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Cellular and molecular dynamics during early oral 
osseointegration: A comprehensive characterization in the 
Lewis rat

Sutton Elizabeth Wheelis1, Claudia C. Biguetti1, Shruti Natarajan2,3, Alexandra Arteaga1, 
Jihad El Allami1, Bhuvana Lakkasetter Chandrashekar1, Gustavo Garlet4, Danieli C. 
Rodrigues1,*

1Deparment of Bioengineering, University of Texas at Dallas.

2Department of Biological Sciences, University of Texas at Dallas.

3Texas A&M College of Dentistry

4Bauru School of Dentistry, Department of Biological Sciences, University of São Paulo São 
Paulo, Brazil

Abstract

Objective: There is a need to improve the predictability of osseointegration in implant dentistry. 

Current literature uses a variety of in vivo titanium (Ti) implantation models to investigate failure 

modes, and test new materials and surfaces. However, these models produces a variety of results, 

making comparison across studies difficult. The purpose of this study is to validate an oral 

osseointegration in the Lewis rat to provide a reproducible baseline to track inflammatory response 

and healing of Ti implants.

Methods: Ti screws (0.76 mm Ø x 2 mm length) were implanted into the maxillary 

diastema of 52 adult male Lewis rats. Peri-implant tissues were evaluated 2, 7, 14, and 30 

days after implantation (n = 13). Seven of the thirteen samples underwent microtomographic 

analysis, histology, histomorphometry and immunohistochemistry to track healing parameters. The 

remaining 6 samples underwent qPCR to evaluate gene expression of inflammation and bone 

remodeling markers over time.
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Results: This model achieved a 78.5 % success rate. Successful implants had 68.86% ± 3.15 BIC 

% at 30 days on average. Histologically, healing was similar to other rodent models: hematoma 

and acute inflammation at 2 days, initial bone formation at 7, advanced bone formation and 

remodeling at 14, and bone maturation at 30. qPCR indicated the highest expression of bone 

remodeling and inflammatory markers 2-7 days, before slowly declining to non-surgery control 

levels at 14-30 days.

Conclusion: This model combines cost-effectiveness and simplicity of a rodent model, while 

maximizing BIC, making it an excellent candidate for evaluation of new surfaces.

Graphical Abstract
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Intramembranous Osseointegration; Rodent Model; Titanium

1. Introduction

Although titanium dental implants have been widely employed for the past 35 years, there 

is still a 'therapeutic window' and clinical necessity for bioengineering interventions aimed 

at increasing the predictability of achieving osseointegration in dentistry. Evaluating the 

probability that a particular implant will be successful is explored in the literature, but 

complete understanding of how this process occurs remains elusive as clinical data is 

highly heterogeneous. Moreover, successfully osseointegrated implants seldom undergo 

ex vivo analysis.1-8 As a result, focus has been placed on the etiology of early dental 

implant failure (occurring in up to 4.6% implants placed), where osseointegration is never 

achieved.9-12 These early failures can occur due to a variety of reasons, such as bacterial 

infiltration, surgical trauma, failure to achieve primary stability, and other patient factors 

like bone quality.9-11,13-18 However, the underlying cause is a disruption in constructive 

titanium-tissue interactions that results in destructive inflammation and failure.19-24 Our 

increased understanding that osseointegration is the result of a beneficial or constructive 

inflammatory process has led to the development and testing of new coatings and surface 

modifications on titanium implants. These surfaces are designed to mitigate external factors 

that interfere with constructive inflammation25-30 while trying to encourage regenerative 
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healing in the early stages of implant placement via encouraging the M1-M2 macrophage 

polarization axis.31,32,41,42,33-40

In vitro models are often the initial tests performed with these new surfaces, where bone-

forming, gingival, or immune cells are seeded on surfaces and evaluated for proliferation, 

differentiation, and various cytokine and growth factor expression.43-52 These models are 

a good initial test to evaluate biocompatibility and are becoming more reflective of early 

healing scenarios, such as the “race-for-the-surface” by utilizing bacterial-mammalian cell 

co-culture models.53-55 While useful to understand isolated variables, in vitro conditions 

cannot simulate the complex microenvironment resulting from dental implant placement. 

In vivo animal models overcome some of the limitations of in vitro models, providing 

a more clinically relevant environment to track healing. The literature contains a large 

variety of maxilla/mandible implantation models into larger animals such as sheep, dogs or 

mini pigs.56-63 that more accurately simulate human occlusal loads, or rodent models that 

employ long bone implantation into the femur or tibia.34,64-67 Large animal models could 

be considered ideal considering biomechanical approaches, but there are cost and ethical 

considerations when using these models. These are typically not cost effective, resulting 

in expensive housing and drug costs, keeping sample sizes low in addition to limited 

accessibility to commercial gene expression or enzyme-linked immunosorbent assays that 

allow for molecular events leading to osseointegration to be fully explored. Rodent long 

bone models are more cost-effective, however long bones undergo endochondral and 

intramembranous ossification in aseptic conditions. On the other hand, maxillofacial bones 

only undergo intramembranous ossification following injury.68 As dental implants are placed 

in non-aseptic conditions with potential complicating factors such as pH, saliva flux, food 

bolus, and bacteria, the rodent oral cavity may be a more suitable region for preclinical 

research on oral osseointegration.

Oral osseointegration models in rodents provides the best of both worlds: they are more 

cost effective than large animal models and more reflective of the human oral environment 

and healing than long bone implantation. Fortunately, oral implantation models in rodents 

are not a novel concept. A number of studies have employed two particular types of 

maxilla implantation in the rodent: those which involve extraction of one or more of 

the first molars before placement of the implant (extraction models)69,70,79-81,71-78 or 

direct implantation into the maxillary diastema without tooth extraction (non-extraction 

models).82-87 Further examination of either of these models will uncover a large variety 

in methodology. In extraction models, the placement of the implant is reported to be 

either immediately following tooth extraction69-71,73,80 or up to 30 days after.72,74-79,81 

Placement is also inconsistent, in bed of the first molar,71,73-77,79,81 anywhere between the 

first and second molar,70 or the socket where the mesial root of the first molar is located 

before extraction.69,80 In non-extraction models, implantation into the maxillary diastema 

can occur anywhere anterior to the first molar and posterior of the incisor roots.82,85,86 

Finally, both models have a large variety of implant dimensions ranging from 0.67 mm – 

1.7 mm in diameter and 2.0 mm- 4.5 mm in length.73,76,82,84,88 One could argue that these 

variations in implantation procedures, implant size, and bone quality at different locations 

may reflect what happens in the clinic. However, these in vivo models strive to provide an 

accurate simulation of the best-case wound healing scenario and most neglect define success 
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criteria, success yield of their model, or links to human clinical osseointegration. Without a 

consistent methodology, it is difficult to evaluate the impact of a new implant surface/coating 

or material in the absence of a baseline or “ideal” osseointegration model.

Recently, Mouraret et al. developed a model and histological characterization of 

implantation into edentulous alveolar crest of the maxilla in CD1 mice.89 This model 

was further supported by Biguetti et al., who provided a thorough histological, 

histomorphometric, microtomographic and molecular characterization of inflammatory, 

wound healing and bone remodeling events involved in early oral osseointegration of 

C57Bl/6 mice.88 This study utilized a combination of techniques often singularly found in 

other rodent models to characterize early intramembranous osseointegration. This particular 

iteration of the non-extraction model resulted in a 77.78 % success rate and 81.03±3.87% 

new bone area within implant threads. These parameters make this model appealing for 

simulating human osseointegration, where 81.4% new bone area (BA) is observed and 

greater than 60% bone to implant contact (BIC) is considered successful for up to 17 

years.20,88,90 While promising, implantation space is limited in mice. Even in the most ideal 

cases, the width of the alveolar ridge is about 300 μm and the scale of implants used (0.67 

mm diameter by 1.5 mm length) overwhelm the edentulous alveolar crest, protruding into 

the maxillary sinus, with new bone growing out and onto the implant in addition to replacing 

existing surrounding bone.21,88,89

Therefore, the aim of this study is to develop a new edentulous alveolar crest implantation 

model in the Lewis rat to provide an appropriate and reproducible baseline to track 

healing of titanium implants from initial injury to early osseointegration using molecular, 

histomorphometric, and microtomographic characterization. The use of this non-extraction 

model will provide decreased variation and potential complications proposed versus an 

extraction model, and rats are proposed to provide the advantages of increased scale 

(approximately 10X larger than mice), resulting in an alveolar ridge widths greater than 

1 mm. Therefore, larger implants could be accommodated, eliminating implant fabrication 

issues, decreasing the surgical learning curve and providing larger amounts of supporting 

bone to increase BIC% and chance of primary stability. The combination of non-extraction 

model, ability for clinical translation, and breadth/depth of analysis at the cell and molecular 

is novel and unparalleled in the literature. It is hypothesized this model will achieve an 

osseointegration success rate similar to mice non-extraction models ( >70% ) with similar 

BIC and BA (84.9 % and 81.4 %, respectively) to those observed in humans, thus allowing it 

to be utilized to test new surfaces, coatings, and materials for dental implants.

2. Materials and Methods

2.1 Implants

Commercially pure titanium (cpTi) threaded dentin pins (0.76 mm ø x 2 mm, Fairfax Dental 

Inc., Miami, FL, USA) were used as implants in this study. All implants were cut to an 

approximate 2 mm length using orthodontic pliers and cleaned by sonicating for 45 min 

each in acetone, DI water, and ethanol solutions respectively. After sonication, implants 

were place in an oven at 65 °C to dry before being sterilized in an autoclave.
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2.2 Animals

All animal surgeries, as well as pre- and post- operative care was carried out with 

supervision and approval from the Institutional Animal Care and Use Committee (IACUC 

#16-05) in compliance with the NIH Guide for the Care and Use of Laboratory Animals. 

This study was divided into 4 experimental groups of 13 adult male 10-12 week old Lewis 

Rats (Charles River Laboratories, Wilmington, MA, USA) ranging from approximately 

250-325 grams in weight. The rats were maintained in the Vivarium at the University of 

Texas at Dallas with sterile water and dry food pellets available to animals ad libitum, except 

for 72 hours following surgery, in which the diet was crumbled and mixed with water. 

Experiment groups were separated by time points (2, 7, 14, and 30 days after implantation, n 

=13 per group) with an additional control group (n = 13) that received no surgery for a total 

of 65 animals.

2.3 Surgical Procedure

Rats were weighed before and after surgery to monitor body weight. The animals were 

anaesthetized by an intramuscular injection of 50-100 mg/kg ketamine hydrochloride and 

20-50 mg/kg xylazine hydrochloride. After anesthesia, rats were placed in a dorsal decubitis 

position on a surgical table. Following positioning, animals were given an injection at 

the surgical site with 20 mg/kg of lidocaine with 1:100,000 epinephrine (Quala Dental 

Products, Nashville, TN, USA) for hemostasis and local analgesia. Implantation consisted of 

first making a 2 mm mucosal incision 1 mm in front of the right maxillary first molar 

to expose bone, followed by the drilling of a 0.67 mm implant bed using a surgical 

micromotor at 1000 RPM (NSK Surgic Pro) and subsequent placement of a 0.76 mm ø 

by 2 mm titanium screw in the edentulous alveolar crest osteotome site using needle holders 

(Figure 1). The left side of the maxilla was used exclusively for screw placement while 

the right side received just the incision and osteotome site (surgical sham) in the same 

rat. Additional control rats received no surgery (non-surgery controls). Feeding, drinking, 

and grooming were monitored daily during the post-operative period. At the end of the 

experimental periods (2,7,14 and 30 days), the animals were sacrificed with an overdose 

of pentobarbital sodium (Euthanasia III Med-Pharmex Inc., Pomona, CA, USA). After 

sacrifice, the implantation sites were cleaned briefly with saline before photos were taken 

using a stereomicroscope (Olympus, SMZ45T with DS-Fi2-L3 Camera, Shinjuku City, 

Tokyo, Japan) to track clinical healing of the oral mucosa covering the implant. Seven 

of the animals from each group had their whole maxilla placed in 10% neutral buffered 

formalin (NBF) for x-ray microtomography and histology. The remaining 6 had each tissue 

section containing an implants well as sham and control tissue excised from the animal with 

dissecting scissors and snap frozen for molecular analysis.

2.4 X-ray Microtomography (Micro-CT)

Micro-CT allowed evaluation of the position of the implant in relation to surrounding 

bone and osseointegration around implants. After fixation in NBF for 48 hours, samples 

were continuously washed in water for 24 hours to prevent over fixing, and finally placed 

in 70% ethanol until processing. Whole maxillae were assessed by Micro-CT (Skyscan 

1272, Bruker, Billerica, MA, USA) at 100kv and 100 μA with 6.75 μm distance interval 
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for 180 degrees using a 0.4 degree step size and 0.11 mm copper filter. Projection files 

were reconstructed using NRecon Software (Bruker, Billerica, MA, USA), using a Gaussian 

smoothing kernel of 3, ring artefact correction of 6, and beam hardening correction of 

40% to improve image reconstruction quality. Reconstruction files were evaluated using 

CT analyzer software (CTAn, Bruker, Billerica, MA, USA) to quantitatively determine 

mineralized bone around the implant. A constant region of interest 1 mm in diameter and 

1.5 mm in length was defined along the medial portion of implant and surrounding bone, 

excluding 500 μm on the coronal portion of the implant where it emerged into oral cavity. 

Using these sagittal cross-sectional regions of interest saved from 2D CT images, percent 

of implant bone volume (BV) and tissue volume (TV) was determined to achieve the final 

parameter of BV/TV% to correlate to bone growth over time. 2D and 3D visualization of 

Micro-CT scans was achieved with Data Viewer and CTVox Software (Bruker, Billerica, 

MA, USA) respectively.

2.5 Histological Processing

After micro-CT processing, samples were decalcified in 11.2% ethylenediaminetetraacetic 

acid (EDTA)-2Na at 4°C for 2 weeks. After decalcification, whole maxillae were grossed 

down to transverse sections containing the implant. Following tissue processing with the 

implants in place, implants were carefully unscrewed from its coronal end before embedding 

in paraffin blocks. Twelve total 5 μm histological sections were made in the central region of 

titanium implant site per biological replicate. Six sets of 2 serial sections were made with 30 

μm of separation to get a good representation of the sample for staining.

2.6 Histopathological and Histomorphometric Analysis

The progression of healing and osseointegration was evaluated using H&E and Masson’s 

trichrome stain. One section at each depth (6 total) underwent a standard hematoxylin 

and eosin (H&E stain) for histopathological evaluation and histomorphometry. One section 

best representative of each time point was also stained using Masson’s trichrome to track 

bone mineralization for qualitative analysis only. Evaluation of soft tissue integrity and 

mucosa–implant interface consisted of the area from alveolar bone crest to the point of 

implant emergence through oral epithelium of the peri-implant mucosa. Evaluation of hard 

tissue integrity consisted of the area of implant threads in contact/adjacent to alveolar bone, 

excluding any sample that penetrated the maxillary sinus. Soft tissue histomorphometry 

was used to quantify blood clot, blood vessels, inflammatory cells, foreign body giant cells 

(FBGC), fibroblasts, and fibers in three 173.4 μm x 130.1 μm histological fields per section 

at 400X magnification, which were averaged. Bone to implant contact percentage (BIC %) 

was calculated on 30 day samples using Cellsens software (Olympus, Shinjuku City, Tokyo, 

Japan) to measure the length of the alveolar bone in direct contact with the implant. Before 

measuring the length of the implant at the bone level, a horizontal line designating the crest 

of the maxillary bone and crest of maxillary sinus adjacent to the implant was drawn across 

the implant space of each section. Following this several measurements were taken:

1. The entire length of the implant under the crest of maxillary bone and above the crest of 

maxillary sinus (Implant Length).
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2. The length of the implant in contact with bone under the crest of maxillary bone and 

above the maxillary sinus (Bone Contact).

BIC% was then calculated by using the equation: Equation 1.

Percentage of bone to implant contact.

BIC % = Bone Contact
Implant Lengtℎ ∗ 100

Hard tissue histomorphometry was used to quantify blood clot, blood vessels, inflammatory 

cells, FBGC, fibroblasts, fibers, osteoblasts, osteoclasts, and new bone matrix in seven 

173.4 μm x 130.1 μm histological fields per section at 400X magnification, which were 

averaged. 14 and 30 day samples with failed implants (absence of osseointegration) 

were excluded from analysis. The remaining 5 sections in each sample were used for 

immunohistochemistry.

2.7 Immunohistochemistry

Immunohistochemistry was used to identify and quantify osteoclasts and macrophages 

within threads adjacent to/in contact with alveolar bone. Osteoclasts were identified 

by Tartrate Resistant Acid Phosphatase (TRAP)91 (anti-TRAP, 1:200 mouse monoclonal 

[ACP5/1070] (ab212723), Abcam, Cambridge, UK), and macrophages by using a 

universal macrophage marker (anti-CD68, 1:1000 Rabbit polycloncal (ab125212), Abcam, 

Cambridge, UK). Sections were first deparaffinized and underwent antigen retrieval by 

submersion in either Tris Buffer at pH 9.0 (CD68) or Citrate Buffer pH 6.0 (TRAP) 

maintained at 95 °C for 30 min. After washing in deionized (DI) water, the area of 

interest for staining was marked with a peroxidase-antiperoxidase (PAP) pen. Tissue was 

blocked with protein block provided from mouse and rabbit specific HRP/DAB (ABC) and 

Micropolymer Detection IHC Kit (Abcam, Cambridge, UK) and subsequently incubated 

with the selected primary antibody at 4 °C overnight in a humidified chamber. Two 

technical replicates from each sample were stained with each marker, in addition to 

a final sample that was incubated with 1% Bovine serum albumin in 1X phosphate 

buffered saline (Sigma-Aldrich, St. Louis, MO, USA) instead of a primary antibody as 

a negative control. After incubation, the slides were washed and blocked with hydrogen 

peroxide, before incubation with a biotinylated goat antipolyvalent secondary antibody and 

3,3′-diaminobenzidine (DAB) chromagen, following the manufacturer’s protocol from the 

HRP/DAB or Micropolymer Abcam IHC kit. Lastly, slides were counterstained in Mayer’s 

Hematoxylin for 2 min and finished with Permount (Fisher Scientific, Hampton, NH, USA) 

and a coverslip. Seven 173.4 μm x 130.1 μm histological fields were captured comprising 

the region adjacent to the implant to quantify osteoclasts and macrophages. Three 173.4 

μm x 130.1 μm histological fields were captured comprising the region from alveolar bone 

crest to the point of implant emergence through oral epithelium to quantify macrophages in 

the soft tissue. Cell counting was performed using the same technique employed with H&E 

stained sections. As CD68 is also a marker for PMN granulocytes such as neutrophils, these 

cells were identified based on their nuclear morphology and excluded from analysis so only 

macrophages were counted.
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2.8 Molecular Analysis

Fresh tissue sections comprising the peri-implant mucosa and bone were snap frozen 

and stored at −80° C to preserve RNA integrity in order to perform gene expression 

analysis. Approximately 50 mg of peri-implant or control tissue from each sample were 

homogenized using the Bullet Blender Storm (Next Advance Inc., Troy, NY, USA) 

according to the protocol outlined by Carter et. al. 2012.92 RNA was isolated using the 

RNeasy Mini-kit (Qiagen, Hilden Germany) following manufacturer’s instructions. The 

concentration and quality of the RNA was verified with a spectrophotometer (NanoDrop™ 

200, Fisher Scientific, Hampton, NH, USA) and a fragment analyzer (Agilent Technologies, 

Santa Clara, CA, USA). After isolation, cDNA synthesis was performed using qScript 

cDNA supermix (QuantaBio, Beverly, MA, USA), and cDNA reaction products were 

purified with the Qiaquick Purification Kit (Qiagen, Hilden Germany). qRT-PCR was 

performed with cDNA and TaqMan single tube assays (Applied Biosciences, Foster 

City, CA, USA) to quantify genes for macrophage polarization (Arg1, Cd163, Nos2), 

inflammation (Ccr2, Ccr5, Cd80, Cxcl12, Il6, Il10, and Tnf), tissue reconstruction and bone 

formation/remodeling (Fgf1,Tgfb1, Vegfb, Col1a1, Alpl, Bmp2, Bmp7, Ibsp, Dmp1, Bglap 
(produces Osteocalcin-OCN), Tnfrsf11b ( produces Osteoprotegrin-OPG), Spp1 (produces 

Osteopontin-OPN), Tnfsf11 (produces RANKL), Runx2, and Sost) using 10 ng/μL of cDNA 

per reaction. Each sample reaction was performed in triplicate and contained a gDNA 

control to confirm that there was only template specific amplification. Data analysis was 

performed using the ΔΔCt method to compare each marker of interest with 3 housekeeping 

genes (B2m, Hprt1, Ldha), determining fold changes in uncoated Ti samples relative to a 

non-surgery control.

2.9 Statistical Analysis

Statistical analysis of BV/TV%, histomorphometry, and fold changes in gene expression 

from molecular analysis was performed using a one-way Analysis of Variance with a 

post hoc Tukey test to compare time points if samples demonstrated a normal distribution 

with a Shapiro-Wilk Normality test. If samples did not follow a normal distribution, the 

non-parametric Kruskal-Wallis test was performed with Dunn’s multiple comparisons test. 

The Tukey/Dunn test made multiple comparisons to evaluate the significance between time 

point groups. Both tests were run in GraphPad Prism 7.0 software (GraphPad Software 

Inc., San Diego, CA, USA) using a significance level (α) of 0.05. P values were used to 

determine significance between groups.

3. Results

3.1 Clinical and Microtomographic Analysis

From a clinical perspective, rats exhibited no signs of hyperalgesia, with normal grooming, 

eating, and nesting behavior. Upon sacrifice and sample collection, macroscopic evaluation 

demonstrated no clinical signs of infection and all implants remained in place for the 

duration of the study. The initial healing of peri-implant mucosa and the sham (Figure 2) 

was observed at 2 days containing a film of fibrin over the surface of the implant. At 7 

days there was oral epithelium and connective tissue growth with the absence of clinical 

inflammation (redness and swelling) in both uncoated implant and sham. At 14 and 30 
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days the oral mucosa was covering the implant completely and completely intact in the 

sham, with clinical health comparable to the controls. Residual blood observed between the 

maxillary molars of samples is an artifact from sample dissection at the time of sacrifice. 

Following microtomographic analysis of all samples, it was revealed that 12 of the 14 

samples placed at 14 and 30 days achieved bone to implant contact, shown in Figure 3B. 

Reconstruction of microtomographic scans in 3D demonstrated an ingrowth of new bone 

into the threads at 7 days, visually increasing in volume within the threads at 14 and 30 

days (Figure 3A). Morphometry data of μCT scans revealed a similar trend of an increase of 

BV/TV % from 7 and 14 to 30 days (Figure 3D).

3.2 Histopathological and Histomorphometric Analysis

Following histological evaluation, it was confirmed that of the 14 implants placed for 14 and 

30 days, 11 were osseointegrated with 68.86 ± 3.51 BIC % at 30 days, resulting in a 78.5% 

success rate. The 3 implants with >40% fibrous encapsulation in the threads at the peri-

implant bone level were designated as failures and were excluded from histomorphometric 

analysis. The samples that failed at 30 days were either close in proximity to the first molar 

root (Figure S2C), or contained sequestered fragments of bone (Figure S2A). The 14 day 

failure exhibited fibrous tissue populated with macrophages, active bone resorption and bone 

necrosis (Figure S2B). At 2 days, mononuclear cells, polymorphonuclear (PMN) cells and 

loose red blood cells (clot) were found among a fibrin matrix both adjacent to the supporting 

bone and peri-implant mucosa surrounding the implant space (Figure 4). Supporting bone 

close to the implantation site contained empty lacunae without osteocytes. At 7 days, 

implantation sites still exhibited the residual blood clot and inflammatory infiltrate, but 

there was evidence of loosely packed connective tissue at the mucosa level and bone 

remodeling at the supporting bone area. Bone remodeling was identified by areas around 

the threads that were a mix of connective tissue with mononuclear and fibroblast-like cells, 

multinucleated osteoclasts at the edge of the supporting bone (Figure 5D), and large amounts 

of osteoblasts (Figure 5A and 5B) interspersed at the cementing lines (or reversal lines) of 

supporting bones as well as in new primary bone forming within the threads. New primary 

bone apposition on supporting bone was identified by slightly basophilic cementing lines 

formed by active osteoblasts (cells presenting a robust cytoplasm and cuboidal shape) on 

supporting bone and new osteoid (non-mineralized bone matrix) containing multiple new 

embedded osteocytes. Osteoid was evidenced by blue staining and the supporting bone by 

red staining in trichrome stain (Figure 4, 5A and 5B). At 14 days, some of the residual 

supporting bone with empty lacunae was in contact by newly formed bone, suggesting that 

the residual fragments of old bone were incorporated by the newly formed bone, serving as 

a bone graft. H&E staining revealed a more advanced stage of bone apposition, containing 

vessels surrounding implant threads spaces with fewer mononuclear cells fibroblast-like 

cells, and osteoclasts. In addition, this advanced stage of bone remodeling and maturation 

was also indicated by basic bone remodeling units (Figure 5). Osteoblast-shaped cells 

were still present as bone lining cells, although new bone appeared to have more mature 

osteocytes within lacunae, along with small islands of red stained mineralized bone in the 

trichrome stain. At the peri-implant mucosa level, there was vessel formation and more 

densely packed connective tissue populated with fibroblast and mononuclear cells. At 30 

days, bone was dominated by more mature bone matrix, containing osteocytes and vessels 
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that appeared to be mineralized due to the matrix’s red appearance in the trichrome stain, 

with a few osteoblasts adjacent to threads. Inflammatory infiltrate was negligible at both 

the peri-implant bone and mucosa levels. Densely packed connective tissue containing 

fibroblasts and vessels were located at the peri-implant mucosa.

Sham tissue containing just the osteotome site demonstrated similar healing benchmarks as 

the uncoated Ti (Figure S1). At 2 days, the osteotome site at the mucosal and bone level was 

filled with blood clot, MN and PMN cells within a fibrin matrix just as the implant thread 

spaces were in uncoated Ti samples. At 7 and 14 days there was evidence of new connective 

tissue, vessels. Inflammatory infiltrate, and fibroblasts at the mucosal level and new bone 

formation and remodeling at the bone level. New bone was formed in a large amount of 

areas at 7 days within the osteotome site with the space in between occupied by new vessels, 

osteoblasts, osteoclasts, monocytes, and fibroblast-like cells. At 14 days, vessels, fibroblasts 

and new connective dominated at the mucosal level, and there was more continuous new 

bone area at the osteotome site adjacent to the supporting bone, with the same structures and 

cell types occupying the non-bone space as the 7 day time point. At the 30 day time point, 

soft tissue at the mucosal level appeared dense, populated with vessels and fibroblasts with 

negligible inflammatory infiltrate. At the bone level, bone appeared continuous and mature 

with lacunae filled with osteocytes and new vessels, similar to control maxillary bone.

Histomorphometry of soft and hard peri-implant tissues supports histopathological 

observations at each time point, in addition to providing quantitative evidence of temporal 

cell behavior. At 2 days, the soft tissue contained a high density of blood clot, fibers 

and inflammatory cells compared to the other histomorphometry elements. At 14 and 30 

days, there was a significant decrease in blood clot density (p < 0.01). Inflammatory cells 

demonstrated a similar trend as blood clot, significantly decreasing from 2 and 7 days 

compared to 14 and 30 day density (p < 0.05). However, unlike the blood clot density, soft 

tissue fibers demonstrated an increasing trend over all four time points, with statistically 

significant increases from 2 to 7 days, 14 to 30 days, and 2 to 30 days (p < 0.05). Fibroblasts 

and vessels followed the same positive trend as fibers, significantly increasing from 2 to 14 

days (p < 0.01). Finally, soft tissue foreign-body giant cells (FBGC) were present in some 

samples resulting in a low density at 7 days and 14 days, but were absent at 2 and 30 days.

Hard tissue histomorphometry exhibited some of the same temporal patterns observed in 

the soft tissue. At 2 days, bone exhibited a large area density of blood clot content and 

inflammatory cells. Blood clot levels significantly decreased at 14 and 30 days from the 2 

day time point (p < 0.01), while inflammatory cells had an increasing trend from 2 to 7 days, 

before significantly decreasing at 14 and 30 days (p < 0.01). Like soft tissue, FBGC were 

sporadically present in only a few histological sections from 4 samples. At the 7 day point, 

the presence of fibers and fibroblasts peaked in density at 7 and 14 days before significantly 

decreasing at the 30 day time point, unlike soft tissue (p < 0.05). Vessels exhibited the 

same trend as fibroblasts from 2 to 14 days, but remained similar in density to their 14 day 

peak at 30 days. Finally, results from osteoblasts, osteoclasts, and new bone matrix density 

exhibited bone remodeling dynamics. At 2 days, neither osteoclasts nor osteoblasts were 

present, while both cell types had a significant increase at 7 days. Proportionally, the density 

of osteoblasts was more than twice compared to osteoclasts (p < 0.05). At 14 days, presence 
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of osteoblasts continued to be very dense, along with the increase in new bone matrix from 

2, 7, 14, and 30 days. On the other hand, osteoclasts showed a decreasing trend before 

significantly decreasing to a similar density seen at the 2 day time point at 30 days (p < 

0.01). Osteoblasts density also presented a decreasing trend at 30 days, but still were higher 

in density than osteoclasts at their peak activity.

3.3 Immunohistochemistry for Macrophages and Osteoclasts

Immunohistochemistry was used to qualitatively (Figure 7B-C) and quantitatively (Figure 

7A) evaluate two monocytes lineage cells involved in the osseointegration process, TRAP 

+ osteoclasts and CD68+ macrophages. TRAP+ cells were overall low in density. These 

cells were barely observed at 2 days, but increased significantly at 7 and 14 days, before 

demonstrating a decreasing trend at 30 days. The density, morphology and location of 

TRAP+ cells were consistent with osteoclasts observed in H&E stains, being multinucleated 

and having their apical domain visible on the surface of peri-implant bone (Figure 7B). 

CD68+ cells in soft tissue demonstrated a more static presence histomorphometrically, while 

qualitative observations indicated an overall visual decrease in density from 2 to 30 days, 

with a few exceptions at 14 and 30 days, which demonstrated a visual density similar to the 

2 day level. CD68+ cells in hard tissue indicated an overall decreasing trend from 2 to 30 

days visually and histomorphometrically. The morphology of CD68+ cells were consistent 

with macrophages, while the location and density was similar in both hard and soft tissue 

(Figure 7C).

3.4 Molecular Analysis

RT-qPCR was performed on peri-implant tissue in order to quantify temporal changes 

in gene expression of 25 markers associated with osseointegration following implant 

placement, shown as mean fold change in expression relative to the non-surgery control 

(Figure 8A); and with individual samples graphed with 95% CI (Figure 8B). Markers 

associated with the inflammatory response (Arg1, Ccl2, Ccr5, Cd163, Il10, Il6, Nos2) 

experienced the highest mean up-regulation at 2 days post implantation from the non-

surgery control. Pro-inflammatory markers Cd80 and Tnf were upregulated at 2 days 

but not to the same magnitude as other inflammatory markers. Within this inflammatory 

marker group there are a few expression trends. Arg1, Ccl2, Il6, and Nos2 were significant 

down-regulated over time. Arg1 decreased significantly from 2 to 7, 14, and 30 days, 

although consistently up-regulated at all times compared to the control. Ccl2, Cd163, Il6, 
and Nos2 significantly down regulated from to 2 to 14 days, while at 30 days there was an 

up-regulation trend from 14 days for all these markers. Ccr5, Cd80 and Tnf experienced this 

same trend: a down-regulation from 2 to 14 days followed by an up-regulation from 14 to 30 

days. Cxcl12 maintained levels similar to the control at all time points.

The tissue reconstruction and bone remodeling markers also demonstrated a few expression 

trends. Of this group Col1a1, Fgf1, Tgfb, Alpl, Ibsp, Bglap, Spp1, and Runx2 had the 

highest mean upregulation compared to the control at 2 days. Spp1 maintained a similar 

level of expression at 7 days before significantly decreasing from 2 to 30 days. Col1a1, 
Tgfb1, Alpl, Ibsp Bglap, and Runx2 maintained a similar but non-significant trend to Spp1, 

decreasing steadily in expression from 2 to 30 days. However, Fgf1 expression was only 
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similar to its 2 day expression at 14 days, with 7 and 30 day expression being similar to the 

control. Vegfb, Bmp2, Bmp7, Dmp1, Tnfrsf11b, Tnfsf11, and Sost were all up-regulated in 

expression compared to the control at 2 days, although less in magnitude than the previous 

group. Vegfb, Bmp2, Bmp7, and Dmp1 had their highest expression at 2 and 14 days, while 

at 7 and 30 days they decreased to the control level. Finally Tnfrsf11b expression peaked 

at 2 days, subsequently decreasing in expression from 2 to 14 days, before reaching control 

levels at 30 days, in contrast to Tnfsf11, which expressed steadily from 2 to 14 days before 

peaking at 30 days. Examining the individual dispersion graph there are several trends that 

correspond to heat map data, with one or two data points from each samples being outside 

the 95 % confidence interval demonstrating variation in expression from animal to animal, 

which did not affect the overall observed trends.

4. Discussion

There is a recent consensus in the literature that improved tools are needed to elucidate 

the mechanisms behind human osseointegration.1,3 Existing in vitro and in vivo models 

of titanium implantation lack consistency in methodology, making reproducibility and 

comparisons between studies difficult. The aim of this study is to develop an oral 

osseointegration model in the Lewis rat to characterize the healing response of titanium 

implants from initial injury to early osseointegration at cellular and molecular levels. By 

utilizing molecular, histomorphometric, and microtomographic characterization, this model 

has the potential to not only allow a more comprehensive grasp of osseointegration, but 

provide a template for evaluation of new materials and surface coatings.

Clinical understanding of osseointegration in implant dentistry has most often been defined 

using macroscopic and radiographic methods.3 Macroscopic evaluation of this model 

shows suitable peri-implant mucosa healing progression (Figure 2) and comparable 78.5% 

osseointegrative success versus the 77.78% and 74.1% compared to already established mice 

models.88,89 The increased scale of rats provides an additional advantage of providing up to 

1 mm length of bone to implant contact with 65.91 ± 10.7 % BV/TV at 30 days (Figures 

3, 5, and 6), versus the 300 μm and 42.12 ± 3.01% BV/TV at 21 days achieved in a similar 

mice model.88 This model also confirms the hypothesis that similar BA (73.94% ± 2.684, 

Figure 6) can be observed to what is seen in humans (81.8%).93 In addition, this model 

provided the advantage of being more anatomically favorable than mice to accommodate 

larger implants, with more of the implant surrounded by supporting bone (Figure 5), versus 

existing mice models, where the implant protrudes out through the maxillary sinus.88,89 This 

model has also demonstrated that it is able to achieve similar BIC%, BA, and BV at 4 weeks 

post-implantation as rat extraction models, while saving time and potential inflammatory 

variation or post-surgical complications (i.e. root fractures) following tooth extraction.69,70

Histological and molecular data allows a more detailed evaluation of intramembranous 

osseointegration from initial placement to primary bone contact. Tracking the dynamics of 

molecular response along with cellular changes is crucial to understand the mechanisms 

governing osseointegration. Immediately following implant placement, the peri-implant 

cavity is flooded with blood from the osteotome site, shown in Figure 5. The interaction 

between blood proteins adsorbed onto the surface of the Ti implant with leukocytes, 
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platelets, and damage-associated molecular patterns (DAMPs) produced from the surgical 

trauma trigger the innate immune response.21,88 This pro-inflammatory cascade forms a 

blood clot in the peri-implant space, containing a provisional matrix of fibrin containing 

platelets, polymorphonuclear (PMN), mononuclear (MN), and red blood cells.94 In our 

results, blood clot is observed at 2 days following implantation histologically in Figure 

5, showing a loose fibrin matrix within the implant thread space adjacent to supporting 

bone. Histopathological analysis using H&E confirms the presence of these PMNs, red 

blood cells, and mononuclear cells within both soft and hard tissue, with similar histological 

observations seen in other rodent models.69,74,76,88 A population of CD68+ macrophages 

are also observed at their highest density in both soft and hard tissue (Figure 4, 6, 

and 7). Gene expression (Figure 8) also supports the presence of this pro-inflammatory 

response through the up-regulation of monocyte/macrophage chemoattractant Ccl2 and 

Ccr5.50,95 The recruitment of these cells, especially macrophages, are directly involved 

in the next stages of bone remodeling necessary for osseointegration. At this time 

point, markers for pro-inflammatory macrophages (Cd80, Nos2, Tnf) were significantly 

increased in sites of implantation. It has been demonstrated that IL6, NOS2, and TNF are 
expressed by inflammatory cells, which encourage M1 macrophage polarization were also 

up-regulated.88,96-99 While a pro-inflammatory environment is essential to begin the wound 

healing progress, the polarization of macrophages from the M1 to M2 phenotype is essential 

for the resolution of inflammatory process and to a constructive healing.23 Interestingly, 

at 2 days, M2 markers (Il10, Arg1 and Cd163) were also upregulated as well.99 ARG1 

is produced upon PMN cell death, making it a regulator of the innate immune response, 

and is also associated with M2 macrophage polarization, which express CD163.32,98,100 

Additonally, IL10 has been demonstrated as a cytokine involved in the resolution of 

inflammation produced by macrophages.99 The expression profile of these inflammatory 

markers at 2 days is very similar to what is seen in other literature involving humans, rats, 

and mice.4,5,7,80,88,101

At this point it is important to consider the histological and histomorphometric healing 

progression from 2 to 7 days in Figure 4 and 6. While at 2 days, the peri-implant space 

is largely dominated by blood clot, at 7 days there is a significant increase in osteoclasts, 

osteoblasts and new bone matrix along with an increasing trend for vessels and fibroblasts. 

This suggests that the bone remodeling process is being initiated sometime before 7 

days post implantation, which was also observed to occur at this time point in other rat 

models.69,74,76 Additionally, histomorphometry (Figure 6) indicates the average area density 

of osteoclasts (1.162 %), osteoblasts (3.248%), and bone matrix (16.58 %) at 7 days in 

this model is higher than in a similar implantation model in mice (approximately 0 %, 

2%, and 7% for osteoclasts, osteoblasts and bone matrix, respectively).88 This histological 

data suggests the start of bone remodeling may be occurring at earlier stages than similar 

non-extraction mice models.88,89 The balance of supporting bone resorption and new bone 

deposition is controlled via inflammatory cells and their markers. These cells and proteins 

encourage osteoclastogenesis (resorption) and differentiation of osteoblasts (deposition) and 

endothelial cells from mesenchymal stems cells (MSCs).94,102 The cascade of events that 

result in bone resorption begin at the site of injury. Apoptotic osteocytes from damaged 

supporting bone release RANKL,68 whose expression is also upregulated by other members 
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of the NF-κβ signaling family, IL6 and TNF.103 RANKL is the key protein associated with 

macrophage fusion and differentiation into osteoclasts.103,104 Again, Il6, Tnf and Tnfsf11 
are all upregulated 2 and 7 days in this model (Figure 8), indicating that osteoclastogenesis 

may be occurring at these time points, as confirmed by histological, histomorphometric, 

and IHC (TRAP+) data that supports this gene expression profile, as osteoclasts are most 

area dense at the 7 day time point. Similarly, the cascade of events that result in osteoblast 

differentiation begin following injury. Platelets located within the peri-implant blood clot 

release VEGFB and TGFB1 105. VEGF is key in regulating neovascularization via activation 

of endothelial cells, in addition to proposed chemoattractant activity for MSCs.106,107 In 

accordance with histomorphometric results, there is a significant increase in vessels and 

hard tissue fibroblasts (indistinguishable from MSCs) density from 2 to 14 days in Figure 

6 along with high Vegfb expression at 2 and 14 days in Figure 8. TGFB1, although also 

associated with angiogenesis, is mostly known for MSC recruitment and belongs to the same 

TGFB protein superfamily as BMP2 and BMP7.108 Collectively, TGFB1, BMP2, BMP7 

have an osteogenic effect via differentiation of MSCs to the osteoblast phenotype.108,109 

In existing rodent models, MSC recruitment and angiogenic markers are often expressed at 

their highest at the 7 and 14 day time points, while in this model, these angiogenic and MSC 

recruitment markers (Tgfb1, Bmp2, and Bmp7) are expressed at their highest at the 2 day 

time point.76,80,88 This is again supporting evidence that bone remodeling may be occurring 

at a faster rate in this model than in other rodent models.

BMP signaling results in the activation of Runx2, the key transcription factor 

that encourages the MSC to differentiate to the osteoblast phenotype.110 Following 

differentiation, osteoblasts secrete a variety of proteins that constitute the non-mineralized 

bone matrix.68 Histologically, osteoblasts, osteoclasts are actively remodeling the new 

bone matrix at 7 and 14 days, even forming bone matrix units (BMU) containing an 

osteoblast, osteoclast and vessel (Figure 5). This is supported by the upregulation of 

Col1a1, Alpl, Runx2, Ibsp, Tnfrsf11b, Bglap, and Spp1 while Tnfsf11 remains upregulated. 

COL1A1, ALP and OPN in particular are early osteogenesis matrix proteins secreted by 

osteoblasts while BSP, OCN, and DMP1 are more mature osteoblast markers involved in 

mineralization.88,111-117 OPG is also notable as an decoy receptor for RANKL, inhibiting 

osteoclast activity and maintaining the delicate balance of bone resorption/deposition 

associated with successful osseointegration.104 At this point it’s important to consider 

that there is a pattern of expression wherein most bone of these remodeling markers are 

up-regulated the highest at 2 days before demonstrating a decreasing trend over time 

(Figure 8), whereas other literature in mice, rats, and humans suggests these markers 

peak in expression 7-14 days post implantation.1,4-6,8,73,76,80 There are several potential 

reasons for this contrast in expression. First, it is difficult to make direct comparisons 

across models due to variations in time point (1-4 days at first collection), the source of 

the mRNA (fresh or FFPE peri-implant tissue, the implant surface, or peri-implant sulcus 

fluid, and sample size.1,4-8,66,80,88,101 Second, the main aims of these studies is often 

to evaluate changes between implant surfaces and patient factors, not to understand the 

temporal behavior of these genes.6-8,66 All of these elements can effect gene expression 

data. It is hypothesized that in this particular model, markers express the highest around 

the 2 day time point, because all the transcription factors/proteins necessary for osteoclast/
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osteoblast differentiation need to be translated before all the remodeling activity starting at 

7 days. There is some support from human gene expression profiles that bone remodeling 

markers like, IBSP, SPP1, RUNX2, BGLAP, COL1A1 are upregulated as early 1-3 days 

post-implantation.1,8,101 From 7 to 14 days, there is similar rate of bone remodeling 

observed from 2 to 7 days. This is supported by continued mRNA expression at 7 days 

of Ibsp, Alpl, Bglap, Tnfrsf11b, Tnfsf11, Runx2, and Spp1. As the rate of bone formation, 

osteoblast and osteoclast cell density decreases from 14 to 30 days, these same markers 

show a stagnating or decreasing trend in their expression to reflect this. Finally, osteocyte 

marker Sost and mineralization marker Dmp1 is upregulated at 2 days, but this appears to be 

one sample outside upper limit of the 95% CI of the 2 day time point, therefore the 2 day 

mean does not necessarily indicate mineralization or osteocyte expression at 2 days.

At 30 days there is several interesting trends when comparing gene expression to 

histological and microtomographic data. Using histological and microtomographic methods 

it’s evident that successful osseointegration and mineralization is present from 14 to 30 

days in Figure 3 and 6. There is an increasing trend in BV/TV% from 7 to 30 days, a 

significant upregulation of bone area density to 73.96 ± 2.684 %, and mineralization of this 

new bone indicated in the trichrome stain. This mineralization behavior is consistent with 

the trichrome stain in similar rat implantation models.69,118 The resolution of inflammation 

and healing process is also supported by a decreasing trend in general inflammatory cells, 

and CD68+ macrophages. Simultaneously, all pro-inflammatory markers Ccr5, Ccl2, Cd80, 
Nos2, Il6, and Tnf are downregulated from 2 to 14 days in accordance with histological 

observations, as well as supported by other rodent and human expression profiles.4,7,8,88,101

Interestingly, there is an upregulation of these pro-inflammatory markers in addition Tnfsf11 
at the 30 day time point. In experimental animal models, successful osseointegration is 

defined by histopathological observations more than clinical or radiographic analysis. This 

model has a 78.5 % success rate derived from histological data due to the fact failures 

can be easily identified and excluded by the inspection of H&E histological sections. The 

21.5% of implants that failed histologically were either partially (>40%, Figure S2A) or 

fully encapsulated with fibrotic tissue (Figure S2B-C), with potential causes being implant 

instability (micro-motion) due to their proximity to the first molar root, or possible infection 

due to accumulation of neutrophils and FBGC around a sequestered bone fragment (Figure 

S2A). However there is no consensus on how to identify failures based on gene expression 

data alone. Evidence from our success rate indicates up to 12.5 % or 5 of 24 the samples that 

underwent gene expression analysis are failures. The literature suggests that successfully 

osseointegrated implants would demonstrate a gene expression profile similar to the 14 day 

samples: upregulation of anti-inflammatory, bone matrix, and, osteoclastogenic inhibiting 

Tnfrsf11b indicating healing is complete.1,5,21,88 Pro-inflammatory genes Nos2, Crr5, Ccl2, 
Cd80, are all associated with the upregulation of Tnfsf11, osteoclastogenesis, and bone 

resorption. If the upregulation of these markers is prolonged and predominant at later 

healing time points (14 and 30 days), they could be associated with implant failures. 

Therefore it is possible that several samples within the 30 day time points for gene 

expression have failed, and that is skewing the mean expression profile towards chronic 

inflammation and resorption, although more literature on gene expression of failed implants 

is needed to support this claim.
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The fact that comparisons between histological and gene expression comparisons are 

constrained by our understanding of the mRNA profile of implant failures is a limitation 

of this study. Microtomographic methods also have some limitations. While it is easy to 

identify whether or not an implant is osseointegrated with this method, 3D morphometry 

of bone volume seems to work optimally when a larger ROI is observed, such as a 

rodent tibia, or the aim is to compare osseointegration of implants in animals with 

varied bone quality.82,88 Additionally, although inflammatory marker expression is very 

similar to humans, rats appear to progress through bone remodeling benchmarks faster 

than humans.119 However, the overall process of intramembranous osseointegration remains 

similar to human studies, in addition to confirming the hypothesis that we can achieve > 

70% success with similar bone area in human bone models with the combined advantages of 

a simpler surgical design and more tissue to implant contact.

5. Conclusion

This study elucidated the dynamics of cellular and molecular events involved in early 

oral osseointegration in a novel Lewis rat model. Taking into consideration all metrics, 

maxillary implantation into the edentulous alveolar crest with the appropriate length implant 

combines the cost-effectiveness of a rodent model, simplicity of a non-extraction model, 

and maximizes bone to implant contact. Due to the depth of analysis, high success rate 

and similarity to human osseointegration, this Lewis rat model is an excellent candidate for 

further evaluation of new materials and surfaces in the field of implant dentistry.
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Figure 1. 
Placement of cpTi screw into edentulous alveolar crest (EAC). A. 3D microtomographic 

reconstruction of rat maxilla without implant; B. 3D microtomographic reconstruction of 

rat maxilla with implant in EAC; C. Transaxial; D. Coronal; and E. Sagittal radiographs of 

implant in EAC, 1M and 2M are maxillary first and second molar, respectively.
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Figure 2. 
OM images of mucosal healing post-implantation over time. Left maxilla side contains Ti 

implant, right maxilla side contains surgical sham.
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Figure 3. 
Microtomographic analysis of bone volume growth. A. 3D reconstruction and B. 

Radiographs of bone growth from 2 to 30 days post implantation. C. Bone morphometry 

analysis parameters and D. Bone volume / tissue volume % over time.
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Figure 4. 
Histology representing healing panel of maxilla implantation over time, H&E and Masson’s 

Trichrome. Overview panel displays a transaxial view of entire maxilla: MB is maxillary 

bone, MS is maxillary sinus, NC is nasal cavity, OM is oral mucosa, Ti is void left by 

titanium implant after processing. Implant panel displays healing over time of both bone 

and soft tissue adjacent to the implant. Soft and hard tissue panels display a more detailed 

histology of healing at their respective level: SB is supporting bone, NB is new bone.

Wheelis et al. Page 27

ACS Biomater Sci Eng. Author manuscript; available in PMC 2022 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Histology representing detailed bone-remodeling phenomena, H&E. A-B. Large density of 

osteoblasts (Obs) present forming new bone at 7 days. C. Basic bone remodeling unit of 

osteoclast (Oc), osteoblast (Ob) and blood vessel (Vs) present at 14 days. D. Multiple 

osteoclasts (Ocs) resorbing supporting bone at 7 days.
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Figure 6. 
Histomorphometry of A. Soft tissue and B. Hard tissue healing parameters over time. *, a, 

b, and c indicates statistical significance between specified groups (p < 0.05). ** and *** 

indicates significance of p < 0.01 and p < 0.001 respectively.
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Figure 7. 
Immunohistochemistry of osteoclasts and macrophages using CD68 and TRAP. A. 

Histomorphomtery of TRAP+ and CD68+ positive cells in hard and soft tissue over time. .* 

indicates statistical significance between groups (p < 0.05). B. Peri-implant images of TRAP 

and C. CD68 stained tissue with corresponding negative control (NC) over time. Arrows 

indicate positively marked cells.
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Figure 8. 
Fold change in gene expression of peri-implant tissue over time relative to non-surgery 

control tissue. A. Heat map displaying average fold change of inflammatory, tissue 

reconstruction, and bone remodeling markers B. Scatter plot displaying dispersion of gene 

expression of each marker with 95% CI in peri-implant tissue over time (n=6). * and a 
indicate statistical significance among groups (p <0.05).

Wheelis et al. Page 31

ACS Biomater Sci Eng. Author manuscript; available in PMC 2022 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Cellular and molecular dynamics during early oral osseointegration: A comprehensive characterization in the Lewis rat
	Recommended Citation
	Authors

	Abstract
	Graphical Abstract
	Introduction
	Materials and Methods
	Implants
	Animals
	Surgical Procedure
	X-ray Microtomography (Micro-CT)
	Histological Processing
	Histopathological and Histomorphometric Analysis
	Immunohistochemistry
	Molecular Analysis
	Statistical Analysis

	Results
	Clinical and Microtomographic Analysis
	Histopathological and Histomorphometric Analysis
	Immunohistochemistry for Macrophages and Osteoclasts
	Molecular Analysis

	Discussion
	Conclusion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.

