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INTRODUCTION 

STATEMENT OF THE PROBLEM 

In the absence of any therapeutic or clinical intervention, periodontal disease 

results in destruction of the periodontal apparatus (the gingiva, periodontal 

ligament, alveolar bone, and cementum), leading ultimately to loss of involved teeth. 

The central goal of conventional and contemporary periodontal therapies is to 

control inflammation associated with the bacterial microflora, and either restore a 

healthy periodontium or establish osseo-integration with a dental implant. 

However, even though currently available therapeutic procedures can arrest the 

progression of periodontal disease with high success rates, they ultimately fail to 

provide complete restoration of the pre-diseased state of the functioning 

periodontium. This is because present treatments do not lead to effective 

regeneration-the "reproduction or reconstitution of a lost or injured part" 

(Glossary of Periodontal Terms 2001)-of diseased or lost alveolar bone, 

periodontal ligament, and cementum. 

Our understanding of periodontal disease and the potential for regeneration 

of periodontal defects has benefited greatly from studies involving canine defect 

models. In these models, spontaneous healing fails to produce regeneration of 

alveolar bone, periodontal ligament or cementum above a basal level. This type of 
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wound is designated as a critical size defect. However, in a surgically created canine 

supra-alveolar critical size periodontal defect model, clinically significant 

regeneration of the periodontal apparatus can be attained, provided space is created 

over the defect, a stable clot is present and wound healing is promoted by primary 

intention. 

In spite of this successful demonstration of innate regenerative potential, the 

molecular and cellular details of events occurring at tissue regeneration sites in this 

(and other models) are not fully understood. In particular, we lack a detailed 

understanding of the origins of the cell populations responsible for different 

domains of regeneration, and signaling cascades governing those populations. 
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SIGNIFICANCE 

A detailed understanding of the biology of cell populations contributing to 

periodontal regeneration, and the regulatory mechanisms governing their behavior, 

would provide a foundation for a systematic molecular approach to the 
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development of new pharmacological strategies designed to provide reproducible, 

clinically significant regeneration. These advanced strategies could lead to 

achievement of better clinical outcomes for existing teeth by enhancing restoration 

of periodontal form and function, and when implants are required, better 

osseointegration. This study aims to determine the sources of progenitor cells that 

contribute to the regeneration of different components of the periodontium. Such 

knowledge of different cell populations and their characterization during early 

phases of regeneration could provide for a better control over newer regenerative 

therapies like Guided Tissue Regeneration (GTR), Guided Bone Regeneration (GBR), 

and Tissue Engineering. 

REVIEW OF THE LITERATURE 

Periodontitis 

Periodontitis is an inflammatory disease with local tissue destruction that is 

characterized by a local immune response activated against bacteria or their by-
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products (Kornman, Page et al. 1997; Van Dyke and Serhan 2003). Bacteria and 

their products interact with junctional epithelium, eliciting an inflammatory 

process. Later on, collagen and other extra-cellular matrix components of the 

periodontium are destroyed, worsening the diseased condition and leading 

ultimately to resorption of alveolar bone (Kornman, Page et al. 1997). The disease is 

currently considered to progress as periodic, relatively short episodes of rapid 

tissue destruction followed by some repair, and prolonged intervening periods of 

disease remission (Goodson, Tanner et al. 1982; Listgarten 1986). However, the 

mechanisms by which the inflammatory process leads to this damage and the cell 

populations involved in the healing process remain to be characterized fully. 

The clinical outcome of periodontitis is a result of the complex interplay 

between the host immune system and the microbial challenge. The progression of 

periodontitis feeds-back to influence the nature and magnitude of both the bacterial 

challenge, and its disease modifiers (Page, Offenbacher et al. 1997). Systemic and 

local conditions may play important roles in the progression of periodontal disease 

and it's clinical representation. Lacking any clinical intervention, the inflammatory 

condition may lead to destruction of the periodontal apparatus, including Joss of the 

involved tooth. 
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Available Treatment modalities 

Different treatment modalities used in periodontitis may be broadly grouped 

under conventional therapies and regenerative therapies. 

Conventional Therapies 

The objectives of conventional therapies such as scaling and root planing are 

to remove or eliminate the etiologic agents like plaque and calculus, reduce the 

bacterial load, and reduce the associated inflammation. This helps to establish a 

healthy periodontium that is free of disease, but it does not replace any lost 

structures along with their native form and function. 

Regenerative Therapies 

Along with conventional surgical and non-surgical therapies, several 

regenerative therapies have been introduced over time for the treatment of 

periodontal disease. These therapies include guided tissue regeneration (GTR), 

guided bone regeneration (GBR), implants in case of loss of tooth, and recent 

advances such as periodontal tissue engineering. 
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Guided tissue regeneration 

Melcher introduced the basic idea behind Guided Tissue Regeneration (GTR) 

in 1976. He emphasized the importance of eliminating cells that inhibit regeneration 

from wound sites, thereby allowing repopulation with cells responsible for 

regeneration of the corresponding tissue. 

GTR depends upon mechanical restriction of gingival epithelium using a 

physical barrier to prevent the downward migration of epithelial cells and 

formation of long junctional epithelium. This allows cells from the periodontal 

ligament to repopulate the wound site in close approximation to the root surface 

and promote formation of new periodontal ligament, alveolar bone, and cementum. 

This leads to partial re-establishment of the periodontal attachment, restoring some 

degree of function. 

Guided bone regeneration 

Guided bone regeneration (GBR) is related to GTR, but centers on 

regeneration of the bone. Various barrier membranes or scaffolds were first 

introduced in 1959 as a promising mechanism to promote bone regeneration in 

orthopedic research. GBR takes advantage of barrier membranes or scaffolds that 

are surgically manipulated over the wound site to promote bone growth. Primary 
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intention wound healing is promoted in the presence of an inert physiologic 

membrane. This membrane provides a space into which migration and 

differentiation of osteo-progenitor cells can occur, filling the wound space with new 

bone (Nyman, Gottlow eta!. 1982; Bartold, Xiao eta!. 2006). 

Implants 

Dental implant placement is the commonly used treatment modality to 

replace a lost tooth that can prevent bone resorption by exerting mechanical load on 

edentulous ridges. After insertion of an implant in a surgically prepared site, 

alveolar bone along the implant surface remodels, establishing direct contact with 

the implant surface through osseointegration and imparting stability to the implant 

(Albrektsson, Branemark et al. 1981). Along with this hard tissue attachment, soft 

tissue attachment also plays a critical role in the success of implant placement. In 

spite of many advances in implant technology, short and long-term implant success 

remains a clinical challenge. Absence of close contact between the implant abutment 

and the gingiva may provide a potential site for microbial growth that can initiate 

acute or chronic inflammatory responses. Also, in some cases immune responses 

can cause fibrous collagen-rich tissue formation along the implant surface, 

potentially reducing osseointegration (Esposito, Thomsen et al. 1999; Anderson, 

Rodriguez et al. 2008). 
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Periodontal tissue engineering 

Periodontal tissue engineering requires incorporation of appropriate 

progenitor cells in the presence of bioactive levels of regulatory signals within an 

appropriate extracellular matrix or carrier construct. Previous studies have 

indicated that periodontal ligament cells or alveolar bone cells can be incorporated 

at periodontal defect sites without significant evocation of an immunologic or 

inflammatory response. Along with other regenerative therapies, tissue engineering 

seems promising, but is still in the early stages of development (Bartold, Xiao et al. 

2006). 

Clinical outcomes and future of current treatments 

While these regenerative techniques can promote regeneration of the 

periodontium, complete restoration of form and function is still rare. In ideal 

treatment conditions, periodontal tissues should regenerate and replace all lost 

alveolar bone, cementum, and periodontal ligament to achieve the native, pre

disease state. The extent of regeneration achieved may not be predictable, and 

remains a challenge to evaluate (Wirthlin 1981; Bowers, Chadroff et al. 1989; Lynch 

1992). The overall effect of different biocompatible scaffold materials and delivery 

systems for bioactive levels of growth factors may lead to better predictability of 
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clinical prognosis for periodontally compromised tooth and implant stability. 

However, repair (effectively scar formation) is often the outcome over regeneration. 

Hence, better understanding of the complexities of molecular and cellular events in 

healing/ regeneration in combination with regenerative therapies has considerable 

potential value in achieving periodontal regeneration and osseointegration. 

Repair and the periodontium 

The sequence of molecular and cellular events observed thus far in healing of 

periodontal wounds has been thought comparable to healing events in incisional 

wounds (Aukhil 2000). However, the process of periodontal healing is often 

complicated by the presence of a diverse microbial flora, moist environment, 

multiple specialized cell types and attachment complexes, stromal-cellular 

interactions, and avascular tooth surfaces (McCulloch 1993). 

After injury, activation of platelets and coagulation factors lead to formation 

of a fibrin clot that accumulates between the gingival flap and root surface (Polson 

and Proye 1983; Wikesjo, Crigger et al. 1991; Nurden, Nurden et al. 2008). A fibrin 

clot also acts as a reservoir for growth factors and cytokines, initiating signaling 

cascades that initiate wound healing. Additionally, the fibrin clot and platelet 

material provide an initial matrix into which diverse cell populations can migrate 

and differentiate (Polimeni, Xiropaidis et al. 2006; Nurden, Nurden et al. 2008). It 
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has been suggested that attachment of a fibrin clot to the root surface is vital for 

formation of new attachment; disruption of the fibrin clot results in a long junctional 

epithelium type attachment (Wikesjo, Nilveus et al. 1992). In this case, most of the 

space is furnished with connective tissue, with limited recovery of bone and 

periodontal ligament (Caton and Zander 1976; Listgarten and Rosenberg 1979). 

Formation of long junctional epithelium is interpreted as repair because although 

the site heals, morphological and functional restoration of the periodontium is 

absent. Connective tissue attachment with radicular resorption, and periodontal 

ankylosis are other illustrations of repair (Alpiste lllueca, Buitrago Vera et al. 2006). 

Regeneration of the periodontium 

Regeneration of a periodontal wound requires synchronous formation of all 

periodontal tissues (bone, cementum and periodontal attachment) along with 

restoration of their proper form and function. Histologically, periodontal 

regeneration can be assessed by evaluating new attachment, which is the reunion of 

connective tissue with root surface that has been deprived of its original attachment 

apparatus. This new attachment may be epithelial adhesion and/or connective 

adaptation or attachment and may include new cementum (Glossary of periodontal 

terms 2001). Various strategies have been used to attain periodontal regeneration 

including bone grafts, GTR and GBR. Also, use of growth factors and their delivery 
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systems, and scaffolds and matrices are being tested to accelerate and enhance 

healing. Many animal models have been developed to examine the regeneration 

phenomenon in detail. These techniques have demonstrated the possibility of 

regeneration in the periodontium. 

Melcher suggested that fate of periodontal healing may be determined by the 

type of cells that can repopulate at the wound site (Melcher 1976). Therefore, for 

periodontal regeneration cells from the periodontal ligament should be allowed to 

repopulate the wound space rather than cells from the gingival epithelium. 

McCulloch assessed histologically the cell population dynamics involved during 

healing (McCulloch 1995). He observed that fibroblasts from POL play important 

roles in the development, homeostasis, and regeneration of the tooth support 

apparatus. Research conducted by Nyman et al suggested that the POL have a 

potential to form a fibrous re-attachment while the gingival connective tissue 

compartment has no inherent ability to induce periodontal regeneration (Nyman, 

Karring et al. 1980). Similar studies demonstrated that the presence of POL and 

alveolar bone were necessary for cementum regeneration (Aukhil, Pettersson et al. 

1987). A few studies have indicated that the POL might have potential to gives rise 

to the cementoblast cell phenotype (Aukhil, Simpson et al. 1986). 

However, the details of cell populations and their origins during periodontal 

regeneration remain unclear. Also, the relative contribution of each connective 



13 

tissue compartments in periodontal healing/ regeneration is uncertain. Briefly, the 

questions of the origins of different stem/progenitor cell populations present in the 

periodontium, and their migration capability between different compartments 

under the influence of signaling molecules, remain unanswered. 

Peri-implant regeneration 

The introduction of dental implants has provided for a relatively predictable 

treatment for missing teeth and edentulous ridges. The efficiency and stability of 

dental implants is the result of their osseointegration. This phenomenon of 

formation of a rigid interface between the implant material and bone has been 

described histologically as healing/ regeneration of alveolar bone directly 

contacting the implant surface without any intervening soft and/ or connective 

tissues (Aibrektsson, Branemark et al. 1981)Glossary of periodontal terms-2001). 

Examining the relative percentage of this direct contact, one can assess the success 

or failure of dental implants (Esposito, Hirsch et al. 1998; Albrektsson and 

Johansson 2001; Branemark, Branemark et al. 2001; Anderson, Rodriguez et al. 

2008; Chang, Lang et al. 2010). 

The peri-implant bone healing, which results in contact osteogenesis (bone 

growth on the implant surface), can be subdivided phenomenologically into three 

distinct phases that can be addressed experimentally. Initially, the migration of 

differentiating osteogenic cells towards the implant surface occurs, through a 
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temporary connective tissue matrix. The bone formation starts with osteoid 

formation laid down directly on the implant surface, and which later mineralizes 

(Davies 2003). A detailed understanding of the molecular and cellular events in 

bone healing around implants is important in developing designs for implant 

surfaces on a pharmacological and biological basis (e.g., by surface coating with 

biologically active materials). 

Since the implant andjor abutment penetrate the oral mucosal tissues, the 

epithelial-implant interface is also critical in healing as it may be subject to infection 

by the oral microflora. Hence, formation of a proper attachment between the 

implant/ abutment surface and the mucosal epithelium is important for sealing the 

site and preventing colonization by the oral microflora. However, later a distinct 

dense, fibrous connective tissue may form at the interface between implant and 

bone (Esposito, Hirsch et al. 1998; Piattelli, Scarano et al. 1998; Esposito, Thomsen 

et al. 2000; Schierano, Ramieri et al. 2002). This tissue can eventually migrate 

apically, and contribute to implant mobility (Esposito, Thomsen et al. 1997). 

Periodontal regeneration and origins of progenitor cells 

A stem cell is an undifferentiated cell capable of indefinite proliferation and 

differentiation, while still maintaining at least one clone per division (Anderson, 

Gage et al. 2001). Stem cells show remarkable potential to differentiate into various 
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cell types, especially during the early life and growth period. In addition, in adult life 

they serve as unspecialized cells with the potential to divide and replenish cell 

populations in the event of repair and healing. Stem cells can be distinguished from 

other cell types by their capacity for renewal, even after a long quiescence phase, 

and their potential to differentiate into many cell types with special functions. 

Multi potent stem cells represent the majority of the adult stem cell types, and are 

described as "lineage-restricted" (Ferrari, Cusella-De Angelis et al. 1998; Anderson, 

Gage et al. 2001), in contrast to embryonic stem cells that can differentiate into any 

adult tissue type. These Multipotent-yet lineage-restricted-stem cells can 

progress to several cell types; for example, cells from bone marrow can differentiate 

into blood cells, osteoclasts and muscle cells (Ferrari, Cusella-De Angelis et al. 1998; 

Maria, Khosravi et al. 2007). 

During tooth development, stem cells from the dental follicle differentiate to 

form the periodontium. A few of these stem cells remain in the periodontal ligament 

after development and eruption of the tooth. During the healing of a periodontal 

wound, these stem cells respond dynamically to signals and proliferate and 

differentiate to form new periodontal ligament fibroblasts, cementoblasts and 

osteoblasts (Alpiste Illueca, Buitrago Vera et al. 2006). Also, cells originating from 

the periodontal ligament and from perivascular osteogenic cells have the potential 

to achieve true regeneration (Melcher, McCulloch et al. 1987). A significant in vitro 
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research effort has been focused towards the characterization and contribution of 

POL stem cells to regeneration (Seo, Miura et al. 2004). Stem cells from the POL 

have shown in vitro potential to differentiate into cells that have potential to 

regenerate periodontium along with reestablishment of periodontal space (Bartold, 

Shi et al. 2006). POL progenitors can migrate along the root surface and serve as an 

origin of cells responsible for regeneration of cementum (Melcher, McCulloch et al. 

1987; Wikesjo, Nilveus et al. 1992; Zeichner-Oavid 2006). Thus, in the periodontal 

apparatus the POL has the potential to serve as a source of cells for regeneration, 

but gingival epithelium and cementum do not. There is limited evidence that cells 

from the gingiva and cementum contribute towards the periodontal regeneration. 

POL regeneration is important in healing of periodontal wounds as it 

provides the continuity between two mineralized tissues of the apparatus and 

apparently can provide progenitor cells. However, the alveolar process (both 

endosteum and periosteum) can be a promising source of cells for periodontal 

regeneration. Along with these traditional sources, more recently discovered 

sources like MSCs or circulating marrow-derived progenitors remain to be explored. 

These various sources for the origins of progenitor cells need to be validated in 

model systems to evaluate their effectiveness clinically. Importantly, the relative 

contribution of these different cell populations to regeneration in vivo remains to be 

determined. 
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Canine Supra Alveolar Critical Size Periodontal/Peri-Implant Defect Model 

Human models are the ultimate tool for the evaluation of post-treatment 

clinical outcome and determining achievement of bone height. However, it is almost 

impossible to study healing at the cellular level (whether by regeneration or repair) 

in humans using histological techniques; informative biopsies are rarely taken for 

diagnostic purposes. Animal models are more useful for observing histological 

events and determining the biological pathways of healing, but translation of clinical 

outcomes to human models cannot always be achieved. The canine supra-alveolar 

critical size defect model permits the study of regeneration at the cellular and 

molecular level in a large, clinically relevant mammal. It involves surgical creation of 

a sterile, supra-alveolar periodontal defect of 5 or 6 mm around mandibular 

premolar teeth. (Wikesjo and Selvig 1999). Major advantages of this canine model 

over others are the larger skeletal structure and ease of handling during pre- and 

post-surgical procedures, close resemblance to human physiology, and clinically 

relevant defect size and tooth configuration (Lee, Stavropoulos et al. 2010). 
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Figurel: Canine supra alveolar critical size periodontal defect model. 

This model demonstrates that surgically created critical size defects heal with almost 
complete connective tissue attachment provided three conditions are fulfilled: 1) 

stabilization of the blood c/o~ 2) provision of space, 3) healing with primary intention. 

/ 
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Wikesjo & Selvig defined a critical sized defect in such canine models as a 

defect that yields less that 25% of the original amount of lost cementum and 

alveolar bone in four or more weeks of spontaneous healing (Wikesjo and Selvig 

1999). In these models, significant regeneration of lost tissues of the periodontium 

is possible when certain conditions are met: fibrin clot stabilization, space provision, 

and healing promoted by primary intention (Polimeni, Xiropaidis et al. 2006). This 

model provides an excellent tool to evaluate the cellular and molecular biology of 

periodontal wound healing and regeneration and for the assessment of treatment 

benefits, including various biomaterials and growth factors (Lee, Stavropoulos et al. 

2010). This canine model can also be adapted to evaluate regenerative and healing 

events at wound sites involving placement of implants (Wikesjo, Susin et al. 2006). 

These existing models have provided insight regarding clinically relevant 

regeneration, but the substantial majority of studies to date have focused on events 

occurring towards the end of the healing process (2 to 3 month results), and on the 

relative achievement of clinically significant quantities of alveolar bone, rather than 

on the initiation of regeneration. Importantly, previous studies have not examined 

the cellular details of early events in regeneration (2 to 28 days). 
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Proposed Model for Early Events in Periodontal/ Peri-implant Regeneration 

A detailed analysis of early cellular events in periodontal wound 

healing/regeneration in the canine supra-alveolar critical size periodontal/peri

alveolar defect model has recently been conducted using histological observations 

based on the oxone-aldehyde fuschin-Halmi staining technique that provides 

additional details in comparison to other more conventional stains, such as 

hematoxylin and eosin (Dickinson et at, submitted). Based on these observations, a 

model for earlier cellular events in periodontal and peri-implant regeneration has 

been proposed. 

In this model, regeneration events are divided into three somewhat 

overlapping phases. During an early phase (Day 2 to 5), a heterogeneous blood clot 

occupies the wound space. A broad activation and proliferation of cells in the PDL 

and alveolar bone take place, including endosteal bone lining cells, and stromal 

fibroblasts and endothelial cells. Surgical trauma and platelet activation may trigger 

this activation and proliferation of these cell populations. During this early phase, 

trabecular fibroblast-like cells begin to migrate into the wound space, and begin to 

produce a provisional matrix. 

This activation and proliferation of PDL and alveolar bone continues through, and 

peaks, during an intermediate phase (Day 9 to 14). A wave of proliferating 

fibroblast-like cells is observed at the leading edge of regeneration, partly invading 
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the clot and displacing it coronally (as established by Dr Sean Connolly's Thesis, 

2012). Endosteal bone-lining cells appear to be a major candidate source for 

osteogenic cells responsible for new bone formation. During this phase, vascularized 

osteoid can be observed within the (presumptively) osteoconductive provisional 

matrix. New, collagen-rich, well-vascularized tissue was observed emerging from 

the resident POL, resulting in a new POL advancing coronally along the root surface. 

Cementum formation and maturation lags behind this phase. Also, towards end of 

this intermediate phase (Day 14), cell migration and proliferation decline to near 

baseline levels, where they remain. In the Late phase (week 4 to 8) events are 

confined primarily to remodeling. 

An inflammatory infiltrate appeared that followed the classical progression 

from neutrophil-rich to mononuclear cell-rich. However, relatively few 

inflammatory cells were identified in the osteoid-forming region of the wound, 

below the band of red blood cell-rich clot material, in contrast to the region above 

(where fibrous connective scar-like tissue subsequently forms) that was rich in 

inflammatory cells through Day 14. 

(Following stylized figures and the figure legend are obtained from 

manuscripts prepared by Dickinson eta/, submitted) 





Key A and 8 : Dark blue: endosteal bone lining cells; purple: bone mesenchymal cells; pale 
blue: PDL cells (various types); green: fibroblasts; yellow: PMNs; orange: 
monocyte/macrophage. Red nuclei: Dividing cells; red lines: blood vessels. The position of the 
titanium mesh is denoted by black lines. 
Key C: Dark blue lines: new bone; light blue lines: new PDL; green lines: new periosteum; red 
line: new cementum; purple Jines: fibrous encapsulation tissue; brown: residual clot material 
and inflammatory cells. 

A: Day 2-5. Blood vessels lining trabeculae have been transected. An inhomogeneous fibrin 
clot fills the wound space. RBC-rich material is deposited close to the surgical bone surface and 
adjacent to the exposed dentin of the root/ peri-implant region within a fibrin matrix (dark 
brown). Above this material, threads of polymerized fibrin line a fluid-filled cell-poor space 
that contains modest amounts of fibrin. By Day 5, modest numbers of leukocytes, primarily 
neutrophils, have begun to enter the wound space, but are largely confined to the vicinity of 
the mesh and to the fibrin-fluid interface. Few leukocytes are seen in the RBC-rich clot zone 
adjacent to the bone. A high proportion of endosteal bone lining cells; bone mesenchymal cells 
and PDL cells of different morphologies proliferate [only A(R)}. 

8: Day 9-14. Vascular outgrowth from the bone supports migrating cells that produce a new 
matrix. Dividing bone lining cells migrate into the space above the defect As they traverse this 
zone, non-dividing secretory osteoblasts are left behind to produce collagen-rich mineralizing 
osteoid. The volume of new osteoid formed in this period appears comparable to the eventual 
volume of new bone. Few inflammatory cells are seen in this region below the bulk of the fibrin 
clot A new, vascularized PDL has begun to extend along the root surface, and a vascularized 
band of connective tissue (future periosteum) overlies the osteoid [only B(R)]. Above the RBC
rich region of the fibrin clot, monocytes and some macrophages have infiltrated, and have 
concentrated along the solid-fluid boundary of the seroma-like space. Granulation tissue 
(blood vessels, fibroblasts and inflammatory cells) has begun to invade the wound space 
through the pores in the titanium mesh, competing with the osteogenic tissue for space. 

C: Week 4-8. Mineralized trabecular bone has filled the space above the defect and contacts a 
band of new PDL adjacent to the root. A layer of vascularized periosteal tissues covers the new 
bone and contacts the PDL [only C(R)}. Less-well vascularized fibrous connective tissue fills the 
bulk of the remainder of the wound space, although some RBCs and inflammatory cells remain. 
New cementum extends from the residual native cementum below the defect Oxytalan-rich 
fibrous encapsulation tissue covers the titanium mesh surfaces, and the coronal aspects of the 
root, contacting the PDL [only A(R)]. 
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A(R) B(R) C(R) 

Figure 2: Stylized representation summarizing temporal and spatial events of 
periodontal wound healing/ regeneration- axone-aldehyde fuschin-H 





Data obtained in this study are assembled into a model for formation of bone, 
periodontal and other tissues in the defect space. A: Trabecular fibroblasts, supported 
by angiogenesis using trabecular endothelial cells, migrate into the space above the 
plane of the surgical defect and synthesize new matrix. Dividing (PCNA-positive) 
CD166-positive endosteal bone-lining cells (osteoblast progenitor cells) migrate into 
the new matrix (large white arrows) and produce non-dividing secretory osteoblasts 
that synthesize mineralizing osteoid (dark blue zone). This zone is well vascularized, 
and has an elevated pOz. This dome of osteoid mechanically displaces, rather than 
replaces, the clot material (dark brown zone}, which remains relatively avascular and 
therefore has a low pOz, an injuryjrepair signal. The clot is displaced vertically (large 
arrow) into an inflammatory infiltrate-rich region (yellow cells) that degrades it 
Formation of additional bulk bone is stalled (grey bars) when the space above fills 
with fibrous connective tissue (pale green). A new periosteal layer (bright green) 
forms over the bone, regulating and stabilizing the boundary through osteoclast and 
osteoblast activity (black double-headed arrows). New vascularized PDL (pale blue) 
begins to form (small hatched arrows) along the surgical root surface (dark green). 
New and old PDL regulate mineralized surfaces (black and white double-headed 
arrows): the new PDL promotes and regulates continued bone formation at the 
leading tip of the osteoid zone (orange area); after about 2 weeks, the PDL also 
promotes new cementum formation (red line). Advance of the PDL is eventually 
blocked by formation of oxytalan-rich avascular fibrous encapsulation tissue (purple 
zone) on the root surface. 8: Adjacent to an implant (red), similar events occur with 
respect to formation of a dome of bone, displacement of the clot, and formation of new 
periosteum. Below the defect and a short distance above, new bone formation leads to 
osseointegration. However, absent a PDL, bone formation does not continue on the 
leading edge of the dome (pale green zone), leading to a space filled with connective 
tissue and no osseointegration. Bone formation and osseointegration is further 
hindered by formation of fibrous encapsulation tissue over the implant surface, 
extending towards the defect surface. 
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Figure 3: Model for periodontal (A) and Peri-implant (B) regeneration. 
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In summary, this model describes: 

1. A large heterogeneous RBC-rich avascular fibrin clot that serves as a barrier 

between the newly formed osteoid (regenerative domain), and granulation 

tissue and inflammatory cells (scar tissue domain). 

2. The clot is physically displaced by the cellular activity and new osteoid rather 

than replaced. 

3. The endosteal bone-lining cells and likely local mesenchymal stem cells 

contribute the bulk of the new bone. 

4. The POL does not facilitate bulk bone formation, but rather mainly 

contributes a homeostatic role, and maintams the proper contact between 

bone and the root surface. 

5. The POL also drives formation of the periodontal attachment and cementum 

formation, lagged behind bone and POL formation. 

6. In peri-implant regeneration, a novel concept is introduced: the formation of 

a specific oxytalan-rich fibrous encapsulation tissue is a major limiting factor 

in osseointegration; a competition takes place on the implant surface 

between beneficial bone formation and FET formation that predisposes to 

failure (manuscript in preparation). 

This model provides a detailed understanding of differential cell 

dynamics and healing patterns between teeth and implants, and the relative 

21 
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contribution of each compartment of the periodontium. However, the data 

analyzed in this study were based on histologic observations using 

specialized stains. While a detailed analysis can been made regarding early 

cellular events and cell dynamics contributing to regeneration and 

osseointegration, a phenotypic characterization of these different cell 

populations would be important in arriving at more definitive conclusions 

regarding regeneration. These different cellular populations can be 

characterized using immunohistochemical (IHC) techniques to identify and 

locate proteins or antigens (andjor ep1topes) in t1ssues, while maintaining 

the tissue integrity. Particular antibodies can be used to identify specific cell 

populations in the given sample and infer the fate of these populations if 

samples at consecutive time periods are available. In the study on which this 

thesis is based, the canine model of regeneration was evaluated with 

different cell specific markers and IHC, to characterize cell populations 

dominating the wound site. This provided a test of the proposed, 

histologically based model for regeneration. 

Along with an understanding of the cellular dynamics associated with 

periodontal/ peri-implant regeneration and osseointegration, exploration of the 

behavior of various growth factors could certainly be of benefit to enhance the 

healing process. They also can be used as an adjunct to surgical interventions 
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developing more advanced dental therapies towards predictable therapeutic 

outcomes. Many of these molecules have been studied extensively in vitro, and their 

pharmacological advantage weighed carefully. 

Periodontal regeneration and signaling molecules 

Periodontal healing and regeneration is characterized by many sequential 

events involving various cell populations and the interplay between hard and soft 

tissues. To understand the healing events, especially the critical decision between 

regeneration and repair, it is necessary to focus on possible signaling molecules 

driving the entire process. Various signaling molecules and growth factors can 

initiate and for terminate many biological processes including healing/ regeneration 

or scar formation. These molecules and growth factors may act on cell populations 

in an autocrine and/ or paracrine manner triggering signal transduction. Tissue 

injury and associated vascular changes may induce hypoxia at the site of injury. This 

can result in stabilization of the Hypoxia-inducible Factor-1 (HIF-1) transcription 

factor (Wang and Semenza 1993; Zagorska and Dulak 2004) and subsequent 

stimulation of expression of vascular endothelial growth factor (VEGF)(Forsythe, 

Jiang et al. 1996; Ahluwalia and Tarnawski 2012) promoting angiogenesis 

(Connolly, Heuvelman et al. 1989). In addition, VEGF is considered to play a major 

role in stimulation and differentiation of osteogenic cells (Midy and Plouet 1994; 
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Deckers, Karperien et al. 2000; Liu, Berendsen et al. 2012). Bone morphogenetic 

protein-2 (BMP-2) has been pursued as a candidate external additive in surgical 

periodontal therapies to enhance bone healing/ regeneration, since it can induce 

differentiation of stem/ progenitor cells to osteogenic cells. Specifically, BMP-2 has 

been studied as a potential additive to periodontal surgery in order to induce bone 

formation. These molecules have shown potential for use as external therapeutic 

agents to improve healing/ regeneration after various surgical interventions (Lee, 

Stavropoulos et al. 2010) (Terranova and Wikesjo 1987; Ripamonti and Reddi 

1997). However, they require additional exploration in the periodontal/ peri

implant regeneration model to determine their interactions and therapeutic 

advantage. 

Apart from these extensively studied protein signaling molecules, gaseous 

molecules such as nitric oxide (NO) may also play important roles in periodontal 

regeneration and remodeling. NO production is mediated by the enzyme nitric oxide 

synthase (NOS), of which there are three isoforms: neuronal NOS (nNOS/NOS-1), 

endothelial NOS (eNOS/NOS-3), and inducible NOS (iNOS/NOS-2). Despite their 

names, nNOS and eNOS are not restricted to these cells and can be expressed by 

various other tissues such as bone (Helfrich, Evans et al. 1997; Fox and Chow 1998). 

Recent research has shown a possible involvement of NO in remodeling of alveolar 

bone, such as occurs in orthodontic tooth movement (Tan, Xie et al. 2009). Under 
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normal physiological conditions eNOS is a candidate-signaling molecule involved in 

bone remodeling through the osteocyte canalicular system (Pitsillides, Rawlinson et 

al. 1995). Also, the constitutive production of NO can exert an autocrine loop that 

may regulate osteoblast proliferation and differentiation (Riancho, Salas et al. 1995; 

Orciani, Trubiani et al. 2009). Considering these different roles for NO in bone 

remodeling, it also may play a major role in periodontal wound healing. Relative 

production of NO can be correlated to expression of NOS present in cell populations. 

Immunohistochemical detection of NOS isoforms in the canine supra alveolar 

periodontal/peri-implant model may provide some insight into different signaling 

pathways governing the regenerative process. 
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SUMMARY 

Current treatment modalities, including surgical intervention for treatment 

of periodontal disease, have limited success. Such procedures can arrest the 

diseased state efficiently and limit the inflammation, but fail to regenerate the 

original healthy pre-diseased state of the entire periodontium. The canine supra

alveolar critical-size periodontal defect model has the potential to achieve clinically 

significant results under certain conditions; however, the amount of regeneration is 

not entirely predictable and complete regeneration of the healthy functional tissue 

still does not occur routinely. Relatively little is known about the progenitor cells 

and the regulation of their fate during regeneration, and the molecular and cellular 

events in periodontal healing and regeneration remain obscure. 
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PURPOSE 

This study was aimed at elucidating the sources and roles of progenitor cells 

for mineralized tissue formation in the process of periodontal tissue regeneration in 

the canine supra-alveolar, critical size periodontal/ peri-implant defect model, and 

at identifying candidate regulatory pathways. The main focus was on characterizing 

sources of the osteoblast cell lineage, and the pre-cementoblast cell population (in 

the case of a periodontal defect), and locations of candidate regulatory systems. Cell 

populations were to be identified by locahzed expression of characteristic markers 

targeting antigens in the tissues, determined using specific antibodies and 

immunohistochemistry, with appropriate pre-immune controls. 

Immunohistochemistry is powerful tool for detecting and localizing various proteins 

(and other molecules) in tissues, but its application can be restricted to available 

antibodies, their species and epitope specificities, and sample availability. 

Moreover, the choice of proteins to be tested is heavily biased by information in the 

published literature. 
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HYPOTHESES 

HYPOTHESIS #1 

Activated, proliferating bone lining endosteal cells and mesenchymal stem cells are 

the progenitors for the majority of osteoblasts producing regenerative alveolar 

bone. 

HYPOTHESIS #2 

Activated resident periodontal stem cells form primarily proliferative pre

cementoblasts and periodontal ligament fibroblast populations. 

HYPOTHESIS #3 

Nitric oxide synthase expression will be up-regulated in regions of regeneration. 

SPECIFIC AIMS 

1. To characterize the proliferation and cell fate of histologically identified 

candidate progenitor cells using selected antigen markers, classical 

immunohistochemistry and light microscopy. 

2. To investigate the expression of nitric oxide synthases during regeneration 

and repair. 
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MATERIALS AND METHODS 

OVERVIEW 

Tissue samples suitable for immunohistochemistry were obtained from a 

previous study that used the canine supra-alveolar critical-size periodontal and 

peri-implant defect models. Samples were available for 2, 5, 9, 14 days and 4 and 8 

weeks post-surgery, covering the key periods in tissue 

regeneration. Deparaffinized, demineralized t1ssue sections were treated with 

various antigen retrieval methods to unmask the epitopes (commonly required after 

formalin fixation) and to achieve optimal conditions for each antibody, 

compromised with maintaining section integrity. lmmunolocalization of antigens in 

samples was achieved by reaction with a specific primary antibody, which was in 

turn localized using a conjugated secondary antibody followed by staining with the 

peroxidase or alkaline phosphatase color development systems. Slides were 

analyzed for cellular and molecular events in specific domains at different time 

points. The expression of phenotypic markers for the osteoblast and cementoblast 

lineages was then correlated with proliferating cells, 1dentified by expression of 

proliferating cell nuclear antigen (PCNA). Candidate signaling pathways (e.g., BMP2, 

NOS isoforms) were examined for their association with relevant cell populations. 
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Figure 4: Overview of Experimental design. 

Detailed Methodology 

The following detailed methodology procedures for sample generation were 

performed in a previous study. 

Animals 

Twelve male Hound Labrador mongrel dogs (approximate age 18 months, 

weight 20-25 kg) were procured for the study from a USDA licensed vendor. A 

canned soft dog-food-diet (Purina® Alpo® Chop House Originals®, Nestle Purina 

PetCare Company, St. Louis, MO, USA) was maintained during the entire study. 

Single oral prophylaxis was performed with aseptic condition under sedation 

(telazol 5 mgjkg - xylazine 1 mg/kg IM) 2 weeks prior to the planned periodontal 

surgery. 

Experimental Groups 

Dogs were divided into two groups of six animals each. In group 1, additional 

autologous blood was not injected at the wound site before the placement of the 

sutures. In group 2, 2ml of freshly withdrawn blood without any additives were 

injected below the titanium mesh before the placement of the last suture. For each 
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Group, supra-alveolar 6 mm critical-size periodontal defects were created on the 

right side around the 3rd and 4th mandibular premolar teeth, and peri-implant 

defects were created on the left side at the position of the 3rd and 4th mandibular 

premolar teeth. 

Surgical protocol 

The maxillary 1st, 2nd and 3rd premolar teeth were surgically extracted and the 

maxillary 4th premolar was reduced in height Local anesthesia was achieved with 

2% Lidocaine with 1:100000 Epinephrine. One carpule was used for the maxilla and 

2-3 carpules for the mandible. 

Figure 5: Lateral view of Canine Mandible: 

The Canine Mandible includes 3 Incisors, 1 Canine, 4 Premolars, and 3 Molars. 
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A) Supra- alveolar critical size periodontal defect 

Following an approved surgical protocol, the crowns of the 3rd and 4th 

premolars were reduced to approximately 2mm coronal to the cemeto-enamel 

junction (CEJ). The reduced surfaces were smoothed and exposed pulpal tissues 

were sealed (Cavit®; ESPE, Seefeld/Oberbayern, Germany). The root surfaces of the 

3rd and 4th premolars were manipulated with curettes; chisels and water-cooled 

rotating diamond burs to remove the cementum. A clinical defect height of 6mm 

was created from the CEJ to the surgically reduced alveolar crest, confirmed with a 

periodontal probe (Figure 6). 

Figure 6: Representative periodontal defect; 

Teeth and alveolar bone are surgically manipulated (left) to create critical-size defect 
The Ti mesh device is adapted and secured over the teeth (center), and the flaps 

adapted and sutured (right). 

B) Supra- alveolar critical size peri-implant defect 

All premolars from the left side were extracted and the 1st molar was 
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reduced at the level of the alveolar crest. Three titanium porous oxide surface 

modified implants (TiuniteTM Branemark Mk III Groovy, RP 3.75x10mm, Nobel 

Biocare AB. Goteborge, Sweden) were placed into osteotomy preparations at the 

distal socket of the 3rd premolar (Pl implant), and mesial (P2 implant) and distal 

(P3 implant) socket of the 4th premolar. Implants were placed Smm into the alveolar 

bone creating Smm supra-alveolar critical size peri-implant defects. Titanium mesh 

device placement and suturing were then performed (Figure 7). 

Figure 7: Representative alveolar (peri-implant) defect 

10-mm implants (Nobel Biocare AB Goteborg, Sweden) are placed 5 mm into the 
surgically reduced alveolar crest creating a 5-mm critical-size, supra-alveolar, peri
implant defects (left). The Ti mesh device is adapted and secured over the implant 
(center), and the flaps adapted and sutured (right). 

A sterilized custom shaped titanium mesh device (50x37mm Micromesh; 

BioHorizons Inc., Birmingham, AL, USA) (Figure 9) was manipulated over each 

surgical site and secured in place with fixation bone screws (1.4x6 mm; BioHorizons 

Inc.), typically one lingual, two buccal. The periosteum was fenestrated at the base 
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of the flaps to allow tension-free flap apposition for primary intention healing. The 

flaps were sutured (GORE-TE)(TM Suture CVS, W.L. Gore & Associates, Inc., Flagstaff, 

AZ, USA). In Group 1 animals, the site was closed directly. In Group 2, freshly drawn 

2ml autologous blood without anti-coagulant was injected into the site under the 

titanium device prior to placement of the last sutures. 

Figure 8: Porous Titanium mesh barrier: 

The Titanium mesh was adapted to fit over the teeth and implants to maintain space. 

Post-surgical protocol 

Post-surgery pain and infection control were managed by a long-acting 

opioid (burenorphine HCl; 0.01-0.03 mgjkg, IM, BID) for 3 days and a broad

spectrum antibiotic (enrofloxacin; 5 mgfkg, IM, SID) for seven days respectively. 

Plaque control was maintained by a daily flushing of the oral cavity with a 
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chlorhexidine gluconate solution (20-30 ml of a 2% solution; Xttrium Laboratories, 

Inc., Chicago, IL, USA) until euthanasia. For animals scheduled for euthanasia on the 

41h or 8th week, sutures were removed on day 10 under sedation (telazol 5 mgjkg, 

xylazine 1 mgjkg IM). Initially, the scheduled selected time points for euthanasia 

were determined at 2, 4, 7, 14 days, 4 and 8 weeks. This scheduled time points for 

the euthanasia was altered for animals showing dehiscence or exposure to the 

nearest scheduled time point Group 2 euthanasia time points were modified 

accordingly. Hence, the modified euthanasia time pomts for both groups were 2, 4, 

9, 14 days, 4 weeks and 8 weeks. 

Euthanasia and perfusion 

Euthanasia was accomplished with pentobarbital overdose (100 mgjkg IV) 

under IV sedation using acepromazine (0.1 mg/kg) and burpenorphine HCl (0.02 

mgjkg) SQ, and pentobarbital (30 mgjkg). Heparin (100U/kg was administered IV 5 

min before euthanasia. A carotid catheter was inserted into the carotid artery after 

exposure of the carotid artery and jugular vein. The jugular veins were then severed 

and the vasculature flushed with 0.9% saline/0.1% lidocainej30,000U heparin until 

the fluid cleared. Then, animals were perfused with 4 liters of a freshly made 

modified McDowell's fixative (1.16% w jv sodium phosphate monohydrate, 0.27% 

sodium hydroxide, 3.7% formaldehyde). 
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Paraffin embedding 

Jaw segments containing the defect sites were removed along with inferior 

cortical bone and tissue for fixation and demineralization. Tissues were fixed for 1-2 

weeks at 4°C in fresh 4% formalin, changed every 1-3 days, followed by rinsing in 

phosphate-buffered saline. For paraffin embedding, specimen blocks were 

demineralized using EDTA at pH 7.4. Desired demineralization of specimen blocks 

was determined according to the changes observed in density in radiographs. In the 

case of the implants, after a degree of demineralization, the titanium mesh device 

was cut open along the coronal apex, and the implants were carefully unscrewed 

from their specimen blocks. The specimens were then completely demineralized 

and embedded in paraffin. Paraffin over the mesh device was then cut off with a 

blade, the mesh device removed, and the specimen re-embedded. Sections (5 11m) 

were prepared from paraffin blocks and mounted on detergent-cleaned slides 

coated with 3-aminopropyltriethoxysilane or on Superfrost Plus slides. 
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Figure 9: Representative gross specimens from Periodontal defect model. 

Figure 10: Representative gross specimens from Peri-implant defect model. 

The following detailed methodology procedures were performed for this 

proposed study according to the specific aims. 

Immunohistochemical processing 

. Individual sections processed from paraffin blocks were treated with a 

modified immunohistochemistry (IHC) protocol developed for this study. In brief, 

after treating the slides at 6ooc for 60 min, slides were placed in a xylene ser ies for 

deparaffinization followed by rehydration in an ethanol series, and finally in 

deionized water. Sections were washed in Tris-HCl buffer with 0.9% sodium 

chloride and 0.025% Triton X 100. (TBS-X, pH 7.4). For selected antibodies, antigen 

retrieval was performed using decloaking solution (Diva Decloaker, lOX Biocare 

Medical) at 121 oc for 30sec in the decloaking chamber (Oecloaking ChamberTM, 

DC2002, Biocare Medical). To block non-specific antibody binding, sections were 
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pre-incubated with 2.5% normal horse serum (NHS) or 10% normal goat serum 

(NGS) for 20 min at room temperature in a humid chamber. 

For antigen detection in sections, primary antibodies and appropriate 

species- and immunoglobulin-matched biotinylated or alkaline phosphatase

conjugated secondary antibodies from various commercial sources were used. 

Appropriate dilutions were established empirically. Sections were incubated with 

the primary polyclonal or monoclonal antibodies overnight at 4°C in humidified 

chamber. Sections were washed in TBS-X and then incubated with biotinylated or 

alkaline phosphatase-conjugated secondary antibodies for 1 hour at room 

temperature in a humid chamber. 

Histo-chemical antigen localization was carried out with appropriate 

peroxidase or alkaline phosphatase chromogen detection systems (Figure 11). 

Sections were then counterstained using an appropriate counterstain (hematoxylin 

or nuclear fast red). The slides were cover-slipped using appropriate mounting 

medium. The presence and distribution of antigen and the staining intensity was 

then evaluated by light microscopy. 
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Figure 11: Photomicrograph of alkaline phosphatase and osteocalcin IHC: 

Representative Day 9 IHC treated sections, immunohistologically stained for the 
presence of alkaline phosphatase (left) and osteocalcin (right). 
Biological markers 

Different cell populations can be identified by the expression of characteristic 

proteins that have a unique, tissue-specific distribution. Multiple such markers have 

now been identified for cell types thought to be involved in periodontal 

regeneration. Antibodies are available for these markers that can potentially be 

used for immunohistochemical analysis of cellular distributions during 

regeneration. However, such antibodies can show species specificity according to 

the source of the antigen used in their derivation, and sensitivity to tissue 

processing. 

Various antibodies were identified based on expectation of expression in 

relevant populations (Table 1 and 2), and potential value in IHC based on the 
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manufacturers information (Table 3). Cell proliferation was identified by high level 

nuclear expression of proliferating cell nuclear antigen (PCNA). 

OSTERIX 

Table 1. Biological markers for osteoblast lineage 

OSTERIX 

OPG 

ALP 

S100A4 

eNOS 

OSTEONECTIN 

OSTEOCALCIN 

OPG 

ALP 

COLLAGEN 

BSP 

S100A4 
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OSTEOACTIVIN 

PECAM 

Table 2. Biological markers for cementoblast lineage and periodontal stem cells 

PERIODONTAL STEM CELLS - - ~ -- - - . ~ ,CEMENTUM- - -~-- -· 

•• - ~- 4-

OSTEOPONTIN OSTEOPONTIN 

ALP ALP 

BSP BSP 

COLLAGEN COLLAGEN 

OSTEOCALCIN OSTEOCALCIN 

ASPORIN S100A4 

Table 3. Biological markers used in the study to determine possible cell origins 

Alltlbocly Manutaetate llotype Dilation 

Fibrinogen ABCAM Goat Poly 

Pre-procollagen ABCAM Goat poly 1:100 

Procollagen ABCAM Goat poly 1:100 

Collagen 1&111 ABCAM Rabbit Poly 1:10 

PCNA Santa Cruz Rabbit poly 1:500 

Osterix ABCAM Rabbit poly 1:100 
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ALP Santa Cruz Rabbit poly 1:150 

BMP-2 Santa Cruz Mouse mono 1:50 

BSP Santa Cruz Mouse mono 1:100 

Osteocalcin Santa Cruz Mouse mono 1;100 

S100A4 Dako Rabbit poly 1_1500 

Asporin Abeam Rabbit poly 1:100 

CD166 From Dr Sohal Rabbit poly 1:100 

CD90 Abeam Goat poly 1:100 

CD 105 Abbiotec Rabbit poly 1:100 

CD 73 Santa Cruz Rabbit poly 1:100 

eNOS Santa Cruz Rabbit poly 1:100 

nNOS Santa Cruz Goat poly 1:100 

iN OS Santa Cruz Rabbit poly 1:100 

RESULTS 

Immunohistochemistry (IHC) is a key technique for the localization of 

molecules in tissues for analytical and diagnostic purposes. Formalin-fixation and 

subsequent paraffin embedding (FFPE) is often the preferred technique to preserve 

available samples. However, this often leads to modification of antigens, e.g. cross

linking, that blocks antibody binding. This can be reversed using heat-mediated 

antigen retrieval (HMAR). This heating of the FFPE samples in a retrieval solution 
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successfully reverses the antigen masking, permitting consistent, excellent staining 

with many antibodies. However, our initial attempts using HMAR for IHC staining on 

the mandible samples consistently gave results of very limited value. They were in 

most instances largely destroyed, making IHC interpretation difficult and biased. 

Hence, we developed a modified IHC protocol for these large demineralized sections 

that can provide excellent retrieval of antigens and a well-preserved morphology 

(see Appendix 1). 

Negative controls were performed with the respective pre-immune IgG 

serum, missing primary antibody or with an irrelevant antibody. No significant 

non-specific signal was seen (Figure 12). 
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Figure 12: Immunohistochemistry Negative Controls: 

Day 9 Group 2 periodontal defect sections were treated with pre-immune IgG from 
appropriate species {A-C) or with an irrelevant antibody (D) and processed for IHC. The 
dilution range for IgG serum was calculated to 5 JJI/ml (equivalent to 1:100 of antibody 

dilution). All the control slides were treated using the optimized IHC protocol including 
antigen retrieval and incubation for 20 min in DAB chromogen to maximize non-specific 
staining. Secretory osteoblasts surrounding the new osteoid are negative (black arrow). No 
brown color can be seen in fibroblast-like cells (red arrow). The interface between soft and 

hard tissues shows no color (solid arrowheads in 8). 

Analysis of Fibrin-Dominated Region 

The light microscopy observations based on examination of representative 

sections stained using OAFH stain provided good presentation of region at low 

magnification. At higher magnification, the clot was seen to be comprised primarily 

of acellular red blood cells (RBCs) stained golden-brown within a greenish stained 

network of threads (Figure 13, A), although the distribution of these components 

was heterogeneous. To confirm that these threads and resultant meshwork were 
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polymerized fibrin, and to determine the pattern of distribution through different 

time points, samples were stained with an anti-fibrinogen antibody using IHC 

(Figure 13, B). 

Figure 13: IHC identification of clot fibers as fibrin. 
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A: OAFH stained region of a 5 day clot region (group 2) showing strands of material 
(black arrows). B: Nearby section IHC stained using a fibrinogen antibody and 
detected using brown colored DAB chromogen (blue arrows). The fibers stained with 
OAFH are immuno-positive for fibrin/fibrinogen. 

The distribution pattern of fibrin IHC staining was similar in both 

periodontal and peri-implant defect sites from Group 1 and 2. On day 2 and 5, a 

heterogeneous blood clot occupied most of the wound space. A dense, cell-rich 

region of RBCs (confirmed by IHC staining for globin; data not shown here) was 

proximal to the surgical surface of the bone, and an immuno-stained fibrin-rich 

network was observed in close approximation with the tooth, implant, and 

surgically manipulated alveolar bone, covering lingual and buccal aspects (Figure 

14). An RBC-poor, fibrin-rich meshwork was present coronal to the RBCs, distant to 

the resident alveolar bone. 

On day 5, a fibrin meshwork with an RBC-rich zone packed near the surgical 

defect was observed separated from the surgical surface by a dome of cells 

emerging from open trabeculae (Figure 15, A). At higher magnification, fibroblast-

like cells from the bone marrow region showed migration above the surgical defect 

through open trabeculae (Figure 15, 8). This apparent migration of fibroblast-like 
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cells appeared to push the fibrin clot in a coronal direction, maintaining a distinct 

boundary with the clot rather than moving into it 

A B 

I 

T h 

/ 

Figure 14: IHC analysis of the fibrin rich clot in canine mandibular sections: 

A: Day 5 Group 2 periodontal defect section treated with HMAR {121°Cj 30 sec) 
followed by a fibrinogen antibody (goat polyclonal, 1:1600 dilution) and then 
visualized with DAB chromogen. A heterogeneous brown-colored fibrin clot can be 
observed covering lingual and buccal surgical surfaces. A red blood cell rich zone 
(black arrows) can be seen mostly compressed against the surgical defect andjor 
tooth surface. A comparatively cell poor zone (blue arrows) can be seen on the lingual 
aspect (AJ however, such a differentiation is difficult on the buccal aspect (8). 
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Figure 15: Immunohistochemical detection of fibrin: 
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The clot region of day 5 Group 1, regenerating peri-implant defect section treated with 
fibrinogen antibody (Goat polyclonal, 1:1600 dilution) showing an extensive brown 
stained fibrin meshwork {A). Underneath the clot a dome of fibroblast-like cells 
(arrowheads) in a fibrin negative matrix (B) can be seen emerging from open 
trabeculae. 
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By days 9 through 14, the fibrin clot and RBC-rich zone had been displaced 

more coronally, and some of the space above the defect was now occupied by new 

osteoid (Figure 16, A and C). More osteoid was formed progressively through day 

14, and as the clot was displaced more coronally it was simultaneously diminished 

in size. By day 29 it was essentially gone (Figure 16, B) and was absent at week 8. 

As for 5 days, at the intermediate time points (Day 9 and 14), fibrin immunostaining 

was absent in the regenerative region except for around the new blood vessels (not 

shown). Consistent with these observations, sections immunostained with a globin 

antibody (labeling RBCs) showed a similar pattern of displacement (data not shown 

here). A comparison of periodontal and peri-implant specimens from both the 

groups (with and without autologous blood) suggested that in each case a similar 

clot progression away from the surgically manipulated defect site occurred. 

Critically, histological osteoid did not form in a clot matrix; osteoid was separated 

from the clot material (RBCs and fibrin) by a collagen-containing matrix, as 

evidenced by green OAFH staining of fibers. 

These observations strongly supported the concept of clot displacement, and 

were inconsistent with the concept derived from skin wound healing of migration of 

different progenitor cell populations into the clot matrix. This warranted an 
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immunohistological examination of the provisional matrix into which osteogenic 

cell populations migrated, and which separated then from the clot material. 

8 

I 
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Figure 16: Immunohistochemical detection of fibrin: 
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Peri-implant defect (Group 1} stained with fibrinogen antibody; A: Day 9, peri-implant defect 
(Group 1}, showing an extensive brown-stained fibrin meshwork away from the surgical defect 
(purple arrows) maintaining a distinct boundary (blue arrows) with the underlying 
regenerating zone. Underneath the clot osteoid formation can be seen (black arrows) in a 
fibrin negative matrix {A and C). B: No brown-colored fibrin staining can be observed the 
regenerative region. B, by Day 29, new bone (grey arrows) can be observed well above the 
surgical defect (orange line). 
Analysis of Provisional Matrix Region 

Light microscopy observations of periodontal wound healing I regeneration 

in Day 5 sections stained with OAFH showed fibers stained different shades of blue 

and green associated with the cellular activity of fibroblast-like cells, consistent 

with, respectively, immature and mature collagen (Figure 17). This suggested the 

provisional matrix into which osteoprogenitor cells migrate, survive, proliferate, 

and differentiate contained significant amounts of collagen. To evaluate the 

synthesis and deposition of collagen, sections were stained with three different 

antibodies targeting different stages in collagen processing. 

Pre-procollagen Goat poly 1:100 Intra- cellular (Cytoplasm) 

Procollagen Goat poly 1:100 Predominantly Intra-
cellular (Cytoplasm) and 
Extra-cellular (matrix) 

-
Collagen I and III Rabbit 1:10 Predominantly Extra-

poly cellular (matrix) 



53 

On day 5, cellular activity appeared to Initiate predominantly in the surgically 

opened trabeculae at the bone surfaces of periodontal and peri-implant defects, 

with a population of fibroblast-like cells apparently migrating out from trabeculae 

(Figure 18). In the majority of the cells, brown immunostaining for pre-procollagen 

was observed in the cytoplasm with no staining in the extra-cellular or matrix 

region, consistent with the expected intra-cellular localization of pre-procollagen 

(Figure 19, A). Similar observations were made for procollagen (Figure 20, A). The 

tropocollagen antibody showed weak extra-cellular expression in the regenerative 

region, more prominent in incipient mesenchymal condensates consistent with 

minimal accumulation of processed pro-collagen at this time (Figure 21). 
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Figure 17: OAHF staining for fibers: 

Day 5 sections stained with OAFH showed fibers stained with different shades of blue 
and green associated with the cellular activity of fibroblast-like cells, consistent with, 
respectively, immature (black arrows) and mature (red arrows) collagen. 
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Figure 18: OAHF staining: 

Day 5, cellular activity (red arrows) appeared to initiate predominantly in the 
surgically opened trabeculae at the bone surfaces of periodontal defects (Group 1), 

with a population of fibroblast-like cells apparently migrating out from trabeculae 
(black arrows). 
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Figure 19: Immunohistochemical detection of Pre-procollagen: 

Day 5 Group 1 {A) and day 9 Group 2 [B), regenerating periodontal defect section showing 
brown stained intra-cellular pre-procollagen [solid arrows) in fibroblasts like cells in 
regenerative region. 
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Figure 20: Immunohistochemical detection of Procollagen. 

The clot region of {A) day 5 and (B) day 9 Group 1, regenerating peri-implant defect section 
treated with procollagen antibody (Goat polyclonal, 1:100 dilution) showing brown stained 
predominantly intra-cellular procollagen (solid arrows) in fibroblast-like cells in the 
regenerative region. BV: blood vessel. 
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On day 9, pre-procollagen and procollagen-expressing fibroblast-like cells 

appeared to have migrated some distance from the surgically manipulated resident 

alveolar bone, associated with clot displacement. The majority of these cells 

maintained a distinct boundary with the clot (Figure 23, B and 24, 8). However, a 

modest number of small cells were seen invading the clot Day 9, a thick band of 

extracellular collagen 1/111 was observed at the leading edge of the migrating 

fibroblast-like cells, clearly separating the clot material from the underlying matrix 

(Figure 22). The rest of the matrix region was moderately positive for Collagen 1/111 

at this time. In contrast to day 2 and 5, day 9 periodontal and peri-implant defect 

samples displayed osteoid formation. These combined observations with antibodies 

against three distinct stages in collagen processmg were consistent with migration 

of fibroblast-like cells from the wound region synthesizing and depositing a 

provisional matrix containing collagen. This provisional matrix, not a fibrin clot 

matrix appeared to be the matrix into which osteoprogenitor cells migrated and 

formed osteoid. All the above collagen antibodies also showed association with the 

osteoid-forming cells, discussed later. 
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Figure 21: Day 5, immunohistochemical detection of Collagen 1/ 111. 

Day 5, periodontal defect (Group 1) the tropocollagen antibody showed weak brown extra
cellular expression in the regenerative region, more prominent in incipient mesenchymal 
condensates, consistent with minimal accumulation of processed pro-collagen at this time. 
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Figure 22: Photomicrograph of Day 9, immunohistochemical detection of Collagen 
Ifill: 

The clot region of day 9 {A) Group 1, regenerating periodontal defect section treated with 
collagen 1/111 antibody showing brown stained predominantly extra-cellular collagen 1/III at 
the boundary between regenerative and clot regions There is comparatively less staining in 
rest of the regenerative region. BV: blood vessel. 
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Analysis of Cell Proliferation in Different Regions of the Wound Space 

Light microscopic observations with OAFH showed morphological 

alterations in the cells in the surgically transected trabeculae and adjoining regions 

in both periodontal and peri-implant defect samples at early time points. Bone

lining cells in the deeper bone trabeculae were typically flattened, spindle shaped 

cells covering the trabeculae surfaces. However, soon after injury (Day 2), many of 

the bone lining cells from the trabeculae near the surgical field assumed a more 

cuboidal morphology, and by day 5 some appeared to be detaching from the bone to 

migrate into the wound space (Figure 18). 

Proliferating Cell Nuclear Antigen (PCNA) 

To characterize this apparent activation of cells suggested by morphological 

changes, sections were immunostained for Proliferating Cell Nuclear Antigen 

(PCNA). PCNA is considered a marker for generalized cell proliferation and is 

expressed at high levels in the nucleus during the DNA synthesis phase of the cell 

cycle. (Although it may also expressed in the nucleus of cells undergoing DNA 

repair.) Dr James Yoon determined the relative proportion of proliferating cells in 

different regions of the periodontal/ peri-implant wound space as a part of his pre

doctoral research (see Appendix 2). 
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Proliferation in Resident Bone 

Extensive proliferation occurred in trabecular cells adjacent to the surgically 

altered alveolar bone defect as indicated by a very high mitotic index, no later than 

day 2. Many PCNA positive cells were present in both the endosteal bone lining cell 

population and the stromal cells, comprised of fibroblast-like cells (potentially 

including MSCs) and endothelial cells (Figure 23, A). However, this early surge in 

proliferation reached its' peak around day 2-5; it declined considerably through day 

9 and reached basal levels around day 14 (Appendix 2). These lower levels were 

maintained through day 29 and week 8. A qualitatively similar pattern was seen in 

the buccal and lingual aspects in both periodontal and peri-implant defect samples 

from both Groups. 

Proliferation in Periodontal Ligament 

Proliferation in the POL region was similar to that seen in the alveolar bone. 

The proliferating cell populations included primarily fibroblasts, endothelial cells, 

cementoblasts, and osteoblasts covering the socket (Figure 23,8). As in the 

trabeculae, the highest rate of proliferation was seen Day 2 and 5, declining 

considerably by day 9 and 14. Unlike the other cell populations, prominent 

proliferation of presumptive pre-cementoblasts occurred around day 14, consistent 

with histological observations of a lag in cementum formation relative to other 
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tissues. Interestingly, another mitotic peak for POL cells occurred at around week 4, 

suggestive of cementum remodeling and adaptation of the alveolar bone to the 

changing load. 

Proliferation in the regenerative space 

Day 9 proliferation indices extending through the 2 mm region adjacent to 

the surgical surface of alveolar bone were high, consistent with a pattern of 

migration of proliferating cells into the wound space underneath the clot (Figure 23, 

C). More proliferation was observed on the leading edge, while the secretory 

osteoblasts lining new osteoid were not actively dividing, consistent with their 

phenotype (Figure 23, 0). However, at both periodontal and peri-implant defect 

sites, mitotic indices in these leading edge cell populations had declined 

considerably by day 14, reaching basal levels around week 4 and 8. 

These observations were consistent with a wave of proliferating cells, 

including significant numbers of endosteal bone lining-derived cells, migrating into 

the wound, but with a finite capacity to sustain division that is exhausted by about 

day 14. 

In summary, periodontal and pen-implant defect specimens displayed 

Similar patterns of PCNA distribution consistent with cellular proliferation peaking 
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around day 2 and 5, and diminishing to baseline levels around day 14, except in the 

periodontal specimens where a second spike of proliferation is observed around 

week 4, consistent with cementum formation and remodeling. 
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Figure 23: Photomicrograph of immunohistochemical detection of PCNA and 
cellular proliferation. 

PCNA IHC was used to determine proliferation in the cells in different regions of 
defects. {A) Day 5, many PCNA positive cells were present including stromal cells, 
comprised of fibroblast-like cells (potentially including MSCs) and endothelial cells; (8) 
Day 5, the POL proliferating cell populations included primarily fibroblasts, 
endothelial cells, cementoblasts, and osteoblasts covering the socket (C) Day 9, 
proliferating cells into the wound space underneath the clot; (D) Day 9, More 
proliferation was observed on the leading edge, while the secretory osteoblasts lining 
new osteoid were not actively dividing, consistent with their phenotype. 
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Characterization of Pre-osteoblasts 

OSTERIX 

PCNA IHC demonstrated that the trabecular bone lining and stromal cell 

populations and cells in the POL showed extensive proliferation in the early phase of 

regeneration. These proliferating populations have the potential to contribute cells 

towards the osteogenic lineage. Osteoprogenitor cell populations can be identified 

by the presence of early transcription factors responsible for inducing osteogenic 

differentiation. RUNX-2 would be the ideal candidate. However, IHC with the 

commercially available antibodies for RUNX-2 failed, likely due to the species and 

antigen specificity of the antibody. Therefore, we evaluated expression of Osterix, a 

transcription factor required for osteoblast formation that is expressed downstream 

of Runx2, to characterize osteoprogenitor cells. 

Osterix expression in bone cells 

On day 2, strong nuclear OSX expression was observed in various cell 

populations in resident bone of periodontal and peri-implant defect samples, 

including bone lining cells, stromal cells, and fibroblast-like cells (Figure 24, A). 

Taken together with a high proportion of PCNA positive cells in trabeculae, this was 

consistent with activation and migration of cellular resources to provide a 
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population of OSX positive pre-osteoblasts. Flattened bone lining cells from the 

deeper regions of the alveolar bone also expressed OSX (Figure 24, B). 
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Figure 24: Photomicrograph of immunohistochemical detection of OSX for 
identification of pre-osteoblasts in day 2, Group 2 periodontal defects. 
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OSX, a transcription factor acting downstream from RUNX-2, was used to localize pre
osteoblasts. At day 2, significant OSX expression was observed in the bone lining cells of 
the trabeculae near the surgical surface of Group 2 periodontal defect {A, arrows). OSX 
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expression was detected in bone lining cells in deeper trabeculae away from the 
surgical defect (8, arrows). 

Day 5, light microscopic observations and PCNA data were consistent with a 

proliferative outgrowth of the marrow tissue that partially invaded the fibrin clot. 

OSX IHC revealed the presence of osteogenic populations within this proliferative 

outgrowth (Figure 25). The OSX expressing fibroblast-like cell population was 

indistinguishable from trabecular stromal cells or migrating bone lining cells. Also 

within this outgrowth, a minority of OSX negative fibroblast-like cells was observed 

migrating from the defect (Figure 25). The various collagen markers (described 

above) and osteoblast lineage markers (discussed later) also revealed a proportion 

of negative cells. Previous studies using this model system provided evidence for 

migration of endothelial cells in the clot region. This suggested a mixed cell 

population comprising provisional matrix-producing endothelial, and osteogenic 

cells migrate from the defect. 
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Figure 25: Photomicrograph of immunohistochemical detection of OSX for 
identification ofpre-osteoblasts in day 5, Group 2 periodontal defects. 

At day 5, a mixed cell population with significant OSX expressing fibroblast-like cells 
(arrows) and OSX negative cells (arrowheads) was observed migrating out from the 
defect invading the clot region of the periodontal defect (Group 2). 
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Day 9, considerably fewer OSX positive cells were observed in periodontal 

and peri-implant samples in comparison with day 5, and in many of these cells 

labeling was peri-nuclear (Figure 26, A). The majority of nuclear OSX positive 

fibroblast-like cells (i.e., pre-osteoblasts) were localized towards the leading edge of 

the periodontal/peri-implant defects (Figure 26, B), where PCNA-positive 

proliferating cells had been detected (Figure 23, C). Only a few OSX-expressing cells 

were observed in the region between the leading edge and the surgically created 

defect (Figure 30, B). At this time, small islands of osteoid were evident in some of 

the sections surrounded by OSX-negative secretory osteoblasts (identified by 

morphology, location and other osteoblast lineage markers) (Figure 27). Some 

future osteocytes that had already become encased in osteoid were also OSX 

negative (Figure 27). This pattern is consistent with the known restriction of OSX 

expression to earlier in the osteoblast lineage. The rounded osteoblasts lining the 

trabeculae and flattened bone lining cells of resident bone were also negative for 

OSX expressiOn. 
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Figure 26: Photomicrograph of immunohistochemical detection of OSX for 
characterization of pre-osteoblasts in day 9, Group 1 periodontal defect 

At day 9, OSX positive cells were observed lining the trabeculae and in many of these 
cells labeling was peri-nuclear {A} and majority of nuclear OSX positive fibroblast-like 
cells (i.e., presumptive pre-osteoblasts) were localized towards the leading edge (B). 
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Figure 27: Photomicrograph of immunohistochemical detection ofOSX for 
characterization of pre-osteoblasts in day 9, Group 1 periodontal defect. 

At day 9, small islands of osteoid were evident in some of the sections surrounded by 
OSX-negative secretory osteoblasts (arrows). Some future osteocytes that had already 
become encased in osteoid were also OSX negative (arrowheads). 
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As for Day 9 and 14, activated, cuboidal, secretory osteoblasts surrounding 

the new osteoid were OSX negative. In contrast, a proportion of bone lining cells in 

deeper in the resident bone were OSX positive (Figure 28). These observations 

suggested resident alveolar bone is a major source of osteo-progenitor cells for bulk 

bone formation continuing through day 14, whereas the POL is a limited source of 

local cells, and only in the early phase (discussed later). 

Light microscopic observation of week 4 samples stained with OAFH 

indicated maturation of the osteoid/woven bone (data not shown). At this time 

most regions of the resident and new bone were negat1ve for Osterix expression. 

The surface of th1s maturing bone was lined with OSX negat1ve secretory, cuboidal 

osteoblasts, mostly localized near the crest of the new bone confined to the future 

periosteum region (Figure 29, A). Week 8 showed occasional OSX-expressing cells 

lingering near the crest of the new bone, consistent with periosteal cambium layer 

and remodeling (Figure 29. B). 
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Figure 28: Photomicrograph of immunohistochemical detection of OSX for 
characterization of pre-osteoblasts in day 14, Group 1 periodontal defects. 
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At day 14, bone lining cells in deeper trabecular regions showed brown nuclear OSX 
expression (arrows). 
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Figure 29: Photomicrograph of immunohistochemical detection of OSX for 
identification of pre-osteoblasts in week 8, Group 2 periodontal defect 

At {A) week 4 and (B) 8, a region of new bone at the leading edge was surrounded 
with OSX negative secretory osteoblasts (black arrows). Occasional peri-nuclear {A) 
and cytoplasmic (B) OSX expressing cells were observed near the tip of the new bone 
consistent with a small population of osteoprogenitor providing osteoblasts for 
remodeling (red arrowheads). BV: blood vessel. 
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Osterix expression in the PDL 

Day 2, a substantial number of OSX posttive cells were present in the resident 

POL on the bone and root surfaces, as well as distributed in the POL itself, 

particularly around blood vessels (Figure 30, A). In comparison to day 2, 

substantially fewer OSX positive cells were present in the POL at day 5 (Figure 30, 

8). 

Day 9, only an occasional OSX expressmg cell was evident in the resident POL 

or in fibroblast like cell population extending out from the extsting POL (Figure 30, 

C). By day 14, there was a modest increase m the number of OSX positive cells in the 

POL (Figure 30, D). Similarly, week 4 a modest number of OSX positive fibroblast

like cells were observed (Figure 30, E). However by week 8, OSX positive POL cells 

were rare (Figure 30, F). 

Collectively, these observations suggest the POL is a source for only modest 

numbers of osteoprogenitor cells in the earlier phases of regeneration (2-9 days), 

but could contribute osteoprogenitor cells for locahzed remodeling later on (2-4 

week period). 
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Figure 30: Photomicrograph of immunohistochemical detection of OSX for 
identification of pre-osteoblasts in POL (Group 2 periodontal defect). 

{A) Day 2, a substantial number of brown colored OSX positive cells were present in the 
resident PDL on the bone and root surfaces, as well as distributed in the PDL itself, 
particularly around blood vessels. [B) In comparison to day 2 substantially fewer OSX 
positive cells were present in the PDL at day 5. [C) Day 9, only an occasional OSX 
expressing cell was evident in the resident PDL or in a fibroblast-like cell population 
extending out from the existing PDL. (D) By day 14, there was a modest increase in the 
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number of OSX positive cells in the PDL. (E) Week 4, a modest number of OSX positive 
fibroblast-like cells were observed. (F) Week 8, OSX positive PDL cells were rare. 
Characterization of Secretory Osteoblasts 

OSX expression in the early phase of regeneration identified trabecular 

fibroblast-like cells and bone lining cells as pre-osteoblasts. To determine the fate of 

the OSX expressing cells, we evaluated the expression of common osteoblast lineage 

markers (alkaline phosphatase, osteocalcin, collagen, bone sialoprotein (BSP), and 

BMP-2). These proteins are believed to play a major role in the differentiation and 

maturation of osteoblasts and in the mineralization of osteoid. These markers are 

differentially expressed along the osteoblast lineage. 

Trabecular bone lining cells near surgical defect 

Day 2 and 5, a high proportion of the cells in trabeculae, including 

predominantly flat bone lining cells, showed high expression of osteoblastic 

markers. A proportion of cuboidal bone lining cells near the surgical defect showed 

positive expression of osteoblastic markers (Figure 31). Alkaline phosphatase and 

collagen expression was more prominent in the early phase of regeneration in the 

trabecular bone lining cells. The bone alkaline phosphatase isoform is tissue non-

specific, and Type I collagen is ubiquitous; both were widely expressed throughout 

the sections of both periodontal and pen-implant defects. During the intermediate 

phase, cuboidal rounded secretory osteoblasts showed prominent expression of 
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osteocalcin and BSP. Trabecular cells were mostly positive for BMP-2, but displayed 

different levels of expressions. 

At day 9 and 14, majority of the periodontal and peri-implant sections 

displayed formation of the new osteoid in the regenerative space. The formation of 

this new osteoid was observed more prominently in the regions of open trabeculae. 

BMP-2 expression was similar to the earlier time intervals. These secretory 

osteoblasts displayed stronger expression for BSP and osteocalcin. More matured 

secretory osteoblasts were strongly positive for BSP. The osteoblasts lining the 

trabeculae showed stronger expression for BSP and some labeling of BSP was 

observed in the bone matrix. 

At later time intervals, osteocalcin and BSP expression was more prominent 

in osteoblasts and located in the future periosteum region. BMP-2 showed mixed 

expression with few positive and negative osteoblasts. 
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Figure 31: Photomicrograph of immunohistochemical detection of osteoblastic 
lineage markers for characterization of trabecular osteoblasts at day 5. 

Bone lining cells (arrows) in trabeculae near the surgical defect showed expression of 
(A) alkaline phosphatase, (B) BMP-2, (C) BSP, (D) osteocalcin (E) pre-procol/agen (F) 
procollagen. Overall, BMP-2, BSP, and pre-procollagen showed comparatively more 
positive cells. 



82 

. . 
A (Week 4, BMP-2} , 

Figure 32: Photomicrograph of immunohistochemical detection of osteoblastic 
lineage markers for characterization of osteoblasts in late regenerative phase (week 

4 and 8). 
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Bone lining cells in new trabeculae showed express1on of (A) BMP-2, (C) BSP, (E) 
osteocalcin at week 4 and week 8 (8, D, and F) respectively. 
Trabecular bone lining cells in deeper regions 

Day 2 and 5, a high proportion of the cells in deeper trabeculae, 

predominantly flat bone lining cells showed high expression of osteoblastic markers 

(Figure 33). Day 5, a majority of the trabecular bone lining cells in deeper regions 

showed limited morphological changes, but mostly remained flattened. This was 

consistent with comparatively lower PCNA mitotic indices in this region. These 

deeper bone lining cells were positive for alkaline phosphatase, BSP, and BMP-2. 

However, expression of osteocalcin was not uniform and some negative cells were 

observed within the positive cell populations. Day 9, these showed a similar 

expression of markers as observed in day 5 (Figure 34). At day 9 and 14, majority of 

the periodontal and peri-implant sections displayed formation of the new osteoid in 

the regenerative space. The formation of this new osteoid was observed more 

prominently in the regions of open trabeculae. 

At week 4 and 8 deeper bone lining cells expressed BSP. However, the 

pattern of expression of BMP-2 and osteocalcin was mixed. 
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Figure 33: Photomicrograph of immunohistochemical detection of osteoblastic 
lineage markers for characterization of osteoblasts day 5. 
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Bone lining cells in deeper regions showed expression of {A) alkaline phosphatase, (B) 
BMP-2, (C) BSP and (D) osteoca/cin. 

' 
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Figure 34: Photomicrograph of immunohistochemical detection of osteoblastic 
lineage markers for characterization of osteoblasts day 9. 
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Bone lining cells in deeper regions showed expression of (A) alkaline phosphatase, (B) 
BMP-2, (C) BSP and (D) osteoca/cin. 
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Migrating fibroblast-like cells 

A mixed fibroblast-like cell population was observed migrating towards the 

leading edge immediately below the clot region (Figure 35). These cells also 

expressed a majority of the osteoblastic markers, with few negative cells. This was 

consistent with the PCNA and OSX results where positive cells were more abundant 

towards the leading edge, suggesting migration of progenitor cells and 

differentiation of cell that are left behind. 

Expression of alkaline phosphatase m these fibroblast-like cells was limited 

to the early regenerative phase (day 5) (Figure 35, A). Interestingly, BSP, and BMP-2 

exhibited a mixed pattern of distribution in these migrating cells (Figure 35, Band 

C). However, fewer osteocalcin expressing fibroblast-like cells were observed 

invading the clot (Figure 35,0). 
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Figure 35: Photomicrograph of immunohistochemical detection of osteoblastic 
lineage markers in fibroblast-like cells at day 5. 
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Osteoblastic markers expressing fibroblast-/ike cells (arrows) migrate in the clot 
reg1on from the defect {A) alkaline phosphatase, (B) BMP-2, (C) BSP and (D) 
osteoca lei n. 
Osteoid region 

Day 9 and 14, more significant osteoid formation was observed in 

comparison with day 5. In both periodontal and peri-implant defect specimens, less 

osteoid formation was noticed at the buccal aspect. However, interestingly in a few 

sets of periodontal and peri-implant, a majority of osteoid formation was evident in 

the reg10ns of the open trabeculae, irrespective of the lingual or buccal aspect. 

Expression of the osteoblastic markers was observed in the cuboidal 

secretory osteoblasts surrounding the new osteoid (Figure 36). Alkaline 

phosphatase expression was widely distributed in cuboidal osteoblasts as well as in 

the future osteocytes. BMP-2 showed a mixed pattern of distribution with positive 

and negative cells surrounding the new osteoid. A similar pattern of d istribution 

was observed with osteocalcin. Interestingly, the secretory osteoblasts in more 

internal regions of the osteoid and future osteocytes were comparatively more 

positive that the surrounding immature osteoblasts. Day 14, BSP labeling was also 

found in more matured osteoid/ new bone. 

Some osteoid formation was also observed in the deeper regions of the 

resident alveolar bone with a overall Similar pattern of distribution of these 

markers. Along with the osteoid/ new bone formation in the regenerative space, 
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bone formation continuous with the lingual and buccal cortical plates, and in the 

marrow space was also observed. A high density of future osteocytes was also seen 

embedded in the bone maintaining a fairly cuboidal shape and expressing 

osteoblastic markers. In both periodontal and peri-implant defect specimens the 

new bone formation appeared to develop in an outward fashion and away from the 

POL in the case of periodontal defects (data not shown). 

The 14-day peri-implant specimen exhibited osteoid formation surrounded 

by secretory osteoblasts in the space between the implant and the osteotomy wall, 

apical to the surgical plane. A similar pattern of expression was observed in peri

implant specimens and the bone formation was comparable to the periodontal 

defect specimens. Within the threads, contact osteogenesis suggested 

osseointegration in more apical threads below the defect. Interestingly, fibroblast

like cells expressing alpha smooth muscle actin and fibrillin occupied more coronal 

threads, suggesting their different nature and lack of osteogenic potential (data not 

shown). 



Figure 36: Photomicrograph of immunohistochemical detection of osteoblastic 
lineage markers in osteoid at day 9 and 14. 
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Osteoblast surrounding osteoid expressing alkaline phosphatase, BMP-2, BSP and 

osteocalcin. 
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At week 4 and 8, more extenstve bone formation was evident; however, the 

final height attained by regenerated bone was directly comparable to the Day 14 

osteoid. Osteoblastic activity was limited towards the crest of the bone, typically 

adjacent to the root. In a few specimens, formation of the periosteum lined with 

osteoblasts was evident. These osteoblasts lining periosteum were intensely stained 

with osteocalcin and BSP (Figure 37). 

The peri-implant alveolar sites showed similar regeneration of bone to the 

periodontal sites. The majority of the newly formed bone was located in the sub

crestal osteotomy regions with significant osseointegration. However, the majority 

of the supra-crestal implant surface was occupied with a thick band of connective 

tissue. At higher magnification, this connective tissue band was stained in purple 

with OAHF stain, and was rich in oxytalan fibers. To further characterize this band 

of tissue different antibodies were used. Alpha smooth muscle actin and fibrillin-1 

antibody showed intense expression in the connective tissue band (data not shown). 

These antibodies also showed prominent expression in the tissue under the 

titanium mesh tn both periodontal and peri-implant specimens. These observations 

suggested the most of the supra-crestal bone was note regenerated and the region 

was merely filled with fibrous encapsulation tissue. 
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Figure 37: Photomicrograph of immunohistochemical detection of osteoblastic 
lineage markers in future periosteum region at week 4 and 8: 

Osteoblast surrounding osteoid expressing BSP and osteocalcin. 

92 



93 

No obvious differences were evident in the dtstribution of the osteogenic 

markers in periodontal and peri-implant specimens. Bone lining cells continued to 

display osteogenic markers intensely. The osteoblasts lining the new bone assumed 

more flattened appearance and were not distinguishable from the bone lining cells. 

These cells also exhibited osteogenic markers similar to the bone lining cells. The 

height of the crest of the bone appeared more adjacent to the POL, making a sharp 

angle. The new bone assumed a round or dome shape near the implant without 

sharp angle. Coronal regions from this new bone, were covered with a connective 

tissue band (fibrous encapsulation tissue). S1milar fibrous encapsulation tissue was 

observed under the titanium mesh. 

Characterization of osteogenic cells in POL 

POL is the only physical link between cementum and alveolar bone, and is 

known to harbor progenitor cells for the regeneration of these mineralized tissues. 

Fibroblast-like cells expressing osteoblastic markers (alkaline phosphatase, BMP-2, 

BSP, collagen) were also observed in the restdcnt POL and in the outgrowth of 

ttssues seen from existing POL. However, these markers showed no specific pattern 

of dtstribution and primarily showed fewer postttve cells in the POL when compared 

with alveolar bone. An initial strong expression was observed during day 2 and 5, 
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wh1ch then diminish significantly. The expression pattern of BMP-2 is shown 

(Figure 38), representative of the distribution pattern of other markers. 
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Figure 38: Photomicrograph of Immunohistochemical detection of BMP-2 in PDL at 
various time intervals: 

Significant expression of BMP-2 in resident PDL was seen in day 2 and 9; and in new 
PDL at day 14. Comparatively fewer fibroblasts like cells were observed in resident and 
new PDL at week 4 and 8. 
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POL Regeneration 

Regeneration of the POL was not a main aim of the study. Hence, POL 

regeneration is discussed in brief here. POL fibroblasts can also express osteogenic 

markers making it difficult to distinguish them from osteogenic progenitor cells. 

Hence to characterize POL cells, we used IHC detection of asporin, which has been 

reported to be preferentially expressed in POL cells (Nakamura, Terashima et a!. 

2005), where it has been proposed to act as negative regulator for mineralization 

(Yamada, Tomoeda eta!. 2007; Didangelos, Yin eta!. 2010). 

Day 2, modest levels of asporin were present in the majority of the cells in 

the resident POL. Most of these cells were morphologically similar to fibroblast-like 

cells (Figure 39). 

Day 5, resident POL cells showed a similar pattern to day 2. Fibroblast-like 

cells were observed exiting from the resident POL along the tooth surface. Some of 

these cells were positive for asporin. However the stronger signal was observed in 

endothelial cells or blood vessels extending from the resident POL (Figure 39). 

Asporin has been reported to be present in the aorta, associated with remodeling 

(Didangelos, Yin eta!. 2010; Barallobre-Barreiro, Didangelos eta!. 2012). 

Day 9, there was a significant asporin positive fibroblast-like cell population 

outgrowth extending from the resident POL along the root surface (Figure 39). The 
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newly formed tissue was not organized like res1dent POL, and was easily 

distinguishable from it. However, the fibroblast-like cells originating from surgically 

exposed trabeculae were also asporin positive (data not shown). Asporin has been 

shown to present in chondrocytes and arthritic femoral cartilage (Nam, Perera et al. 

2011). A similar pattern was observed from day 14 through to week 8 (data not 

shown). Therefore, asporin is not a useful marker to distinguish POL from the 

provisional matrix in this regenerative model. 
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Figure 39: Photomicrograph of immunohistochemical detection of asporin in POL 
cells through day 2 to week 8 period following surgery: 

At day 2 and 5 resident PDL showed strong expression of asporin. Asporin positive 
fibroblast-like cells populations were observed migrating out from the existing PDL 

through day 5, to week B. 



99 

Characterization of cementum cell populations and regeneration 

Cementum and bone share many properties in common, including a number 

of protein markers. Comparison of OAHF stained periodontal defect samples from 

different time intervals provided some understanding of cementum regeneration. 

No unique cementum markers have been identified that differentiates 

cementum from the alveolar bone or POL cells. We surveyed a large panel of 

candidate markers for differential expression in resident cementoblasts. Two 

proteins, BSP, and S100A4, were found to be expressed predominantly in 

cementoblasts, providing markers for cementum formation. BMP-2 was found to be 

somewhat up-regulated in cementoblasts. 

At day 2 and 5, no cementum formation was evident over the denuded root 

surface above the base of the defect. However, expression of SlOOA4 was observed 

in the resident cementoblasts. Day 9, a PCNA positive proliferative cell populations 

were extending coronally population along the apical root surface (see above). Few 

fibroblast-like cell populations were also observed accumulated near the defect 

along the root surface. This population expressed SlOOA4 (Figure 40). 

At day 14, a pronounced cellular activity was observed in the cementum 

region. Observation with OAFH stain and immunohistochemical evaluation with 

PCNA and OSX showed possible migration of pre-cementoblasts in a coronal 
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direction. S100A4 expressing fibroblast-like cell population was more evident 

extending from the existing cementoblasts layer, consistent with proliferation and 

differentiation of pre-cementoblasts. 

At week 4, a thin layer of new cementum extended along the root above the 

defect, lined by cuboidal cementoblasts. Cementoblasts localized on the cementum 

surface strongly expressed S100A4. Week 8 showed more distinguishable 

cementum formation, further in a coronal direction with respect to week 4. The new 

cementum was occasional pierced by a distinct fibrous band from the POL aspect 

suggesting formation of Sharpey's fibers and reestablishment of attachment 

apparatus. 

In addition, expression of S100A4 was seen in osteocytes; however, 

osteoblasts lining the tooth socket showed limited to no staining when compared 

with cementoblasts. S100A4 expression was also seen in association with the blood 

vessels. 

The majority of the cementum regeneration appeared to occur from pre

cementoblasts derived from division and migration of resident cementoblasts. 

Significant activity in the cementum region was more apparent at an intermediate 

phase of regeneration. In summary, cementum regeneration and maturation 

initiated in parallel with the POL, but apparently lagging behind alveolar bone and 

POL tissue regeneration and maturation. 



Figure 40: Photomicrograph of immunohistochemical detection of S100A4 in 
cementum in periodontal defect site through day 5 to week 8 period following 

surgery: 
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Significant expression of S100A4 in resident cementoblasts was seen at all time 
intervals. Day 14, pre-cementoblasts were observed migrating in the coronal direction 
along the root surface. A thin line of new cementum was observed at week 8 and more 
at week B. 
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Periodontal regeneration and relative contribution of mesenchymal stem cells 

CD166 

Cluster of differentiation 166 (CD 166) is a potential marker that can be used 

to detect early osteoblastic progenitor cells. However, CD 166 can also be expressed 

in endothelial cells, fibroblasts, and cartilage. 

At day 2 and 5, expression of CD 166 was found in bone lining cells in the 

deeper (Figure 45). At day 9, bone lining cells in the deeper regions of the alveolar 

bone showed a mixed pattern of distribution. More rounded and cuboidal secretory 

osteoblasts showed weak expression. Through day 14 to week 8, majority of the 

activated and flattened bone lining cells in the deeper regions appeared negative 

(Figure 41). A similar pattern of expression of CD 166 was observed in the 

trabecular bone lining cells (Figure 42), which mostly remained negative, including 

in the new osteoid region. 

Prominent expression of CD 166 was observed in POL especially in the 

earlier time points, but appeared to diminish around day 9 (Figure 43). 

lnterestmgly, a strong localized expression of the CD 166 in the cellular cementum 

region was observed (Figure 43). 
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Figure 41: Photomicrograph of immunohistochemical detection of CD 166 bone 
lining cells in the deeper trabecular regions. 

Day 5, deeper bone lining cells showed relatively strong expression for CD 166. At later 

time intervals these cells remain negative. 

-
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Figure 42: Photomicrograph of immunohistochemical detection of CD 166 bone 
lining cells in the trabecular regions near surgical surface. 
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Day 5, bone lining cells lining trabeculae near the surgical defect showed relatively 
strong expression for CD 166, however, at later time intervals cuboidal secretory bone 

Figure 43: Photomicrograph of immunohistochemical detection of CD 166 
expressing cells in POL. 
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Day 5, a majority of the fibroblast-like cells were expressing CD 166. Day 9, showed 
expression in resident cementoblasts was seen. At later time intervals PDL cells were 
also weakly positive. 

CD 166 is also considered to be a potential marker for mesenchymal stem 

cells (MSCs). These multipotent stem cells can contribute to the regeneration of 

mesenchymal tissues such as bone cartilage, muscle, ligament, tendon, and adipose 

tissue. Many studies have demonstrated isolation and characterization of MSCs from 

the POL and have shown to expand in to various components of the periodontal 

apparatus in vitro. In this study, the proliferation of different populations ofthe cells 

in the marrow/ stromal regions as well as the POL raised the possibility of 

mobilization of MSCs. These cells have the capability to migrate directly from local 

populations, but could also arrive at the wound space or via the blood in response to 

signals from the site of injury. However, IHC characterization of MSCs is difficult and 

requires multiple markers to be expressed in definite cell populations 

simultaneously. Minimum co-localization of three such markers, CD 105, CD90, and 

CD 73 is required to define as MSCs population, and they are used in this study to 

evaluate relative contributions of MSCs in the canine regenerative model. However, 

the distribution of these markers is not strictly limited to MSCs and they can be 

expressed in various other cell populations ( eg. CD 105 in endothelial cells and CD 

90 and 73 in a subset of lymphocytes). Hence, results obtained from these markers 
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require further investigation. The distribution of these markers was found to be 

similar to each other and hence they are discussed simultaneously. 

CD105 

At earlier time intervals, expression of CD 105 was found in deeper bone 

lining cells (Figure 44). The expression of CD 105 was observed stronger at week 4 

that can be related to the remodeling of the periodontium. However, at week 8 no 

CD 105 expression was found in deeper bone hning cells. 

Expression of CD 105 in the trabecular bone lining cells near the surgical 

defect and new osteoid region remained negative at earlier time intervals (Figure 

45). However, at later time intervals, osteoblasts mvolved in periosteum formation 

(or cells from the cambium layer of the periosteum) were strongly positive for CD 

105. 

CD90 

In contrast with the expression pattern of CD 105, a strong expression of CD 

90 in deeper bone lining cells were evident at all time intervals (Figure 46). Similar 

strong expression was found in the trabecular bone lining cells near the surgical 

surface at all t1me intervals (Figure 47). 



108 

CD 73 

The results obtained from two different antibodies for CD 73 were not 

reliable and hence are not discussed here . 

• 

• 

I .. 

I 

WeekS 

• 

. . 

Figure 44: Photomicrograph of immunohistochemical detection of CD 105 in deeper 
bone lining cells 

Day 5 and 9, and week 4 showed positive expression of CD 1 OS in deeper region bone 
lining cells (black arrows]_ while at week 8, the majority of the flat bone lining cells 
were negative (red arrows). 
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Figure 45: Photomicrograph of immunohistochemical detection of CD 105 in 
trabecular bone lining cells near surgical defect: 

Positive expression of CD 105 (black arrows) was more prominent at later time 
intervals and was strongly associated with the region of future periosteum, while most 
cells in the earlier phase were weakly positive to negative (red arrows). 



110 

Day2 )>ay 5 

... 

Figure 46: Photomicrograph of immunohistochemical detection of CD 90 in deeper 
bone lining cells: 

Positive expression of CD 90 in deeper region bone lining cells (black arrows) was 
observed at all time intervals. 



Figure 47: Photomicrograph of immunohistochemical detection of CD 90 in 
trabecular bone lining cells near surgical defect: 
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Positive expresston of CD 90 (black arrows) was observed at all time intervals. 
The distribution of CD 90, CD 105, and CD 166 suggested a possible 

contribution of MSCs to periodontal/peri-implant regeneration. The role of the 

marrow space as an origin of these cells cannot be ruled out especially in peri-

implant regeneration. Interestingly, expression of CD 90, CD 105, and CD 166 in the 

bone lining cells at different time intervals in this canine model suggested these cells 

as a more prominent source for progenitor cells. However, to claim any population 

as MSCs in this model system is difficult without CD 73. The results obtained from 

the study partly suggested the contribution of MSCs; however, further investigation 

with more sophisticated methods is necessary. 

Periodontal regeneration and distribution and signaling of NOS isoforms 

NO is known to play many biological roles and has been implicated in the 

bone metabolism. In this study, three isoforms of NOS were evaluated to study the 

pattern of distribution of the NOS isoforms at different time intervals in the canine 

penodontal/ peri-implant defect model. 

Constitutive NOS (eNOS) 

Localization of eNOS was most significant in the regenerative region in both 

periodontal and peri-implant specimens. A prominent population of cells expressing 
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eNOS was spindle shaped cells lining the trabeculae or the marrow spaces. In earlier 

phases, bone lining cells were one cell layer thick, and observed in direct contact 

with the bone surface (Figure 48, A). Secretory cuboidal osteoblasts covering the 

alveolar bone surfaces and new osteoid near showed considerable weak expression 

(Figure 48, 8), during intermediate and late phases of regeneration. At later time 

intervals periosteum showed strong eNOS expression (Figure 48, C). A proportion of 

positive osteocytes were observed in both defect specimens, at all time points. At 

day 5, a noticeable migrating fibroblast-like cell population was evident exiting the 

POL and/ or open trabeculae (Figure 48, D). However, as endothelial cells can 

express eNOS, it was difficult to distinguish these cells from migrating bone lining 

cells. A proportion of osteocytes, both in the periodontal and peri-implant defect 

specimens, stained positively with eNOS. 

Neuronal NOS (nNOS) 

Overall the expression pattern of the nNOS in thts periodontal/peri-implant 

defect model was similar to the expression pattern of the eNOS. In secretory plump 

cuboidal osteoblasts the express JOn of nNOS was low. However, osteoblasts that are 

more mature showed weak expression of nNOS. Newly encased osteocytes and a 

proportion of resident osteocytes dtsplayed postttve expression (Figure 49). In 
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summary, it appeared that nNOS was strongly expressed in more matured 

osteoblasts and in a proportion of resident and new osteocytes. 

Inducible NOS (iNOS) 

Limited to no expression of iN OS was observed in the osteoblastic cells at all 

time intervals in regenerative space. However, a strong expression of iNOS was 

observed in osteoclasts and in few inflammatory cells in the reparative region (data 

not shown). 
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Figure 48: Photomicrograph of immunohistochemical detection of eNOS in bone 
cells 

Day 9, {A) bone lining cells and Week 8, [C) osteoblasts involved in periosteum 
formation showed strong expression eNOS. However, (B) secretory osteoblasts were 
weakly positive for eNOS. Day 5, showed a strong eNOS expression in (D) fibroblast
like cells migrating out from the defect into the wound space. 
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Figure 49: Photomicrograph of immunohistochemical detection of nNOS in bone 
cells: 

nNOS was observed in more matured osteoblasts (red arrow) and in osteocytes (black 
arrows). 



117 

DISCUSSION 

The overall aim of this study was to evaluate a new model for periodontal 

and peri-implant regeneration. This model was derived from observations based on 

a histological analysis of early time point samples prepared from a canine critical 

size supra-alveolar periodontal/ peri-implant model. These previous studies 

1dent1fied early cellular events in periodontal/peri-implant regeneration and wound 

healing using the OAFH stain. Based on these histological evaluations, the wound 

space in the canine regenerative model is divided into separate domains (an RBC

rich clot domain, a reparative domain, and a regenerative domain). The clot and 

reparative domains were investigated previously in an independent study (Connolly 

thesis). In the present study, the same samples used to derive the model were 

evaluated by IHC to investigate and characterize the origins of the cell populations 

responsible for regeneration. 

Initial attempts to perform IHC analysis with these periodontal and peri

implant defect samples failed because of the histological complexity of the tissues 

combmed with the need for HMAR. To overcome th1s difficulty a modified IHC 

protocol was developed. It is anticipated that this method will be of some value for 
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other studies intent on performing IHC on large bony or fibrous samples, including 

pathological sections used for diagnosis. 

Regeneration and origins of cells 

The critical-size supraalveolar periodontal defect model demonstrates an 

intrinsic capacity for periodontal regeneration that manifests under three 

conditions: space provision for new tissue formation, wound stability, and 

conditions for primary intention healing (Polimeni, Xiropaidis et al. 2006). The 

Oxone-aldehyde fuschin-Halmi (OAFH) staining technique has been used to provide 

detailed observations of early cellular events during regeneration in this model that 

would have more difficult to obtain using conventionally stained sections. Based on 

these observations, a model for periodontal and peri-implant regeneration has been 

developed (Dickinson et al., manuscript submitted). This model proposes three 

distinct temporal phases in regeneration: an early phase (Day 2 and 5) of 

heterogeneous consolidation of a blood clot and activation of local cell populations; 

an intermediate phase (Day 9 and 14) of continued cell proliferation and migration; 

and a late phase (Week 4 and 8), that is confined primarily to remodeling. 

Collectively, these observations indicate a framework for the tissues that form

particularly osteoid that subsequently mineralizes to form new alveolar bone-is 
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established within 4 weeks, and is at least well underway (if not largely complete) 

by Day 14. 

Fibrin and displacement of the Blood Clot 

Observations of the clot region in this study were consistent with previous 

results. The clot appeared very heterogeneous in both types of defect and in the two 

animal groups, with RBC-rich clot material accumulated over the bone surface and 

the root, while the rest of the space was occupied with a more acellular fibrin 

matrix. The general dogma for the regeneration of the bone presents with migration 

of the cellular populations in the fibrin rich clot matrix. However, IHC for detection 

of fibrin revealed a dome of cellular proliferation displacing the fibrin rich clot 

material in the coronal direction, rather than migrating into it. These observations 

were consistent with the thesis work of Dr Sean Connolly; they support the 

hypothesis that the fibrin clot is reduced in dimension and shifted in a coronal 

direction by proliferation and migration of cell populations from the bone surgical 

surface, associated with formation of a fibrous matrix stained by OAFH. As these 

proliferating cell populations migrate from the defect sites, expanding the osteoid

forming regions, the clot is further displaced in the coronal direction. Very few 

classical inflammatory cells are present in the osteoid/ regeneration region as 

established by IHC for neutrophils and macrophages (Connolly thesis), but there are 
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large numbers above the RB-rich region in the wound space where connective 

tissue will form. Hence, the concept of clot displacement (by forming a provisional 

matrix and osteoid) into a phagocytic intlammatory region is more logical than its 

removal by phagocytosis in the regenerative zone. This warranted an evaluation of 

the provisional matrix laid down by these migrating and invading cells. 

Provisional matrix 

OAFH staining performed in the previous studies revealed thin green-stained 

fibers, consistent with collagen as a significant component. Evaluation of the region 

under the fibrin rich blood clot for the presence of collagen at different stages of 

processing confirmed this. In the early phase of the wound healing (day 2 and 5), 

fibroblast-like cells in the provisional matrix and invading the clot material 

displayed intra-cellular pre-procollagen Pre-procollagen is an initial biosynthetic 

precursor for collagen (Bellamy and Bornstein 1971) that is modified in the rough 

endoplasmic reticulum to the procollagen secreted form (Bornstein 1974). 

Procollagen dominated the cells and the provisiOnal matrix around day 5, 9 and 14, 

especially towards the leading edge, and confirming OAFH results indicating a 

collagen-rich provisional matrix. Interestmgly, very weak expression of mature 

collagen 1/111 (tropocollagen), was observed during day 2 and 5, while day 9 showed 

a thick, dtstinct band of extracellular mature collagen near the leading edge of the 
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regeneration zone, separating it from the fibrin clot material. Animal studies 

conducted with absorbable collagen sponges demonstrate enhanced outcomes in 

regeneration compared to controls (Wikesjo, Sorensen et al. 2004). This raises the 

possibility that the collagen-rich provisional matrix is at least osteoconductive, if not 

inductive. Importantly, osteogenic cells migrate, proliferate and differentiate within 

this provisional matrix to form osteoid, rather than within a fibrin matrix, consistent 

with the proposed model for regeneration. 

Origins of cells in regeneration 

Osteoblast progenitors 

The model proposed for the periodontal and pen-implant suggests that the 

osteogenic cells responsible for bulk bone formation are derived primarily from the 

endosteal bone lining cells (and likely local MSCs), with only a minor contr ibution 

from the POL to the osteogenic cell population. The phenotypic analysis of the 

endosteal bone lining cells conducted here using IHC analysis with osteogenic cells 

was consistent with these cells being the major source for the osteogenic cells 

mediating regeneration, while the POL influences the process adjacent to the root, 

and serve as a secondary source for osteogenesis. There also appears to be a role 

for MSCs, but as discussed below, their relationship to other cell populations, 
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contribution to the pool of osteoblasts. 

Endosteal/ Bone lining cells 
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Bone lining cells are flat cells lining most of the trabeculae. Bone lining cells 

can be induced to proliferate and differentiate into osteogenic cells and have been 

proposed as a source of lineage restricted osteogemc stem cells (Miller, de Saint

Georges et al. 1989). OAFH staining results were consistent with bone lining cells as 

a maJOr source of the osteogenic cells dnvmg new bone formation in both 

periodontal and peri-implant specimens. Here, PCNA IHC and mitotic indices 

demonstrated activation and proliferation of these cells as early as Day 2. In 

addition, the PCNA mitotic index showed maximum activation and proliferation in 

the early 2-5 day time interval, diminishing soon after that. The surgical 

manipulation of the alveolar bone and resultant injury induced rapid proliferation 

not only in endosteal bone lining cells in transected trabeculae at defect sites but 

also in deeper regions. This may be related to cell-cell communication via gap 

junctions that have been demonstrate in these cells. However, expression of specific 

nuclear transcnption factors is requtred to drive differentiation of progenitor cells 

along the osteoblast lineage. Runx-2/cbfalts an essential transcription factor that is 

required to induce osteoblastic differentiation (Komori, Vagi et al. 1997; Otto, 
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Thornell et al. 1997). In addition to Runx-2/cbfa 1, a zinc finger-containing 

transcription factor, Osterix, is required for bone formation. OSX is not expressed in 

Runx-2jcbfa1 null mice, suggesting it acts downstream of Runx-2 (Nakashima, Zhou 

et al. 2002). Although Runx-2 would be the best marker to identify osteoprogenitor 

cells in sections, IHC using a commercial Runx-2 antibody on the canine samples 

failed, likely due to the epitope specificity of the antibody and/or lack of species 

cross-reactivity due to BMP-2 sequence differences. Hence, in this work the 

transcription factor OSX was used to characterize early osteoblastic cells. 

Detailed observations of the OAHF staining and PCNA IHC showed extensive 

proliferation and migration of bone lining cells, while maintaining a continuous 

layer of cells lining the trabeculae. This potentially provided a population of 

osteogenic cells to migrate in the wound space, while maintaining a reservoir of 

progenitor cells in the trabeculae. At early time intervals (Day 2 and 5), nuclear OSX 

expression was prominent in the bone lining cells in the surgically transected 

trabeculae. At intermediate time intervals (day 9 and 14), more flattened bone 

lining cells deeper in the alveolar process were positive; however in the majority of 

the cells the labeling was peri-nuclear or cytoplasmic. Importantly, fibroblast-like 

cells near the leading edge of the regenerative zone expressed OSX, consistent with 

them being migratory osteoblast progemtors. At later time intervals (week 4 and 8), 

the relative proportions of the OSX expressing migrating cells appeared to diminish 
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when compared with early time points, consistent with the limitation of expression 

of OSX to early, immature osteoblasts. In contrast, the POL compartment showed 

only limited numbers of OSX positive cells at the intermediate time interval. In 

summary, endosteal bone lining cells showed a more prominent and continued 

expression of OSX, consistent with a major source of osteoprogenitor cells for 

regeneration, whereas the POL did not appear to be a major source of this type of 

cell. 

CD 166 is a mesenchymal stem cell marker, expressed by a proportion of 

cells in the bone marrow that can be expanded into other cell types including 

osteoblasts (Seshi, Kumar et al. 2000). Interestingly, more flattened bone lining cells 

expressed CD 166 at all time intervals in this canine model. This raises the 

possibility that a definite subset of the bone lining cell/ bone marrow endosteal cell 

population expressing MSC markers like CD 166 can contribute towards osteoblast 

progenitors (Nakamura, Arai et at. 2010). 

CD 105, CD 90, and CD 73 co-localization is required, at a minimum, to define 

a cell population as MSCs (Dominici, Le Blanc et al. 2006). Among these three, CD 90 

and 105 in the IHC experiments labeled flattened bone lining cells at most of the 

time intervals, supporting the idea that the endosteal bone lining cells contain a 

population of MSCs. Also, fibroblast-like cells expressing these markers were 

observed at the leading edge of the regeneration that appeared to be invading the 
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clot material. However, these markers are not restricted to MSCs and can be 

expressed on other cell types. Considering this fact, the fibroblast-like cells 

expressing these markers cannot definitely be characterized only as endosteal bone 

lining cells contributing towards bone formation. 

OAHF staining shows morphological changes in the bone lining cells (from 

flat to cuboidal) during the late early and intermediate phases of regeneration. In 

the present study, IHC analysis with the osteoblast lineage markers alkaline 

phosphatase, collagen, BSP, osteocalcin, and BMP-2 characterized these cuboidal 

cells as secretory osteoblasts. The expression of alkaline phosphatase and collagen 

was observed in the flat and/or secretory bone lining cells at earlier time intervals. 

However, the distribution pattern of BSP, osteocalcin, and BMP-2 was more 

complicated and they appeared to be expressed in cyclic manner. Thus, BSP and 

osteocalcin was strongly expressed in the endosteal bone lining cells at late time 

intervals. The immature secretory osteoblasts showed mixed expression of these 

markers. This pattern of distribution is consistent with a role for these proteins in 

the initiation of mineralization and homeostasis. BMP-2 expression was mixed 

(positive and negative) and distributed widely m endosteal bone lining cells and 

secretory osteoblasts. However, it is likely this pattern of BMP-2 expression is the 

result of an autocrine loop, thus promoting the differentiation and governing the 

fate of the cell population. 
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In summary, endosteal bone lining cells possess the potential to differentiate 

into pre-osteoblasts and subsequently secretory osteoblasts, and can regenerate 

bone. However, endosteal bone lining cells also express MSCs markers related to 

multi potency. This makes endosteal bone lining cells a strong local candidate for the 

source of the progenitor cells responsible for the bone formation. 

Osteogenic cells from PDL 

At early times (Day 2 and 5), some OSX expressmg cells were observed in the 

POL, consistent with the presence of the osteogenic cells. However, the OSX 

expression diminished during the intermediate time interval (day 9 and 14), when 

only occasional OSX positive cells were observed. 

Expression of the MSCs markers CD 166, CD 105, and CD 90 was also 

observed in the POL space, suggesting the presence of MSCs (although co

localization of marker expression would be required to confirm this). These 

markers showed widespread distribution at various time intervals, and were not 

assoctated within a definite localized group of cells that could be called a stem cell 

niche. 

The osteogenic markers alkaline phosphatase, collagen, BSP, and osteocalcin 

were also observed in POL cells at different time intervals. However, the cell 

population expressing these markers cannot be distinguished in any other way from 
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pre-cementoblasts or endosteal cells lining the socket, or even from marker

negative POL fibroblasts. 

In summary, the POL does not appear to be a major source for osteogenic 

cells during regeneration in this animal model. Yet, in the periodontal specimens it 

appears to play an important role in maintaining the proper contact between the 

alveolar bone and cementum. In addition to this, it influences the alveolar bone 

lining the socket to attain more coronal height, creating a sharp angle along the 

tooth surface not seen in the peri-implant specimens. 

Mesenchymal stem cells 

Stem cell populations that retain the capacity for renewal after injury, 

pathological conditions/disease, and/or aging are present in many adult tissues. 

The cells may be found within the tissue or in other tissues that serve as stem cell 

reservoirs that can be mobilized. For example, adult bone marrow contains 

mesenchymal stem cells (MSCs) that can contribute to the osteogenic cell 

populations for regeneration of bone (Haynesworth, Goshima et al. 1992). In vitro 

expansion of MSCs has indicated their multi potent behavior and differentiation in 

chondrogenic, osteogenic and adipogenic lineages (Pittenger, Mackay et al. 1999). 

Two markers defined for bone marrow MSCs are CO 105 and CD 73 (Barry, Boynton 

et al. 1999; Barry, Boynton et al. 2001). These two markers, alongside CO 90, are 
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expressed in MSCs populations regardless of origin and remain the primary 

molecules used to identify MSCs (Dominici, LeBlanc et al. 2006; Boxall and Jones 

2012). In addition, the MSCs population should be negative for the expressions of 

CD11b or CD14, CD19 or CD79a, CD34, CD45, and HLA-DR (Dominici, LeBlanc et al. 

2006) to exclude hematopoietic cell populations. However, it is important to note 

that expression of CD 105, 90 or 73 is not restricted to MSCs, and they can be 

expressed in other cell types. For example, CD105 is also considered to be a marker 

for endothelial cells. 

In this study, expression of these three markers for characterization of MSCs 

was observed in many cell populations including endosteal bone lining cells, stromal 

cells, and POL fibroblasts. Since, it is difficult to distinguish these different 

populations based on IHC and cellular morphology, the relative contribution of the 

MSCs towards bone regeneration is difficult to assess. Interestingly, the 

predominant expression of CD 90, 105 and CD 166 in the endosteal cells and bone 

marrow stromal cells in comparison with the POL indicates that alveolar bone/ 

bone marrow, rather than the POL, is the most likely origin of most of any MSCs that 

contribute to the number of osteogemc progenitors. These findings also raise the 

possibility that the endosteal bone lining cells lining the tooth socket are the source 

of the osteogenic cells in the POL. However, these observations were made based on 

single labeling of CD 90, 105 and CD 166 with IHC and require further detail 



investigation. The precise role of the MSCs m the regeneration of periodontium 

remains to be answered completely. 

Progenitors for POL regeneration 

129 

Earlier histological studies with the samples used here demonstrated that 

POL regeneration occurs from the cell populations emerging from the resident POL, 

resulting in a new POL advancing coronally along the root surface. 

Characterization of the POL cell populations m the present study was 

performed using alkaline phosphatase, collagen, osteocalcin, BMP-2, and BSP. These 

markers showed widespread distribution in the POL space, with intra-cellular and 

extra-cellular expression in the fibroblast-like cells. Variation in the patterns of 

distribution was less evident. These markers are not restricted to the POL 

compartment and can be expressed in osteogenic as well as other types of cells. 

Hence, a true distinction between osteogenic cells and POL cells was difficult. The 

POL has also been reported to contain stem/progenitor cells (Trubiani, Zalzal et al. 

2010; Wang, Zhao et al. 2012). However, no evidence was seen here for a significant 

contribution of POL-derived osteogenic cells to bulk new bone formation. This 

suggested the cells expressing these bone specific markers could be a secondary 

source of osteogenic cells providing homeostatic functions m the regulation of bone 
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formation adjacent to the root surface, and in determining the separation between 

the new bone and the tooth (Dickinson et at, submitted). 

Asporin is expressed in human periodontal tissues and can be used as a 

marker for the POL cells (Yamada, Murakami et at. 2001). At all time intervals 

examined here, asporin was observed in the periodontal defect specimens with 

distribution in the entire POL compartment. At intermediate time intervals (Day 9 

and 14), a fibroblast-like population was seen that appeared to be migrating in the 

coronal direction, occupying the space between the existing tooth surface and 

regenerating alveolar bone. These observations strongly suggested the POL is a 

major and perhaps only source for the progenitor cells responsible for the POL 

regeneration. 

S100A4 is considered to be a negative regulator for mineralization and is 

widely expressed in the POL space (Duarte, limura et al. 1999; Duarte, Shibata et al. 

2003). The distribution of S100A4 was comparable to that of asporin, with 

minimum lateral distribution from the tooth surface confined to the POL space. The 

cells expressing SlOOA4 were also observed in the resident POL and in new POL. 

These observations supported the asporin findings Identifying POL as a major 

source for progenitor cells for POL regeneration. They are also consistent with the 

interpretation of osteogenic marker expression as mdicating that the POL is not a 

major source of cells for regeneration in the bulk of the wound space. 
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Cementoblasts progenitors 

Cementum regeneration trails alveolar bone and POL formation and 

maturation, commencing around the intermediate time interval (Day 9 and 14), but 

continuing through Week 8. The apparent delay would allow vascularized, 

immature POL to be formed prior to cementum formation/maturation (Dickinson et 

al). 

Cementum shares many characteristics with alveolar bone. The osteogenic 

markers alkaline phosphatase, collagen, BSP, and osteocalcin were observed in the 

cementum, especially in the intermediate time intervals (Day 9 and 14). A 

presumptive pre-cementoblast population extending from the existing cementum 

and migrating along the tooth surface was observed. At later time intervals (week 4 

and 8) cementoblasts expressing osteogenic markers and forming cementum were 

observed above the surgical defect. 

S100A4, a calcium binding protein, was expressed strongly in the pre

cementoblasts and cementoblasts, and may be of value as a cementum marker. 

S100A4 and its possible role in cementum development and regeneration is a 

entirely new concept that warrants further investigation. The S100A4 results 



132 

showed existing pre-cementoblasts are primarily derived from the activation and 

coronal migration of existing cementoblasts. However, S100A4 expression was also 

observed in the POL cells that could be a source of new cementoblasts. 

Collectively, resident cementoblasts and the POL are the apparent sources 

for pre-cementoblasts during periodontal regeneration in this model. 

NOS isoforms and their signaling potential 

All, tsoforms of NOS (i.e., endothelial, neuronal, and mducible) are expressed 

in the alveolar bone. In this regenerative periodontal and peri-implant canine 

model, the endothelial nitric oxide synthase ts widely dtstnbuted in bone cells, 

predominantly in cells of the osteoblastic lineage. Inactive, flat endosteal bone lining 

cells expressed eNOS strongly, whereas cuboidal active osteoblasts expressed eNOS 

weakly. nNOS showed a similar pattern of expression to that of eNOS. A proportion 

of osteocytes showed positive expression for eNOS and nNOS and the results were 

consistent with the reported expression pattern for the NOS isoforms in osteocytes 

(Caballero-Ahas, Loveridge et al. 2004). 

The constitutive production of NO by these tsoforms may exert a beneficial 

effect on the healing process. More stronger nNOS expression was observed in 

mature osteoblasts. No expression iN OS, the most active isoform, was observed in 

the secretory osteoblasts. 
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Inducible isoform-expressing inflammatory cells were observed in the 

reparative zone, but essentially no such cell was observed in the regenerative zone. 

These data are consistent with the NO production observed in the events of the 

fracture healing in the long bones (Corbett, Hukkanen et al. 1999). Hence, during 

normal healing, there may be little/ no stimulus for the iN OS. However, the presence 

of infection or pathology may change this scenario leading to high-output 

production of NO. High levels of NO can lead to the generation of free radicals, 

which may halt healing. 

These data suggested nitric ox1de (NO) might play an important role in 

molecular signaling during bone regeneration. Animal and in vitro studies have 

indicated possible roles for nitric oxide in differentiation of cell towards the 

osteogenic lineage, and may involve induction of eNOS (O'Shaughnessy, Polak et al. 

2000; Pan, Quarles et al. 2005). This may partly explain the strong association of the 

eNOS isoform with the endosteal bone lining cells. Recent work in orthodontic tooth 

movements suggests biphasic effects of different NOS isoforms on bone formation. 

eNOS has been found to promote bone formation while iN OS, which produces high 

levels of NO, is responsible for the bone resorption (Tan, X1e et al. 2009). The role of 

the nNOS 1soform IS not clear but it has been implicated in bone turnover and bone 

remodeling (van't Hof, Macphee et al. 2004). Th1s nNOS role in bone remodeling 

may help to explain nNOS expression in osteocytes and mature osteoblasts seen 
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here. Hence, different NOS isoforms for NO production may serve to provide lower 

levels of NO for bone formation and higher levels for bone resorption. It is possible 

that NO is regulated in the bone remodeling unit via a paracrine function and 

further investigation in the area will be required to determine of modulation if NO 

levels can contribute to regeneration of bone with predictable outcome. 

Updated Proposed model for Regeneration 

1. The endosteal bone-lining cells (and likely local mesenchymal stem cells) 

contribute the bulk of the new bone formation. 
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2. The POL does not provide cells for bulk bone formation, but rather 

mainly contributes a regulatory role, locally guiding bone formation 

adjacent to the root. The POL is also a likely source of signals and cells 

driving formation of the periodontal attachment and cementum 

formation/maturation, apparently somewhat trailing bone and POL 

formation. 

3. NO production may influence bone formation and may be regulated in a 

paracnne manner. 

4. BMP-2 is essential for osteoblast function, and may function in an 

autocrine manner regulating the osteoblastic differentiation. 

5. The avascular fibrin clot serves as a protective barrier between the newly 

formed osteoid, and granulation tissue and inflammatory cells, and is 

displaced coronally to provide space for regeneration. 

6. The formation of a regenerated periosteum, with presumptive COlOS, 

CD90, CD166 positive MSCs, provides a definitive homeostatic boundary 

between the new bone and the overlying scar-like connective tissue, 

limiting further bone regeneration. 

7. The formation of oxytalan-rich fibrous encapsulation tissue appears to be 

a major limiting factor in the extensiOn of the POL and in healing around 

implants. 
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8. The possible available progenitor cell populations are mobilized and 

differentiate in the early interval of regeneration, providing a finite 

number of cells for regeneration. This is important to the design of 

bioactive models for enhanced regeneration; depending on the target cell 

population, sustained release bioactive devices as well as slowly 

resorbing matrices serving as vehicles or stand-alone may not be of 

benefit. 
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Limitations of the study 

1. Immunohistochemistry is a powerful tool for detecting and localizing various 

proteins (and other molecules) in tissues, but its application can be restricted 

to available antibodies, their species and epitope specificities and sample 

availability. Moreover, the choice of proteins to be tested is heavily biased by 

information in the published literature. Laser Capture Micro-dissection 

(LCMO) and subsequent microarray analys1s of gene expression can be a 

sophisticated broader scale, non-biased alternative to 

immunohistochemistry to explore the expression of many genes 

simultaneously in cell populations of interest. 

2. Characterization of certain cell populations, especially stem cells, requires 

co-localization of multiple antigens to define them. Immunofluorescence and 

confocal microscopy is the better alternative to perform such studies 

requiring multiple labeling. 
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Future directions 

Knowledge obtained in this study increases our understanding of the cellular 

and regulatory events occurring in the early stages of periodontal and peri-implant 

regeneration, and suggests new directions that could be pursued, including the 

relationship between bone lining cells and MSCs, and the role of NO signaling in 

bone regeneration. The latter provides a pharmacologically manipulable target 

• Confocal microscopy using immunohistochemistry with multiple antigen 

labeling to confirm the presence of MSCs and their proliferation. 

• Explore the relationship between bone lining cells, MSCs, osteogenic cells 

and endothelial cells at the molecular level. 

• Perform cellular tagging in animal models for lineage tracing to identify 

definitively in vivo the fate of osteoprogenitor cells. 

• Evaluate the clinical significance of NO and NOS isoforms in periodontal and 

peri-implant regeneration. 
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Appendix 1 

Immunohistochemistry and Antigen Retrieval 

Standard heat-mediated and alternative antigen retrieval techniques 
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Immunohistochemistry (IHC) is a key technique for the localization of 

molecules in tissues for analytical and diagnostic purposes. Formalin-fixation and 

subsequent paraffin embedding (FFPE) is often the preferred technique to preserve 

available samples. However, this often leads to modification of antigens, e.g. cross-

linking, that blocks antibody binding. This can be reversed using heat-mediated 

antigen retrieval (HMAR). This heating of the FFPE samples in a retrieval solution 

successfully reverses the antigen masking, permitting conststent, excellent staining 

with many antibodies. 
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Standard, non-optimized, deparaffinization, antigen retrieval and IHC protocol 

1. Oewax in xylene (three 5 min changes at 20°C); rehydrate in an alcohol series 

(95%, 70%) and finally to water (Shi, Key et al. 1991; Meuse and Barker 

2009). 

2. Antigen retrieval using standard HMAR in pressure cooker or water-bath 

with 10mM citric acid at pH 6 for 10 min (Shi, Chaiwun et al. 1993; Taylor, 

Shi et al. 1994) or 20mM Tris buffer (Yamashita 2007) at pH 9 (Ou, Shi et al. 

2005) followed by washing in Tris or phosphate buffers. 

3. Treat with 3% hydrogen peroxide for 10 min to quench endogenous 

hydrogen peroxide activity followed by washing. 

4. Block with blocking reagents (1 o/o normal goat or 2.5% horse serum, 

depending on species of primary antibody) for 10 min to reduce non-specific 

staining. 

5. Incubate in primary antibody overnight at 4°C, followed by appropriate 

secondary antibody at room temperature for 60 min. 

6. Incubate in ABC complex (Vector Laboratones) for 30 min at room 

temperature followed by color development with HRP substrate to the 

desired intensity. 

Counterstain with hematoxylin. 
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In the literature, researchers have acknowledged the difficulty of using 

HMAR on collagen-rich tissues (such as demineralized bone) that are often prone to 

damage, and even section loss, during heating. This was particularly problematic for 

our large, demineralized bone sections with complex histological architecture. Our 

initial attempts using IHC on the mandible samples consistently gave results of very 

limited value; when we employed HMAR on our samples, they were in most 

instances largely destroyed, making IHC interpretation difficult and biased (Figure 

1, A). Much of the bone tissue had separated from the slide, and remaining bone 

ttssue had torn free of the soft tissue that was still bonded extensively to the slide 

(Figure 1, A). Similar damage was observed with the tooth, in addition to 

displacement and folding. Although these sections were destroyed when treated 

with a standard IHC protocol employing HMAR, similar sections used for routine 

histochemical staining (H&E) without HMAR were well preserved morphologically, 

without obvious damage (Figure 1, 8). 
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A B 

Appendix 1 Figure 1: Photomicrograph of effect of heat on demineralized FFPE 
sections: 

A: Day 29 section treated with normal xylene deparafftnization [3min X 3) followed 
with standard HMAR (125°Cj 30 sec) and then processed for H&E staining. B: Day 29 
section with normal xylene deparaffinization [3m in X 3) and then processed for H&E 
staining. In A, the region in the trapezoid shape was primarily bone tissue that had 
detached from the slide and folded. In contrast, in B the corresponding regions 
remained intact without detachment and folding. Folding of the hard, mineralized 
tissues was more prominent after HMAR {A; solid arrowheads). Black arrows point 
towards well-preserved soft tissue regions in both A and B. Green arrows in A 
demonstrate separation between hard and soft tissues due to heat, while the same 
region is relatively preserved in B. Overan HMAR cause severe damage to the 

mineralized regions. 
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This detachment was temperature dependent, as the use of lower 

temperatures preserved the tissue morphology to some extent (Figure 2). A 

considerable number of retrieval methods have been published that use alternative 

conditions to high temperature (Biddolph and jones 1999; Jiao, Sun et al. 1999; 

Boenisch 2001; Robinson and Vandre 2001; Man and Burgar 2003; Namimatsu, 

Ghazizadeh et al. 2005; Fowler, Cunningham et al. 2007; Wilson, Jackson et al. 2007; 

Alelu-Paz, Iturrieta-Zuazo et al. 2008; Leong and Haffajee 2010). With our samples, 

all of these methods failed with several antibodies tested: we either obtained little 

or no retrieval, and/or the sections were still damaged excessively. Results obtained 

from these methods are listed below. 
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A 

Appendix 1 Figure 2: Photomicrograph of effect of different HMAR conditions on 
demineralized FFPE sections: 

A: Day 29 section treated with normal xylene deparaffinization [3min X 3) followed 

with HMAR (95°Cj 20 min) and then processed for H&E stain. B: Day 29 section 
treated with normal xylene deparaffinization (3m in X 3) followed with HMAR (85°C/ 
10 min) and then processed for H&E stain. C: Day 29 section treated with normal 
xylene deparaffinization (3min X 3) followed with HMAR (80°C/ 60 min) and then 
processed for H&E stain. In A, the region in the trapezoid shape was primarily bone 
tissue that has partly detached from the slide and folded [solid arrowheadJ in 
contrast, in B and C the corresponding region was less damaged and without 
significant detachment and folding. The marrow region with small bone islands within 
the circle was more damaged in A in comparison with Band C. Black arrows point to 
well-preserved soft tissue regions in each section. Green arrows label separation 
between hard and soft tissues due to hea~ again more severe in A, while the same 
region is preserved in Band C. Overan the damage observed in A is more severe in 
comparison to Band C. This suggests a higher temperature in combination with longer 
time causes more damage than lower temperatures in combination regardless of time. 
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Appendix 1 Table 1: Antigen retrieval and tissue morphology 
interpretation using vanous HMAR methods 

Method Antigen Section 
Reference Comments 

used Retrieval Integrity 

Proteinase K 
(Fowler, 

Not all antibodies gave 
+ +++ Cunningham et al. 

and SDS results. 
2007) 

Borate buffers, (Wilson, jackson Only useful with Globin 
+ ++ 

pH 7 et at. 2007) antibody. 

Tris-HCl pH 9, Limited antigen retrieval 

l20°C for 10 
(Du, Shi et al. 

with compromised IHC ++ + 
2005) 

min staining. 

Citraconic (Leong and 
Sections were badly 

- - damaged and mostly 
anhydride Haffajee 2010) 

lost. 

Citrate buffer, (Shi, Chaiwun et 
Most promising retrieval 

among tested methods 
pH 6, 80°C for ++ + al. 1993; jiao, Sun 

60min et al. 1999) 
with compromised IHC 

staining. 

Demineralized FFPE mandibular sections were treated with methods mentioned 
above. Water bath was used for the methods requiring temperature range below 100 
°C, while decloakmg chamber (programmable pressure cooker) was used to achieve 
temperature range over 100 °C. Scoring indicate degree of antigen retrieval achieved 
at the expense of microscopic section quality For antigen retrieval scores indicate IHC 
staining intensity achieved with DAB chromogen; +++ optimal, ++good, +poor, and -
no staming of targeted tissues. For section integrity scores mdicate overall microscopic 
quality and loss of tissue;+++ excellent, ++good, +poor,- severe damage and tissue loss. 
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Effect of salt, pH and deparaffinization on sample integrity 

To evaluate the components of the standard IHC protocol with HMAR that 

exacerbated tissue damage, sections were examined under the microscope after 

each step. Just after coverslipping using a non-aqueous mounting agent (i.e., before 

drying), large regions of bone tissue had lifted off the slide, and were 'floating' and 

moving during mounting due to shear forces created by liquid displacement (data 

not shown). As a result of this, after drying of the slides there was discontinuity 

within different tissues and/or overlapping. This suggested that much of the sample 

had survived the IHC procedure more-or-less intact (otherwise the bone tissue 

would have been lost earlier), but the bone tissue lifted off the positively charged 

glass slide in the hydrophobic solvent. However, switching to an aqueous mounting 

medium also resulted in extensive damage. We hypothesized that poorly charged, 

relatively hydrophobic collagen-rich bone tissue was being poorly retained on the 

slide by a combination of both hydrophobic and ionic interactions that were 

substantially more limited than those bondmg soft tissue regions, and that during 

the standard IHC protocol these weak adhesive forces were being disrupted, 

rendering the collagen-rich regions of the section highly susceptible to either loss, or 

to senous damage due to shifting during the final coversltpping step. 
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To test this hypothesis, we examined the effects of different conditions that 

could influence hydrophobic and ionic interactions between tissues and slide. We 

speculated that one possible cause of poor ionic interactions could have been charge 

masking due to excessive retention of negatively charged EOTA or positively 

charged residual calcium in the section (due to respectively insufficient washing or 

demineralization prior to embedding). To test this, deparaffinized sections were 

soaked at RT for varying lengths of time in Tris buffer, pH 9 to elute residual EDTA, 

or in 0.05 M EDTA to remove positively charged calcium, and, then taken through a 

cycle of HMAR. Water treatment was used as a control. Regardless of the treatment, 

all sections were damaged following HMAR, particularly the surgical surface region 

where a newly formed osteoid region was observed adjacent to resident bone. 

Surprisingly, the length of soak time had a substantial effect, with longer times 

resulting in considerably more damage (data not shown here), and even loss of the 

complete section. 

These experiments provided no indication for retained ions, but suggested 

that during the soak period, water slowly penetrated between the hydrophobic 

osteoid and bone tissue-rich areas of the section and the charged slide, greatly 

weakening adhesion. Given the dense nature of the bone tissue, we considered the 

possibility that the hydrophobicity was due, in part, to incomplete paraffin removal 

during the standard xylene treatment. More extensive deparaffinization has been 
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reported to enhance IHC (Kristen Tomasso, Histologic Vol. XLI, No.1, May 08), and is 

required for proteomics analysis. Extensive deparaffinization was found to give 

much better retention of bone tissue after standard HMAR (data not shown). 

Minimization of collagen contraction by optimization of temperature and time 

for retrieval 

Even after extensive paraffin removal, the bone tissue regions often 

displayed a local detachment from surrounding soft tissue following HMAR, 

consistent with shrinkage during heat treatment. Preliminary experiments 

established that this apparent shrinkage took place above a temperature of 95°C 

(not shown), overlapping the temperature range required for standard retrieval. 

Collagen fibrils are known to undergo a heat-driven contraction, which is relatively 

slow, and can be prevented by mechanical conservation of fiber length (Arnoczky 

and Aksan 2000); (Wright and Humphrey 2002; Wells, Thomsen et al. 2005). A 

typical cycle used for HMAR (125°C for 30 sec followed by cooling at 95°C for 10 sec 

with a programmable pressure cooker) destroyed most of the mandible section 

(Figure 1, A). We reasoned that under conditions where section retention by 

anchoring to the slide could be maintained (thereby resisting contraction), rapid 

heating and cooling through a particular temperature might give retrieval without 

allowing sufficient time for contraction. We next tested different high 
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temperature/short time combinations and examined the effect on the section. A 

combination of 121 oc for 30 sec was found to give good preservation of the sections 

and excellent retrieval (Figure 3). 
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Appendix 1 Figure 3: Photomicrograph of effect of extensive xylene treatment 
before HMAR on demineralized FFPE sections: 

Day 29 section treated with extensive xylene deparaffinization (overnight soaking of slides in 
xylene at RT followed by two changes of xylene at 400C for 20 min just before alcohol 
rehydration) followed by HMAR {121 DCj 30 sec) and then processed for H&E staining. The 
region of interest (new osteoid} was intact with a well-preserved soft and hard tissue 
boundary (solid arrowheads). Limited folding of the hard tissue was observed (solid 
arrowheads}, however the extent of folding was limited and farther from the new osteoid. 
Regions of tooth and soft tissue interface are well preserved (green arrows). Some degree of 
separation is observed at this interface (red arrows}, however, in most of the cases, well
preserved areas were present Soft tissue regions were generally well preserved (blue arrows). 
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We next tested extensive deparaffinization and optimized temperature and 

time combination (121 oc for 30 sec) using antibodies against PECAM/CD31, and 

Ki67, which are known to be difficult to retrieve. The tissue retention was better and 

retrieval of PECAM was good (Figure 3). However, at this time and temperature 

combination Ki67 gave weak signal (Figure 4). Hence, for retrieval of Ki67, we 

recommend using standard time and temperature combination (125 oc for 30 sec 

followed by cooling at 95 oc for 20 min) with programmable pressure cooker is 

required but this destroyed the sample (data not shown). Ki 67 is therefore just 

beyond the list for successful retrieval with the mod1fied method. 



.. 
• 
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Appendix 1 Figure 3: Photomicrograph of PECAM IHC on canine mandibular 

sections: 

160 

Day 9 Group 2 periodontal section treated with extensive xylene deparaffinization (overnight 

soaking of slides in xylene at RT followed by two changes of xylene at 400C for 20 min just 
before alcohol rehydration) followed with HMAR (121DCj 30 sec) and then stained with DAB 

chromogen. The section is stained for PECAM (goat polyclonal, 1:100 dilution}, brown colored 
blood vessels can be seen. 
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Appendix 1 Figure 4: Photomicrograph of Ki67 IHC on canine mandibular sections: 

Day 9 Group 2 peri-implant section treated with extensive xylene deparaffinization (overnight 
soaking of slides in xylene at RT followed by two changes of xylene at 400C for 20 min just 

before alcohol rehydration) followed with HMAR (121 DCj 30 sec) and then stained with DAB 
chromogen. The section is stained for Ki67 (rabbit polyclonal, 1:500 dilution) and a weak 

brown colored nuclear signal can be appreciated. However, this signal is too weak for IHC 
interpretation. 
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Subsequent optimization: salt~ detergent~ pH of incubation buffer 

The salt concentration in the washing buffer can affect the non-specific 

staining in IHC by altering the ionic interactions between the antibody and the 

section. The affect of salt concentration on non-specific staining (background) was 

assessed using d ifferent salt concentrations in the washing buffer. Higher 

concentrations of NaCl were found to give a lower background, but decreased 

staining intensity and tissue integrity. Addition of 0.9% NaCI to the dilution buffer 

was found to reduce staining intensity significantly (when compared with buffer 

without salt), but its addition in the washing buffer was beneficial for reducing the 

background (data not shown). Subsequently, sections were carefully washed in this 

buffer to minimize damage. To ensure complete removal of the reagents, all the 

sections were washed several times for short duration. Different buffers were tried 

for antibody dilution and washing the sections during optimization of this protocol. 

O.OSM Tris-HCI at pH 6 and O.SM Tris-HCl at pH 7.4 was found optimal for antibody 

dilution and washing respectively (Boenisch 2001). 0.025% Triton X-100 was 

included in both buffers to reduce the surface tension and to keep background low 

by reducing non-specific hydrophobic antibody binding. 

The concentration of salt in the buffer was also observed to affect the 

integrity of the sections. However, the damage due to salt was not severe as 

compared with HMAR, and section integrity at a concentration of 0.9% salt (which 
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was optimal for minimum non-specific staining) showed minimum effect on 

morphology. A detailed study to explore this mechanism was not performed. 

Optimization of IHC protocol 

We applied the principles outlined above to optimize the standard IHC protocol. All 

standard laboratory materials were purchased from Fisher Scientific (Pittsburgh, 

PA). Antigen retrieval solution, Diva Decloaker was obtained from Biocare medical 

(Concord, CA) and aqueous medium, Clearmount from Invitrogen (Camarillo, CA). 

Pre-treatment 

Modified Immunohistochemical protocol 

Incubate slides at 6o·c for 60 min Dry heat will enhance 

in oven. 

Immerse slides in xylene 

overnight at RT. 

bonding of the sections to 

the s lide. 

r-----------------------------------~-----------------------Deparaffinization 1) Two changes in xylene at Treatment with xylene at 

Antigen retrieval 

4o·c, 20 min each 4o·c will help to dissolve 

2) Rehydrate in senes of paraffin from section. 

alcohol (100%, 100%, 

95%, and 70%) for 5 min 

each 

Heat retrieval using lX 

decloaking solution at 121·c for 



Washing 
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30 sec 

2x3 min (Tris-HCl buffer with This is an extremely 

0.9% NaCl and 0.025% Triton X 

100 at pH 7). 

important step, necessary to 

shock sections to RT to 

reduce collagen shrinkage. 

(details in following 

paragraphs) 

Serum blocking (Horse/ 20 min RT 

Goat) 

Reduces background 

Primary antibody 

Washing 

Secondary antibody 

Wash with buffer 

Application of primary antibody pH 6 buffer has been shown 

diluted with antibody dilution to increase antigen

buffer 0.05 M Tris buffer, pH 6 antibody interaction and 

(overnight 4•c or 1 Hr. RT) 

2x 3 min [Tris-HCl buffer with 

0.9%NaCl and 0.025% Triton X 

100 at pH 7]. 

Incubation with biotinylated 

secondary antibody for 60 min in 

humidified chamber at room 

temp. 

3 min X 2 [Tris-HCl buffer with 

0.9%NaCl and 0.025% Triton X 

100 at pH 7]. 

hence increased color 

intensity 

Quenching endogenous 3% hydrogen peroxide prepared 

peroxidase activity in washing buffer. 
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10 min in humidified chamber at 

room temp. 

Wash with buffer 2x 3 min (Tris-HCI buffer with 

0.9%NaCI and 0.025% Triton X 

100 at pH 7). 

Application of room 30 min in humidified chamber at As directed by manufacturer 

temperature ABC room temp. (Vector Laboratories). 

reagent. 

Wash with buffer 2x 3 min (Tris-HCI buffer with 

0.9%NaCI and 0.025% Triton X 

100 at pH 7). 

Application of staining DAB substrate was prepared 

substrate. according to the manufacturers Incubate till development of 

instructions (Vector desired color at RT (for 

Laboratories). good intensity without 

background color was 

monitored under the 

microscope). 

Counter staining with 1-2 sec 

hematoxylin 

Gentle wash with 

running water. 

Mounted with aqueous 

medium followed with 

permanent medium 

cytosea160. 
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Antigen retrieval was performed using Diva Decloaker buffer (Biocare 

medical, Concord, CA) at 121 o C for 30 sec, using a programmable pressure cooker 

(Biocare medical, Concord, CA). Bringing the temperature and pressure down as fast 

as possible using the release valve was found to be critical; allowing the cooker to 

cool under the routine program still damaged the sample extensively. Once the 

retrieval cycle was completed, the pressure was reduced by carefully but quickly 

releasing steam from the chamber. Sections were then immediately transferred into 

room temperature washing buffer. This step of shocking the sections at room 

temperature is crucial to maintain the integrity of the sections without any effect on 

retneval. Also, it is important to stop the decloaker immediately after the retrieval 

cycle without waiting for cooling cycle. Any additional length of time after the 

retrieval (even a few seconds) may initiate collagen contraction, leading towards a 

damaged section. 

The above protocol was also used to perform multiple antigen labeling. 

Blocking sections with an appropriate serum after the first primary antibody and 

before application of the second secondary antibody helped to reduce background 

from the second round of staining. Dilution of the second primary and secondary 

antibody (for second staining) in the appropriate serum was found to be important 

to avoid any non-specific interaction between the two secondary antibodies, 

especially when both primary antibodies used are raised in same species (rabbit-on-
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rabbit, mouse-on-mouse, or goat-on-goat). In double labeling, we found the main 

source of background to be non-specific secondary antibody binding. Therefore, it is 

important to match the blocking serum with the species in which the secondary 

antibodies are raised. For example, in multiple labeling, if the secondary antibody 

for the first primary is raised in goat, it is necessary to block sections with goat 

serum and choose a second secondary antibody that is also raised in goat to avoid 

non-specific staining. 

Evaluation of antibodies with optimized protocol 

Over SO different antibodies (nuclear, cytoplasmic and membrane antigen

specific) were tested using this new method (Table 1). The majority of the 

antibodies exhibited good, appropriate immunohistochemical staining and low 

background, along with good morphological preservation of the tissue sections. 
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Appendix 1 Table 2: Antigen retrieval, tissue integrity and non-specific staining 
Interpretation using modified HMAR methods 

Antibody Catalogue Company lsotype I Section Antibody Non-
# Quality Staining Specific 

Staining 
a-Actin SC-32251 Santa Cruz mmAb 2.50 4.0 0.0 

ALP SC-30203 Santa Cruz Rb poly 3.75 4.0 0.0 

Asporin Ab 75317 Abeam Rb poly 3.25 3.5 2.5 

BMP2 SC-57040 Santa Cruz mmAb 3.89 4.0 0.0 

BSP SC-73630 Santa Cruz mmAb 3.75 4.0 2.0 

CDllb Ab 75476 Abeam Rb poly 3.50 3.50 2.0 

CD 34 SC-7045 Santa Cruz Gt poly 3.89 2.5 1.5 

CD73 Ab 71822 Abeam Rb poly 2.63 0.0 0.0 

CD 105 251222 Abbiotec Rb poly 3.50 3.0 0.0 

CD 133 Ab 16518 Abeam Rb poly 3.63 2.0 0.0 

CD 146 Ab 24577 Abeam mmAb 3.63 0.0 0.0 

CD 166 Kindly donated by Rb poly 3.75 3.0 0.0 
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Collagen Ab 24137 Abeam Rb poly 3.38 4.0 0.0 

CXCR4 Ab 7199 Abeam Rb poly 2.25 2.0 0.0 

DKKl Ab 93017 Abeam Rb poly 3.75 4.0 2.0 

- -

DLX-3 Ab 66390 Abeam Rb poly 2.89 4.0 2.0 

DLX-5 Ab 65538 Abeam Rb poly 3.63 4.0 1.5 

eNOS Ab 66127 Abeam Rb poly 3.50 2.5 0.0 

Globin SC-21006 Santa Cruz Rb poly 3.38 0.0 1.0 

FGF 2 OSB00003W Osenses Shp poly 3.13 2.0 1.0 

Fibrillin 1 SC-7541 Santa Cruz Gt poly 3.38 3.5 0.5 

Fibroneetin SC-6952 Santa Cruz Gt poly 2.50 4.0 1.0 

HIF 1 Ab 2185 Abeam Rb poly 3.38 4.0 2.5 

-

HO Ab 13243 Abeam Rb poly 3.75 4.0 0.0 

iN OS SC-8310 Santa Cruz Rb poly 3.63 3.0 0.0 

Nestin SC-21248 Santa Cruz Gt poly 3.75 

Neutrophils Ab 68672 Abeam Rb poly 3.75 3.50 1.0 

Elastase 

nNOS Ab 1376 Abeam Rb poly 2.50 2.0 0.0 

GONMB SC-99091 Santa Cruz Rb poly 3.75 2.0 0.0 

OPG SC-11383 Santa Cruz Rb poly 3.25 3.5 0.0 
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Osteoealcin Ab 13420 Abeam mmAb 3.75 3.0 2.0 

Osterix SC-133871 Santa Cruz Rb poly 3.63 2.5 0.5 

PDGF p 2110 Sigma Gt poly 3.75 3.5 0.0 

Peeam 1 SC-3506 Santa Cruz Gt poly 3.13 3.0 0.0 

Pre- SC-25973 Santa Cruz Gt poly 3.25 4.0 0.0 

proeollagen 

Proeollagen SC-25974 Santa Cruz Gt poly 3.36 4.0 0.0 

S100A4 A 5114 Dako Rb poly 3.38 4.0 0.0 

SDF 1 SC-28876 Santa Cruz Rb poly 3.89 3.0 0.0 

sox 10 SC-17342 Santa Cruz Gt poly 2.25 2.0 0.0 

SPARC SC-25574 Santa Cruz mmAb 3.13 4.0 2.5 

STRO 1 mab 1038 R&D mmAb 3.75 0.0 0.0 

--

TGF-B SC-146 Santa Cruz Gt poly 3.50 0.0 0.0 

TlMP 3 Ab 49670 Abeam mmAb 3.63 3.5 0.0 

VEGF Ab 1316 Abeam mmAb 2.25 4.0 0.0 

vWF SC-14014 Santa Cruz Rb poly 3.89 3.0 0.0 

Wnt Sa Ab 72583 Abeam Rb poly 3.25 3.5 2.5 

Demineralized FFP£ mandibular sections were treated using the modified immunohistochemical 
method described above. Two separate investigators performed the scoring and the average score was 
calculated for each section using following critena Section inteJJrity: 4: perfect (equivalent to H&£ 
stained sections), 3: very good (almost everything mtact, slight movement but almost all regions 
usable), 2. good (most regions usable, some loss but still informative, no complete loss of critical 
regions), 1: poor (critical region loss, not all information obtainable), 0: section lost; Antigen retrieval: 
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3: good (clear signal in all expected regions, allowing for expression level), 2: acceptable (modest signal 
in expected locations, allowing for expression level), l.poor (weak signal and/or missing positive 

location), 0: no signal (blank); Non-specjf]c staining: 3: unacceptable {htgh staining in most areas 
obscunng positive signal), 2: poor (fairly strong non-specific staining, but can be distinguished from 

positive signal), 1: good (restricted easily identified areas with non-specific staining), O:excellent (no 
non-specific staining except in peripheral zones and very small patches). 

Impact of extensive deparaffinization on HMAR 

HMAR is a frequently employed method to restore antigenicity in formalin-

fixed paraffin-embedded sections. It is convenient to use and typically results in 

efficient retrieval. Many investigators have shown an inverse relationship between 

time and temperature; lower temperatures require a longer time for antigen 

retrieval, but there is a threshold below which retrieval does not occur. Thus, 

temperature is one of the most critical factors and retrieval at higher temperatures 

is better, leading to the introduction of pressure cookers to achieve temperatures 

over 100°C (Shi, Cote et al. 1997; Yamashita 2007). However, multiple heat-labile 

forces (electrostatic, van der Waal and hydrophobic) may act together to retain 

tissue on the slide, and heat also affects these bonds, contributing to tissue loss 

during processing. The introduction of positively charged slides improved adhesion 

considerably (Mote, Leary et al. 1998), and highly cellular sections tend to adhere 

well, and show good preservation of morphology. However, relatively acellular 

tissue sections, such as fatty and collagen-rich fibrous tissues like breast, skin and 

bone, have a tendency to shrink, wrinkle and even detach from the slide when 
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treated with heat retrieval (Biddolph and Jones 1999). The majority of the 

antibodies we examined targeting bone-related proteins required HMAR. Using 

standard methods, our samples failed to maintain histological integrity between 

hard and soft tissue regions, and retention of bone regions to the slide. To date, 

there have been few descriptions of this type of damage or explorations of the 

underlying causes and means to prevent it. In this study, we examined various 

parameters that could influence tissue integrity and affect interpretation of results. 

Three key factors were identified. First, extensive deparaffinization in xylene 

was found to be essential to minimize damage of the sections during heat retrieval. 

A likely explanation is that the highly hydrophobic residual paraffin after standard 

xylene deparaffinization further reduces adhesion of weakly bound areas of the 

section (such as collagen-rich bone) to the charged slide. Second, heat induced 

collagen shrinkage was found to be a major factor in section damage. Collagen-rich 

tissues can shrink in a temperature and time-dependent manner. Very rapid 

heating and cooling of the retrieval solution was found to be crucial to minimize the 

relatively slow collagen contraction resulting from structural changes at the 

molecular level while still permitting relatively rapid retrieval chemical reactions. It 

is critical to closely monitor the pressure cooker dunng retrieval and remove the 

sections immediately after the high temperature stage to ensure preservation of 

tissue morphology. Even the ambient temperature of the laboratory can influence 
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the timing of the retrieval procedure. The pH of the retneval solution also plays an 

important role in the retrieval process. Many investigators have reported that a 

higher pH was superior to the commonly used pH value of 6 (Shi, Cote et al. 1997). 

However, for our samples retrieval buffer at pH value 6 offered good quality 

retrieval with reduced damage. 

An optimized, rapid heat retrieval technique was developed based on these 

observations. It produces broadly efficient antigen retrieval with good preservation 

of morphology. The resulting protocol significantly reduces histologic damage and 

destruction of demineralized collagen-rich bone samples. Preservation of bone and 

tooth morphology is good, with almost no wrinkling effect, minimal folding, and 

acceptable minimum separation of soft and hard tissues. The histological quality of 

the resulting section is comparable to that of H&E sections. In comparison to all 

other alternative methods tested here, the IHC staining intensity was superior and 

the background was low. Importantly, 90% of tested antibodies gave acceptable 

results for our research purposes (with failures potentially being due to species 

specificity of the antibody or lack of antigen in the sections). In particular, antigens 

known to be difficult to retrieve (such as PECAM/CD31) were detected successfully. 

Thts new method has also been tested with other collagen-rich fibrous, cartilage 

rich, and neoplastic samples with good retrieval and morphological preservation 
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(not shown). It therefore has potential application in pathological screening of 

these tissues. 

It should be emphasized that due to the number of variables and limitations 

on the number of canine sections available, not all parameters have been fully 

optimized. For example, we have not defined fully the effects of antibody dilution 

buffer pH on signal strength and integrity. A pH of 6 has been reported to be 

optimal (Boenisch 2004). and indeed, we have obtained better results for a few 

antibodies (including the secondary antibody) tested with pH 6 buffer (data not 

shown). However, the protocol described here gives useable initial results as a 

starting point for individual optimization. 
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Appendix 2: PCNA mitotic indices 
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Graphical representation of % mitotic indices in different regions of peri
implant defect in Group 1 and 2. (counted by Dr James Yoon). 

The graphs represented above were derived from Orlames Yoon, who observed and 
calculated mitotic indices in different regions of proliferation in periodontal and peri
implant defects. 

Cell proliferation in sub-defect rttion. 
The mitotic indices for trabecular cells were determine by PCNA IHC within lmm of the 

surgical plane. The mitotic index is expressed as the percentage of PCNA expressing nuclei. 
In this study, bone lining cells were defined as cells directly on the bone surface, while all 

other cells were addressed as stromal cells. Proliferation of bone lining and stromal cells 
was observed around day 2 and 5 in periodontal and peri-implant defect regions. Relatively 

less proliferation was seen in trabeculae. However, a few proliferating cells were also 
observed above the defect. Similar results were seen on both lingual and buccal s ides. 

II roliferation in diffe re nt regions of the PDL. 

The mitotic index was determined in the coronal and apical third of the POL surrounding 
the root below the surgical bone defect (on both the buccal and lingual sides). Considerable 
cell proliferation in all regions of the POL can be seen day 2 through day 5. By day 9 and 14, 
proliferation has declined to the basal level. However, at 4 weeks, there is a second spike in 
cell proliferation, consistent with attachment apparatus remodeling. 

Cell proliferation in bone mar row. 
Mitotic indices for pro liferating cells using PCNA was determined for stromal cells in the 
regions superior to the alveolar nerves. By 5 days, at both per iodontal and peri-implant 
sites, there is significant proliferation in bone lining cells and in different cell types in the 
marrow, including fib roblast-like cells and endothelial cells in blood vessels. By 14 days, 
cell division at both types of site had diminished to basal levels. 

Proliferative cells in the r eeenerative SJ!.ace 
The region directly above the periodontal and peri-implant defect showed no distinctive 

proliferative cells around day 2. There is extensive proliferation in the POL in periodontal 
defect and trabeculae adjacent to the surface m both defects. At day 9, a band of dividing 
cells consisting of pre-osteoblasts and fibroblasts 1s present on the leading edge of the new 
osteoid. New osteo1d is covered with non-div1dmg secretory osteoblasts. In periodontal 
defects, proliferative cells likely to be derived from the POL are m1grating coronally along 

the tooth surface. By day 14, in both defects generalized proliferation was declined. At day 
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29, few dividing cells were seen adjacent to the peak of the new bone and adjacent to the 
regenerating POL in case of periodontal defects. 

Mitotic indices of cells in re_£ion between existin&.bone and implant. 
IHC staining for PCNA was used to determine the mitotic index for cells in the region adjacent to the 
coronal2 mm and around 2 mm of the implant base in the osteotomy. Numerous PCNA-positive cells 
are present on the surface of the bone contacting the threads of the lingual and buccal sides of the 

implant around day 5. In addition, proliferating bone lining and stromal cells were visible in a 
trabecular opening. By day 14, the mitotic index is close to basal levels. 
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Appendix 3 Table 1: Antibodies and their expressions 

ASPORIN secreted protein, cartilage, collagen binding capacity 

ALPHA ACTIN (1A4) microvilli and contractile apparatus 

ALKALINE PHOSPHATASE membrane bound ALP in osteoblasts, bone 

(H-300) mineralization 

ADENOSIN 

A2a 

RECEPTOR 

ABCG2 (D-20) 

BMP-2 (65529.111) 

CD 34 (C-18) 

CD 68 (SPM130) 

CD11b 

cell membrane G protein receptor 

regulation of stem cell differentiation 

early development of bone, induction of cartilage 

formation 

hematopoietic progenitor cells, endothelial cells, some 

fibroblasts 

membrane. Macrophages, neutrophils, basophils, 

lymphocytes 

predominant in monocytes and granulocytes 
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-
CD 133 stem cell marker (cell surface) 

CXCR4 ligand for SDF 1 

COLLAGEN I AND III bone and vascular tissues 

~ 

CD 73 lymphocyte differentiation 

f--
COL1A1 (D-13) extra cellular 

PRO COL1A1 (A-17) intra cellular 

CD 146 stem cell marker, endothelial cells, smooth muscles, 

I subpopulation of activated T cells 

CD3 TCR complex 

CD 105 also known as endoglin present on vascular tissues 

CD 20 naive B cells 

CD 9 motility related developing 8 cells, monocytes, platelets, eosinophil, 

protein 1 (clone 72F6) basophils, stimulated T cells, glial cells 

-
DLX3 craniofacial patterning and morphogenesis 

·-DLXS transcription factor for neural development, 

I presumptive neural crest marker 

DKK1 inhibitor ofWnt signaling pathway 

FIBERINOGEN fibrin 

-FIBRILLIN 1(N-19) extracellular matrix component foe elastic tissues 



~ FIBRONECTIN (C-20) 

FGF2 

FGF23 

FIBROBLAST ACTIVATION 

PROTEIN 

GDF S(P-10) 

f-
HIF 1 

~ 
HEMOGLOBIN (H-76) 

HSP 47(M16.10A1) 

LACTOPEROXIDASE 

Ki67 

KLF4 

MAC 387 

I MSX2 

-
NEUTROPHIL ELASTASE 

~nNOS 
eNOS 

NESTIN (G-20) 
I 
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extracellular matrix glycoprotein 

mitogenic and angiogenic activities 

mainly expressed in brain and thymus, expressed in 

osteomalacia tumors 

stromal fibroblasts, granulation tissue, malignant bone l 
cells 

embryonic development and adult tissue homeostasis 

-
regulator of adaptive response to hypoxia 

Hb 

cell proliferation 

transcription factor 

monocytes and peripheral granulocyte 

transcription factor 

neutrophils 

neuronal tissues 

endothelial cells 

stem cell marker 



NITROTYROSIN 

NOS2 

4-0ct 

4-0ct 

osteocalcin 

osx (Y-21) 

GONMB 

OSTEOACTIYIN 

8 Ohdg (K-20) 

OPG (H-249) 

P4HB 

PDGF 

I PECAM 1 (M-20) 
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inflammation and NO production, formed in presence 

of active metabolite of NO 

induced form of NOS 

stem cell marker 

stem cell marker 

early marker of bone cells, organic component of bone 

matrix 

early osteogenic marker 

(H0121) melanocytes, osteoblasts, osteoclasts, dendritic cells 

marker of DNA and RNA damage 

bone morphogenesis and remodeling 

-
breakage and rearrangement of disulfide bonds, 

precollagen residues 

blood vessels, platelets 

blood vessels 

PBGF BB --------- cells of mesenchymal origin 

PCNA (C-20) 

RANK (H-300) 

cell proliferation and DNA repair 

transcription factor 
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RAGE endothelial cells 

RANKL (FL-317) lymphoid tissue. Osteoclast??? 

RUNX 2 (M-70) transcription factor 

~OOA4 osteocyte, cementoblasts, neurons 

DF 1 (FL-93) blood vessels 

-SPARC(H-90) secreted by endothelial cells important for bone 

OSTEONECTIN mineralization 

SSEA4 embryonic stem cell marker 

SCLEROSTIN osteocytes 

SOX 10 (N-20) transcription factor 

STR01 stem cell marker 

r SODIUM/HYDROGEN Na channel 

EXCHANGER1 

SOX2 embryonic stem cell marker 

SOX 9 (H-90) transcriptional regulator, cartilage 

fTI MP3 
-

extra cellular matrix 

-TGF BETA 1 growth factor 

I TENASCIN substrate adhesion protein, developmental regulation 

TWIST stem cell marker 
I 



VEGF 

vWF 

185 

vascular endothelium, cytoplasmic and secreted 

endothelial cells, plasma and platelets 




