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Preface

Welcome to the second edition of Seltzer and Bender’s Dental Pulp. Like the first edition, this book focuses on the dental pulp and its interaction with other tissues during health and disease, with each chapter providing the latest information on the biologic principles and the basis for clinical treatment procedures. As such, the book is ideally suited for practicing dentists as well as residents and dental students. This newly revised second edition includes entirely new topics (eg, regenerative endodontics) as well as greatly expanded reviews on dental implications of biofilms, immune interactions, pain mechanisms, the interactions between restorative dental procedures and pulpal health, and neuroanatomy, among other topics. We welcome many new and returning authors to this edition who have shared their incredible expertise with you, our reader.

The central theme of this book—a fundamental theme of dentistry in our opinion—is the critical role that pulp tissue plays in dental health. Both local (eg, caries, periodontitis) and systemic (AIDS, hyperparathyroidism) disease can contribute to pulpal pathosis. In turn, pulpal pathosis can contribute to both local (eg, root resorption, periodontitis) and systemic (eg, referred pain) conditions. The astute clinician needs this information to provide accurate diagnoses and effective treatment. Accordingly, we have focused on the biology of dental pulp and its interaction with other tissues during health and disease in order to provide comprehensive, biologically based clinical recommendations for practicing dentists.

We have been gratified by the support and encouragement generated from the first edition of this text, and we were thrilled that both I. B. Bender and Sam Seltzer lived to enjoy its publication. We have now lost many of the pioneering giants of endodontics and pulp biology. Their early contributions laid the foundation for generations of dentists to deliver biologically based dental care. In this age of gene arrays, signal transduction pathways, novel restorative materials, and computerized data retrieval, it is difficult to appreciate the magnitude of their contributions based entirely upon intellectual rigor and using relatively simple tools. To their memories, we dedicate this second edition.
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Development of the Pulpodentin Complex 

Rena D’Souza, DDS, MS, PhD
 Chunlin Qin, DDS, MS, PhD

Dentin is a unique, avascular mineralized connective tissue that forms the bulk of the tooth. It underlies enamel in the crown and cementum in the roots, providing these tissues structural support and the tooth its resilience. In a mature tooth, dentin encloses a richly innervated and highly vascularized soft connective tissue, the dental pulp. Dentin and pulp are derived from the dental papilla, whose cells migrate to the first branchial arch from within the ectomesenchyme of the cranial neural crest. The tissues remain closely associated during development and throughout the life of an adult tooth and are hence most commonly referred to as the pulpodentin complex. It is this biologic intimacy that dictates the response of the pulpodentin complex to physiologic and pathologic stimuli.

Because the practice of endodontics involves manipulation of both the dentin and pulp, learning about the mechanisms that lead to their formation is crucial and will create a better understanding of the response to and treatment of pulpal injuries. The purpose of this chapter is to provide a background for the succeeding chapters that discuss the biology of the mature pulpodentin complex during health and disease and in aging. The chapter has two goals: The first goal is to review classic and current knowledge of the events in tooth development that lead to odontoblast differentiation and to convey the excitement of this flourishing field. Attention is focused on the common themes that have emerged and what is known about the influence of tooth-signaling molecules and transcription factors on the development and homeostasis of the pulpodentin complex. The second goal of this chapter is to describe the general principles of dentin matrix formation, particularly the synthesis and secretion of extracellular matrix molecules and their postulated roles in the biomineralization of dentin. Examples of how basic information about the normal biology of the pulpodentin complex can be applied toward solving clinical problems are integrated throughout the chapter. The overarching goal is to emphasize how fundamental theories about development and homeostasis of differentiated and undifferentiated or stem cell populations can be translated to regenerative approaches targeted at restoring the integrity of the adult pulpodentin complex.

Tooth Development (Odontogenesis) 

For several decades, the developing tooth organ has served as a valuable paradigm to study the fundamental processes involved in organogenesis. These processes are (1) the determination of position, through which the precise site of tooth initiation is established; (2) the determination of form or morphogenesis, through which the size and shape of the tooth organ are set; and (3) cell differentiation, through which organ-specific tissues are formed by defined cell populations, each with unique properties. The dental literature is enriched with excellent reviews on tooth development, and the reader is encouraged to study the topic in further detail.1–4

General features 

Although the tooth is a unique organ, the principles that guide its development are shared in common with other organs such as the lung, kidney, heart, mammary glands, and hair follicles.5,6 The most important among developmental events are those guiding epithelial-mesenchymal interactions, which involve a molecular crosstalk between the ectoderm and mesenchyme, two tissues that have different origins. Although only vertebrates have teeth, their development involves genetic pathways that are also active in invertebrates. This conservation of a “molecular toolbox” for organogenesis throughout evolution proves that certain master regulatory molecules are critical to all tissue interactions during development. New studies have also shown that tooth-signaling molecules are repeatedly used at various stages of development. Both tooth morphogenesis and cell differentiation occur as a result of sequential interactions. Hence, it is not one biologic event involving a single molecule but a series of interactions involving several molecules that leads to the development of the pulpodentin complex.3,4

Importantly, signaling is reciprocal, whereby an exchange of information occurs in both directions, from dental epithelium to mesenchyme and from dental mesenchyme to epithelium. For example, in experiments where dental epithelium was separated from mesenchyme, cusp patterning failed to occur. Similarly, in the absence of dental epithelium, odontoblasts are unable to differentiate from dental mesenchyme.7–9

It is only logical to apply these basic developmental principles to the current understanding of how the adult or mature pulpodentin complex responds to injury and repair. The latter clearly involves a series of molecules that operate in concert to dictate the outcome of pulpal disease and therapies. In the adult situation, whether certain cells and molecules can mimic the inductive influence of dental epithelium during development has yet to be definitively proven and remains a subject of interest in pulpal biology research.

Stages of tooth development 

Teeth develop in distinct stages that are easily recognizable at the microscopic level. These stages in odontogenesis, described by the histologic appearance of the tooth organ, are termed, from early to late, the lamina, bud, cap, and bell (early and late) stages of tooth development.10–12 Although the following descriptions use these common terms, the modern literature uses functional terminology to describe odontogenesis in four phases: (1) initiation, (2) morphogenesis, (3) cell differentiation or cytodifferentiation, and (4) matrix apposition (Fig 1-1). The photomicrographs in Fig 1-2 depict the morphologic stages of tooth development.
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Fig 1-1 Stages of tooth development. Note the sequential transformation from the dental lamina to a distinctly shaped dental organ. The transient appearance of the enamel knot in the region of the forming cusp tips precedes the terminal differentiation of cells and the formation of specialized matrices. (Reprinted from Thesleff and Sharpe12 with permission.)
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Fig 1-2 Histologic survey of odontogenesis in a pig embryo. (Courtesy of the University of Texas Health Science Center at Houston, Dental Branch.) (a) Lamina stage: A, nasal septum; B, tongue; C, palatal shelves; D, dental lamina (hematoxylin-eosin [H&E] stain; original magnification ×4). (b) Bud stage: A, ectodermal outgrowth; B, dental mesenchyme; C, tongue; D, oral cavity space; E, oral ectoderm (H&E stain; original magnification ×10). (c) Cap stage or transition to early bell stage: A, outer dental epithelium; B, internal dental epithelium; C, stellate reticulum; D, dental papilla ectomesenchyme; E, dental lamina (H&E stain; original magnification ×10). (d) Late bell stage: A, nerve bundle; B, alveolar bone; C, vas-culature; D, oral ectoderm; E, tongue. Note the extension of the dental lamina on the right aspect of the dental organ that will form the succeda-neous incisor (H&E stain; original magnification ×10). (e) Onset of dentinogenesis: A, dental pulp; B, cluster of odontoblasts that appear crowded at the tip; C, odontoblast process; D, dentin (H&E stain; original magnification ×20).



Lamina stage 

The dental lamina is the first morphologic sign of tooth development and is visible around 5 weeks of human development and at embryonic day 11 (E11) in mouse gestation. This thickening of the oral epithelium lining the frontonasal, maxillary, and mandibular arches occurs only at sites where tooth organs will develop. At the lamina stage, cells in the dental epithelium and underlying ectomesenchyme are dividing at different rates, more rapidly in the latter. As explained later, the dental lamina has the full potential to induce tooth formation by dictating the fate of the underlying ectomesenchyme.13

Bud stage 

As the dental lamina continues to grow and thicken to form a bud, cells of the ectomesenchyme proliferate and condense to form the dental papilla. At this stage, the inductive or tooth-forming potential is transferred from the dental epithelium to the dental papilla.

Cap stage 

At this stage, the tooth bud assumes the shape of a cap that is surrounded by the dental papilla. The ectodermal compartment of the tooth organ is referred to as the dental or enamel organ. The enamel organ and dental papilla become encapsulated by another layer of mesenchymal cells, called the dental follicle, that separates the tooth organ papilla from the other connective tissues of the jaws. 

The transition from the bud to the cap stage is an important step in tooth development because it marks the onset of crown formation. Recent studies have pointed to the role of the enamel knot as an important organizing center that initiates cuspal patterning.14,15 Formally described as a transient structure with no ascribed functions, the enamel knot is formed by the only cells within the central region of the dental organ that fail to grow. As described later, the enamel knot expresses a unique set of signaling molecules that influence the shape of the crown as well as the development of the dental papilla. Similar to the fate of signaling centers in other organizing tissues, such as the developing limb bud, the enamel knot undergoes programmed cell death, or apoptosis, after cuspal patterning is completed at the onset of the early bell stage. In incisors, the enamel knot initiates the first folding of dental epithelium. Secondary enamel knots determine the site of new cusps in molars.

Early bell stage 

The dental organ assumes the shape of a bell as cells continue to divide but at different rates. A single layer of cuboidal cells called the external or outer dental epithelium lines the periphery of the dental organ, while cells that border the dental papilla and are columnar in appearance form the internal or inner dental epithelium. The latter gives rise to the ameloblasts, cells responsible for enamel formation. Cells located in the center of the dental organ produce high levels of glycosaminoglycans that are able to sequester fluids as well as growth factors that lead to its expansion. This network of star-shaped cells is named the stellate reticulum. Interposed between the stellate reticulum and the internal dental epithelium is a narrow layer of flattened cells, termed the stratum intermedium, that express high levels of alkaline phosphatase. The stratum intermedium is believed to influence the biomineralization of enamel. In the region of the apical end of the tooth organ, the internal and external dental epithelial layers meet at a junction called the cervical loop.16–18

At the early bell stage, each layer of the dental organ has assumed special functions. The reciprocal exchange of molecular information between the dental organ and dental papilla influences the important events that lead to cell differentiation at the late bell stage.

Late bell stage 

The dental lamina that connects the tooth organ to the oral epithelium gradually disintegrates at the late bell stage. The cells of the internal dental epithelium continue to divide at different rates to determine the precise shape of the crown. Shortly after, cells of the internal dental epithelium at the sites of the future cusp tips stop dividing and assume a columnar shape. The most peripheral cells of the dental papilla enlarge and become organized along the basement membrane at the tooth’s epithelial-mesenchymal interface. These newly differentiated cells are called odontoblasts, cells that are responsible for the synthesis and secretion of dentin matrix. At this time, the dental papilla is termed the dental pulp.

After odontoblasts deposit the first layer of predentin matrix, cells of the internal dental epithelium receive their signal to differentiate further into ameloblasts, or enamel-producing cells. As enamel is deposited over dentin matrix, ameloblasts retreat to the external surface of the crown and are believed to undergo programmed cell death. In contrast, odontoblasts line the inner surface of dentin and remain metabolically active throughout the life of a tooth.

In summary, development of the tooth rudiment from the lamina to the late bell stages culminates in the formation of the tooth crown. As root formation proceeds, epithelial cells from the cervical loop proliferate apically and influence the differentiation of odontoblasts from the dental papilla as well as cementoblasts from follicle mesenchyme, leading to the deposition of root dentin and cementum, respectively. The dental follicle that gives rise to components of the periodontium, namely the periodontal ligament fibroblasts, the alveolar bone of the tooth socket, and the cementum, also plays a role during tooth eruption, which marks the end phase of odontogenesis. 

Experimental Systems 

In the last decade, basic understanding of the molecules that control the events that lead to odontoblast differentiation and the formation of dental pulp has advanced significantly.19 Most of the contemporary experimental approaches used in these studies have taken advantage of the mouse model because of its availability and ease of accessibility. The development of dentition in mice closely parallels that in humans. Mice are the predominant system for genetic engineering approaches that have generated a volume of exciting data on tooth development.

Before the families of signaling molecules are discussed, it is important to understand modern experimental approaches and key techniques that are available for use in studies on tooth development. The intention is to provide a simple description of these modern scientific tools as the basic framework of reference for the dental student or endodontic resident interested in pursuing research in the area of pulpal biology.

Tooth organ culture systems 

Over the years, researchers have utilized various approaches to study and manipulate developing tooth organs.20–22 In vitro systems include whole mandibular and maxillary explants as well as individually dissected molar organs that can be cultured in enriched serum by means of a Trowell-type system. The system involves placing the tooth organ in the correct orientation on a filter that is supported by a metal grid at the gas-liquid interface within a culture well23 (Fig 1-3).




Another in vitro approach is the use of functional tooth organ recombination assays. Dental epithelium is separated from papilla mesenchyme using enzymes that degrade the basement membrane at the interface.24,25 Isolated epithelium and mesenchyme can be cultured separately or recombined and then transplanted in vivo to study the effects on tooth development. Modifications of this approach include heterotypic recombinant cultures of epithelium and mesenchyme, each derived from a different organ system, and heterochronic recombinations where the tissues used are from the same organ system but at different stages in development26 (Fig 1-4). Researchers interested in studying the effects of various molecules add these reagents in soluble form to the culture and then transplant the treated culture to the anterior chamber of the eye or the subcapsular region of the kidney in mice.27 Overall, in vivo tooth organ explants that are cultured at in vivo ectopic sites advance farther than in vitro systems (Fig 1-5). In vivo culture systems are also better suited for tooth organ dissections and recombinations that are performed at early stages of development.


The availability of mice strains with spontaneous mutations and genetically engineered knockout mice has further refined the use of the bead implantation assay.30,31 When the reactions of mutant dental mesenchyme and wild-type (normal) mesenchyme are compared, it is possible to determine whether a certain molecule is needed for the expression of a second gene. This approach has led to new information about the relationships of tooth-signaling molecules within a genetic pathway.4,32
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Fig 1-3 Tooth organ culture system. (Courtesy of Dr Richard Finkelman.) (a) Trowell method showing two molar organs at the early cap stage placed on a filter on top of a metal grid within a culture dish. (b) Molar organ after 12 days in culture. Note the formation of distinct cusps. (c) Histologic view of Fig 1-3b shows fully differentiated odontoblasts (od) and a layer of mineralized dentin (arrows) (Von Kossa stain; original magnification ×10).
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Fig 1-4 Strategy used for homotypic and heterotypic recombination assays. E11–12, days 11 to 12 of mouse embryonic development; e, epithelium; m, mesenchyme; h, hours in culture; d, days in culture. (Reprinted from Mitsiadis et al26 with permission.)
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Fig 1-5 Microscopic view of a fully formed tooth that developed from the early cap stage after placement beneath the renal capsule. od, odontoblasts; p, dental pulp; k, kidney (H&E stain; original magnification ×4).



An elegant experimental approach that has yielded important information on the nature of the signaling interactions between tooth epithelium and mesenchyme is the use of bead implantation assays.28 Briefly, either heparin or agarose beads that are soaked in a known concentration of a growth factor are placed on separated dental mesenchyme. After approximately 24 hours in culture, the mesenchyme is analyzed for changes in gene or protein expression in the region surrounding the bead29 (Fig 1-6).
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Fig 1-6 Principles of tooth tissue recombination and bead assays. (Modified from Thesleff and Sahlberg29 with permission.)








Odontoblast and dental pulp cell lines 

While tooth organ cultures have facilitated elegant studies of early tooth development, the recent availability of odontoblast and pulp cell culture systems have made it possible to study late events that involve cell differentiation and matrix synthesis. An interesting approach is to utilize hemisectioned human teeth from which dental pulp has been carefully extirpated. The remaining layer of intact odontoblasts can then be cultured within the native pulp chamber, to which nutrient media and various growth factors or cytokines are added. Thick slices of human teeth with the odontoblastic layer left intact offer another useful approach to study the behavior of odontoblasts under conditions that simulate dental caries.33,34 The use of primary odontoblast cultures has been limited because intact cells are difficult to isolate in sufficient numbers and become phenotypically altered after several passages in culture. The recent development of cell-immortalization procedures has made it possible to generate two established odontoblast-like cell lines. The M06-G3 cell line was derived from an established murine odontoblast monolayer cell culture system that was infected with a temperature-sensitive simian virus 40 (SV40).35 MDPC-23 cells are a spontaneously immortalized cell line derived from mouse embryonic dental papilla that expresses dentin matrix proteins.36 Dental pulp clones, the RPC-C2A and RDP 4-1 cell lines, which exhibit characteristics ranging from pulpal fibroblasts to preodontoblasts, are also available.37,38

Tooth-derived stem cell lines 

Central to the development of new regenerative strategies involving tissue engineering is the use of stem cells. These cells are classically defined as clonogenic and self-renewing cells that have the capacity to differentiate into multiple cell lineages. The two major types are embryonic stem cells and postnatal stem cells. Embryonic stem cells are obtained from embryos in the blastocyst stage of development. At this stage, these stem cells are pluripotent with the ability to differentiate into any cell type. In contrast, postnatal stem cells reside within niches in adult organs and retain the capacity to differentiate into a limited number of cell types.

Recently, stem cell characteristics were detected in cells isolated from primary39 as well as permanent teeth,40,41 periodontal ligament,42,43 periapical follicle, and apical papilla mesenchyme.43–45 Mesenchymal stem cells, which represent less than 10% of the total cell population, can be tagged with stem cell markers such as STRO-1 or CD 146 in fluorescence-activated cell-sorting analysis.39 Stem cells isolated from dental tissues are capable of differentiating into adipocytes, neurons, and odontoblast-like cells.39

They form mineralized nodules in vitro43 and are capable of creating boneor pulpodentin-like complexes after transplantation into immunocompromised mice.39,41 These cells appear to reside in a perivascular niche and are likely to represent the population of cells that were shown by Fitzgerald et al46,47 to migrate to the site of dentin injury to form reparative dentin. Tooth-derived stem cells are essential for the development and application of regenerative approaches to treat an injured pulpodentin complex (see chapter 5).

Figure 1-7 depicts the activity of two tooth-derived cell lines: stem cells from human exfoliated deciduous teeth (SHED) and periodontal ligament–derived stem cells (PDLSC). When seeded in a fibrin hydrogel system, both cell lines are capable of proliferation and further differentiation, as indicated by the deposition of a collagen-enriched matrix.
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Fig 1-7 Osteogenic induction of stem cells increases the production of extracellular matrix such as collagen (blue staining). (a) SHED cells in a fibrin patch, treated with bone morphogenetic protein 4 (BMP-4) (Masson trichrome stain; original magnification ×60). (b) PDLSCs (cells provided by Dr Songtao Shi) in fibrin patch, treated with BMP-4 (Masson trichrome stain; original magnification ×30).








Transgenic and knockout mice 

The modern era of recombinant DNA technology and genetic engineering has made it possible to alter or mutate a gene of interest in vitro and then inject it into the pronucleus of a fertilized mouse egg.48,49 The transgene, if successfully integrated into the host genome, can be transmitted through the germ line to the progeny. Transgenic and knockout mice thus offer a powerful means to study the role of molecules in their natural in vivo environment.

Transgenic mice generated using conventional technology can be designed to overexpress the gene of interest in cells or tissues where it is normally expressed50 (Fig 1-8). When it is desirable to study the behavior of a gene at an ectopic site, the transgene of interest is placed behind the promoter of another gene that will drive expression in tissues where it is not normally expressed. In the case of a gene that is expressed in multiple tissues or organs, it is now possible to study activity at one particular site. This is achieved by driving the expression of the transgene using a tissue- or cell-specific promoter.


The following example illustrates the usefulness of a tissue-specific transgenic mouse model. As a means of assessing the precise role of transforming growth factor β1 (TGF-β1) in odontoblast differentiation, transgenic mice that overexpressed active TGF-β1 were generated. Because TGF-β1 is also highly expressed in bone and other tissues, TGF-β1 over-expression was restricted to odontoblasts alone by using the promoter for dentin sialophosphoprotein (Dspp), a gene that is highly tooth specific. TGF-β1 overexpressors have defects in dentin that closely resemble dentinogenesis imperfecta (DI), an inherited disorder of dentin. This model permitted the analysis of the direct role of TGF-β1 in dentin formation without confounding its effect in bone and other tissues.51 The results indicated an important role for the growth factor in dentin formation, a subject that is discussed in further detail in chapter 2.

Knockout technology is used to generate lines of mice that lack a functional gene of interest throughout their life span. The targeted deletion of the gene is performed in embryonic stem cells that are derived from the inner cell mass of an early embryo. After these cells are cultured in a petri dish, to select for the desired deletion, they are implanted in the cavity of a fertilized egg to generate a percentage of offspring that inherit the mutation. Knockout mice offer a powerful means to assess the biologic roles of a molecule in the context of a normal mouse. Certain knockout strains appear completely unaffected, indicating that the functions of the gene that are eliminated in vivo can be shared by other genes within the family, a phenomenon of biologic (functional) redundancy.

Several knockout mice strains die during gestation or shortly after birth, indicating the importance of these genes in developmental processes. As a result, these mice have not proven to be informative about the role of the gene later in postnatal and adult life. Examples of this include the bone morphogenetic proteins 2 (Bmp2) and 4 (Bmp4) gene knockout mice that undergo embryonic lethality during early gestation. This problem is overcome by the use of conditional knockout technology, where the inactivation of the gene occurs at a specific time and location.

Of relevance to pulpal biology is the phenotype of the Tgfβ1-mutant mouse. Teeth develop fully in Tgfβ1–/– mice and show no pathologic conditions at birth or through the first 7 to 10 days of postnatal life compared to those of Tgfβ1+/– or Tgfβ1+/+ littermates. By the end of the second week, Tgfβ1–/– mice develop a rapid wasting syndrome that is characterized by multifocal inflammatory lesions with dense infiltration of lymphocytes and macrophages in major organs such as the heart and lungs; these eventually lead to death by the third week of life. These observations support a vast volume of research documenting a critical role for TGF-β1 as a potent immunomodulator.

To study the state of the adult dentition in Tgf-β1–/– mice, their survival was prolonged with dexamethasone treatment. The absence of a functional Tgfβ1 gene resulted in significant destruction of pulp and periradicular tissues as well as the hard tissues of the crown52 (Fig 1-9). These data prove that no other TGF-β family members can substitute for the loss of TGF-β1. Clearly, the dual role of this growth factor as a key modulator of pulpal inflammation and its potent effects on extracellular matrix (ECM) production are significant. Chapter 2 discusses in further detail the role of TGF-β1 in reparative dentinogenesis.
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Fig 1-8 (a) Whole-mount view of a developing transgenic mouse embryo in which expression of the LacZ reporter gene (blue staining) is driven by a type I collagen promoter. Expression of ß-galactosidase is seen in all areas of the embryo that express type I collagen. mn, meninges (ß-gal stain). (Reprinted from Niederreither et al50 with permission.) (b) Section through the developing incisor at the neonatal stage showing activity of the transgene in differentiating odontoblasts (od) and some cells of the dental pulp (dp). Note the complete absence of staining for type I collagen in ameloblasts (am) (H&E stain; original magnification ×10).
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Fig 1-9 (a) Normal mandibular first molar in a Tgfβ1+/+ mouse at 50 days of postnatal life. d, dentin; dp, dental pulp (H&E stain; original magnification ×10). (Reprinted from D’Souza et al52 with permission.) (b) In a Tgfβ1–/– animal whose survival was prolonged with dexamethasone, there is extensive damage to the hard and soft tissues of the molar. arrowheads, periapical inflammatory infiltrates; star, calcification within the pulp chambers and canals (H&E stain, original magnification ×10). (Reprinted from D’Souza et al52 with permission.)







Laser capture microdissection 

Among the new in vivo approaches available to analyze the behavior of cells under normal and diseased conditions, laser capture technology stands out as being most innovative. Laser capture microdissection (LCM) was developed and applied in cancer biology to detect a mutant protein or gene in a single malignant cell53 and to monitor in vivo differential gene expression levels in normal and malignant breast cell populations.54 LCM is being used in the Cancer Genome Anatomy Project to catalog the genes that are expressed during solid tumor progression and to construct complementary DNA (cDNA) libraries from normal and premalignant cell populations. Microarray panels55 containing these index genes are being used to obtain gene-expression patterns in human tissue biopsies. The fluctuation of expressed genes that correlate with a particular stage of disease is compared within or between individual patients. Such a fingerprint of gene-expression patterns will provide important clues about etiology and contribute to diagnostic decisions and therapy.

Applications in this area will be particularly useful for oral tissues, such as dental pulp, oral mucosa, and periodontal ligament, where individual cell populations are difficult to access. The progress in understanding odontoblast differentiation has been slow because of serious limitations inherent to both in vivo and in vitro approaches. Pure populations of differentiating or mature odontoblasts are technically difficult to obtain from heterogenous dental papilla and pulp. Furthermore, immortalized odontoblast-like cell lines fail to fully reflect the molecular events that occur in the complex milieu of the tooth organ from which they are derived. The terminology used to describe odontoblast differentiation is sketchy because it is unclear how morphologic change is reflected at the molecular cytogenetic level.

Initial studies of dentin ECM gene expression in differentiating odontoblasts have been promising (Fig 1-10). Data from the future use of LCM will provide a correlation between the morphologic changes and the expression of known ECM genes during odontoblast differentiation. Information generated from this approach will also be valuable in developing a nomenclature that can be consistently used by researchers. Moreover, known and unknown genes will be identified from the developmentally staged, odontoblast-specific cDNA libraries. Genes that are defined for each stage of primary dentin formation will provide important clues about temporal patterns of gene expression and the potential functions of encoded protein products in dentin mineralization. Such fundamental information will be useful in characterizing cells within the cell-rich zone of dental pulp, identifying the replacement population of pulpal cells involved in reparative dentin formation, and developing vital pulp therapies aimed at hastening the healing of the injured pulpodentin complex.
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Fig 1-10 Preliminary reverse transcriptase–polymerase chain reaction (RT-PCR) amplification of type I collagen from odontoblasts retrieved by laser capture microdissection. (a) Thick, stained frozen section through the mesial cusp tip of a first molar from a newborn mouse prior to laser capture. od, odontoblasts (H&E stain; original magnification ×10). (b) Outline of a zone of odontoblasts cut by the laser beam (H&E stain; original magnification ×10). (c) Hole created in tissue after catapulting of cells into PCR tube (H&E stain; original magnification ×10). (d) RT-PCR reaction showing type I collagen gene expression in odontoblasts at embryonic day 15.5 (E15.5), day 0 (D0), and day 3 (D3) of development. M, DNA markers; Control, MDPC-23 odontoblast-like cells.







Signaling Interactions that Influence Odontoblast Differentiation and Dental Pulp Formation 

The combined use of conventional tooth organ culture and recombination techniques, as well as the application of modern molecular and genetic approaches, has significantly advanced current understanding of the genes responsible for tooth initiation and morphogenesis. Readers can access an informative internet site56 for a current cataloging of all the molecules that are expressed in tooth organs.

The two principal groups of molecules that are involved in the reciprocal exchange of information between tooth epithelium and mesenchyme are transcription factors and growth factors. Transcription factors are proteins that bind to DNA near the start of transcription of a gene. They regulate gene expression by either facilitating or inhibiting the enzyme RNA polymerase in the initiation and maintenance of transcription. Transcription factors are rarely found in high amounts and are not secreted outside the cell. In general, they perform critical cell or tissue-specific functions. Mutations involving transcription factors often result in defects of tooth formation.

Growth factors are secreted proteins that are capable of binding to specific receptors on the cell surface. Subsequent interaction with both membrane and cytoplasmic components leads to a complex series of intracellular events (signal transduction) that result in altered gene expression. These changes activate cell growth and differentiation. Most growth factors are synthesized at higher levels than transcription factors and perform versatile functions. In many instances, the functions of one growth factor overlap with those of a related family member so that loss of function can be compensated for by biologic redundancy.

Molecular changes in dental mesenchyme are affected by the following families of molecules (Fig 1-11): the bone morphogenetic proteins (BMPs), fibroblast growth factors (FGFs), and WNT family; sonic hedgehog (SHH) as well as transcriptional molecules such as the Msx1 and Msx2 homeobox genes; lymphoid enhancer-binding factor 1 (Lef1); and Pax9, a member of the paired-box–containing transcription factor gene family. The actions and interactions of these molecules are complex and described eloquently in recent reviews.1,4,12 The following discussion captures selected highlights.





The BMPs are among the best-characterized signals in tooth development. In addition to directly influencing morphogenesis of the enamel organ (see the discussion on enamel knots later in the chapter), epithelial BMP-2 and BMP-4 are able to induce expression of Msx1, Msx2, and Lef1 in dental mesenchyme, as shown in bead implantation assays.28,30,57,58 The shift in Bmp4 expression from epithelium to mesenchyme occurs around E12 and is coincident with the transfer of inductive potential from dental epithelium to mesenchyme.28 In mesenchyme, BMP-4 in turn requires Msx1 to induce its own expression.30Figure 1-12 summarizes the experiments performed on the role of the BMPs in dental mesenchyme.


The FGFs, in general, are potent stimulators of cell proliferation and division both in dental mesenchyme and epithelium. Expression of FGF-2, -4, -8, and -9 is restricted to dental epithelium and can stimulate Msx1 but not Msx2 expression in underlying mesenchyme. Fgf8 is expressed early in odontogenesis (E10.5 to E11.5), in presumptive dental epithelium, and can induce the expression of Pax9 in underlying mesenchyme. Interestingly, BMP-4 prevents this induction and may share an antagonistic relationship with the FGFs similar to that observed in limb development.59

The expression of SHH, a member of the vertebrate family of hedgehog signaling proteins, is limited to presumptive dental epithelium. Recent studies by Hardcastle et al60 have shown that SHH protein in beads cannot induce Pax9, Msx1, or Bmp4 expression in dental mesenchyme but is able to stimulate other genes that encode patched (Ptc), a transmembrane protein, and Gli1, a zinc finger transcription factor. Because neither FGF-8 nor BMP-4 can stimulate the genes Ptc or Gli1, it can be assumed at the present time that the SHH signaling pathway is independent of the BMP and FGF pathways during tooth development.60

Several Wnt genes are expressed during tooth development and may be required for the formation of the tooth bud.12 These genes are believed to play a role in activating the intracellular pathway involving frizzled receptors, β-catenin, and nuclear transport of LEF-1. Other signaling molecules, including the Notch genes and the epidermal growth factor, hepatocyte growth factor, and platelet-derived growth factor families, may also influence tooth development, although the exact nature of their involvement remains to be elucidated.61,62

Mice genetically engineered with targeted mutations in transcription factor genes such as Msx1, Lef1, and Pax9, as well as activin-βA, a member of the TGF-β superfamily, have revealed important information. Knockouts of Bmp2, Bmp4, and Shh have proven less informative, largely because death occurs in utero prior to the onset of tooth development. In Msx1-, Lef1-, Pax9-, and activin-βA–mutant strains, tooth development fails to advance beyond the bud stage. Thus, these molecules are important in directing the fate of the dental mesenchyme and its ability to influence the progress of epithelial morphogenesis to the cap stage.63–66 Exciting discoveries in the field of human genetics have shown that mutations in MSX1 and PAX9 are associated with premolar and molar agenesis, respectively67–70 (Frazier-Bowers and D‘Souza, unpublished data; Fig 1-13). These findings illustrate the importance of animal models in studies of human disease (Figs 1-14 and 1-15).


More recently, mice lacking an important osteoblast-specific transcription factor, Runx2 (formerly known as core binding factor a1[Cbfa1]), were shown to completely lack osteoblast differentiation and bone formation.71,72 Of interest to clinicians is the fact that mutations in Runx2 cause cleidocra-nial dysplasia, an inherited disorder in humans that is characterized by open fontanels in the skull, defective clavicles, multiple supernumerary teeth that fail to erupt, and various tooth matrix defects.73Runx2–/– molar organs arrest at the late cap to early bell stage of development and appear hypoplastic and misshapen. Runx2-mutant incisors showed defective odontoblasts and highly dysplastic dentin74 (see Fig 1-14).

One theory is that this transcription factor serves multiple functions in mineralizing tissue organs.75–77 In addition to playing an essential role in osteoblast differentiation, it is likely that Runx2 conditions the dental papilla mesenchyme to become responsive to epithelial signals. Once the molecular trigger from the enamel organ reaches the peripheral zone of dental papilla cells, Runx2 is downregulated in dental papilla and odontoblast differentiation ensues. Thus, the presence of Runx2 in dental papilla can be viewed as a limiting factor of odontoblast differentiation; its presence in dental papilla at the bud and cap stages of odontogenesis has an osteogenic-like influence, while its removal from dental papilla triggers terminal events in odontoblast differentiation.

More recent studies have shown that the ability of Runx2 to activate osteoblast differentiation is regulated by an antagonistic partner, Twist-1, a basic helix-loop-helix–containing nuclear protein factor.78 Twist-1 functions as a cell survival factor and an inhibitor of cell differentiation, mineralization, and apoptosis.79,80 Through its interaction with Runx2, a cell differentiation factor, Twist-1 controls the onset of osteoblast differentiation.81 Decreased levels of Twist-1 in mice result in premature odontoblast differentiation as measured by the earlier onset of expression of ECM gene markers and the formation of dentin matrix (see Fig 1-15).

Our results also indicate that Twist-1 deficiency distinctly affects odontoblast-like cells, a population known to exist in adult dental pulps. These cells become more responsive to Runx2 when Twist-1 levels are decreased, leading to the formation of pulp stone–like deposits within the pulp core. In mice that lack both Runx2 and Twist-1 concurrently, the pulp appears free of ectopic calcifications (see Fig 1-15). Taken together, these findings support the hypothesis that Twist-1 is important in the control of the terminal events that lead to odontoblast differentiation and in maintaining homeostasis in dental pulp.

Multiples lines of evidence suggest that the process of terminal differentiation of odontoblasts is dependent on a vertical gradient of positional cues from overlying dental epithelium. Hence a morphogenetic gradient exists, so that the most differentiated cells align at the tooth epithelial-mesenchymal interface and less-differentiated cells toward the core of the papilla mesenchyme. This theory can explain why adult dental papilla cells have the capacity to differentiate into mineralizing cells when provided with the appropriate signal.

While the precise nature of the molecular events leading to the terminal differentiation of odontoblasts remains unknown, data from dentin repair studies have shown that the matrix deposited after injury to dentinal tubules and pulp resembles osteoid rather than tubular dentin. This can be explained by the fact that cells of the dental papilla share a common developmental niche with surrounding osteogenic mesenchyme and that the presence of specific dental epithelial signals results in further lineage diversification of osteoblast-like cells into odontoblasts. Because the absence of the permissive influences required for differentiation of “true” odontoblasts is lacking in an adult tooth, cells engaged in the process of reparative dentin formation retain the osteoblastic phenotype and secrete a matrix that more closely resembles bone than dentin.82,83
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Fig 1-11 Molecules (transcription factors, growth factors, and other proteins) involved in epithelial-mesenchymal signaling interactions during tooth development. Little is known about molecules that influence the latest stages of terminal differentiation and tooth eruption. Note the time of arrest of tooth development in knockout mice that lack important transcription factors. (Reprinted from Jernvall and Thesleff4 with permission.)
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Fig 1-12 BMP, as shown by expression within the developing tooth organ in situ hybridization pictures that have been digitized and processed. Red dots represent messenger RNA transcripts. (Reprinted from Thesleff and Sharpe12 with permission.) (a) Bmp2 gene expression is highly restricted to the dental lamina. (b) Bmp7 is coexpressed in the thickened dental epithelium. (c) A bead that releases BMP-2 protein is capable of stimulating Msx1 expression in dental mesenchyme. (d) A control bead that has been soaked in bovine serum albumin is not capable of stimulating Msx1 expression.
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Fig 1-13 Role of PAX9 in the formation of the posterior human dentition. (a) Panoramic radiograph of a normal dentition in an unaffected family member. (b) Panoramic radiograph of an affected individual who is missing molars (arrows). (c) Insertion mutation of a single nucleotide, guanine, at residue 219. This defect caused a frameshift and a premature truncation site that resulted in a defective protein (compare the bottom drawing to the normal protein in the center) that could not function like a normal PAX9 protein.




[image: 9780867155822_0024_001]

Fig 1-14 Bone and tooth phenotype in mice genetically engineered to lack a functional Runx2 (Cbfa1) gene. (a) Coronal section through the molar region of a Cbfa1+/+ newborn mouse, revealing normal molar development (arrows) and formation of the alveolus (H&E stain; original magnification ×4). (b) Extremely hypoplastic molar organs and a complete lack of bone in a Cbfa1–/– mouse. arrows, knockout tooth organs (H&E stain; original magnification ×4). (c) High-magnification view of a normal Cbfa1+/+ first molar (H&E stain; original magnification ×10). (d) High-magnification view of a Cbfa1-mutant molar, which lacks normal cusp formation (H&E stain; original magnification ×10). (e) Newborn Cbfa1–/– mouse with incisor organs that show defects in odontoblast differentiation and dentin formation. The dentin (asterisk) resembles an osteodentin matrix (H&E stain; original magnification ×10). (f) Whole-mount staining reveals the absence of bone (red staining) in the mutant (top) compared to a normal littermate (bottom) (alizarin red stain for bone; alcian blue stain for cartilage; original magnification ×2). (Reprinted from the cover of Cell, volume 89, May 1997, with permission.)
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Fig 1-15 Genetic rescue experiments where Twist+/– animals at later stages show matrix deposits (arrows) and dentin-like structures within the pulpal tissues in incisors (a) and molars (b); these cannot be found in Twist+/– × Runx2+/– compound double heterozygous animals in incisors (c) and molars (d) (H&E stain; original magnification ×10). (Reprinted from Galler et al71 with permission.)















Enamel knots as signaling centers for cuspal morphogenesis 

For more than a century, enamel knots were described as histologically distinct clusters of epithelial cells located first in the center of cap stage tooth organs (primary) and then at the sites of future cusp tips (secondary). For years, it was speculated that these structures, appearing only transiently in odontogenesis, controlled the folding of the dental epithelium and hence cuspal morphogenesis. Recently, the morphologic, cellular, and molecular events leading to the formation and disappearance of the enamel knot have been described, thus linking its role to that of an organizing center for tooth morphogenesis. 15,84,85

The primary enamel knot appears at the late bud stage, grows in size as the cap stage is reached, and is no longer visible at the early bell stage (Fig 1-16). Cells of the enamel knot are the only cells within the enamel organ that stop proliferating14 and eventually undergo programmed cell death.86 Another intriguing finding has linked p21, a cyclin-dependent kinase inhibitor that is associated with terminal differentiation events, to apoptosis of the enamel knot.85

Although morphogens such as BMP-2, -4, and -7,74 FGF-9,87 and SHH are expressed variantly throughout tooth morphogenesis, their colocalization within the primary enamel knot is strongly suggestive of its role as an organizing center for tooth morphogenesis. Notably, Fgf4 is exclusively expressed in the enamel knot,14,88 either singly or in concert with Fgf9, to influence patterning or to regulate expression of downstream genes such as Msx1 in underlying papilla mesenchyme. Because the instructive signaling influence lies with the dental mesenchyme prior to the development of the primary enamel knot, it is reasonable to assume that the dental mesenchyme is involved in the regulation of enamel knot formation. It is highly likely that signals from the enamel knot area influence gene expression in an autocrine and paracrine fashion, thus influencing the fate of the enamel organ and the dental papilla.
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Fig 1-16 (a) Role of the enamel knot as a signaling center for morphogenesis of the tooth cusp. (Courtesy of Dr I. Thesleff.) (b) 5-Bromo-2’-deoxyuridine (BrdU) labeling identifies cells in the putative enamel knot (ek) that are negative for the stain and have left the cell cycle. (Reprinted from Thesleff and Sharpe12 with permission.) (c) Same cell within the enamel knot expresses high levels of SHH. (Reprinted from Thesleff and Sharpe12 with permission.) (d) Same cell within the enamel knot expresses high levels of FGF-4. Three-dimensional reconstructions of serial sections (b to d) illustrate the shape of the enamel knot. (Reprinted from Thesleff and Sharpe12 with permission.)



Role of the extracellular matrix in tooth morphogenesis and cytodifferentiation 

Remodeling of the ECM is an important feature of epithelial morphogenesis, especially in branching organs such as salivary and mammary glands.5,89 The ECM also regulates morphogenetic functions in a variety of craniofacial tissues.90 Results of several functional in vitro studies have shown that the integrity of the ECM, in particular the basement membrane, influences the budding and folding of dental epithelium during morphogenesis and the spatial ordering of cells that undergo terminal differentiation.9,91,92 Molecules such as collagen types I, III, and IV, along with laminin and various proteoglycans, are differentially expressed in the basement membrane at the epithelial-mesenchymal interface of the tooth.9,93,94 The precise nature of the molecular interactions that influence morphogenesis at this dynamic interface are unknown.

The presence of matrix metalloproteinases (MMPs) has been linked with the morphogenesis of several epithelial-mesenchymal organs, including teeth.95,96 Studies by Sahlberg et al97 showed that gelatinase A (ie, MMP-2), an MMP that cleaves type IV collagen and increases in odontoblasts shortly after cuspal morphogenesis, contributes to the degradation of the basement membrane. The expression of protease inhibitors, tissue inhibitors of metalloproteinases (TIMPs) 1, 2, and 3, also correlates with tooth morphogenesis.98

Odontoblast Differentiation 

Odontoblast differentiation is initiated at the cusp tip in the most peripheral layer of dental papilla cells that align the epithelial-mesenchymal interface and follows three steps: (1) induction, (2) competence, and (3) terminal differentiation. Inductive signals from the internal epithelial cells most likely involve members of the TGF-β family (BMP-2, BMP-4, and TGF-β1) that become partially sequestered in the basal lamina to which peripheral cells of the dental papilla become aligned. Competence is achieved after a predetermined number of cell divisions are completed and cells express specific growth factor receptors. In the final round of cell division, only the most peripheral layer of cells subjacent to the basal lamina responds to the signals from the internal dental epithelium to become fully differentiated into odontoblasts. The subodontoblastic layer of cells thus represents dental papilla cells that are competent cells exposed to the same inductive signals as differentiated odontoblasts except the final one (Fig 1-17).


Based on the information presented so far (see Fig 1-11), it is clear that considerable progress has been made in understanding the molecular events preceding the terminal differentiation of odontoblasts. However, the final determinants of odontoblast differentiation remain to be characterized.

As is well documented in the literature, fully differentiated odontoblasts are postmitotic cells that are morphologically distinct from cells of the dental pulp. As differentiation proceeds in an apical direction, these cells change their shape, which ranges from round to cuboidal, to a tall columnar appearance. On the subcellular level, cells acquire a synthetic and secretory apparatus by developing an extensive rough endoplasmic reticulum and Golgi apparatus along with numerous lysosomes. To accommodate these organelles and to prepare for the secretion of dentin matrix components in an apical and unidirectional manner, the nucleus moves to the opposite pole of the cell in a position opposite to the inner dental epithelial cells. Nuclear repolarization is one of the hallmarks of terminal odontoblast differentiation.
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Fig 1-17 Terminal events in odontoblast differentiation. (a) Undifferentiated mesenchymal cells. (b) Committed dental mesenchymal cells that are in a state of mitosis or cell division. (c) Inner dental epithelium, which is important for driving the differentiation of cells nearest the basement membrane. (d) Basement membrane. (e) Daughter cells that are competent to become odontoblasts remain in the peripheral zone of the dental papilla. (f) Differentiated odontoblasts with a polarized nucleus and cytoplasmic extensions. (g) Subodontoblastic cells.







Dentin Matrix Proteins and the Biomineralization of Dentin 

The formation of dentin follows the same principles that guide the formation of other hard connective tissues in the body, namely, cementum and bone. In dentinogenesis, the first requirement is the presence of highly specialized cells, termed odontoblasts, that are capable of synthesizing and secreting type I collagen–rich unmineralized ECM, referred to as predentin, which is subsequently mineralized when apatite crystals are deposited. As the odontoblasts build this type I collagen–rich fibrillar matrix, they recede in a pulpal direction and leave behind odontoblastic processes, through which these cells remain connected to the mineralized matrix.

The formation of predentin and its transformation to dentin as mineralization takes place are highly controlled, orderly processes. For example, under normal conditions of growth, the predentin width is rather uniform, not random, indicating that the rates of synthesis of unmineralized matrix and its conversion to dentin at the predentin-dentin border must be equal (Fig 1-18). On the other hand, in pathologic conditions such as DI, the widening and disorganization of the predentin layer indicate an incapacitation of this process.

The overall process of dentinogenesis involves a series of events that apparently begin at the boundary of the odontoblast cell body with the matrix and continue until the mineralization process is complete. In the past five decades, researchers in the biomineralization field have attempted to answer the following questions:



• What is the exact composition of dentin matrix and what biochemical features distinguish dentin from bone and cementum?

• Are there dentin-specific markers and can they be used to characterize the nature of the replacement cells responsible for forming reparative dentin?

• How do the physical features and conformational structures of ECM molecules facilitate the calcification of dentin?

• Do these macromolecules interact with each other during the mineralization of dentin?

• Do these macromolecules form supramolecular complexes that promote the deposition of hydroxyapatite crystals?

• What is the nature of the ECM molecules that modulate the initiation, rate, and extent of dentin deposition?

• What is the nature of the genes that encode for dentin ECM molecules?

• Are defects in these genes responsible for the inherited dentin disorders, namely DI and dentin dysplasia?

• What genes regulate the expression of key dentin ECM molecules?



Based on new research advances made in understanding dentinogenesis, valuable insights have been gained about the unique roles of these proteins in controlling the process of biomineralization. For example, ultrastructural studies on the collagen fibrils formed by rat incisor odontoblasts demonstrated that collagen fibrils progressively thicken from the time they are secreted until they are mineralized at the predentin-dentin border100; these observations along with many others101–103 indicate that the transition from the zone of predentin immediately outside the bodies of the odontoblasts to the area adjacent to dentin represents a gradient of events, a maturation process that is dynamic. Another example is the important discovery that mutations in dentin sialophosphoprotein (DSPP) genes are responsible for the underlying dentinal defects seen in DI type II and DI type III.104–107 These conditions affect a large number of individuals worldwide and are characterized by severe defects in dentin mineralization in both primary and permanent dentitions (Fig 1-19).


More than 90% of the organic component in dentin matrix is type I collagen (Fig 1-20). The importance of the correct collagen structure in dentin formation is clearly seen in patients with DI type I, caused by mutations in the type I collagen gene,108 which clinically resemble DI types II and III, caused by DSPP mutations.


In addition to type I collagen, the ECM of dentin contains a number of noncollagenous proteins (NCPs) and proteoglycans (Table 1-1). One category of the NCPs that are principally found in dentin and bone and are secreted into the ECM during the formation and mineralization of these tissues is termed the small integrin-binding ligand, N-linked glycoprotein (SIBLING) family, which includes dentin sialophosphoprotein (DSPP), dentin matrix protein 1 (DMP1), bone sialoprotein (BSP), osteopontin (OPN), and matrix extracellular phosphoglycoprotein (MEPE).109 Data obtained in the last several decades have demonstrated that these polyanionic SIBLING proteins are actively involved in the mineralization of collagen fibers and crystal growth within predentin when this tissue is converted to dentin.110,111 The following sections provide an updated summary of the SIBLING proteins, their proteoglycan forms, and their postulated roles in the mineralization of dentin, with particular emphasis on DSPP and DMP1, two prominent SIBLING proteins in the dentin ECM that have been proven to be critical for dentin mineralization.
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Fig 1-18 Buccolingual section from a mandibular incisor of a 5-week-old rat. Odontoblasts (od) secrete unmineralized predentin (pd, double-headed arrow), which is subsequently mineralized and becomes dentin (d, long arrow) when apatite crystals are deposited. The long columnar odontoblasts form processes that extend into dentin. short arrows, dental tubules that house odontoblast processes (H&E stain; bar =40 μm). (Reprinted from Qin et al99 with permission.)
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Fig 1-19 DI resulting from mutations in the DSPP gene demonstrates profound defects in dentin formation. (Courtesy of Dr Nadarajah Vigneswaran.) (a) Patient afflicted with DI. Note the discoloration and extensive loss of tooth structure. (b) Periapical radiographs of the affected teeth, revealing bulbous crowns, obliterated pulp chambers, and narrowed root canals.
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Fig 1-20 Type I collagen in odontoblasts. (a) Brightfield view showing high level of type I collagen messenger RNA transcripts in odontoblasts (arrow). Opposing ameloblasts (am) are clearly negative, confirming the specificity of the α1(I) collagen probe (H&E stain; original magnification ×10). (b) Darkfield view of type I collagen messenger RNA transcripts in odontoblasts (H&E stain; original magnification ×10).




















 	Table 1-1
 	Noncollagenous proteins and proteoglycans present in the ECM of dentin




 	Component
 	Category*
 	Quantity†
 	Potential functions in dentin‡




 	DSP§
 	SIBLING
 	Major
 	Unclear




 	DPP§
 	SIBLING
 	Major
 	Initiates and regulates mineralization




 	DMP1, 37 kDa||
 	SIBLING
 	Moderate
 	Unclear







	DMP1, 57 kDa||
 	SIBLING
 	Moderate
 	Nucleates hydroxyapatite





 	BSP
 	SIBLING
 	Minor
 	Nucleates hydroxyapatite




 	OPN
 	SIBLING
 	Minor
 	Inhibits and regulates mineralization





 	MEPE
 	SIBLING
 	Minor
 	Inhibits and regulates mineralization





 	DSP-PG¶
 	Proteoglycan
 	Major
 	Unclear
 



 	DMP1-PG#
 	Proteoglycan
 	Major
 	Inhibits mineralization
 



 	Biglycan
 	Proteoglycan
 	Minor
 	Unclear





 	Decorin
 	Proteoglycan
 	Minor
 	Involved in collagen fibrinogenesis





 	Osteocalcin
 	NCPs
 	Major
 	Unclear





 	Osteonectin
 	NCPs
 	Moderate
 	Unclear






	* Noncollagenous components are classified into the SIBLING family and the proteoglycan category. Those that cannot be classified into either of the two groups (such as osteocalcin and osteonectin) are listed as noncollagenous proteins (NCPs).
† The quantity described reflects the amount of an individual component relative to other members in the same category. For example, DSP-PG is the most abundant proteoglycan, so it is listed as a major component, although it is relatively much less abundant than DPP.
‡When the functions of a component are not well defined, they are labeled unclear.
§DSP and DPP are the cleaved products of DSPP.
||DMP1 37-kDa and DMP1 57-kDa fragments are the cleaved products of DMP1.
¶DSP-PG is the proteoglycan form of DSP.
#DMP1-PG is the proteoglycan form of DMP1 37-kDa fragment.
 








DSPP 

Gene mutation studies in humans104–106 and investigations involving Dspp gene knockout mice107 have demonstrated that DSPP is crucial for dentinogenesis. Dentin in Dspp-null mice is hypomineralized and the predentin is widened, giving rise to a phenotype similar to the manifestations of DI types II and III in humans.

The large precursor protein, DSPP, predicted from cDNA,112–114 gives rise to two proteins: dentin sialoprotein (DSP) with coding sequences in the 5’ end and dentin phosphoprotein (DPP) representing the 3’ end of the DSPP messenger RNA. The occurrence of one gene transcribing a single messenger RNA that encodes both DSP and DPP indicates that the translated product, DSPP, must be cleaved by a proteinase, giving rise to the individual proteins DSP and DPP. Consistent with this conclusion, DSP and DPP are found in abundance in dentin ECM (Fig 1-21a), but DSPP (the protein representing the entire sequence) is not.

DPP, discovered about four decades ago,116 is the most abundant NCP in dentin ECM. The unusual feature of DPP is the occurrence of large amounts of acidic residues such as aspartic acid and phosphoserine. Data obtained through in vitro mineralization studies indicate that DPP is an important initiator and modulator for the formation and growth of hydroxyapatite crystals.117–119 Following its synthesis and secretion by odontoblasts, DPP is transported to the mineralization front, where it binds to collagen fibrils and assumes a conformation that promotes the formation of initial hydroxyapatite. As the mineralization process proceeds and predentin is converted to dentin, these mineral crystals grow in an oriented fashion under the modulation of DPP and other NCPs that bind to the growing hydroxyapatite faces.120,121

DSP, discovered about 25 years ago,122 is another abundant NCP in dentin ECM. The functions of DSP are presently ill defined because little or no effect on in vitro mineralization has been shown.123 Recently, a proteoglycan form of DSP (see Fig 1-21a) has been isolated and characterized by several research groups.124–126

Thus, the ECM of dentin contains three variants derived from the DSPP amino acid sequence: DSP, DPP, and a proteoglycan form of DSP (referred to as DSP-PG). It is likely that these variants, which vary greatly in biochemical structure, play different roles during dentinogenesis. DPP is known to be an initiator and modulator for the formation and growth of hydroxyapatite, but information regarding the biologic roles of DSP and DSP-PG is lacking. Based on the presence of DSP and DPP and the absence of DSPP in dentin ECM, along with the observed roles of DPP in the nucleation and modulation of apatite crystal formation, it is likely that the conversion of DSPP to DSP and DPP is an activation event, converting an inactive precursor to active fragments (Fig 1-21b), as in the case of zymogen activation. This activation step would represent one of the controlling mechanisms in dentin formation.99

The correct structure for DSP (within DSPP) may be required for proper folding or transport of DSPP, reducing the level of DPP that is delivered to the site. The folding and/or structure of this large precursor DSPP may prevent formation of the three-dimensional structure that would allow DPP to bind to calcium or collagen, in a manner prescribed for it to initiate and control mineralization.

For about two decades, the expression of DSPP was thought to be tooth specific.127 Recent studies have demonstrated that DSPP is also expressed in bone and osteoblasts at a level much lower than that in dentin and odontoblasts.128–130 In tooth, DSPP and/or its cleaved products (ie, DSP and DPP) are expressed in preameloblasts, odontoblasts, predentin, and dentin (Fig 1-21c).
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Fig 1-21 (a) Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). All staining (Sigma Aldrich) of DSP, DPP, and DSP-PG isolated from rat dentin ECM. DSP (lane 1, at ~95 to 100 kDa) and DPP (lane 2, at ~90 to 95 kDa) are abundant, but their precursor, DSPP (theoretical migration rate, ~200 kDa), is absent in the ECM of dentin. DSP-PG purified from dentin ECM appears as a very broad band migrating between 125 kDa and over 200 kDa on SDS-PAGE (lane 3). (b) Hypothetical proteolytic activation of DSPP. Full-length DSPP may be an inactive precursor that is proteolytically processed into DSP and DPP originating from the NH2-terminal and COOH-terminal regions of DSPP, respectively. DSP is rich in carbohydrates (highly glycosylated) but contains fewer phosphates (P), whereas DPP is devoid of glycosylation but contains an unusually large number of phosphates. As in the case of zymogen activation, DSPP proteolysis may be necessary to liberate the active forms of DPP and/or DSP at a site and time that is appropriate for their functions during dentin formation. (c) Expression of DSPP in tooth. (left) DSPP messenger RNA (purple) is detected in the odontoblasts (od) and preameloblasts (ab) in the mandibular first molar of 1-day-old rat. d, dentin (bar = 50 μm). (center) DSP protein (purple) is visualized in predentin (arrowhead) and dentin (d, arrows) of the mandibular first molar of a 1-day-old rat by immunohistochemical staining using an anti-DSP antibody (bar = 50 μm). (right) Dentin of the first molar from an 8-week-old rat shows a strong immunoreactivity (arrow, brown area) to the anti-DSP antibody (bar = 200 μm). (Reprinted from Baba et al115 with permission.)



DMP1 

DMP1, discovered by cDNA cloning,131 is an acidic phosphoprotein. Originally postulated to be dentin specific, the expression of DMP1 was later observed in bone.132–134 The distinctive feature of DMP1 (predicted from cDNA) is a large number of acidic domains, a property that implicates it as a possible participant in regulating matrix mineralization. The importance of DMP1 for dentin mineralization has been demonstrated by knockout experiments in mice: Dmp1-null mice show profound dental defects, including widening of predentin and hypomineralization of dentin.135

Like DSPP, DMP1 is present in the ECM of bone and dentin as an NH2-terminal (37-kDa) fragment, a COOH-terminal (57-kDa) fragment,136 and a proteoglycan form (DMP1-PG) of the NH2-terminal fragment.137 These three forms (Fig 1-22a), differing dramatically in biochemical structure, may have different functions in dentinogenesis and osteogenesis. Several in vitro mineralization studies have indicated that the 57-kDa fragment, like DPP, promotes mineralization by acting as a nucleator for hydroxyapatite formation.138–140 DMP1-PG appears to inhibit biomineralization.141 In fact, DMP1 is more highly expressed in bone than tooth. In the tooth, DMP1 is primarily present in predentin and dentin. In mineralized dentin, DMP1 is predominantly localized in the peritubular region.115

Based on the existence of DMP1 as processed fragments in the ECM of dentin and bone, the absence of a significant quantity of full-length DMP1 and the observed roles of the 57-kDa fragment in mineralization, it is reasonable to believe that the proteolytic conversion of DMP1 to 37-kDa and 57-kDa fragments may be an activation step, releasing active fragments at the correct time and site to control the mineralization process of dentin and bone (Fig 1-22b). 
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Fig 1-22 (a) SDS-PAGE. All staining of purified DMP1 variants. Lane 1: The processed NH2-terminal fragment of rat DMP1 migrates at approximately 37 kDa on SDS-PAGE. Lane 2: The COOH-terminal fragment of rat DMP1 runs around 57 kDa. Lane 3: DMP1-PG migrates between 80 and 160 kDa on SDS-PAGE. (b) Hypothetical proteolytic activation of DMP1. Full-length DMP1 may be an inactive precursor that is proteolytically processed into 37- and 57-kDa fragments originating from the NH2-terminal and COOH-terminal regions of the DMP1 amino acid sequence, respectively. The 37-kDa fragment is rich in carbohydrates (highly glycosylated) but contains fewer phosphates (P), whereas the 57-kDa fragment is devoid of glycosylation but contains a large number of phosphates. The cleavage of DMP1 may be an activation step employed to liberate the active forms (ie, the 57-kDa and 37-kDa fragments). (Reprinted from Qin et al136 with permission.)



BSP 

The primary sequence of BSP was first deduced from a rat cDNA sequence.142 BSP consists of many fewer amino acid residues than DSPP or DMP1. The biologic functions of BSP in mineralized tissues are largely unknown, although some data suggest that BSP acts as a nucleator for the formation of initial apatite crystals; then, as this mineral grows on the collagen matrix, BSP acts as an inhibitor in directing the growth of the crystals.143

The tissue distribution of BSP is relatively restricted to the mineralized tissues, primarily in bone. In the tooth, BSP can be observed in cementum and predentin, and under physiologic conditions (primary and secondary dentinogenesis), mineralized dentin contains little or no BSP.141,144 In tertiary dentin, the level of BSP is remarkably elevated (Fig 1-23). 


[image: 9780867155822_0032_001]

Fig 1-23 Expression of DSP, DMP1, BSP, and OPN in tertiary (reactionary) dentin (R) versus primary dentin (P). Photomicrographs are from the mesiodistal sections of the first molar of a 36-week-old rat. In ×400 photographs, the reactionary dentin fills nearly all of the field of view. The boxes in the upper section denote the locations of the images in the lower section. (a) ×40 magnification with H&E staining; (inset) ×400 magnification with H&E staining. arrows, incremental staining pattern. (b) ×40 magnification for DSP immunostaining (brown); (inset) ×400 magnification for DSP immunostaining. arrows, incremental lines in reactionary dentin stained for DSP. (c) ×40 magnification for DMP1 immunostaining (brown); (inset) ×400 magnification for DMP1 immunostaining. arrows, incremental staining pattern in the hematoxylin background. (d) ×40 magnification for BSP immu-nostaining (brown); (inset) ×400 magnification for BSP immunostaining. Note the absence of BSP in primary dentin and the elevated expression of this protein in reactionary dentin. arrows, reactionary dentin. (e) ×40 magnification for OPN immunostaining (brown); (inset) ×400 magnification for OPN immunostaining. arrows, incremental lines stained for OPN. Note the absence of OPN in primary dentin and the elevated expression of this protein in reactionary dentin. (Reprinted from Moses et al144 with permission.)



OPN 

The name osteopontin was introduced to reflect the potential of this protein in bone to serve as a bridge between cells and hydroxyapatite through arginine-glycine-aspartate tripeptide and polyaspartic acid motifs in its primary amino acid sequence, which was discovered by cDNA cloning.145 OPN contains a similar number of amino acids as BSP.

Although OPN is present in bone in relatively large quantities, it is also expressed in a variety of other tissues and cells146,147; the broad expression of OPN indicates a multiplicity of functions in diverse biologic events. Under physiologic conditions, only minor amounts of OPN exist in the ECM of dentin.148 In tertiary dentin formation, the level of OPN is remarkably elevated (see Fig 1-23). In mineralized tissues, OPN is believed to be an effective inhibitor of apatite formation and growth.149–151

Dentinogenesis is a dynamic process, involving an interplay among a number of molecules, including type I collagen, NCPs, and proteoglycans. Collectively, these molecules work to precisely control the site and rate of apatite formation. Despite the efforts and progress made in the past several decades, the precise process of dentin mineralization is not well understood. The available data indicate that dentin matrix proteins, in particular the SIBLING family members, play important roles in the mineralization of this tissue, although the exact mechanisms by which each individual molecule participates in biomineralization are unclear. More information about dentin matrix proteins is warranted for a better understanding of the roles of these molecules; such information will not only help to clarify the fundamental mechanisms involved in the formation of mineralized tissues but will also enhance understanding concerning the pathogeneses of dentin defects that occur in systemic diseases such as DI and dentin dysplasia. A better elucidation of the pathogeneses of these dental defects is essential for establishing scientifically based treatment modalities for such diseases.

Future Directions 

Following the completion of the initial mapping of the human genome (Human Genome Project), it is anticipated that nearly every human disease gene will be identified and isolated. The current postgenomic era will stimulate new research on the nature of proteins and their defects. Gene discoveries will lead to genetic screening and prevention strategies, and it is highly likely that the genetic code for the human dentition will be unraveled through the use of reverse genetics.

For researchers studying pulpal biology, this era will undoubtedly provide challenging and exciting opportunities to explore several basic biologic issues that are not well understood. With the help of commercially available DNA microarrays (also referred to as DNA chips and oligonucleotide arrays) that allow screening of the entire human and mouse genomes, it will soon be possible to catalog the complete genetic and biochemical profile of odontoblasts (Fig 1-24). Through this method, odontoblast-specific and dental pulp–specific determinants during health and disease can be identified. Such knowledge can quickly be extrapolated to studies directed at understanding the nature of cells within the subodontoblastic layer as well as other pulp cell populations. Furthermore, the underlying mechanisms of pulpitis and the molecular predictors of reversible versus irreversible pulpitis will be explored in depth.

Such new molecular data will be applied to tissue engineering and biomimetic approaches that are geared toward dentin regeneration after injury from caries and operative dental procedures. Basic science approaches directed toward understanding how key dentin matrix genes are regulated will lead to further studies on the molecules that control the terminal phases of odontoblast differentiation. Identification and isolation of growth factors and transcription factors will encourage the use of a multipronged approach for the treatment of injuries to the pulpodentin complex. This may require the use of genetically engineered mouse models prior to translational studies performed on human teeth. Knowledge of these genes will generate a candidate list of genes whose role in inherited disorders of dentin, in particular the dentin dysplasias, can be analyzed in depth.

Finally, the discovery that dental pulp houses cell populations that retain the capacity to differentiate into multiple cell types is exciting and offers new directions for regenerative therapies aimed at the pulpodentin complex and supporting tooth structures. Applications of these therapies will require greater interactions between endodontists, pulpal biologists, and basic science researchers.
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Fig 1-24 Experimental use of microarray technology. This technique is useful for studying different levels of gene expression during development, disease, and repair. The identification of genes that are either upregulated or downregulated helps researchers understand the underlying mechanisms of gene expression.
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The structure and responses of the pulpodentin complex throughout life are intimately related to the behavior of the odontoblasts and other cells of the pulp. Classification of the orthodentin of mammals as primary, secondary, or tertiary1 has provided a basis for understanding how dentin forms over the course of a lifetime (Fig 2-1). Primary dentin is the regular tubular dentin formed prior to eruption and completion of the apical region of the tooth, including the first-formed mantle dentin. Secondary dentin is the regular circumpulpal orthodentin formed (in tubular continuity with the primary dentin) at a slower rate throughout the remaining life of the tooth. Tertiary dentin represents the more or less irregular dentin formed focally in response to noxious stimuli such as tooth wear, dental caries, cavity preparation, and restorative procedures. This category has been proposed to encompass a range of sometimes confusing terms, including irregular secondary dentin, irritation dentin, reparative dentin, irregular dentin, reaction dentin, replacement dentin, and defense dentin.

Primary and secondary dentin, including mantle dentin, are the exclusive secretory products of the tightly packed layer of primary odontoblasts found on the formative surface of the tissue. Barring injury, these postmitotic cells generally survive for the life of the tooth and provide both vitality to the tissue and the ability to respond to a wide variety of environmental stimuli. An appreciation of odontoblast behavior throughout life is critical to our understanding of dentin formation and the development of regenerative endodontic procedures (see chapter 5). This is especially important in the context of pulpodentin tissue regeneration and engineering. Recent reports on whole-tooth engineering2–7 highlight the importance of understanding how to replicate developmental cell and molecular events.
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Fig 2-1 Locations of primary, secondary, and tertiary dentin in the human tooth.



Odontoblasts and Dentinogenesis 

Odontoblasts and their relationship to the pulp 

The traditional understanding of the morphology of the odontoblast is that of a tall, columnar secretory cell with a polarized, basal nucleus and a single cytoplasmic process. Although this concept holds true during active dentinogenesis, it is now clear that an odontoblast varies throughout its life cycle both in size and in content of cytoplasmic organelles and that these changes are closely related to its functional activity8–11 (Fig 2-2).The relationship between size and secretory activity of the cells is borne out by the differences in size between odontoblasts in the crown and those in the root of the tooth,12 which may be related to the varying rate of dentinogenesis in these two areas of the tooth.

The phenotype of the odontoblast is defined both by its morphology and by its polarized secretion of a characteristic set of molecules,13,14 leading to deposition of a mineralizable matrix that has a regular tubular structure within which the odontoblast processes lie. These features may be important to the specificity of any repair responses after injury to the tooth.

However, the odontoblast requires the presence of other pulpal elements to survive and function. Attempts to culture odontoblasts in isolation have met with little success; organ cultures involving the entire pulpodentin complex have been required for maintenance of their growth in vitro,15,16 although immortalized pulp cell lines with odontoblast-like cell characteristics have been established.17–19 Several reports have suggested that stimulation of pulp cell cultures with mineralization-promoting agents such as dexamethasone and β-glycerophosphate results in development of an odontoblast-like cell phenotype based on the morphologies and molecular expression profiles of these cells.20–22 However, more robust characterization of these cells is required before they can be considered to resemble the primary odontoblasts responsible for physiologic dentinogenesis.

The cell-rich layer of Höhl underlying the odontoblast layer shows some unique phenotypic characteristics in terms of cellular morphology23 and may function to support odontoblast activity, most conspicuously in the crown of the tooth during active dentinogenesis. During the last cell division of the preodontoblast prior to terminal differentiation, one of the daughter cells is positioned adjacent to the dental basement membrane and receives the inductive signal to differentiate into an odontoblast while the other does not and may contribute to the cell-rich layer of Höhl. These cells may contribute to the progenitor cell population for odontoblast-like cell differentiation during tertiary dentinogenesis.

Associated with this cell-rich layer is a rich capillary plexus that probably plays a key role in the transport of nutrients for secretion of the mineralized organic matrix during active dentinogenesis. Correlation of the blood supply of the developing tooth with the extent of mineralization24 has demonstrated the intimate relationship between angiogenesis and dentinogenesis (see chapter 6). The extensive vascular network in the coronal part of the pulp has been elegantly demonstrated in resin casts25 (Fig 2-3). The importance of an adequate vascular supply to the odontoblasts for dentinogenesis is also highlighted during tertiary dentinogenesis, when successful outcomes of the repair process generally require angiogenic activity at the injury site. Molecular signaling of these angiogenic processes by growth factors, especially vascular endothelial growth factor (VEGF),26–28 is likely central to tissue events.
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Fig 2-2 Ultrastructural appearance of the human odontoblast throughout its life cycle. (Reprinted from Couve10 with permission.)
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Fig 2-3 Resin cast of the subodontoblastic capillary plexus in a dog pulp. TCN, terminal capillary network beneath the dentin; A, terminal arteriole; V, venule. (Reprinted from Takahashi et al25 with permission.)



Secretory behavior of odontoblasts 

The cytologic features of the active odontoblast have been well described29 and reflect those of a unidirectional secretory cell. Such features include a basal nucleus with parallel stacks of rough endoplasmic reticulum aligned parallel to the length of the cell, both on the apical side of the nucleus and at the apical end of the cell on either side of the prominent Golgi apparatus. The saccules are more distended on the mature aspect of the apparatus, and secretory granules, which are also found in apical areas of the cell and in the odontoblast process, are seen in the nearby cytoplasm. These sites are probably associated with exocytosis of the secretory granules. The terminal web, comprising transverse microfibrils, morphologically separates the cell body from the process, which has fewer cytologic features, reflecting its secretory role.30 

Use of radiolabeled proline and autoradiography has shown that the pathway of collagen synthesis and secretion is typical of most connective tissue cells. The radiolabel appeared first in the rough endoplasmic reticulum, then in the Golgi apparatus, and finally in the presecretory and secretory granules.31,32 The label appeared in the predentin within 4 hours in the rat, presumably by exocytosis, but was not observed in the dentin until nearly a day after pulse labeling. Similar pathways are responsible for secretion of the other matrix components of dentin, including phosphoproteins, glycoproteins, and proteoglycans, although these demonstrate much more rapid incorporation—of the order of minutes rather than days.33,34 This highlights possible differences in the control of secretion of the various components of dentin matrix, although much more needs to be learned about the control of odontoblast secretion.

The concept of two levels of secretion from the odontoblast has been proposed by Linde.35 The major level of secretion is envisioned as being at the proximal end of the odontoblast cell body to form a matrix comprising collagen and proteoglycans, which reaches the advancing mineralization front after approximately 24 hours. The second, distal level of secretion is anticipated as being close to the mineralization front, where various tissue-specific noncollagenous matrix components, including phosphoproteins, are secreted (Fig 2-4). The latter components have been implicated in the mineralization process as nucleators for hydroxyapatite crystal formation,36 and their secretion at this site could explain the mineralization of the collagenous predentin after a certain interval of time. Furthermore, this model might also explain the formation of peritubular dentin at this site, with its collagen-poor and noncollagenous protein–rich matrix. Although plausible, this model of dentin secretion is merely hypothetical at this time.


Complex matrix remodeling occurs during the transition of the matrix from predentin to dentin, particularly in the proteoglycans. The matrix metalloproteinases are a complex family of matrix-degrading enzymes, and their expression by odontoblasts37 ,38 and presence near the mineralization front is likely to be associated with the matrix remodeling taking place there. The involvement of this family of enzymes (especially matrix metalloproteinases 2, 9, and 20) in dentinogenesis,39 which is just starting to be unraveled, should clarify the maturation changes in the matrix during secretion and the mechanisms of mineralization. These enzymes appear to be involved in the onset of dentin mineralization,40 regulation of mineralization in mantle dentin,41 and the processing of dentin sialophosphoprotein during dentinogenesis.42 

Dentin has traditionally been regarded as a relatively inert tissue that does not undergo tissue remodeling to the same degree as bone. However, there is some ultrastructural evidence to indicate limited endocytosis by the odontoblast,43 although the functional significance of this event is still unclear. Furthermore, recently it has been reported that odontoblasts develop a conspicuous autophagic-lysosomal system for turnover and degradation of cellular components to maintain their functionality.11 Nevertheless, what is clear is that the odontoblast maintains communication with deeper areas of the matrix through its process, which lies in the dentinal tubule. Numerous lateral branches from the processes permeate the dentin matrix (Fig 2-5), and these may connect with lateral branches of other odontoblasts. Interestingly, the three-dimensional canalicular network of odontoblasts shows striking similarities to that of osteocytes at the ultrastructural level44 (Fig 2-6). This level of communication between the cell and its matrix suggests that dentin may not be as inert as traditionally believed.

The S-shaped primary curvature of the dentinal tubules in the crown is an effect of the crowding of odontoblasts as they move toward the center of the pulp (Fig 2-7). The result is a greater tubular density nearer to the pulp, but it also has consequences for the pulpal region itself, which directly communicates with the outer surface of the dentin.

The mineralization of dentin requires the transfer of considerable quantities of mineral ions from the serum to the extracellular sites, where they are deposited as hydroxyapatite crystals. The subodontoblastic capillary plexus is well located for this transfer, although the transport of ions and the necessary regulation have to be clarified. While the odontoblastic layer represents a relatively impermeable barrier, Nagai and Frank45 found some evidence to suggest that calcium passes through the interodontoblastic space as well as through the odontoblast, accumulating in the Golgi apparatus and mitochondria but not in secretory vacuoles. High concentrations of calcium at the distal secretory pole of odontoblasts have been demonstrated by electron probe analysis,46 supporting the concept of the intraodontoblastic route of calcium transport. A calcium transport system in which ions become associated with matrix components as they are synthesized and secreted could have energetic advantages for the cell as well as provide a means of regulation. However, a central role for the odontoblasts, in which calcium ions are transported through the cells themselves by different transmembranous ion–transporting mechanisms, has become apparent.47,48 


The possible nucleation of hydroxyapatite crystals on components of the organic matrix of dentin has long been suggested. The anionic nature of many of the matrix components has led to their implication in such a role,36 but in vivo data implicating any single component are lacking. It is generally accepted that heterogenous nucleation on organic matrix components is responsible for mineralization of circumpulpal dentin after mantle dentin formation and that the globular appearance of the mineralization front arises from the fusion of calcospherites (Fig 2-8). During mantle dentin formation at the initiation of dentinogenesis, mineralization is achieved through the mediation of matrix vesicles.49 These are small, membrane-bound vesicles rich in adenosine triphosphatase and phosphohydrolytic enzymes that arise by budding off from the odontoblast. The matrix vesicles are capable of concentrating mineral ions to overcome the solubility product to allow calcium phosphate crystal precipitation. These vesicles are present in the earliest mantle dentin matrix, adjacent to the large coarse fibrils of collagen lying perpendicular to the site of the dental basement membrane (Fig 2-9), but they are absent from the matrix subsequent to mantle dentin formation.

The need for an alternative mechanism of mineralization during mantle dentin formation may relate to the fact that odontoblasts are still completing their terminal differentiation at this stage and may not be able to fully exhibit the odontoblast phenotype in terms of expression of dentin-specific matrix components. However, as soon as mantle dentin formation is completed and the odontoblasts are visible as a discrete, tightly packed layer of cells, mineralization proceeds in association with the extracellular matrix, and matrix vesicles can no longer be observed.
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Fig 2-4 Dentinogenically active odontoblasts with two proposed levels of secretion. Secretion of collagen (1) and proteoglycans (3) occurs at the proximal level and accumulates in the predentin (4), while secretion of noncollagenous components, including phosphoproteins, γ-carboxyglutamate–containing proteins, and proteoglycans (5), occurs at the distal level (2) just prior to the mineralization front. (Reprinted from Linde35 with permission.)
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Fig 2-5 Odontoblast processes in human dentin with numerous lateral branches (original magnification ×2,000).
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Fig 2-6 Low- (left) and high-power (right) scanning electron microscopic images of the odontoblast tubular network and osteocyte lacunocanicular network in samples of dentin (a) and mandibular bone (b), illustrating the similarities in these networks. (Reprinted from Lu et al44 with permission.)
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Fig 2-7 S-shaped primary curvature of the dentinal tubules in human crown dentin (hematoxylin-eosin [H&E] stain; original magnification ×80).
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Fig 2-8 Globular appearance of the mineralization front in dentin arising from fusion of globules of hydroxyapatite or calcospherites (H&E stain; original magnification ×400).
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Fig 2-9 Matrix vesicle (arrow) adjacent to an odontoblast process (P) and beside the dental basement membrane (BL) in the early mantle dentin matrix. Large, coarse fibrils of collagen showing a typical striated appearance can be observed perpendicular to the basement membrane. (Reprinted from Eisenmann and Glick49 with permission.)






Primary Dentinogenesis 

When mantle dentin formation is completed and the odontoblasts eliminate the extracellular compartment between them to form a tightly packed layer of cells, the matrix of dentin is produced exclusively by the odontoblasts. Elaboration of this matrix involves secretion of collagen fibrils that are smaller than are those in mantle dentin and associated non-collagenous organic matrix or ground substance. The odontoblasts lie on the formative surface of this matrix and move pulpally as the matrix is secreted, leaving a single cytoplasmic process embedded within a dentinal tubule in the matrix.

These tubules, which increase in density nearer to the pulp, confer the property of permeability on the dentin. The gradient of tubular density as the dentin is traversed has clinical implications related to the depth of cavity preparation and tissue permeability50 (Fig 2-10). This intertubular dentin matrix comprises the bulk of the circumpulpal dentin.


As this matrix forms, a matrix with a rather different composition, known as the peritubular dentin matrix, is secreted around the tubule perimeter. Peritubular dentin is more highly mineralized than the intertubular dentin matrix, contains few collagen fibrils, and is rich in noncollagenous matrix components (Fig 2-11). Its continued deposition throughout primary dentinogenesis leads to regional differences in its thickness through the dentin matrix.

The dentinal tubules are tapered structures because of peritubular dentin formation, and they vary in diameter from approximately 2.5 mm near the pulp to 0.9 mm near the dentinoenamel junction. Complete occlusion of dentinal tubules may occur. The translucent appearance of areas of matrix containing such tubules has been described as sclerotic dentin, and its presence appears to be age related. Sclerotic dentin shows a preferential distribution in the apical third of the root, the crown midway between the pulpal and outer surfaces of the tooth, and on the pulp surface of the dentin (Fig 2-12; see also chapter 18).

The derivation of this sclerotic dentin may be varied. Its presence in root dentin of adolescent premolars in the absence of any external influence is suggestive of a physiologic response involving continued secretion of peritubular dentin. However, it might also arise from deposition of mineral within the tubule in the absence of peritubular dentin formation, from diffuse calcification within a viable process, or from calcification of both the process and the tubular contents.12 Whatever the derivation, the presence of sclerosis will reduce the permeability of dentin and has obvious clinical significance in terms of dentinal sensitivity and the potential transport of irritants along the tubules. The apparently differing rates of peritubular and intertubular dentin secretion after completion of crown and root formation suggest that the secretory processes for these two matrix compartments may be under separate regulatory control.

The secretion of dentin occurs rhythmically, showing alternate phases of activity and quiescence, leading to formation of incremental growth lines in dentin perpendicular to the dentinal tubules. Both daily and 5-day rhythmic patterns of incremental lines, the latter showing a 20-μm periodicity, can be observed in dentin, although there has been confusion over the nomenclature associated with these lines.

Control of this rhythmic dentin deposition has been suggested to be associated with the circadian rhythmic activity of peripheral adrenergic neurons that produce variations in blood flow to the odontoblasts.53 However, this explanation does not correspond with the different periodicity observed for these lines in the crown and root of the tooth. The rate of dentin deposition is slower in the root than in the crown, and yet circadian rhythms are likely to influence cell secretion similarly in both areas.

This raises a critical question: What mechanisms control odontoblast secretion? Odontoblast secretion proceeds rapidly throughout primary dentin formation (with differences in rate between the crown and the root of the tooth) with a clear blueprint for both the crown and the root. Once these parts of the tooth have been completed, the rate of secretion abruptly decreases. Does the odontoblast have to be continually stimulated for secretion of the primary dentin matrix, or is it in its normal state as an actively secreting cell whose activity has to be downregulated by some signaling block to arrest secretion as secondary dentinogenesis is initiated? Clarification of the nature of these control mechanisms is also fundamental to an understanding of the factors controlling tertiary dentin secretion during repair after injury to the pulpodentin complex.

The control mechanisms for physiologic dentin secretion remain elusive, but various growth factors, hormones, and transcription factors have been implicated in the regulation of odontoblast secretory activity (reviewed by Smith and Lesot54 ). Identification of various growth factors, particularly the transforming growth factor β (TGF-β) family, and signal transduction pathways provides some clues as to how odontoblast secretion may be regulated. Both paracrine and autocrine control of expression of these growth factors may have a strong regulatory effect on odontoblast secretion.




Although such signaling molecules may be capable of regulating odontoblast secretion, it is unclear what determines their control to upregulate and downregulate specific phases of dentinogenesis. Modulation of their activity by extracellular matrix molecules55 perhaps involves a “chicken and egg” situation, whereby growth factors can influence extracellular matrix secretion, and extracellular matrix molecules in turn modulate growth factor activity. Transcriptional control of growth factor expression may also provide a key mode of regulation. Over 500 genes are differentially regulated in odontoblasts involved in primary and secondary dentinogenesis, and these changes in the odontoblast transcriptome are associated with activation of the p38 MAP kinase pathway.56 Upregulation of p38 expression and activation of p38 protein are seen when odontoblast-like cells are stimulated, such as during tertiary dentinogenesis.57 Regulation of the MAPK pathway by TGF-β158,59 provides some clues as to how odontoblast secretion may be regulated.

Some form of preprogramming of odontoblasts to regulate their secretory activity cannot be excluded. Programming is a feature of cell death or apoptosis, and it appears to occur to some extent in odontoblasts,60 although to a lesser degree than in most tissues. An immortalized odontoblast-like cell line was observed to undergo apoptosis in a dose-dependent manner in response to TGF-β1,61 highlighting the delicate balance between odontoblast behavior and interaction with molecules of its extracellular matrix. However, the ability to upregulate odontoblast secretion during tertiary dentinogenesis suggests that, for the majority of the primary odontoblast population, local cellular signaling mechanisms can override any preprogramming of cellular secretory activity. Clearly, the physiologic regulation of odontoblast secretion will provide many challenges to researchers and will represent a key topic of study for the future.
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Fig 2-10 Differences in tubular density of the floor of deep (left) and shallow (right) cavities prepared in dentin.
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Fig 2-11 Scanning electron microscopic appearance of dentin showing the dentinal tubules cut in cross section. Each tubule has a surrounding collar of peritubular dentin matrix, which has a homogenous nonfibrillar appearance. The fibrillar, collagenous matrix of the intertubular dentin contrasts in appearance and composition with that of the peritubular dentin. (Reprinted from Scott et al51 with permission.)
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Fig 2-12 Apical sclerotic dentin in a ground section of an old tooth. The translucent appearance of the dentin allows visualization of the mesh pattern underlying it. (Reprinted from Ten Cate52 with permission.)









Physiologic Secondary Dentinogenesis 

Physiologic secondary dentinogenesis represents the slower-paced deposition of dentin matrix that continues after completion of the crown and root and spans a lifetime. While secondary dentin is deposited all around the periphery of the tooth, its distribution is asymmetric, with greater amounts on the floor and roof of the pulp chamber. This leads to pulpal recession, the extent of which will depend on the age of the individual. Thus, secondary dentinogenesis may potentially increase the difficulty of endodontic procedures.

Historically, there has been considerable confusion over what constitutes physiologic secondary dentin and over use of the term secondary dentin to describe tertiary dentin formed in response to an external influence. Differences between the composition of glycosaminoglycans and that of other glyco-conjugates for secondary dentin have been reported on the basis of histochemical stains,62 although it is unclear whether these differences can be ascribed to true physiologic secondary dentin.

The tubules of the secondary dentin matrix are largely continuous with those of the primary dentin, suggesting that the same odontoblasts are responsible for primary and secondary dentin secretion. However, downregulation of the secretory activity of these cells means that secondary dentin is deposited relatively slowly.

The wide-ranging rates of secondary dentin deposition (from less than 1 to 16 μm per day) that have been reported perhaps reflect in part the unclear identification of secondary and tertiary dentins. However, early studies from Hoffman and Schour63 in the rat molar provide insight into both the dynamics and the gradients of secondary dentin secretion. In the pulp horns, a daily rate of 16 μm observed at 35 to 45 days had declined to 1.25 μm per day at 500 days. On the roof and floor of the pulp cavity, the rate was 2.5 μm per day at 125 to 135 days and declined to 0.69 μm at 500 days. Thus, the rate of formation varies in different areas of the tooth and appears to slow with age to a rate of only about 8% to 25% of that observed at a younger age. However, if the greater rate of secretion in the pulp horns reflects a response to attrition, at least in part, then some of this secretion represents strictly tertiary dentinogenesis. Because of this ambiguity, terminology describing the different phases of dentinogenesis should be used only as a means of understanding the processes taking place and not as an inflexible system of classification.

Tertiary Dentinogenesis 

To overcome the plethora of confusing terms used to describe the focal secretion of dentin in response to external influences—including dental caries, tooth wear, trauma, and other tissue injury—Kuttler1 proposed the concept of tertiary dentin formation. Tertiary dentin encompasses a broad spectrum of responses, ranging from secretion of a regular, tubular matrix that differs little from primary and secondary dentin to secretion of a very dysplastic matrix that may even be atubular. The cellular and molecular processes responsible for this spectrum of responses also may show a number of differences.


Tertiary dentin has been subclassified as either reactionary or reparative64,65 as a means of distinguishing the different sequences of biologic events taking place in situations of milder and stronger external stimuli responsible for initiation of the response (Fig 2-13). Reactionary dentin is defined as a tertiary dentin matrix secreted by surviving postmitotic odontoblast cells in response to an appropriate stimulus. Typically, such a response will be made to milder stimuli and represents upregulation of the secretory activity of the existing odontoblast responsible for primary dentin secretion.

In contrast, reparative dentin is defined as a tertiary dentin matrix secreted by a new generation of odontoblast-like cells in response to an appropriate stimulus after the death of the original postmitotic odontoblasts responsible for primary and physiologic secondary dentin secretion. Such a response will normally be made to stronger stimuli and represents a much more complex sequence of biologic processes. Reparative dentin actually encompasses a broad range of responses, some of which appear to be relatively specific while others are classified as tertiary dentinogenesis only because they occur in the pulpodentin complex.


It is appropriate to consider these two variants of tertiary dentinogenesis individually in view of the diversity of the biologic processes taking place (Fig 2-14), although it must be recognized that reparative dentinogenesis will often be a sequel to reactionary dentinogenesis and that both variants may be observed within the same lesion.

Regardless of the subclassification, tertiary dentinogenesis represents a regenerative or wound-healing response, and, as in many tissues in the body, this response will be influenced by the local tissue environment. Pulpal inflammation represents a defense response to an injury, which in the case of caries is often invoked by bacteria.66 The inflammatory processes are considered elsewhere in this book (see chapters 4, 10, and 11), but their influence on tissue regeneration should not be underestimated.

A transient inflammatory response is beneficial in terms of clearing foreign antigens and creating a conducive tissue environment in which regeneration can take place. However, a sustained inflammatory response can act to block regeneration. Bone morphogenetic protein 7–induced dental regeneration was completely inhibited when inflammatory reactions were invoked with lipopolysaccharide.67 It is therefore crucial to eliminate bacteria and inflammation in order to create a tissue environment that is conducive to regeneration. The topic of regenerative endodontics is covered in detail in chapter 5.
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Fig 2-13 Reactionary (secreted by surviving postmitotic primary odontoblasts) and reparative (secreted by a new generation of odontoblast-like cells after death of the primary odontoblasts) variants of tertiary dentinogenesis. (Reprinted from Smith et al65 with permission.)
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Fig 2-14 Biologic processes taking place during reactionary and reparative dentinogenesis. (Reprinted from Smith et al65 with permission.)






Reactionary dentinogenesis 

Reactionary dentin is, by definition, secreted by surviving primary odontoblasts. Therefore, to determine cell survival, its identification requires chronologic information on the postinjury events within the pulpodentin complex. While such information is often lacking in histologic studies of pulpal responses following dental injury, the presence of tubular continuity between physiologic secondary and tertiary dentin matrices has been suggested as characteristic of this response.68 

Upregulation of matrix secretion 

The biologic processes responsible for reactionary dentinogenesis represent focal upregulation of the secretory activity of the surviving odontoblasts. As such, this response might be considered an extension of the physiologic behavior of these odontoblasts, and the rationale for identification of a tertiary dentinogenic response would be the nature of the initiating stimulus (ie, injury to the tissues). This distinction is probably important in that control of upregulation of secretion is determined by the stimulus and may show differences to physiologic regulation of cell secretory behavior. The intensity of the response will reflect both the degree and the duration of the stimulus, although the extent of the response is limited to those cells in direct tubular communication with the initiating stimulus. Thus, beneath a cavity preparation, the reactionary dentinogenic response is generally limited to those areas where the dentinal tubules communicate with the cavity. In unetched preparations, variable plugging of the tubules may lead to differential stimulation of individual odontoblasts beneath the preparation and an irregular interface between the reactionary dentin and odontoblasts, possibly with fingerlike projections of matrix (Fig 2-15).

The molecular basis of odontoblast upregulation during reactionary dentinogenesis has only recently received much attention. Traditionally, it has been suggested that “irritation” from bacterial products of plaque during caries or leaching of components from restorative materials beneath preparations may be responsible for the stimulus. However, these hypotheses have never really identified the molecular signaling processes responsible for cellular upregulation. An in vivo study in which isolated dentin matrix components were implanted in the base of unexposed cavities that had been carefully prepared in ferret teeth to ensure primary odontoblast survival has shown that bioactive molecules in these isolated matrix preparations are capable of stimulating reactionary dentinogenesis.69 These findings indicate that the signaling molecules for reactionary dentinogenesis may be derived from and released by diffusion of the injurious agent through the dentin matrix.


Partial purification of the isolated matrix preparations to enrich their growth factor content, particularly of the TGF-β family, has implicated these molecules in the cellular signaling responsible for reactionary dentinogenesis.65 Direct application of the TGF-β1 and TGF-β3 isoforms to the odontoblastic layer on agarose beads in cultured tooth slices has demonstrated their ability to upregulate odontoblast secretion.70 Similar findings were made after application of a solution of TGF-β1 to cultured tooth slices using small polymethyl methacrylate tubes glued to the dentin matrix that allowed diffusion of the growth factor through the dentinal tubules.71 

TGF-β1, TGF-β2, and TGF-β3 isoforms are expressed by odontoblasts,72 and TGF-β1 becomes sequestered within the dentin matrix.73 Thus, considerable endogenous tissue pools of this growth factor are found within the dentin matrix, and these are available for release if the matrix is solubilized or degraded. Other bioactive molecules within the extracellular matrix of dentin, including adrenomedullin74 ,75 and matrix molecules,14,76–79 may also be released after tissue injury and contribute to cell signaling for regenerative events.

In the presence of caries, bacterial acids from plaque that diffuse through and demineralize the dentin matrix might be expected to solubilize some of this tissue pool of growth factors and other bioactive molecules. During cavity preparation, the use of etchants or cavity conditioning agents may also release these molecules. A number of commonly used etchants have been found to solubilize TGF-β1 and various noncollagenous matrix components from dentin, the most effective of these being ethylenediaminetetraacetic acid (EDTA) (Smith and Smith, unpublished data, 1998).

Restorative materials may also stimulate reactionary dentinogenesis through similar mechanisms. Calcium hydroxide can solubilize TGF-β1 and non-collagenous matrix components from dentin, and these solubilized molecules have been demonstrated to modulate gene expression in odontoblast-like cells.80 This provides new insight into the mechanisms of action of this widely used material and offers a rational explanation for its effects on dentin regeneration. Mineral trioxide aggregate appears to have similar properties,74 and subtle differences in the profiles of dentin matrix components released by these two pulp capping agents may contribute to their respective clinical effects. Thus, a variety of factors associated with both the injury process to the tissue and its subsequent restoration may contribute to defense reactions of repair.

A role for the TGF-βs in tertiary dentinogenesis is supported by studies with TGF-β1 (–/–) mice, in which there appears to be decreased “secondary” (tertiary) dentin formation.81 Although release of TGF-β1 from the dentin matrix may provide an explanation for the cellular signaling of reactionary dentinogenesis, other growth factors are also sequestrated within the dentin matrix. Insulin-like growth factors I and II,82 bone morphogenetic proteins,83 and a number of angiogenic growth factors84 have been reported in dentin matrix. This diverse group of growth factors provides a powerful cocktail of bioactive molecules that may be released and participate in cellular signaling during injury and repair to the pulpodentin complex. The presence of angiogenic growth factors in dentin derived from the odontoblasts, their expression by pulp fibroblasts,26 and the proangiogenic effects of dentin matrix preparations85 may explain the stimulation of angiogenesis at sites of tertiary dentin formation and after ectopic transplantation,28 but the range of cellular effects arising from release of some of the other growth factors remains to be elucidated. The concept of dentin as an inert tissue must therefore be questioned, and a variety of cellular effects arising from solubilization of its matrix remain to be identified.
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Fig 2-15 Reactionary dentinogenic response beneath an unetched and unexposed cavity (top) prepared in a ferret canine tooth in which a lyophilized preparation of isolated dentin matrix proteins have been implanted. Reactionary dentin secretion is restricted to that area in which the dentinal tubules are in direct communication with the cavity. Note the fingerlike projections of reactionary dentin matrix (arrows) arising from differential stimulation of individual odontoblasts beneath the preparation.






Factors influencing reactionary dentinogenesis 

A tertiary dentinogenic response beneath a caries lesion is easily recognized.86 A reactionary response is often associated with small, slowly progressing lesions,87 whereas in more active lesions death of the primary odontoblasts is more likely to occur, and reparative dentinogenesis will occur if the prevailing tissue conditions allow. However, even in more slowly progressing lesions, the response may be a mixture of reactionary and reparative dentinogenesis.87 Thus, the activity of a caries lesion will have a strong influence on the nature of the tertiary dentinogenic response.

Various factors associated with cavity preparation and restoration can influence the tertiary dentinogenic response: the method of cavity preparation, dimensions of the cavity, remaining dentinal thickness (RDT) of the cavity, etching of the cavity, and the nature of the dental materials used and method of their application for the restoration. Many studies have described the pulpal changes in response to these various factors, and the consensus is that events during cavity restoration can influence the underlying pulp cell populations to a degree that is proportionally greater than the differences in cytotoxicity of cavity restorative materials themselves88–91 (see chapter 14).

This finding highlights the need for careful control of cavity preparation conditions in studies of pulpal responses. Use of animal models89 for assessment of pulpal responses to restorative factors can allow more reproducible control of these factors, while in vitro organ culture approaches offer opportunities to examine some of these factors in the absence of inflammation and bacteria.92 Nevertheless, it is still important to assess human dental responses to these factors to overcome possible species variations and to attempt to quantify their relative importance. The complex interplay between the various factors makes it difficult to unravel their involvement during different phases of the injury and repair responses. However, the interplay between inflammation and regeneration may be critical to our understanding of the interactions between injury and repair events.93 

A histomorphometric evaluation of reactionary dentinogenesis beneath standardized cavity preparations was performed in a relatively young population of human teeth, and subsequent statistical analysis showed a strong correlation between reactionary dentin secretion and RDT, patient age, cavity floor surface area, and restoration width.90 RDT was apparently the most significant factor determining the secretion of reactionary dentin, which is increased in area by 1.187 mm2 for every 1-mm decrease in the RDT beneath the cavity. Increases in reactionary dentin area were also correlated with increases in the dimensions of other cavity preparation variables. A weaker correlation was observed between choice of restorative material and reactionary dentinogenesis; however, zinc oxide–eugenol appeared to have no effect on reactionary dentinogenesis compared with calcium hydroxide and amalgam restorations.

Similar observations on the quantitative relationship between RDT and reactionary dentinogenesis were made in a larger study of 217 human teeth.90 Reactionary dentin secretion was observed beneath cavities with an RDT greater than 0.50 mm or less than 0.25 mm; however, maximum reactionary dentinogenesis (approximately fourfold greater) was observed beneath cavities with an RDT between 0.50 and 0.25 mm. Reduced reactionary dentin secretion beneath cavities with an RDT of less than 0.25 mm appeared to be associated with reduced odontoblast survival, presumably as a result of irreversible cell damage during cavity preparation.

The choice of restorative material influenced reactionary dentin secretion, as well as odontoblast survival, to a significant degree but to a lesser extent than did RDT. In terms of their influence on reactionary dentinogenesis, calcium hydroxide had the greatest influence, followed by composite resin, resin-modified glass ionomer, and zinc oxide–eugenol. This ranking reflected a combination of the effects of the materials on odontoblast cell survival and stimulation of reactionary dentinogenesis.91 

These findings indicate how the various restorative factors influence reactionary dentinogenesis on a mechanistic basis. RDT after cavity cutting has the potential to influence odontoblast cell survival: In deep cavities (RDT less than 0.25 mm), little more than 50% odontoblast survival may be seen,91 whereas in shallower cavities odontoblast survival is about 85% or greater, and, despite the likely cutting of the odontoblast process, the cells respond by secretion of reactionary dentin. Although little is known about how the cell responds to cutting of its process, it is generally assumed that such breaks in the membrane integrity are soon restored. Receptors to TGF-βs have been demonstrated on odontoblasts.94 Receptors to other growth factors may also be present, and therefore localization studies are required. In shallower cavities, the amount of reactionary dentin that is secreted can be correlated with the RDT, which suggests that the distance of diffusion of cell-signaling molecules is a determining factor.

Cavity etching can positively influence the secretion of reactionary dentin. Treatment with EDTA for 0 seconds, 60 seconds, and 120 seconds led to a ranking of 60 seconds > 120 seconds > 0 seconds for reactionary dentin secretion.95 Reduced reactionary dentinogenesis after 0 or 120 seconds of treatment was associated with decreased odontoblast survival. The stimulatory effect of EDTA treatment on reactionary dentinogenesis might be ascribed to the ability of this chemical to release growth factors from the dentin matrix during its solubilizing action; these growth factors could then diffuse down the dentinal tubules and bind to receptors on the odontoblasts for signaling of a reactionary dentinogenic response.

Other etchants such as phosphoric acid have a less stimulatory effect on reactionary dentinogenesis, perhaps reflecting their less effective action in solubilizing matrix-bound growth factors. Such a sequence for cellular signaling of reactionary dentinogenesis would be expected to be dependent on the distance of diffusion of the growth factor molecules, and this would be in accord with the observations on the importance of RDT to the amount of reactionary dentin secreted. Restorative materials that are capable of stimulating reactionary dentinogenesis, such as calcium hydroxide, may have similar actions on the dentin matrix–releasing growth factors, which then diffuse to the odontoblasts and prompt their upregulation.

Clearly, complex events take place during cavity preparation and restoration, involving the interplay of many factors, but odontoblast cell survival and release of endogenous matrix-bound pools of growth factors and other bioactive molecules in the tooth may be critical to the signaling of reactionary dentinogenesis.

Reparative dentinogenesis 

In unexposed pulps, reparative dentinogenesis may be a sequel to reactionary dentinogenesis (Fig 2-16a), or it may occur independently in the absence of reactionary dentin if the injury is of sufficient intensity (eg, an active caries lesion). The reparative response of tertiary dentinogenesis will always take place at sites of pulpal exposure because of the loss of odontoblasts and the need for dentin bridge formation. Reparative dentinogenesis involves a much more complex sequence of biologic events than reactionary dentinogenesis in that progenitor cells from the pulp must be recruited and induced to differentiate into odontoblast-like cells before their secretion may be upregulated to form the reparative dentin matrix (see Fig 2-14).

The matrices secreted during reparative dentinogenesis show a broad spectrum of appearances, ranging from a regular, tubular matrix to a very dysplastic, atubular matrix sometimes with cellular inclusions present (Fig 2-16b). This heterogeneity in matrix morphology is often paralleled in the morphology and secretory behavior of the odontoblast-like cells responsible for its secretion, leading to considerable variations in the structure and composition of matrices (Fig 2-16c).

Although all of these responses may generally be categorized as reparative dentinogenesis, they nonetheless show considerable heterogeneity. This heterogeneity may reflect the specificity of the dentinogenic processes taking place. These processes may resemble physiologic dentinogenesis or, instead, may represent nonspecific matrix secretion. Nonspecific secretion can occur from cells with few phenotypic characteristics of odontoblast-like cells and is believed to represent part of a more generalized wound-healing response.

The differences in tubularity observed in a reparative dentin matrix will have consequences for the permeability of the matrix and thus its capacity to provide pulpal protection from the possible effects of bacteria and restorative materials (Fig 2-16d). Maintenance of the tubular physiologic structure of dentin may be a sensible goal in tissue regeneration generally, but it must be considered in relation to the tissue environment created by a restoration. Where there is a need to provide pulpal protection from the effects of bacterial microleakage and components of restorative materials, the presence of a tubular, reparative matrix will increase permeability and therefore may be disadvantageous. Thus, as novel clinical regenerative therapies emerge, these could exploit the current understanding of cell behavior to direct secretion of tubular or atubular dentin matrices according to the desired permeability properties for a particular clinical application.


Reparative dentinogenesis is often preceded by secretion of a fibrodentin matrix23 that is atubular and associated with rather cuboidal cells with poorly developed organelles on its formative surface. Deposition of tubular matrix by polarized cells is then observed later on the surface of this fibrodentin. Whether fibrodentin deposition represents a specific dentinogenic response or a nonspecific connective tissue wound-healing response is uncertain. Data on the molecular phenotype of these cells are not available, but the morphology of the cells responsible for fibrodentin synthesis and secretion point to a relatively nonspecific response. Nevertheless, this fibrodentin may play an important role in the signaling of true reparative dentinogenesis by providing a substrate on which signaling molecules for odontoblast-like cell differentiation may become immobilized. In this way, it could mimic the role of the dental basement membrane for odontoblast differentiation during tooth development, where it has been suggested that growth factors derived from the inner dental epithelium become temporospatially immobilized on the basement membrane for presentation to the preodontoblasts to signal their terminal differentiation.96 

It has been suggested that tertiary dentinogenesis replicates embryonic events leading to tooth development; indeed, the two processes have many common features.54 The need for progenitor cell recruitment, induction of differentiation, and upregulation of secretory activity are common to both processes (Fig 2-17), although the absence of physiologic regulation of the biologic events during repair may lead to more diversity in the cellular secretions. The three critical steps for reparative dentinogenesis are (1) recruitment of progenitor cells, (2) signaling of odontoblast-like cell differentiation, and (3) subsequent upregulation of matrix secretion by these cells. While upregulation of matrix secretion is common to reactionary dentinogenesis, the first two steps distinguish the process of reparative dentinogenesis.
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Fig 2-16 Tertiary dentinogenic responses beneath caries lesions in human teeth. (a) An initial reactionary dentinogenic response adjacent to the physiologic dentin with a subsequent reparative dentinogenic response, the matrix of which shows heterogeneity in its tubularity (periodic acid–Schiff stain; original magnification ×250). (b) Reparative dentin secreted beneath and demarcated from physiologic dentin by a darker-staining calciotraumatic line underlying a caries lesion in a human tooth. Note the considerable heterogeneity in the reparative dentin ranging from a tubular (right) to an atubular (left) matrix (periodic acid–Schiff stain; original magnification ×100). (c) Reparative dentin matrix secreted beneath a caries lesion in a section of a human tooth stained with silver colloid to demonstrate phosphoproteins. Note the considerable heterogeneity in the staining intensity of these matrix components, reflecting variations in odontoblast-like cell behavior during secretion (original magnification ×250). (d) Reparative dentin matrix secreted beneath a caries lesion in a human tooth, showing a less tubular structure than the adjacent physiologic dentin, which will reduce the permeability of this tissue (H&E stain; original magnification ×250).
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Fig 2-17 Comparison of events during tooth development and dental tissue repair, highlighting the many similarities among the processes taking place. (Reprinted from Smith and Lesot54 with permission.)







Recruitment of progenitor cells 

The derivation of the progenitor cells recruited for odontoblast-like cell differentiation during reparative dentinogenesis is still unclear.97 However, the neural crest origin of the ectomesenchymal cells of the dental papilla giving rise to the odontoblasts is likely to be important to their phenotype. In the context of regeneration in the adult tooth, however, not all of the cells of the pulp share this embryonic derivation. During embryogenesis, neural crest cells migrate to the first branchial arch, where they associate with the local mesenchyme. With advancing development of the pulpodentin complex in the tooth, some of the cells of the central core of the pulp do not appear to be derived from the neural crest.98 Thus, the mature pulp comprises cell populations of varied derivation.

Isolated pulp cells from adult human teeth show many similarities in their molecular phenotype to bone marrow stem cells but appear to show different behavior both in vitro and after transplantation to immunocompromised mice in vivo.99 Establishment of dental pulp stem cell (DPSC) populations indicated the heterogenous nature of these cells with respect to their rate of odontogenesis.100 Importantly, these DPSCs have been reported to generate reparative dentin on the surface of human dentin after transplantation in vivo and differed in behavior from bone marrow stromal stem cells.101 Thus, the pulpal derivation of these cells and/or the pulp tissue environment appears to confer specificity on their developmental potential.

The ability of isolated dentin matrix–derived protein extracts to induce in vitro differentiation of odontoblast-like cells from these DPSCs102 and the modulation of their gene-expression profiles following differentiation103 emphasize the importance of the pulpodentin tissue environment during regeneration. The perivascular niche of these DPSCs104 raises intriguing questions as to whether these DPSCs derive from the pulp cell populations arising during development or if they migrate to the pulp through the vasculature postdevelopmentally and what their relationship is with mesenchymal stem cells from other sources. This may have implications for identification of potential cells for use in development of regenerative therapies. Interestingly, cells with dentinogenic potential have been isolated from exfoliated human primary teeth (SHED cells) and represent a readily accessible source.105 Interestingly, these SHED cells appear to have the ability to differentiate into odontoblasts and endothelial cells when seeded on a PLA scaffold in tooth slices and implanted subcutaneously.106 

One of the challenges facing attempts to engineer tissue or regenerate the pulpodentin complex will be selection of the appropriate stem and progenitor cell populations within pulp. Identification of suitable markers for these cells will facilitate their selection using approaches such as fluorescent-activated cell sorting and magnetic-activated cell sorting; low-affinity nerve growth factor receptor, a neural crest cell marker, has shown promise in this respect.107–109 Cell selection may confer greater specificity on the regenerative process and allow optimization of the dentinogenic potential.

Traditionally, a variety of cell niches have been implicated in the differentiation of odontoblast-like cells during reparative dentinogenesis. The undifferentiated mesenchymal cells in the cell-rich zone of Höhl adjacent to the odontoblastic layer have been suggested as progenitors,110 and they are attractive candidates because they have experienced a developmental history similar to that of the primary odontoblasts. During tooth development, preodontoblasts align themselves perpendicular to the dental basement membrane during the final mitotic division. One daughter cell is exposed to the epithelium-derived epigenetic signal for induction of odontoblast differentiation and the other is not93 and is generally assumed to join the cells in the cell-rich zone of Höhl instead. However, cells from elsewhere in the pulp have also been implicated as progenitors for the odontoblast-like cell. These include perivascular cells, undifferentiated mesenchymal cells, and fibroblasts.111 

The relative contribution of any of these cell populations to progenitor recruitment for odontoblast-like cell differentiation is unclear, but the possibility suggests opportunities for heterogeneity in the nature of the response. Aging may influence the survival of some of these possible progenitor cell populations, and their different phenotypic characteristics may contribute to the specificity of the process if they are involved in reparative dentinogenesis. Thus, depending on the age of the patient and the survival of cells following injury to the pulpodentin complex, considerable heterogeneity may be seen in the cellular response.

Stem cells are pluripotent, and their presence in tissues can offer opportunities for regeneration in response to growth and differentiation signals. There are many genes that control the behavior and expression potential of stem cells, including the highly conserved Notch signaling pathway, which can enable equivalent precursor cells to adopt different cell potentials.112 Such genetic control may be important in determining progenitor cell recruitment during reparative dentinogenesis. Reappearance of Notch in subodontoblastic cells during reparative responses to injury and in association with vascular structures in apical areas of the tooth root113 may indicate that cells in these areas can contribute to reparative dentinogenesis. If this is the case, then both undifferentiated mesenchymal cells and pericytes may be progenitors of odontoblast-like cells. What has become clear is that no single stem or progenitor cell population is responsible for reparative dentinogenesis and that the heterogenous nature of such responses reflects in part the involvement of a variety of different cell populations in different circumstances.

Migration of progenitor cells in the pulp to the site of injury for reparative dentinogenesis requires an appropriate chemotactic attractant. Isolated human dentin matrix components have been found to be chemotactic in vitro to pulp cells showing characteristics of pericytes (Murray et al, unpublished data, 2001), and dissolution of dentin matrix at sites of injury could provide such a stimulus. Although the specific components in the matrix that are responsible for these effects remain to be identified, TGF-β1 is known to be chemotactic for fibroblasts, macrophages, neutrophils, and monocytes during dermal wound healing.114 Attraction of inflammatory cells to the site of injury may further enhance the chemotaxis of other cells, including pulpal progenitor cells, because many will also produce TGF-βs and other growth factors. TGF-β1 has also been reported to be mitogenic for cells in the subodontoblastic layer71 and thus may stimulate both the migration of progenitor cells and their proliferation to expand the available population of progenitor cells.

Signaling of odontoblast-like cell differentiation 

Following recruitment of progenitor cells to the site of injury, signaling of odontoblast-like cell differentiation has to be achieved before reparative dentin secretion can commence. While an epithelium-derived, temporospatially regulated epigenetic signal is responsible for induction of odontoblast differentiation during tooth development,96 the absence of epithelium in the mature tooth requires an alternative derivation for this signal.

Dentin matrix can be autoinductive, and the various reports of its ability to induce odontoblast-like cell differentiation115 concur with the histopathologic reports of matrix growth from dentin chips pushed into the pulp during cavity preparation. Implantation of isolated dentin matrix components, including fractions derived from both the soluble and the insoluble matrix compartments, in exposed cavities prepared in ferret teeth gave rise to a reparative dentinogenic response, with secretion of a regular tubular matrix by polarized, columnar odontoblast-like cells in the absence of a fibrodentin precursor matrix.116 Culture of dissociated embryonic dental papillae with the same dentin matrix preparations induced a physiologic gradient of odontoblast differentiation, which could be inhibited by inclusion of antibodies to TGF-β1.117 Similar effects were observed when the dentin matrix components were substituted with recombinant TGF-β1 immobilized with heparin, and the odontoblast-like cells showed most of the molecular phenotypic characteristics of physiologic odontoblasts.117,118 Thus, the epigenetic signaling of odontoblast differentiation by growth factors may be recapitulated during repair in adult tissues.


Experimental application of recombinant TGF-β1 to adult pulp tissue in dogs has confirmed the ability of this growth factor to signal odontoblast-like cell differentiation.119 TGF-β3 may also exert similar effects because application of agarose beads soaked in this growth factor at sites of needle-punch injury in cultured tooth slices led to alignment of columnar odontoblast-like cells on the bead surface in a number of cultures.70 Other members of the TGF-β family of growth factors, including the bone morphogenetic proteins, have also been implicated in signaling of odontoblast-like cell differentiation during reparative dentinogenesis.120–123 

The aforementioned findings provide new opportunities to exploit endogenous pools of growth factors sequestered in dentin matrix (for example, with calcium hydroxide and mineral trioxide aggregate74,80 ) and to develop novel biomaterials containing growth factors for use in pulp capping. Development of an alginate-based hydrogel containing TGF-β1 allowed initiation of de novo dentinogenesis with secretion of a tubular dentin matrix after application to a cut pulp surface.124 Such biomimetic materials offer a novel and radically different approach to clinical dentistry in which biologically based therapies will emerge.

The presence of growth factors, particularly the TGF-βs, in both the soluble and insoluble tissue compartments of dentin matrix73,84 provides opportunities for cellular interaction with these molecules in several ways. Release of growth factors from the soluble tissue compartment may arise from tissue demineralization by bacterial acids during caries. Further release of these molecules during cavity preparation and restoration may also arise from the action of cavity-etching agents and diffusion of components leached from restorative materials. Diffusion of these soluble growth factors to the pulp may provide a chemotactic attraction for progenitor cells to the injury site and a mitogenic stimulus to expand this cell population.

It is unclear whether the signaling of odontoblast-like cell differentiation may involve the soluble or insoluble tissue pools of these growth factors. However, if developmental events are mimicked, it seems likely that immobilized matrix-bound growth factors may provide the signal for differentiation. This tissue pool of growth factors appears to be masked by mineral and other matrix components and requires exposure before they can participate in signaling processes. Ultrastructural immunolabeling of untreated cut dentin surfaces for TGF-β showed absence of reactivity.125 However, treatment of the cut surface with cavity etchants unmasked the TGF-β in the matrix to varying degrees, and different etchants demonstrated variable ability to expose these molecules (Fig 2-18). It is therefore apparent that conventional restorative procedures can act on the dental tissues in ways not previously appreciated and may contribute significantly to cellular events involved in repair after injury.

It is also important to recognize that a variety of cell-signaling molecules may be present in the extracellular milieu at sites of injury in the pulp. Although the greatest focus recently has been on TGF-βs derived from the dentin matrix, a cocktail of growth factors is present within this matrix as well as the plethora of matrix proteins with potential bioactive properties alluded to earlier. The effects of some of the individual molecules on pulp cells remain to be determined, and little attention has been paid to any synergistic effects that combinations of these molecules may have. Thus, it is possible that a variety of biologic effects arising from dentin matrix dissolution may yet be identified.

Clearly, pulpal injury, cavity preparation, and restoration procedures may all influence these biologic effects through differential solubilization of various matrix-bound bioactive molecules. Injury events within the pulp may also directly give rise to bioactive molecules from cells, which may influence subsequent cellular events. Death of odontoblasts and other pulp cells may release intracellular contents at the site of injury. Inflammatory cells attracted to the site of injury will also give rise to cytokines and growth factors, which will modulate cellular events both directly and indirectly.93 Thus, a complex interplay among signaling molecules in the pulp can be anticipated after injury, which may result in a range of responses (Fig 2-19).
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Fig 2-18 Comparison of immunoreactivity for TGF-β1 in cut human dentin matrix after treatment with various etchants. EDTA, ethylenediaminetetraacetic acid. (Data from Zhao et al.125 ) 
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Fig 2-19 Possible derivations of signaling molecules contributing to pulpal injury and repair responses.



Formation of dentin bridges 

At sites of pulpal exposure, dentinal continuity may be restored through formation of a dentin bridge across the exposure. There have been reports of bridging after pulp capping with a variety of agents, the most common being calcium hydroxide. Dentin bridge formation is not distinct from reparative dentinogenesis but rather represents a particular situation under which reparative dentin is formed. However, the extent of the injury and the reparative processes required may influence the quality or structure of the new matrix secreted within the bridge. Divergence from the normal, regular tubular structure of dentin may be common. This calls into question the specificity of the dentinogenic response in some situations. Such diversity of dentin structure may also reflect the different regulatory environment of the injured pulp on odontoblast behavior.

New dentin bridge formation is often regarded as an indication of successful pulp capping treatment, although this is probably true only where the bridge provides an effective bacterial seal. Mjör126 cautioned that the presence of a dentin bridge may not be a suitable criterion for assessment of successful pulpal healing, especially during capping of young healthy pulps. Many bridges are permeated by pulp tissue and operative debris.

The concept of dentin bridges has been questioned because of the presence of imperfections in many bridges.127 These imperfections, called tunnel defects, involve multiple perforations that allow communication between the pulp and capping material. Multiple tunnel defects were found in 89% of dentin bridges after calcium hydroxide pulp capping,66 and 41% of these bridges were associated with recurring pulpal inflammation or necrosis and with the presence of inflammatory cells and stained bacterial profiles. The patency of these tunnel defects prevents a hermetic seal that would protect the pulp against recurring infection from bacterial microleakage.

These findings highlight the need to use materials capable of providing a long-term bacterial seal over capped pulps and the advantages of developing new capping materials that stimulate more specific dentinogenic responses during pulpal healing. Newer capping materials such as mineral trioxide aggregate have already shown clinical merit, and this may, in part at least, be a consequence of their ability to harness the bioactive signaling molecules within dentin.74 As new capping materials emerge, it is probable that the emphasis will be increasingly on biomimetic approaches, which will provide important stepping stones toward tissue regenerative and engineering strategies for the pulpodentin complex. 
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Previous chapters have discussed the developmental aspects of dentin and the pulp, the various types of dentinogenesis, and mineralization. This chapter describes the structure of dentin, its chemical and physical properties, and some of its mechanical properties. This topic is clinically significant because the permeability of dentin regulates the rate of inward diffusion of irritants that initiate pulpal inflammation and the outward diffusion of dentinal fluids that contain immunoglobulins. Because of this interaction, the pulp and dentin are often discussed together as a functional unit, the pulpodentin complex.

Structure of the Pulpodentin Complex 

There is a great deal of evidence that dentin and the pulp are functionally coupled and hence integrated as a tissue. For example, when normal intact teeth are stimulated thermally, dentinal fluid expands or contracts faster than the volume of the tubules that contain the fluid, which causes hydrodynamic activation of pulpal nerves. If the external tissues that seal dentin (eg, enamel and cementum) are lost for any reason, the normal compartmentalization of the two tissues is lost and they become functionally continuous.

Under these pathologic conditions, a fluid-filled continuum develops from the dentin surface to the pulp. It is through this fluid medium that bacterial substances and noxious materials may diffuse across dentin to produce pulpal reactions.1–8 The pulp responds to these chemical stimuli in the short term by mounting an acute inflammatory response, which produces an outward movement of both fluid9–12 and macromolecules.13–15 In the long term, pulp tissues produce tertiary dentin as a biologic response in an attempt to reduce the permeability of the pulpodentin complex and to restore it to its original sequestration16 (see chapter 2). In vivo, radioactive tracer experiments demonstrated the continuity of the dentinal fluid–pulpal fluid–pulpal circulation in exposed dentin and the importance of pulpal blood flow in clearing pulpal interstitial fluids of exogenous material.17 Thus, the pulpodentin complex functions as an integrated unit.18 

Odontoblasts are highly differentiated cells that form the tubular dentin matrix (see chapters 2 and 4). Their cell bodies reside in the pulp chamber, but their processes extend various distances through the unmineralized, freshly secreted predentin into the mineralized matrix19 (Fig 3-1). Detailed information about the structure and function of odontoblasts can be found in other sources.20,21 

If the odontoblastic layer is removed during endodontic therapy, the odontoblast processesare sometimes removed from the unmineralized tubules of predentin as well22 (Fig 3-2). This dentin matrix is not yet mineralized and contains tubular openings 3 μm in diameter where no peritubular dentin matrix has yet been formed. Treatment with 5% sodium hypochlorite (NaOCl) removes the predentin and reveals the underlying mineralization front, which exhibits characteristic hemispherical structures known as calcospherites.22 Mineralized dentinal tubules that are almost 3 μm in diameter are present within these calcospherites (Fig 3-3).
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Fig 3-1 Transmission electron micrograph of the human odontoblastic layer at the junction of the pulp (P) and predentin (PD). Each cell sends an odontoblast process (arrow) through the predentin toward the periphery. (Reprinted from Jean et al19 with permission.) 
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Fig 3-2 Scanning electron micrograph of predentin after removal of odontoblasts. Note the woven network of collagen fibrils approximately 100 nm in diameter. These fibrils polymerize perpendicular to the cell process, forcing the network to form circumferentially around the process shown in the tubules. (Reprinted from Jean et al19 with permission.)
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Fig 3-3 (a) When the predentin is removed by NaOCl treatment, the underlying mineralization front can be observed, organized in hemispherical units called calcospherites. (b) High magnification of the boxed area in (a). Each calcosphe-rite contains many dentinal tubules, which are 2 to 3 μm in diameter.






Characteristics of Dentin 

Morphology 

Dentin is a porous biologic composite made up of apatite crystal filler particles in a collagen matrix (Fig 3-4a). This mineralized matrix was formed developmentally by odontoblasts, which began secreting collagen at the dentinoenamel junction (DEJ) and then grew centripetally while trailing odontoblast processes. Acid etching or ethylenediaminetetraacetic acid (EDTA) chelation removes the peritubular dentin matrix, thereby enlarging the tubule orifice, and removes the mineral crystallites from around the collagen fibrils, exposing the fibrillar nature of the intertubular dentin matrix (Figs 3-4b and 3-5).

There are three types of dentin: primary, secondary, and tertiary (Fig 3-6). Primary dentin is the original tubular dentin largely formed prior to eruption of a tooth. The outer layer of primary dentin, called mantle dentin,21 is slightly less mineralized (about 4%) in young dentin but is similar to that of primary dentin found in aged teeth.23 Mantle dentin is about 150 μm wide and comprises the first dentin laid down by newly differentiated odontoblasts.24 These cells may not be completely differentiated, or they may have had relatively short odontoblast processes providing slightly less-than-ideal mineralization.

Secondary dentin is the same circumpulpal dentin as primary dentin, but secondary dentin is formed after completion of root formation. The major difference between primary and secondary dentin is that the latter is secreted more slowly than primary dentin. Because the same odontoblasts form both types of dentin, the tubules remain continuous (Fig 3-6d). Each dentinal tubule has many submicron diameter branches that anastomose with microbranches from adjacent tubules.25 

Over decades, a large amount of secondary dentin is formed on the roof and floor of the pulp chamber, causing the chamber to become shallower. Similarly, secondary dentin formation causes the dimensions of the root canal to become increasingly smaller with age. The presence of cellular processes on odontoblasts makes primary and secondary dentin tubular in nature. 

The third type of dentin, tertiary dentin (also known as irritation dentin, irregular secondary dentin, reactionary dentin, or reparative dentin16), is found only in dentin that has been subjected to trauma or irritation, such as cervical exposure, caries, or traumatic cavity preparation (Fig 3-6).









Because the circumference of the most peripheral part of the crown or root of a tooth is much larger than the circumference of the final pulp chamber or root canal space, the odontoblasts are forced closer together as they continue to lay down dentin, developing a pseudostratified columnar layer in parts of the coronal pulp, especially over pulp horns.26,27 Odontoblasts are cuboidal in the root canal22 and become flat near the apex.21 The convergence of dentinal tubules toward the pulp creates a unique structural organization in dentin that has profound functional consequences, as discussed later in the chapter. This convergence in the density of tubules has been estimated to be 5:1 in coronal dentin.28,29 It is less in root dentin but still more than 2:1.

Each individual dentinal tubule is an inverted cone with the smallest dimensions at the DEJ and the largest dimensions at the pulp (Fig 3-7). Originally, each tubule has a diameter of nearly 3 μm. However, within each tubule is a collagen-poor, hypermineralized cuff of intertubular dentin, often called peritubular dentin (see Fig 3-5). It is actually periluminal dentin or, more accurately, intratubular dentin.21,30 Its formation narrows the lumen of the tubule from its original 3 μm to as little as 0.6 to 0.8 μm in superficial dentin.31,32 This large amount of peritubular dentin in superficial dentin near the DEJ is due in part to the fact that it is “older” than middle or deep dentin. Thus, the width of intratubular (peritubular) dentin decreases as tubules are followed inward toward the pulp, with the exception that there is no peritubular dentin in intraglobular dentin.33,34 Very close to the pulp, where there is no intratubular or peritubular dentin, the tubule (luminal) diameter is almost 3 μm.32 Thus, most of the narrowing of the tubule lumen at the periphery of dentin is due to deposition of peritubular dentin.20,33,34 

Although there have been reports of giant tubules 5 to 40 μm in diameter, in human permanent and primary teeth35 they number fewer than 30 giant tubules per tooth. They extend from the pulp chamber to the incisal DEJ, but there is some question as to their patency. Similar developmental defects in incisal regions have been reported.36 


The composition of collagen-poor31 and mineral-rich peritubular dentin is different from that of intertubular dentin (see Fig 3-5). The mineral is in the form of small, calcium-deficient, carbonate-rich apatite crystals, which have a higher crystallinity and are almost five times harder than intertubular dentin.37 Little is known about the biologic control of peritubular dentin apposition. Although it is a very slow process, it can be accelerated by occlusal abrasion33,38 and other forms of pulpal irritation such as caries and may be more rapid in primary39 than in permanent teeth.

Although the complete composition of dentinal fluid is unknown, it presumably contains an ion product of calcium and phosphate near or above the solubility product constants for a number of forms of calcium phosphate.40,41 This fluid tends to form mineral deposits in dentinal tubules, which may take many forms (Fig 3-8), because the outward movement of dentinal fluid presents a larger amount of mineral ions to the walls of the tubules than could occur by diffusion in sealed tubules. This principle has been used experimentally to slow the depth of demineralization of dentin in vivo under simulated caries-forming conditions.42 

The permeability properties of dentinal tubules indicate that they have functionally much smaller dimensions than their actual microscopic dimensions.43,44 Although the microscopic diameter of dentinal tubules at the DEJ has been reported to be 0.5 to 0.9 μm, they function as though they are 0.1 μm in diameter. Dentin can remove 99.8% of a bacterial suspension of streptococci that are approximately 0.5 μm in diameter when pressure is applied to the solution,45 which tends to prevent infection of the pulp even when patients masticate on infected carious dentin. This phenomenon explains why there are no bacteria in the tubules at the extreme front of the carious attack.46 

Although bacteria can invade dentinal tubules,46 they do not invade as fast or as far in vital dentin47,48 (Fig 3-9), presumably because dentinal fluid moving outward contains immunoglobulins.49 Immunoglobulin G1 was found to be the predominant immunoglobulin subclass in uninfected dentinal tubules beneath shallow and deep caries.50 Fluid shifts across dentin may occur, but the fluid is virtually sterile because intratubular deposits of mineral and collagen fibrils form multiple constrictions within the tubule that reduce the dimensions to less than those of most microorganisms. In one study, 65% of the dentinal tubules in occlusal coronal dentin contained large collagen fibrils.51 These intraluminal collagen fibrils would tend to trap any suspended bacteria as fluid flows through the tubules (Fig 3-10). The long-term effects of having bacteria trapped in tubules depend on the bacteria’s source of nutrition and the effects of immunoglobulins from the pulp.






[image: 9780867155822_0059_001]

Fig 3-4 (a) Transmission electron micrograph of unstained, mineralized dentin showing the deposition of apatite crystallite striae within the collagen fibrils (intrafi-brillar mineralization; arrowhead) and between the collagen fibrils (interfibrillar min-eralization; arrow). (b) Transmission electron micrograph of stained, demineralized dentin showing the same striations or banding characteristics of the stained collagen fibrils. Dissolution of the interfibrillar apatite minerals results in empty interfibrillar spaces (arrow).
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Fig 3-5 Acid etching of dentin removes a few microns of the peritubular dentin matrix (P) and strips the crystallites off the collagen fibrils, permitting the true fibrillar nature of the intertubular dentin matrix to be seen. T, dentinal tubule.
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Fig 3-6 Tubular nature of various types of dentin. (a) Primary dentin (PD) is shown above less tubular tertiary dentin (TD). The small dots indicate the concentration of a potentially noxious substance diffusing across dentin. The original odontoblasts were destroyed, but the newly differentiated odontoblasts in the reparative dentin did not line up with the original primary dentin, greatly lowering its permeability. (b) Sometimes the newly formed odontoblasts lack a process and form a layer of atubular dentin that can reduce the permeability to near zero. (c) Injured odontoblasts sometimes do not die but simply make more dentin at a fast rate, thereby increasing dentinal thickness and reducing its permeability. (d) Intraluminal crystalline deposits (I) in tubules may lower dentin permeability. (Modified from Tziafas et al16 with permission.)
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Fig 3-7 Each dentinal tubule is an inverted cone with the largest diameter at the pulp chamber or root canal and the smallest diameter at the DEJ due to the progressive formation of more peritubular dentin. Only 1% of the surface area of superficial dentin near the DEJ contains tubules, whereas 22% of deep dentin contains tubules. Hence, deep dentin is more permeable than superficial dentin. (Courtesy of Parkell, Biomaterials Division.)
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Fig 3-8 Examples of intraluminal crystalline deposits that lower dentin permeability. (a) Large whitlockite crystals that are composed of magnesium-substituted β-tricalcium phosphate. I, intertubular dentin; P, peritubular dentin. (b) Cores of fine crystalline deposits (arrows) resembling peritubular dentin that completely occlude the dentinal tubules. They are resistant to acid etching and are separated from the adjacent demineralized, acid-etched intertubular dentin (I) because of dehydration shrinkage. The presence of intraluminal deposits makes sclerotic dentin almost impermeable.
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Fig 3-9 Although bacteria (area between arrows) can invade dentinal tubules, they are seldom found in the tubules (T) at the extreme front of the carious attack, probably because of the outward movement of dentinal fluid that contains immunoglobulins. I, intertubular dentin.
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Fig 3-10 The presence of large bundles of intraluminal collagen reduces the functional diameter of the dentinal tubules and hence the permeability of dentin. These collagen bundles may also trap any suspended bacteria (arrow) as fluid flows through the tubules.






Changes in structure with depth 

The area occupied by the lumina of dentinal tubules may be calculated as the product of the cross-sectional area of a single tubule, πr2 , and N, the number of tubules per square centimeter. The unit r  is the radius of the tubule. Because both the radius of dentinal tubules and their number per unit area increase from the DEJ to the pulp,29,52 the area occupied by tubule lumina also increases.











Garberoglio and Brännström32 measured the tubule radius by carefully correcting for shrinkage artifact. Table 3-1 uses their data and provides calculations for the area occupied by tubule lumina at the DEJ and near the pulp.53
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