in the apical zone of the transmucosal 

region with a thin or even ulcerated epithelium and an uncovered, inflamed connective 

tissue
214

. The pathological signs of proliferated rat sulcular epithelium and the intense fibrosis 

characterized by typical linear and wavy arrangements in the connective tissues were also 

consistent with human situation
212

. Moreover, in comparison to the non-treatment rats or rats 
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applied with antibiotics, the bacterial challenged group exhibited higher osteoclast activities 

and increased marginal bone loss, suggesting that these pathological changes were induced by 

the mixed bacterial lavage, which is in agreement with reports by Newman & Flemmig 

claiming that implant infection was the main reason for failures after primary healing and 

osseointegration
215

.  

6.7 Possible explanations for the bacterial DNA detection results 

Oral lavage rat models have long been introduced to study periodontal diseases
146-149

. This is 

the first time to apply oral lavage to study peri-implantitis in rats using S. oralis and A. 

actinomycetemcomitans as colonizers. We hypothesized that S. oralis would compete with the 

indigenous flora in a rat oral biofilm after application, colonize and form a considerable 

abundance and dense biofilm as previously indicated
192

, which then facilitate the adhesion 

and colonization of A. actinomycetemcomitans and consequently induce inflammation. This 

mechanism was likely in the present model because both S. oralis and A. 

actinomycetemcomitans were frequently detected in the bacteria treated group. After 3 months 

of treatment, two rats in the Control-group and two rats in the Antibiotic-group were positive 

for A. actinomycetemcomitans DNA detection, which indicate conserved bacterial DNA in 

oral niches of the rat but the number of bacteria sampled was in most cases beyond the 

detection limit of the PCR method, or the development of antibiotic resistances by the long-

lasting treatment. Antibiotic resistance in A. actinomycetemcomitans was recently reported by 

Rams et al. (2014)
216

. Another possibility may due to the implant placement, which changed 

the microenvironment and facilitate A. actinomycetemcomitans to grow, but nonetheless, the 

number is still at the edge of detection limit to be constantly detectable. On the contrary, the 

oral cavity of three rats was not positive for A. actinomycetemcomitans DNA after three 

months of oral lavage with the bacteria. This lack of detection is likely caused by sampling 

viabilities, because bone loss at teeth or implants was not conspicuously different from other 

rats in this group. Here a	 limitation of the bacterial analysis became obvious. By the non-

standardized collection process with an oral swab, the viability and quantitative analyses of 

bacteria were not possible. In future studies, biofilm samples directly taken from the removed 

implants are planned. In general, the rat’s microbiota showed considerable diversity, which 

may affect the individual response to any artificial attempt to constantly establish exogenous 

bacteria for long-term periods and may account for some of the variability related to bacterial 

DNA detection in the present study.  
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6.8 Future directions 

In this pilot study, we successfully developed a rat peri-implantitis model by a mixed lavage, 

This model would be a useful tool for future studies on a number of topics ranging from 

implant modifications for prevention of peri-implantitis to peri-implantitis therapy. 

Similar to periodontitis, peri-implantitis is considered as a complex polymicrobial infection in 

human but shows differences in magnitude and progression, as it turned out in the rats as well, 

despite a similar bacterial challenge. The analysis of fundamental differences between these 

diseases is complicate due to diversified microbe communities, intricate mechanism of 

interaction and alteration of host responses. Thus, the established animal model might be used 

as an origin to understand the dynamic and pathogenic mechanism of diseases and transfer the 

findings to the clinical situation. Therefore, more studies should be planned, using various 

bacterial species and strains, and advanced technologies, to address these issues in the future. 

Implant morphology that influences tissue-surface interactions is potentially related to the 

survival of dental implants. Implants with different materials, coatings, topographies and 

biofunctionalizations have long been investigated in vitro. In vivo assessments of their clinical 

performances are essential prior to clinical use and can be economically and practically done 

in small animals. With the established rat model, future research on innovative implant 

surface, aiming at optimizing osseointegration as well as minimizing bacterial retention can 

be pursued. Moreover, instead of placement of a non-submerged one-piece implant in rat 

maxilla, customized two-pieces (implant-abutment) or even three-pieces (implant-abutment-

crown) implants can be tested in future. The two-stage procedure resembling human implant 

insertion will not only facilitate osseointegration by placing a merged implant but also provide 

an easier access to microflora evaluation with the abutment. Therefore, more clinical relevant 

results regarding pathogenesis of peri-implantitis can be produced.  

Although the histopathological characteristics of peri-implantitis are quite well demonstrated 

in this model, the molecular events during the inflammatory processes are not fully 

understood. Based on this rat model, further investigations could start with the molecules that 

already validated in periodontitis or the molecular contents specifically detected from peri-

implant exudate. The explicit pathogenesis mechanism will effectively guide the development 

of molecular diagnosis and immunomodulatory therapies of peri-implant diseases.  
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In addition to the studies of peri-implantitis in systemically healthy groups, there will be 

increasing need to investigate the relation between peri-implantitis and systemic illnesses. 

Diabetes and obesity/metabolic syndrome are two of the major health problems that increase 

the risk of periodontitis and peri-implantitis
217-219

. It is extremely costly and impractical for 

the peri-implantitis study in large animal models with experimentally induced systemic 

illness
220

. On the contrary, small animals such as rodents are available of various genetic 

backgrounds, and systemic diseases can be obtained simply by genetic manipulation. So far, 

obesity in rodents can be easily induced by hypercaloric or hyperlipidemic diet
221,222

. Diabetic 

rodent models, including genetically induced spontaneous diabetes models and 

experimentally induced type 2 diabetes models have been thoroughly described
223,224

. Based 

on these models, future peri-implantitis rodent model in systemically compromised condition 

might be proposed, which would help to investigate the effect of systemic disease on peri-

implantitis and develop corresponding preventive and therapeutic strategies. 
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7. Conclusion 

By sequential in vitro and in vivo studies, we successfully developed a rat peri-implantitis 

model using a mixed bacterial infection by oral lavage. It was characterized by host 

inflammatory response in the transmucosal region and peri-implant bone loss that reflected 

the main pathological changes of human peri-implantitis. Therefore, the model might be 

useful in future to investigate relevant pathological pathways of peri-implant diseases as well 

as to develop novel therapeutic approaches.  
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