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Preface


One major objective of a new edition is to update information and simplify the subject matter so that it is more easily assimilated by the reader. Although the scope of the textbook remains histology, molecular concepts have been integrated in areas where they are essential for understanding embryogenesis and development, cell function, and tissue formation. Illustrations are almost all in colour now, and new figures have been added to facilitate visualization of the subject matter.


The textbook is intended to serve as a learning guide for students in a variety of disciplines. The first chapter provides an overview of the subject matter covered in the textbook and sets the stage for a subsequent detailed treatise by topics. Although coverage is exhaustive, the text has been structured such that individual chapters and even selected sections can be used independently. Also, focus is on learning and understanding concepts rather than on memorization of detail, particularly numerical values. Thus dental hygienists, medical students, and undergraduate and graduate dental students will all find a degree of coverage suited for their respective needs.


Finally, as for the previous edition, a major objective is to sensitize students to the concept that, in addition to being pertinent to clinical practice, better understanding of the development and biology of oral tissues is expected to engender novel therapeutic approaches based on biologics that will likely be used by oral health practitioners in the foreseeable future.
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This chapter presents an overview of the histology of the tooth and its supporting tissues (Figure 1-1), setting the stage for more subsequent detailed consideration. The salivary glands, the bones of the jaw, and the articulations between the jaws (temporomandibular joints) also are discussed.
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FIGURE 1-1 The tooth and its supporting structure. PDL, Periodontal ligament.














The Tooth


Teeth constitute approximately 20% of the surface area of the mouth, the upper teeth significantly more than the lower teeth. Teeth serve several functions. Mastication is the function most commonly associated with the human dentition, but teeth also are essential for proper speech. In the animal kingdom, teeth have important roles as weapons of attack and defense. Teeth must be hard and firmly attached to the bones of the jaws to fulfill most of these functions. In most submammalian vertebrates the teeth are fused directly to the jawbone. Although this construction provides a firm attachment, such teeth frequently are broken and lost during normal function. In these cases, many successional teeth form to compensate for tooth loss and to ensure continued function of the dentition.


The tooth proper consists of a hard, inert, acellular enamel formed by epithelial cells and supported by the less mineralized, more resilient, and vital hard connective tissue dentin, which is formed and supported by the dental pulp, a soft connective tissue (Figures 1-1 and 1-2). In mammals, teeth are attached to the bones of the jaw by tooth-supporting connective tissues, consisting of the cementum, periodontal ligament (PDL), and alveolar bone, which provide an attachment with enough flexibility to withstand the forces of mastication. In human beings and most mammals, a limited succession of teeth still occurs, not to compensate for continual loss of teeth but to accommodate the growth of the face and jaws. The face and jaws of a human child are small and consequently can carry few teeth of smaller size. These smaller teeth constitute the deciduous or primary dentition. A large increase in the size of the jaws occurs with growth, necessitating not only more teeth but also larger ones. Because the size of teeth cannot increase after they are formed, the deciduous dentition becomes inadequate and must be replaced by a permanent or secondary dentition consisting of more and larger teeth.
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FIGURE 1-2 Vertical Cone Beam CT slice of mandibular molars and premolars. (Courtesy M. Schmittbuhl.)








Anatomically the tooth consists of a crown and a root (see Figures 1-1 and 1-2); the junction between the two is the cervical margin. The term clinical crown denotes that part of the tooth that is visible in the oral cavity. Although teeth vary considerably in shape and size (e.g., an incisor compared with a molar), histologically they are similar.








Enamel


Enamel has evolved as an epithelially derived protective covering for the crown of the teeth (Figures 1-1 and 1-2). The enamel is the most highly mineralized tissue in the body, consisting of more than 96% inorganic material in the form of apatite crystals and traces of organic material. The cells responsible for the formation of enamel, the ameloblasts, cover the entire surface of the layer as it forms but are lost as the tooth emerges into the oral cavity. The loss of these cells renders enamel a nonvital and insensitive matrix that, when destroyed by any means (usually wear or caries), cannot be replaced or regenerated. To compensate for this inherent limitation, enamel has acquired a high degree of mineralization and a complex organization. These structural and compositional features allow enamel to withstand large masticatory forces and continual assaults by acids from food and bacterial sources. The apatite crystals within enamel pack together differentially to create a structure of enamel rods separated by an interrod enamel (Figure 1-3). Although enamel is a dead tissue in a strict biologic sense, it is permeable; ionic exchange can occur between the enamel and the environment of the oral cavity, in particular the saliva.
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FIGURE 1-3 Enamel. Electron micrography showing that enamel consists of crystallites organized into rod and interrod enamel.




















Dentin


Because of its exceptionally high mineral content, enamel is a brittle tissue, so brittle that it cannot withstand the forces of mastication without fracture unless it has the support of a more resilient tissue, such as dentin. Dentin forms the bulk of the tooth, supports the enamel, and compensates for its brittleness.


Dentin is a mineralized, elastic, yellowish-white, avascular tissue enclosing the central pulp chamber (Figure 1-4; see also Figures 1-1 and 1-2). The mineral is also apatite, and the organic component is mainly the fibrillar protein collagen. A characteristic feature of dentin is its permeation by closely packed tubules traversing its entire thickness and containing the cytoplasmic extensions of the cells that once formed it and later maintain it (Figure 1-4, B). These cells are called odontoblasts; their cell bodies are aligned along the inner edge of the dentin, where they form the peripheral boundary of the dental pulp (Figure 1-4, A). The very existence of odontoblasts makes dentin a vastly different tissue from enamel. Dentin is a sensitive tissue, and more importantly, it is capable of repair, because odontoblasts or cells in the pulp can be stimulated to deposit more dentin as the occasion demands.
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FIGURE 1-4 Dentin and pulp. A, The odontoblasts (cells that form dentin) line the pulp. B, These cells at higher magnification show processes extending into dentin.




















Pulp


The central pulp chamber, enclosed by dentin, is filled with a soft connective tissue called pulp (Figure 1-4, A). Histologically, it is the practice to distinguish between dentin and pulp. Dentin is a hard tissue; the pulp is soft (and is lost in dried teeth, leaving a clearly recognizable empty chamber; see Figure 1-2, A). Embryologically and functionally, however, dentin and pulp are related and should be considered together. This unity is exemplified by the classic functions of pulp: it is (1) formative, in that it produces the dentin that surrounds it; (2) nutritive, in that it nourishes the avascular dentin; (3) protective, in that it carries nerves that give dentin its sensitivity; and (4) reparative, in that it is capable of producing new dentin when required.


In summary, the tooth proper consists of two hard tissues: the acellular enamel and the supporting dentin. The latter is a specialized connective tissue, the formative cells of which are in the pulp. These tissues bestow on teeth the properties of hardness and resilience. Their indestructibility also gives teeth special importance in paleontology and forensic science, for example, as a means of identification.




















Supporting Tissues of the Tooth


The tooth is attached to the jaw by a specialized supporting apparatus that consists of the alveolar bone, the PDL, and the cementum, all of which are protected by the gingiva (see Figure 1-1).








Periodontal Ligament


The PDL is a highly specialized connective tissue situated between the tooth and the alveolar bone (Figure 1-5). The principal function of the PDL is to connect the tooth to the jaw, which it must do in such a way that the tooth will withstand the considerable forces of mastication. This requirement is met by the masses of collagen fiber bundles that span the distance between the bone and the tooth and by ground substance between them. At one extremity the fibers of the PDL are embedded in bone; at the other extremity the collagen fiber bundles are embedded in cementum. Each collagen fiber bundle is much like a spliced rope in which individual strands can be remodeled continually without the overall fiber losing its architecture and function. In this way the collagen fiber bundles can adapt to the stresses placed on them. The PDL has another important function, a sensory one. Tooth enamel is an inert tissue and therefore insensitive, yet the moment teeth come into contact with each other, we know it. Part of this sense of discrimination is provided by sensory receptors within the PDL.
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FIGURE 1-5 Light microscope histologic sections of the periodontal ligament (PDL). A, Supporting apparatus of the tooth in longitudinal section. B, At higher magnification, note the fibrocellular nature of the periodontal ligament.




















Cementum


Cementum covers the roots of the teeth and is interlocked firmly with the dentin of the root (see Figures 1-1, 1-2, and 1-5, B). Cementum is a mineralized connective tissue similar to bone except that it is avascular; the mineral is also apatite, and the organic matrix is largely collagen. The cells that form cementum are called cementoblasts.


The two main types of cementum are cellular and acellular. The cementum attached to the root dentin and covering the upper (cervical) portion of the root is acellular and thus is called acellular, or primary, cementum. The lower (apical) portion of the root is covered by cellular, or secondary, cementum. In this case, cementoblasts become trapped in lacunae within their own matrix, very much like osteocytes occupy lacunae in bone; these entrapped cells are now called cementocytes. Acellular cementum anchors PDL fiber bundles to the tooth; cellular cementum has an adaptive role. Bone, the PDL, and cementum together form a functional unit of special importance when orthodontic tooth movement is undertaken.




















Oral Mucosa


The oral cavity is lined by a mucous membrane that consists of two layers: an epithelium and subjacent connective tissue (the lamina propria; Figure 1-6). Although its major functions are lining and protecting, the mucosa also is modified to serve as an exceptionally mobile tissue that permits free movement of the lip and cheek muscles. In other locations it serves as the organ of taste.
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FIGURE 1-6 Oral mucosa. A, Note the difference between tightly bound mucosa of the gingiva (gum) and mobile mucosa of the labial sulcus (alveolar mucosa). B, In histologic sections, the gingival epithelium is seen to be tightly bound to bone by a dense fibrous connective tissue (CT), whereas the epithelium of the lip (C) is supported by a much looser connective tissue.








Histologically, the oral mucosa can be classified in three types: (1) masticatory, (2) lining, and (3) specialized. The masticatory mucosa covers the gingiva and hard palate. The masticatory mucosa is bound down tightly by the lamina propria to the underlying bone (Figure 1-6, B), and the covering epithelium is keratinized to withstand the constant pounding of the food bolus during mastication. The lining mucosa, by contrast, must be as flexible as possible to perform its function of protection. The epithelium is not keratinized; the lamina propria is structured for mobility and is not tightly bound to underlying structures (Figure 1-6, C). The dorsal surface of the tongue is covered by a specialized mucosa consisting of a highly extensible masticatory mucosa containing papillae and taste buds.


A unique feature of the oral mucosa is that the teeth perforate it. This anatomic feature has profound implications in the initiation of periodontal disease. The teeth are the only structures that perforate epithelium anywhere in the body. Nails and hair are epithelial appendages around which epithelial continuity is always maintained. This perforation by teeth means that a sealing junction must be established between the gum and the tooth.


The mucosa immediately surrounding an erupted tooth is known as the gingiva. In functional terms the gingiva consists of two parts: (1) the part facing the oral cavity, which is masticatory mucosa, and (2) the part facing the tooth, which is involved in attaching the gingiva to the tooth and forms part of the periodontium. The junction of the oral mucosa and the tooth is permeable, and thus antigens can pass easily through it and initiate inflammation in gum tissue (marginal gingivitis).














Salivary Glands


Saliva is a complex fluid that in health almost continually bathes the parts of the tooth exposed within the oral cavity. Consequently, saliva represents the immediate environment of the tooth. Saliva is produced by three paired sets of major salivary glands—the parotid, submandibular, and sublingual glands—and by the many minor salivary glands scattered throughout the oral cavity. A precise account of the composition of saliva is difficult because not only are the secretions of each of the major and minor salivary glands different, but their volume may vary at any given time. In recognition of this variability, the term mixed saliva has been used to describe the fluid of the oral cavity. Regardless of its precise composition, saliva has several functions. Saliva moistens the mouth, facilitates speech, lubricates food, and helps with taste by acting as a solvent for food molecules. Saliva also contains a digestive enzyme (amylase). Saliva not only dilutes noxious material mistakenly taken into the mouth, it also cleanses the mouth. Furthermore, it contains antibodies and antimicrobial substances, and by virtue of its buffering capacity plays an important role in maintaining the pH of the oral cavity.


The basic histologic structure of the major salivary glands is similar. A salivary gland may be likened to a bunch of grapes. Each “grape” is the acinus or terminal secretory unit, which is a mass of secretory cells surrounding a central space. The spaces of the acini open into ducts running through the gland that are called successively the intercalated, striated, and excretory ducts (Figure 1-7), analogous to the stalks and stems of a bunch of grapes. These ducts are more than passive conduits, however; their lining cells have a function in determining the final composition of saliva.
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FIGURE 1-7 Diagrammatic illustration of the ductal system of a salivary gland.








The ducts and acini constitute the parenchyma of the gland, the whole of which is invested by a connective tissue stroma carrying blood vessels and nerves. This connective tissue supports each individual acinus and divides the gland into a series of lobes or lobules, finally encapsulating it (Figure 1-8).
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FIGURE 1-8 Low-power photomicrograph of a salivary gland showing its lobular organization.




















Bones of the Jaw


As stated before, teeth are attached to bone by the PDL (Figures 1-1 and 1-5, A). This bone, the alveolar bone, constitutes the alveolar process, which is in continuity with the basal bone of the jaws. The alveolar process forms in relation to teeth. When teeth are lost, the alveolar process is gradually lost as well, creating the characteristic facial profile of the edentulous person whose chin and nose approximate because of a reduction in facial height. Although the histologic structure of the alveolar process is essentially the same as that of the basal bone, practically it is necessary to distinguish between the two. The position of teeth and supporting tissues, which include the alveolar process, can be modified easily by orthodontic therapy. However, modification of the position of the basal bone is usually much more difficult; this can be achieved only by influencing its growth. The way these bones grow is thus important in determining the position of the jaws and teeth.














Temporomandibular Joint


The relationship between the bones of the upper and lower jaws is maintained by the articulation of the condylar process of the mandible with the glenoid fossa of the temporal bone. This articulation, the temporomandibular joint (TMJ), is a synovial joint with special features that permit the complex movements associated with mastication. The specialization of the TMJ is reflected in its histologic appearance (Figure 1-9). The TMJ cavity is formed by a fibrous capsule lined with a synovial membrane and is separated into two compartments by an extension of the capsule to form a specialized movable disk. The articular surfaces of the bone are covered not by hyaline cartilage but by a fibrous layer that is a continuation of the periosteum covering the individual bones. A simplified way to understand the function of the TMJ is to consider it as a joint with the articular disk being a movable articular surface.
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FIGURE 1-9 Sagittal section through the temporomandibular joint. The disk (dividing the joint cavity into upper and lower compartments) is apparent. A, Intra-articular disc; B, mandibular (glenoid fossa); C, condyle of mandible; D, capsule; E, lateral pterygoid muscle; F, articular eminence. (From Berkovitz BKB, Holland GR, Moxham BJ: Oral anatomy, histology, and embryology, ed 3, London, 2002, Mosby.)




















Hard Tissue Formation


The hard tissues of the body—bone, cementum, dentin, and enamel—are associated with the functioning tooth. Because the practice of dentistry involves manipulation of these tissues, a detailed knowledge of them is obligatory (and each is discussed separately in later chapters). The purposes of this section are (1) to explain that a number of common features are associated with hard tissue formation, even though the final products are structurally distinct; (2) to indicate that the functional role of a number of these features is still not understood; and (3) to describe the common mechanism of hard tissue breakdown.


Three (i.e., bone, cementum, and dentin) of the four hard tissues in the body have many similarities in their composition and formation. They are specialized connective tissues, and collagen (principally type I) plays a large role in determining their structure. Although enamel is not a connective tissue and no collagen is involved in its makeup, its formation still follows many of the principles involved in the formation of hard connective tissue. Hard tissue formation may be summarized as the production by cells of an organic matrix capable of accommodating mineral. This rather simple concept, however, embraces a number of complex events, many of which are still not fully understood. For example, how is mineralization initiated in the organic matrix? Or, for that matter, how are mineral ions brought to the mineralization site?








The Organic Matrix in Hard Tissues


A hallmark of calcified tissues is the various matrix proteins that attract and organize calcium and phosphate ions into a structured mineral phase based on carbonated apatite. The formative blast cells of calcified tissues produce the organic matrix constituents that interact with the mineral phase. These cells specialize in protein synthesis and secretion, and they exhibit a polarized organization for vectorial secretion and appositional deposition of matrix proteins.


Of great interest is the fact that the proteins involved in these hard tissue, with one exception (enamel), are similar, comprising a predominant supporting meshwork of type I collagen with various added noncollagenous proteins functioning primarily as modulators of mineralization. Table 1-1 provides a comparative analysis of the characteristics of the various calcified tissues. This basic similarity of constituents is consistent with the general role of collagen-based hard tissues in providing rigid structural support and protection of soft tissues in vertebrates. Enamel has evolved to function specifically as an abrasion-resistant, protective coating that relies on its uniquely large mineral crystals for function. The organic matrix of enamel consists essentially of noncollagenous proteins which have no “scaffolding” role. However, enamel is not the only calcified tissue without collagen. Mineralization of cementum situated along the cervical margin of the tooth occurs within a matrix composed largely of noncollagenous matrix proteins also found in bone. In invertebrates, the shell of mollusks consists of laminae of calcium carbonate separated by a thin layer of organic material, acidic macromolecules among others.




TABLE 1-1


Comparative Relationship Between Vertebrate Hard Tissues










	 

	ENAMEL

	DENTIN

	FIBRILLAR CEMENTUM

	BONE










	MAJOR MATRIX PROTEINS






	Types

	Amelogenin (several isoforms)

	Collagen (type I) (+ type III, traces of V, VI)

	Collagen (type I) (+ type III, XII, traces of V, VI, XIV)

	Collagen (type I) (+ type III, traces of V, XII, XIV)






	Conformation

	Globular supramolecular aggregates

	Random fibrils

	Fibrils

	Fibrils as random






	 

	 

	• Bundles (AEFC)

	• Random (woven)






	 

	 

	• Sheets (CIFC)

	• Sheets (lamellar)






	Other Matrix Proteins






	 

	Nonamelogenins

	Noncollagenous

	Noncollagenous

	Noncollagenous






	Types

	1. Ameloblastin

	1. Dentin sialophosphoprotein as transcript

	1. Bone sialoprotein

	1. Bone sialoprotein






	 

	 

	• Dentin glycoprotein

	 

	 






	 

	 

	• Dentin phosphoprotein

	 

	 






	 

	 

	• Dentin sialoprotein

	 

	 






	 

	2. Enamelin

	2. Dentin matrix protein 1

	2. Osteopontin

	2. Osteopontin






	 

	3. Sulfated protein

	3. Bone sialoprotein

	3. Osteocalcin

	3. Osteocalcin






	 

	 

	4. Osteopontin

	4. Osteonectin

	4. Osteonectin






	 

	 

	5. Osteocalcin

	5. Dentin matrix protein 1

	5. Bone acidic glycoprotein-75






	 

	 

	6. Osteonectin

	6. Dentin sialoprotein

	6. Dentin matrix protein 1






	 

	 

	7. Matrix extracellular phosphoglycoprotein

	 

	7. Dentin sialophosphoprotein as transcript






	 

	 

	 

	 

	8. Matrix extracellular phosphoglycoprotein






	Status of matrix proteins

	Degraded along with amelogenins

	Remain in matrix; also some present in peritubular dentin

	Remain in matrix, but some may be degraded; also present in resting lines

	Remain in matrix, but some may be degraded; also present in resting and reversal lines






	Proteoglycans






	 

	Controversial

	SLRP

	SLRP

	SLRP






	Matrix proteinases






	 

	1. MMP-20 (enamelysin)

	Collagen-processing enzymes and others needed to degrade matrix

	Collagen-processing enzymes and others needed to degrade matrix

	Collagen-processing enzymes and others needed to degrade matrix






	 

	2. KLK-4

	 

	 

	 






	Mineral






	 

	Hydroxyapatite > 90% ribbons (R) expand (mature crystallites can be millimeters in length)

	Hydroxyapatite 67%

	Hydroxyapatite 45% to 50%

	Hydroxyapatite 50% to 60%






	 

	 

	Uniform small plates

	Uniform small plates

	Uniform small plates






	Location of mineral

	Between amelogenin nanospheres

	Inside, at periphery and between type I collagen fibril

	Inside, at periphery and between type I collagen fibril

	Inside, at periphery and between type I collagen fibril






	Nucleated from

	Controversial—Amelogenins?

	Matrix vesicles then moving mineralization front, although additional mechanisms are most likely involved

	Matrix vesicles then moving mineralization front, although additional mechanisms are most likely involved

	Matrix vesicles then moving mineralization front, although additional mechanisms are most likely involved






	 

	Nonamelogenins?

	 

	 

	 






	 

	Dentin?

	 

	 

	 






	Prematrix






	 

	None present; crystallites abut plasma membrane of ameloblasts

	Always present

	Always present; usually very thin

	Present only during formative phase






	Growth type






	 

	Appositional

	Appositional

	Appositional

	Appositional






	Cells






	Formative

	Ameloblasts very tall and thin; multiple morphologies

	Odontoblasts tall with long cytoplasmic processes

	Cementoblasts short

	Osteoblasts short






	Microenvironment

	Putatively sealed by secretory and ruffle-ended ameloblasts; leaky relative to smooth ended-ameloblasts

	Incomplete, leaky junctions; cells act as limiting membrane

	Cells widely spaced

	No junctions at the level of the cell body; cells act as limiting membrane






	Life span of formative cells

	Limited to time until crown erupts

	For life of tooth with gradual loss as pulp chamber occludes

	Probably for life of tooth

	Limited; associated with appositional growth phase






	Maintenance

	None

	Odontoblast process

	Cementocytes

	Osteocytes






	Life span of maintenance cells

	NA

	For life of tooth with gradual loss as pulp chamber occludes

	Limited by overall thickness of the layer

	Long until area of bone undergoes turnover






	Degradative

	None per se; cells secrete proteinases

	Odontoclasts

	Odontoclasts/cementoclasts

	Osteoclasts (limited life span)














[image: image]





Dentin, fibrillar cementum, and bone are collagen-based tissues. Enamel is outside rather than inside the body. Enamel, dentin, and cementum are not vascularized, and they do not turn over. Enamel, dentin, and primary cementum are acellular, but dentin contains the large, arborizing processes of odontoblasts embedded in the matrix.


AEFC, Acellular extrinsic fiber cementum; CIFC, cellular intrinsic fiber cementum; SLRP, small leucine-rich proteoglycans (biglycan, decorin); MMP, metalloproteinase; KLK-4, kallikrein-4; NA, not applicable.


Updated from Nanci A, Smith CE: Matrix-mediated mineralization in enamel and the collagen-based hard tissues. In Goldberg M, Boskey A, Robinson C, editors: Chemistry and biology of mineralized tissues, Rosemont, IL, 1999, American Academy of Orthopaedic Surgeons.

















Mineral


The inorganic component of mineralized tissues consists of hydroxyapatite, represented as Ca10(PO4)6(OH)2 and which has undergone a number of substitutions with other ions. This formula indicates only the atomic content of a conceptual entity known as the unit cell, which is the least number of calcium, phosphate, and hydroxyl ions able to establish stable relationships. The unit cell of biologic apatite is hexagonal; when stacked together, these cells form the lattice of a crystal. The number of repetitions of this arrangement produces crystals of various sizes. Generally the crystals are described as needlelike or platelike and, in the case of enamel, as long, thin ribbons. Some believe that the formation of crystals is preceded by an unstable amorphous calcium phosphate phase.


A layer of water, called the hydration shell, exists around each crystal. Each apatite crystal has three compartments, the crystal interior, the crystal surface, and the hydration shell, all of which are available for the exchange of ions. Thus magnesium and sodium can substitute in the calcium position, fluoride and chloride in the hydroxyl position, and carbonate in the hydroxyl and phosphate positions. Fluoride substitution decreases the solubility of the crystals, whereas carbonate increases it. Magnesium inhibits crystal growth. Furthermore, ions may be adsorbed to the crystal surface by electrostatic attraction or bound in the hydration layer. The apatite crystal can retain its structural configuration while accommodating these substitutions.


In summary, biologic apatite is built on a definite ionic lattice pattern that permits considerable variation in its composition through substitution, exchange, and adsorption of ions. This pattern of ionic variability reflects the immediate environment of the crystal and is used clinically to modify the structure of crystals by exposing them to a fluoride-rich environment.




















Mineralization


Over the past few years, there has been a shift in the perception of biologic mineralization, from a physiologic process highly dependent on sustained active promotion to one relying more on rate-limiting activities, including release from inhibition of mineralization. Essentially, when calcium phosphate deposition is initiated, the crux is then to control spontaneous precipitation from tissue fluids supersaturated in calcium and phosphate ions and to limit it to well-defined sites. Formative cells achieve this by creating microenvironments that facilitate mineral ion handling and by secreting proteins that stabilize calcium and phosphate ions in body fluids and/or control their deposition onto a receptive extracellular matrix. Genome sequencing and gene mapping have shown that several of these proteins are located on the same chromosome and that there is synteny across several species. It has been proposed that all of these proteins derive from the duplication and diversification of an ancestral gene during evolution. Collectively, these proteins are referred to as the secretory calcium-binding phosphoprotein gene cluster that comprises (1) salivary proteins, (2) enamel matrix proteins, and (3) bone/cementum/dentin matrix proteins.


Spontaneous precipitation of a calcium phosphate product does not occur because (1) tissue fluid contains macromolecules, which inhibit crystal formation, and (2) the seeding of mineral requires the expenditure of energy, and an energy barrier must be overcome for crystallization to happen. Two mechanisms have been proposed for initiating mineralization of hard connective tissue. The first involves a structure called the matrix vesicle (Figure 1-10), and the second is heterogeneous nucleation.
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FIGURE 1-10 A, Matrix vesicles (arrows) as seen with the electron microscope. B, Freeze fracture of the vesicle, showing many intramembranous particles thought to represent enzymes. C, Histochemical demonstration of calcium-adenosinetriphosphatase activity on the surface of the vesicle. (From Sasaki T, Garant PR: Anat Rec 245:235, 1996.)








In the first mechanism the vesicle exists in relation to initial mineralization. The matrix vesicle is a small, membrane-bound structure that buds off from the cell to form an independent unit within the first-formed organic matrix of hard tissues. The first morphologic evidence of a crystallite is seen within this vesicle. The matrix vesicle provides a microenvironment in which proposed mechanisms for initial mineralization exist. Thus it contains alkaline phosphatase, calcium-adenosinetriphosphatase, metalloproteinases, proteoglycans, and anionic phospholipids, which can bind calcium and inorganic phosphate and thereby form calcium–inorganic phosphate phospholipid complexes. Matrix vesicles have had an interesting history since their discovery. Initially it was questioned whether they were real structures or artifacts of tissue preparation, and questions remain regarding whether matrix vesicles are implicated only in initiation of mineralization or could still play a role in the ensuing appositional mineralization.


In the second mechanism, during the formation of collagen-based calcified tissues, deposition of apatite crystals is catalyzed by specific atomic groups associated with the surface, holes, and pores of collagen fibrils (Figures 1-11 and 1-12) (see Table 1-1). In bone, 70% to 80% of mineral is located within the collagen fibril; the rest is located in the spaces between fibrils. Although a direct role by collagen has not been excluded, regulation of this process is believed to be achieved by noncollagenous proteins; but the precise function of these proteins and the manner in which they achieve their effect are still not fully understood. One item of particular interest is how these molecules interact with type I collagen. Neither of these mechanisms is involved in the mineralization of enamel; matrix vesicles are absent, and enamel contains no collagen. Initiation of enamel mineralization is believed to be achieved by crystal growth from the already mineralized dentin, by matrix proteins secreted by the ameloblasts, or by both processes.
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FIGURE 1-11 Electron micrograph showing the disposition of crystals in collagen fiber bundles. The gaps in the collagen fibrils are where mineral has been deposited. (From Nylen MV et al: Calcification in biological systems, Pub No. 64, Washington, 1960, American Association for the Advancement of Science.)
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FIGURE 1-12 Schematic illustration of the localization of mineral within the collagen fibril. (Redrawn from Glimcher ML. In Veis A, editor: The chemistry and biology of mineralized connective tissues, New York, 1981, Elsevier-North Holland.)














Crystal Growth


When an apatite crystal has been initiated, its initial growth is rapid but then slows down. Several factors influence crystal growth and composition, but especially important is the immediate environment of the growing crystal. For example, noncollagenous proteins can bind selectively to different surfaces of the crystal, preventing further growth and thereby determining the final size of the crystal. The accumulation of inorganic pyrophosphoric acid (pyrophosphate, PPi) at the crystal surface also blocks further growth.














Alkaline Phosphatase


Alkaline phosphatase activity is always associated with the production of a mineralized tissue. The alkaline phosphatase isozyme is one of several members of the mammalian alkaline phosphatase gene family. Because it is found in several other tissues, the isozyme os referred to as tissue-nonspecific alkaline phosphatase (TNALP). In all cases, alkaline phosphatase exhibits a similar pattern of distribution and is involved with the blood vessels and cell membrane of hard tissue–forming cells. In hard connective tissues, alkaline phosphatase also is found in the organic matrix, associated with matrix vesicles (when present) and occurring freely within the matrix.


Although the enzyme alkaline phosphatase has a clear-cut function, its role in mineralization is not yet fully defined. A precise description of this role is complicated by at least two factors. First, the term alkaline phosphatase is nonspecific, describing a group of enzymes that have the capacity to cleave phosphate groups from substrates, most efficiently at an alkaline pH. Second, the enzyme may have more than one distinct function in mineralization.


When associated with cell membranes, alkaline phosphatase has been thought for many years to play some role in ion handling. It now has been shown, however, that inhibitors of alkaline phosphatase activity does not interfere with calcium transport; therefore, attention has shifted again to the possibility that the enzyme is associated with providing phosphate ions at mineralization sites—the original role proposed for it some several decades ago.


The extracellular activity of alkaline phosphatase at mineralization sites occurs where continuing crystal growth is taking place. At these sites the enzyme is believed to have the function of cleaving pyrophosphate. Hydroxyapatite crystals in contact with serum or tissue fluids are prevented from growing larger because pyrophosphate ions are deposited on their surfaces, inhibiting further growth. Alkaline phosphatase activity breaks down pyrophosphate, thereby permitting crystal growth to proceed.














Transport of Mineral Ions to Mineralization Sites


Although the subject has been studied extensively, the mechanism(s) whereby large amounts of phosphate and calcium are delivered to calcification sites is still the subject of debate. Mineral ions can reach a mineralization front by movement through or between cells. Tissue fluid is supersaturated in these ions, and it is possible that fluid simply needs to percolate between cells to reach the organic matrix, where local factors then would permit mineralization. A priori, this mechanism is more likely to occur between cells, such as osteoblasts and odontoblasts, that have no complete tight junctions and where serum proteins, such as albumin, can be found in the osteoid and predentin matrix they produce. This also applies to cementoblasts that frequently are separated from each other by PDL fibers entering cementum. A number of facts, however, complicate such a simple explanation. For example, hormones influence the movement of calcium in and out of bone. Thus it has been proposed that osteoblasts and odontoblasts form a sort of “limiting membrane” that would regulate ion influx into their respectable tissues. The situation would seem more straightforward for enamel, where tight junctions between secretory stage ameloblasts restrict the passage of calcium. It has been concluded that during the secretory phase of enamel formation, some calcium likely passes between cells but that the majority of calcium entry into enamel occurs through a transcellular route. The situation is different during the maturation stage.


The possibility of transcellular transport is dictated by a particular circumstance: the cytosolic free calcium ion concentration cannot exceed 10-6 mol/L because a greater concentration would cause calcium to inhibit critical cellular functions, leading to cell death. Two mechanisms have been proposed that permit transcellular transport of calcium without exceeding this critical threshold concentration. The first suggests that as calcium enters the cell through specific calcium channels, it is sequestered by calcium-binding proteins that in turn are transported through the cell to the site of release. The second suggests that a continuous and constant flow of calcium ions occurs across the cell without the concentration of free calcium ions ever exceeding 10-6 mol/L. Water in a pipe is a good analogy; regardless of the rate of flow, the amount of water in the pipe is always constant. Finally, intracellular compartments (e.g., endoplasmic reticulum and mitochondria) also play a role in calcium handling. Calcium has been localized to these structures not only in hard tissue–forming cells but also in most other cells, and it is believed that the sequestration of calcium to these organelles is a safety device to control the calcium concentration of the cytosol.




















Hard Tissue Degradation


Bone is remodeling constantly by an orchestrated interplay between removal of old bone and its replacement by new bone. The remaining hard tissues (cementum, dentin, enamel) do not remodel but are degraded and removed during the normal physiologic processes involved in the shedding of deciduous teeth. Enamel is an eccentric hard tissue in part due to its origin from epithelial cells and to the chemically distinct nature of the various noncollagenous matrix proteins expressed by ameloblasts. Like bone, enamel undergoes major changes as it ages. However, in the case of bone, formative and destructive phases result from the activity of cells derived from two separate lineages. The osteoblasts, originating from mesenchyme in the case of long bones, are responsible for bone formation, whereas osteoclasts, originating from the blood (monocyte/macrophage lineage), destroy focal areas of bone as part of normal maintenance. Enamel under ameloblasts undergoes removal of matrix proteins by a process of extracellular enzymatic processing similar to that in the resorption lacuna under osteoclasts. The exact extent of the degradation of organic matrix constituents and the exact manner by which their fragments leave the site of resorption are still not fully defined; in bone transcytosis is involved (see Chapter 6). Such tissues as cementum and dentin do not normally undergo turnover, but all hard tissues of the tooth can be resorbed under certain normal eruptive conditions (e.g., deciduous teeth) and under certain pathologic conditions, including excessive physical forces and inflammation. The cells involved in their resorption have similar characteristics to osteoclasts but generally are referred to as odontoclasts (Figure 1-13).
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FIGURE 1-13 Multinucleated odontoclast resorbing dentin. Note the clear attachment zones (CZ) surrounding the ruffled border (RB).] (From Sahara N, Okafuji N, Toyoka A et al: Arch Histol Cytol 55:273, 1992.)




















Summary


Hard tissue formation involves cells situated close to a good blood supply, producing an organic matrix capable of accepting mineral (apatite). These cells thus have the cytologic features of cells that actively synthesize and secrete protein.


Mineralization in the connective hard tissues entails an initial nucleation mechanism involving a cell-derived matrix vesicle and the control of spontaneous mineral precipitation from supersaturated tissue fluids. After initial nucleation, further mineralization is achieved in relation to the collagen fiber and spread of mineral within and between fibers. In enamel, mineralization initiates either in relation to preexisting apatite crystals of dentin or enamel matrix proteins. Alkaline phosphatase is associated with mineralization, but its role is still not fully understood. The breakdown of hard tissue involves the macrophage system, which produces a characteristic multinucleated giant cell, the osteoclast. To break down hard tissue, this cell attaches to mineralized tissue and creates a sealed environment that is first acidified to demineralize the hard tissue. After exposure to the acidic environment, the organic matrix is broken down by proteolytic enzymes. In enamel, the challenge is to maintain a relatively neutral pH environment that will prevent mineral dissolution and allow optimal activity of the enzymes that break down the organic matrix components.
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This chapter provides basic general embryology information needed to explain the development of the head, particularly the structures in and around the mouth. It supplies a background for understanding (1) the origins of the tissues associated with facial and dental development and (2) the cause of many congenital defects manifest in these tissues.








Germ Cell Formation and Fertilization


The human somatic (body) cell contains 46 chromosomes, 46 being the diploid number for the cell. Two of these are sex chromosomes; the remaining are autosomes. Each chromosome is paired so that every cell has 22 homologous sets of paired autosomes, with one sex chromosome derived from the mother and one from the father. The sex chromosomes, designated X and Y, are paired as XX in the female and XY in the male.


Fertilization is the fusion of male and female germ cells (the spermatozoa and ova, collectively called gametes) to form a zygote, which commences the formation of a new individual. Germ cells are required to have half as many chromosomes (the haploid number), so that on fertilization the original complement of 46 chromosomes will be reestablished in the new somatic cell. The process that produces germ cells with half the number of chromosomes of the somatic cell is called meiosis. Mitosis describes the division of somatic cells.


Before mitotic cell division begins, DNA is first replicated during the synthetic (S) phase of the cell cycle so that the amount of DNA is doubled to a value known as tetraploid (4 times the amount of DNA found in the germ cell). During mitosis the chromosomes containing this tetraploid amount of DNA are split and distributed equally between the two resulting cells; thus both daughter cells have a diploid DNA quantity and chromosome number, which duplicates the parent cell exactly.


Meiosis, by contrast, involves two sets of cell divisions occurring in quick succession. Before the first division, DNA is replicated to the tetraploid value (as in mitosis). In the first division the number of chromosomes is halved, and each daughter cell contains a diploid amount of DNA. The second division involves the splitting and separation of the chromosomes resulting in four cells; thus the final composition of each cell is haploid with respect to its DNA value and its chromosome number.


Meiosis is discussed in this textbook because the process occasionally malfunctions by producing zygotes with an abnormal number of chromosomes and individuals with congenital defects that sometimes affect the mouth and teeth. For example, an abnormal number of chromosomes can result from the failure to separate of a homologous chromosome pair during meiosis, so that the daughter cells contain 24 or 22 chromosomes. If, on fertilization, a gamete containing 24 chromosomes fuses with a normal gamete (containing 23), the resulting zygote will possess 47 chromosomes; one homologous pair has a third component. Thus the cells are trisomic for a given pair of chromosomes. If one member of the homologous chromosome pair is missing, a rare condition known as monosomy prevails. The best known example of trisomy is Down syndrome, or trisomy 21. Among features of Down syndrome are facial clefts, a shortened palate, a protruding and fissured tongue, and delayed eruption of teeth.


Approximately 10% of all human malformations are caused by an alteration in a single gene. Such alterations are transmitted in several ways, of which two are of special importance. First, if the malformation results from autosomal dominant inheritance, the affected gene generally is inherited from only one parent. The trait usually appears in every generation and can be transmitted by the affected parent to statistically half of the children. Examples of autosomal dominant conditions include achondroplasia, cleidocranial dysostosis, osteogenesis imperfecta, and dentinogenesis imperfecta; the latter two conditions result in abnormal formation of the dental hard tissues. Dentinogenesis imperfecta (Figure 2-1) arises from a mutation in the dentin sialophosphoprotein gene. Second, when the malformation is due to autosomal recessive inheritance, the abnormal gene can express itself only when it is received from both parents. Examples include chondroectodermal dysplasia, some cases of microcephaly, and cystic fibrosis.
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FIGURE 2-1 Intra-oral view of a dentition of a child with dentinogenesis imperfecta, an autosomal dominant genetic defect. (Courtesy of A. Kauzman.)








All of these conditions are examples of abnormalities in the genetic makeup or genotype of the individual and are classified as genetic defects. The expression of the genotype is affected by the environment in which the embryo develops, and the final outcome of development is termed the phenotype. Adverse factors in the environment can result in excessive deviation from a functional and accepted norm; the outcome is described as a congenital defect. Teratology is the study of such developmental defects.














Prenatal Development


Prenatal development is divided into three successive phases. The first two, when combined, constitute the embryonic stage, and the third is the fetal stage. The forming individual is described as an embryo or fetus depending on its developmental stage.


The first phase begins at fertilization and spans the first 4 weeks or so of development. This phase involves largely cellular proliferation and migration, with some differentiation of cell populations. Few congenital defects result from this period of development because, if the perturbation is severe, the embryo is lost.


The second phase spans the next 4 weeks of development and is characterized largely by the differentiation of all major external and internal structures (morphogenesis). The second phase is a particularly vulnerable period for the embryo because it involves many intricate embryologic processes; during this period, many recognized congenital defects develop.


From the end of the second phase to term, further development is largely a matter of growth and maturation, and the embryo now is called a fetus (Figure 2-2).
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FIGURE 2-2 Sequences of prenatal development. The upper diagram shows the distinction between embryonic and fetal stages. The lower part of the embryonic diagram is expanded in the bottom diagram, which distinguishes the stages of proliferation and migration and morphogenesis and differentiation. The timing of key events also is indicated. (Modified from Waterman RE, Meller SM. In Shaw JH et al, editors: Textbook of oral biology, Philadelphia, 1978, WB Saunders.)




















Induction, Competence, and Differentiation


Patterning is key in development from the initial axial (head-to-tail) specification of the embryo through its segmentation and ultimately to the development of the dentition. Patterning is a spatial and temporal event as exemplified by regional development of incisors, canines, premolars, and molars, which occurs at different times and involves the classical processes of induction, competence, and differentiation.


All the cells of an individual stem from the zygote. Clearly, they have differentiated somehow into populations that have assumed particular functions, shapes, and rates of turnover. The process that initiates differentiation is induction; an inducer is the agent that provides cells with the signal to enter this process. Furthermore, each compartment of cells must be competent to respond to the induction process. Evidence suggests that over time, populations of embryonic cells vary their competence from no response to maximum response and then back to no response. In other words, windows of competence of varying duration exist for different populations of cells. The concepts of induction, competence, and differentiation apply in the development of the tooth and its supporting tissues.


Using probes composed of specific nucleic acid sequences, recombinant DNA technology can identify not only specific genes but also whether genes are transcriptionally active. By using antibodies for specific proteins, immunohistochemistry provides precise identification and localization of molecules within tissues and cells. These two technologies have led to the recognition of homeobox genes and growth factors, both of which play crucial roles in development.


All homeobox genes contain a similar region of 180 nucleotide base pairs (the homeobox) and function by producing proteins (transcription factors) that bind to the DNA of other downstream genes, thereby regulating their expression. By knocking out such genes or by switching them on, it has been shown that they play a fundamental role in patterning. Furthermore, combinations of differing homeobox genes provide codes or sets of assembly rules to regulate development; one such code is involved in dental development (see Chapter 5).


Homeobox genes act in concert with other groups of regulatory molecules, namely, growth factors and retinoic acids. Growth factors are polypeptides that belong to a number of families. For them to have an effect, cells must express cell-surface receptors to bind them. When bound by the receptors, there is transfer of information across the plasma membrane and activation of cytoplasmic signaling pathways to cause alteration in the gene expression. Thus a growth factor is an inductive agent, and the appropriate expression of cell-surface receptors bestows competency on a cell. A growth factor produced by one cell and acting on another is described as paracrine regulation, whereas the process of a cell that recaptures its own product is known as autocrine regulation (Figure 2-3). The extensive and diverse effects of a relatively few growth factors during embryogenesis can be achieved by cells expressing combinations of cell-surface receptors requiring simultaneous capture of different growth factors to respond in a given way (Figure 2-4). Such combinations represent another example of a developmental code. By contrast, the retinoic acid family freely enters a cell to form a complex with intracellular receptors, which eventually affect gene expression. Growth factors and retinoids regulate the expression of homeobox genes, which in turn regulate the expression of growth factors, an example of the role of regulatory loops in development.
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FIGURE 2-3 Autocrine and paracrine regulation. On the left the cell captures its own cytokine (autocrine); on the right the cytokine is captured by a nearby target cell (paracrine).
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FIGURE 2-4 The effect of expression of cell-surface receptors to capture different combinations of growth factors on cell behavior. If no receptors are expressed, cell death ensues.




















Formation of the Three-Layered Embryo


After fertilization, mammalian development involves a phase of rapid proliferation and migration of cells, with little or no differentiation. This proliferative phase lasts until three germ layers have formed. In summary, the fertilized egg initially undergoes a series of rapid divisions that lead to the formation of a ball of cells called the morula. Fluid accumulates in the morula, and its cells realign themselves to form a fluid-filled hollow ball, called the blastocyst. Two cell populations now can be distinguished within the blastocyst: (1) those lining the cavity (the primary yolk sac), called trophoblast cells, and (2) a small cluster within the cavity, called the inner cell mass or embryoblast (Figure 2-5). The embryoblast cells form the embryo proper, whereas the trophoblast cells are associated with implantation of the embryo and formation of the placenta (they are not described further here).
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FIGURE 2-5 Differentiation of the morula into a blastocyst. At this time cells differentiate into the embryoblast (involved in development of the embryo) and the trophoblast (involved in maintenance). (Adapted from Hertig AT et al: Contrib Embryol 35:199, 1954.)








At about day 8 of gestation, the cells of the embryoblast differentiate into a two-layered disk, called the bilaminar germ disk. The cells situated dorsally, or the ectodermal layer, are columnar and reorganize to form the amniotic cavity. Those on the ventral aspect, the endodermal layer, are cuboidal and form the roof of a second cavity (the secondary yolk sac), which develops from the migration of peripheral cells of the extraembryonic endodermal layer. This configuration is completed after 2 weeks of development (Figure 2-6). During that time the axis of the embryo is established and is represented by a slight enlargement of the ectodermal and endodermal cells at the head (cephalic or rostral) end of the embryo in a region known as the prochordal (or prechordal) plate where ectoderm and endoderm are in contact.
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FIGURE 2-6 A, Schematic representation and B, histologic section of a human blastocyst at 13 days. An amniotic cavity has formed within the ectodermal layer. Proliferation of endodermal cells forms a secondary yolk sac. The bilaminar embryo is well established. (B, Adapted from Brewer JI: Contrib Embryol 27:85, 1938.)








During the third week of development, the embryo enters the period of gastrulation during which the three embryonic germ layers forming the bilaminar embryonic disk is converted to a trilaminar disk (Figure 2-7). As previously described, the floor of the amniotic cavity is formed by ectoderm, and within it a structure called the primitive streak develops along the midline by cellular convergence (Figure 2-7, A). This structure is a narrow groove with slightly bulging areas on each side. The rostral end of the streak finishes in a small depression called the primitive node, or pit. Cells of the ectodermal layer migrate through the streak and between the ectoderm and endoderm. The cells that pass through the streak change shape and migrate away from the streak in lateral and cephalic directions. The cells from the cephalic regions form the notochord process, which pushes forward in the midline as far as the prochordal plate. Through canalization of this process, the notochord is formed to support the primitive embryo.
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FIGURE 2-7 Gastrulation–conversion of the bilaminar embryo into a trilaminar embryo. The left column illustrates the plane of section for the middle and right columns. The middle column provides a three-dimensional view, and the right column provides a two-dimensional representation. A depicts the floor of the amniotic cavity, formed by the ectodermal layer of the bilaminar embryo. Ectodermal cells converge toward the midline to form the primitive streak, a narrow groove terminating in a circular depression called the primitive node. Ectodermal cells then migrate through the streak and between the ectodermal and endodermal layers in lateral and cephalic directions (arrows). A notochord process extends forward from the primitive node. B, A transverse section through x-x1, showing the notochord flanked by mesoderm. C, A section through y-y1. D, Notochord pushing rostrally as seen in longitudinal section.








Elsewhere alongside the primitive streak, cells of the ectodermal layer divide and migrate toward the streak, where they invaginate and spread laterally between the ectoderm and endoderm. These cells, sometimes called the mesoblast, infiltrate and push away the extraembryonic endodermal cells of the hypoblast, except for the prochordal plate, to form the true embryonic endoderm. They also pack the space between the newly formed embryonic endoderm and the ectoderm to form a third layer of cells, called the mesoderm (Figure 2-7, B-D). In addition to spreading laterally, cells spread progressively forward, passing on each side of the notochord and prochordal plate. The cells that accumulate anterior to the prochordal plate as a result of this migration give rise to the cardiac plate, the structure in which the heart forms (Figure 2-7, A). As a result of these cell migrations, the notochord and mesoderm now completely separate the ectoderm from the endoderm (Figure 2-7, C), except in the region of the prochordal plate and in a similar area of fusion at the tail (caudal) end of the embryo, called the cecal plate.














Formation of the Neural Tube and Fate of the Germ Layers


The series of events leading to the formation of the three-layered, or triploblastic, embryo during the first 3 weeks of development now has been sketched. These initial events involve cell proliferation and migration. During the next 3 to 4 weeks of development, major tissues and organs differentiate from the triploblastic embryo; these include the head, face, and tissues contributing to development of the teeth. Key events are the differentiation of the nervous system and neural crest tissues from the ectoderm, the differentiation of mesoderm, and the folding of the embryo in two planes along the rostrocaudal (head-tail) and lateral axes.


The nervous system develops as a thickening within the ectodermal layer at the rostral end of the embryo. This thickening constitutes the neural plate, which rapidly forms raised margins (the neural folds). These folds in turn encompass and delineate a deepening midline depression, the neural groove (Figure 2-8). The neural folds eventually fuse so that a neural tube separates from the ectoderm to form the floor of the amniotic cavity, with mesoderm intervening.
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FIGURE 2-8 Scanning electron micrograph of neural fold elevation. (From Tosney KW: Dev Biol 89:13, 1982.)








As the neural tube forms, changes occur in the mesoderm adjacent to the tube and the notochord. The mesoderm first thickens on each side of the midline to form paraxial mesoderm. Along the trunk of the embryo, this paraxial mesoderm breaks into segmented blocks called somites. Each somite has three components: (1) the sclerotome, which eventually contributes to two adjacent vertebrae and their disks; (2) the myotome, which gives origin to a segmented mass of muscle; and (3) the dermatome, which gives rise to the connective tissue of the skin overlying the somite. In the head region, the mesoderm only partially segments to form a series of numbered somatomeres, which contribute in part to the head musculature. At the periphery of the paraxial mesoderm, the mesoderm remains as a thin layer, the intermediate mesoderm, which becomes the urogenital system. Further laterally the mesoderm thickens again to form the lateral plate mesoderm, which gives rise to (1) the connective tissue associated with muscle and viscera; (2) the serous membranes of the pleura, pericardium, and peritoneum; (3) the blood and lymphatic cells; (4) the cardiovascular and lymphatic systems; and (5) the spleen and adrenal cortex.


A different series of events takes place in the head region. First, the neural tube undergoes massive expansion to form the forebrain, midbrain, and hindbrain. The hindbrain exhibits segmentation by forming a series of eight bulges, known as rhombomeres, which play an important role in the development of the head.








Folding of the Embryo


A crucial developmental event is the folding of the embryo in two planes, along the rostrocaudal axis and along the lateral axis (Figure 2-9). The head fold is critical to the formation of a primitive stomatodeum or oral cavity; ectoderm comes through this fold to line the stomatodeum, with the stomatodeum separated from the gut by the buccopharyngeal membrane (Figure 2-10).
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FIGURE 2-9 Embryo at 21 days, before folding. The arrows indicate where folding occurs.
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FIGURE 2-10 Sagittal sections of embryos illustrate the effects of the caudocephalic foldings. A indicates where folding begins, and B the onset of folding at 24 days. C and D, at 26 and 28 days, respectively, show how the head fold establishes the primitive stomatodeum, or oral cavity (arrow), bounded by the developing brain and cardiac plate. It is separated from the foregut by the buccopharyngeal membrane. E, The embryo at the completion of folding.








Figure 2-11 illustrates how the lateral folding of the embryo determines this disposition of mesoderm. As another result, the ectoderm of the floor of the amniotic cavity encapsulates the embryo and forms the surface epithelium. The paraxial mesoderm remains adjacent to the neural tube and notochord. The lateral plate mesoderm cavitates to form a space (coelom), and the mesoderm bounding the cavity lines the body wall and gut. Intermediate mesoderm is relocated to a position on the dorsal wall of the coelom. The endoderm forms the gut. Figure 2-12 indicates the final disposition of the mesoderm and the derivatives of the ectoderm, endoderm, and neural crest.
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FIGURE 2-11 Cross-sectional profiles. A, The mesoderm, situated between the ectoderm and endoderm in the trilaminar disk. B, Differentiation of the mesoderm into three masses: the paraxial, intermediate, and lateral plate mesoderm. C to E, With lateral folding of the embryo, the amniotic cavity encompasses the embryo, and the ectoderm constituting its floor forms the surface epithelium. Paraxial mesoderm remains adjacent to the neural tube. Intermediate mesoderm is relocated and forms urogenital tissue. Lateral plate mesoderm cavitates, the cavity forming the coelom and its lining the serous membranes of the gut and abdominal cavity.
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FIGURE 2-12 Derivatives of the germ layers and neural crest.




















The Neural Crest


As the neural tube forms, a group of cells separate from the neuroectoderm. These cells have the capacity to migrate and differentiate extensively within the developing embryo (Figure 2-13), and they are the basis for such structures as the spinal sensory ganglia, sympathetic neurons, Schwann cells, pigment cells, and meninges. In the avian embryo these cells can be distinguished differentiating and separating at the crest of the neural folds, hence the name neural crest cells (Figure 2-14). In the mammalian embryo these cells separate from the lateral aspect of the neural plate (Figure 2-15) rather than from its crest; even so, the term neural crest is retained. During their induction, neural crest cells undergo an epithelial-mesenchymal transformation, a process whereby their cell adhesive properties and cytoskeletal organization change, allowing them to delaminate and migrate away from the neural tube. At the molecular level, neural crest cell competence is indicated by the expression of members of the Snail (Snail and Slug) zinc-finger transcription factor family that repress the expression of the cell adhesion molecule E-cadherin. Although there are still a number of unresolved issues, it is believed that bone morphogenetic proteins, Wnt (wingless homologue in vertebrates), and fibroblast growth factor signaling pathways are critical for inducing the neural crest cascade.
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FIGURE 2-13 A to E, Migration and differentiation of cranial neural crest cells (NCCs). A, Migrating ncc. B and C, Neuronal differentiation of ncc. D, Skeletal differentiation of ncc. E, Neurocranium. (From Trainor P: Semin Cell Dev Biol 16[6]:683-693, 2005.)
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FIGURE 2-14 Photomicrograph illustrating the origin and development of neural crest cells in the embryo. (From Noden DM, editor: Receptors and recognition: specificity of embryological interactions, London, 1978, Chapman & Hall.)
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FIGURE 2-15 Mouse embryo. Differentiation of neural crest cells (arrows) from the lateral aspect of the neural plate. (Courtesy of A.G. Lumsden.)








Neural crest cells in the head region have an important role. In addition to assisting in the formation of the cranial sensory ganglia, they also differentiate to form most of the connective tissue of the head. Embryonic connective tissue elsewhere is derived from mesoderm and is known as mesenchyme, whereas in the head it is known as ectomesenchyme, reflecting its origin from neuroectoderm. In a dental context the proper migration of neural crest cells is essential for the development of the face and the teeth. In Treacher Collins syndrome (Figure 2-16), for example, full facial development does not occur because the neural crest cells fail to migrate properly to the facial region. All the tissues of the tooth (except enamel and perhaps some cementum) and its supporting apparatus are derived directly from neural crest cells, and their depletion prevents proper dental development.
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FIGURE 2-16 A and B, Child with mandibulofacial dysostosis (Treacher Collins syndrome). The underdevelopment results from a failure of the neural crest cells to migrate to the facial region. (From Kaban LB, Troulis MJ: Pediatric oral and maxillofacial surgery, St Louis, 2004, Saunders.)
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Knowledge of the evolutionary development of the skull, face, and jaws is helpful in understanding the complex events involved in cephalogenesis (formation of the head). Early chordates have a fairly simple anatomic plan with (1) a notochord for support, (2) a simple nervous system and sense organs, (2) segmented muscle blocks, and, at the beginning of the pharynx in its lateral wall, (3) a series of branchial clefts supported by cartilage to permit gaseous exchange. The first vertebrates evolved from this simple plan and were jawless (agnathia). Cartilaginous blocks (occipital and parachordal) evolved to support the notochord in the head region, along with cartilaginous capsules (nasal, optic, and otic) to protect the sense organs. These cartilages collectively form the neurocranium. The branchial arches, as mentioned, are supported by a series of cartilaginous rods originally numbered 0, 1, 2, and so on, that constitute the viscerocranium. The first cartilage (cartilage 0) of the branchial arches migrated to the neurocranium to provide additional support as the trabecular cartilage. Because of this, the actual second arch cartilage became the first arch cartilage (Figure 3-1, A and B). The neurocranium and viscerocranium together form the chondrocranium.
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FIGURE 3-1 A and B, The viscerocranium and the movement of arch 0 to the neurocranium. C, The jaws developed from the first branchial arch cartilage of the viscerocranium. (Redrawn from Osborn JW, editor: Dental anatomy and embryology, vol 2, Oxford, UK, 1981, Blackwell Scientific.)








From this simple model, vertebrates came to possess jaws (gnathostomata) through modification of the jointed first arch cartilage, with the upper element, the palatopterygo quadrate bar, becoming the upper jaw and the lower element, Meckel's cartilage, becoming the lower jaw (Figure 3-1, C). The fibrous connection between the two formed the jaw joint. In addition to jaws, vertebrate evolution also brought about massive expansion of the head region and associated larger neural and sensory elements. For protection, dermal bones developed as additional bony skeletal elements to form the vault of the skull and the facial skeleton, which included bony jaws and teeth. This cephalic expansion demanded a source of new connective tissue, and as explained in Chapter 2, this source is the neuroectoderm, from which neural crest cells (NCCs) migrate and differentiate into ectomesenchyme. Figure 3-2 shows a comparison between the cranial components of the primitive vertebrate skull and the cranial skeleton of a human fetus.
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FIGURE 3-2 The major components of (A) the primitive vertebrate cranial skeleton and (B) the distribution of these same components in a human fetal head. (From Carlson BM: Human embryology and developmental biology, Philadelphia, 2004, Mosby.) B, Bones of the cranial vault and face are formed by intramembranous ossification (coarse stippling), whereas bones of the cranial base form by endochondral ossification (fine stippling).














Neural Crest Cells and Head Formation


The folding of the three-layered embryo has been described, and the rostral or head fold is important at this point. The neural tube is produced by the formation and fusion of the neural folds, which sink beneath surface ectoderm. The anterior portion of this neural tube expands greatly as the forebrain, midbrain, and hindbrain form, and the part associated with the hindbrain develops a series of eight bulges, the rhombomeres (Figure 3-3). Lateral to the neural tube is paraxial mesoderm, which partially segments rostrally to form seven somatomeres and fully segments caudally to form somites, the first in the series being the occipital somites.
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FIGURE 3-3 The building blocks for cephalogenesis.








NCCs from the midbrain and the first two rhombomeres transform and migrate as two streams to supply additional embryonic connective tissue needed for craniofacial development (Figure 3-4). The first stream provides much of the ectomesenchyme associated with the face while the second stream is targeted to the first arch where they contribute to formation of the jaws. NCC subpopulations, depending on their anteroposterior location along the neural tube, are subject to a very complex temporal and spatial set of signaling event. A plethora of molecules are used as cues to guide them to their ultimate destination within restricted areas of the head. Their eventual differentiation is also tightly controlled through reciprocal signaling with neighboring ectodermal cells. The various intracellular signaling events and crosstalk between cells eventually culminate to elicit various cellular responses including proliferation, migration, differentiation, and survival or apoptosis.
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FIGURE 3-4 The source and pattern of neural crest migration to the developing face and branchial arch system. The midbrain and rhombomeres 1 and 2 contribute to the face and first branchial arch.








NCCs from rhombomere 3 and beyond migrate into arches that will give rise to pharyngeal structures. Because homeobox transcription factor genes are not expressed anterior to rhombomere 3, a different set of coded patterning genes has been adapted for development of cephalic structures (Figure 3-5). This new set of transcription factor genes, reflecting the later development of the head in evolutionary terms, includes orthodenticle homeobox 2 (Otx2), muscle segment homeobox (Msx), the distal-less homeobox (Dlx), and the BarH-like homeobox (Barx). Homeobox genes also are implicated in dental development, and their effects are discussed in Chapter 5.
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FIGURE 3-5 Migrating NCCs express the same homeobox (Hox) genes as their precursors in the rhombomeres from which they derive. Note that Hox genes are not expressed anterior to rhombomere 3. A new set of patterning genes (Otx2, Msx, Dlx, Barx) has evolved to bring about development of cephalic structures so that a “Hox code” also is transferred to the branchial arches and developing face.








Some NCC populations require instructions from their local microenvironment. The resulting crosstalk involves common signaling pathways, such as sonic hedgehog (Shh), fibroblast growth factor (Fgf), and bone morphogenetic proteins (Bmp). Enzymes that modify chromatin architecture regulating the accessibility of transcription factors to DNA also participate in craniofacial patterning. Environmental factors that transmit repulsive and/or attractive signals are also instrumental in specifying the segregation and fate of NCCs in their migration to branchial arches. Several secreted ligands and their membrane bound receptors provide repulsive cues especially in the NCC-free regions of mesenchyme adjacent to rhombomeres 3 and 5. Among others, important players in this process are the membrane anchored receptors v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 4 (Erbb4), ephrin and neurolipin, along with their respective soluble ligands, neuregulins, ephrins and semaphorins. On the other hand, directional guidance (attraction) of NCCs into their respective arches is provided by another elaborate set of species-specific molecules, such as Twist, T-box 1 (Tbx1), stromal cell-derived factor 1/chemokine cxc motif receptor 4 (Sdf1b/Cxcr4a), neuropilin 1/vascular endothelial growth factor (Npn1/Vegf), and Fgf receptor 1 (Fgfr1).


The species-specific patterning of the head and face, especially shape and size of beak and muzzle, has been suggested to depend on the canonical (beta-catenin-dependent) Wnt signaling pathway which seems to be an upstream modulator of critical effector molecules, such as Fgf8, Bmp2, and Shh present in the fronto-nasal ectodermal zone (FEZ) center. This center is another major determinant of species-specific patterning and outgrowth of the upper face. Variation in the organization, relative size and position of the FEZ, together with other molecules like calmodulin, are partly responsible for the very different shapes encountered in nature.


Although our understanding of molecular analyses has made significant progress, the cell biological activities resulting from various molecular cascades remain largely unexplored. Planar polarity genes are attracting much attention not only because of their role in regulating cell polarity and morphogenesis but also because of their implication in positioning cellular structures, and coordinating activities, such as cell intercalation. One such structure is the cilium, which is found on the surface of most vertebrate cells and acts as a mechanical/chemical sensor. Ciliary dysfunction is present in some syndromes, such as facial-digital syndrome and Bardet-Biedl syndrome, which exhibit facial changes, as well as cleft palate and micrognatia. Experimentally, it has been shown that a neural crest-targeted mutation of the kif3 gene, encoding for a kinesin-like protein implicated in ciliogenesis and intraflagellar transport, affects polarized growth and cell shape, resulting in shortened mandibles and defects in development of the cranial base.














Branchial (Pharyngeal) Arches and the Primitive Mouth


When the stomatodeum first forms, it is delimited rostrally by the frontal prominence and caudally by the developing cardiac bulge (Figures 3-6 and 3-7). The buccopharyngeal membrane, a bilaminar structure consisting of apposed ectoderm and endoderm, separates the stomatodeum from the foregut, but this soon breaks down so that the stomatodeum communicates directly with the foregut (see Figures 3-6 and 3-7). Laterally the stomatodeum becomes limited by the first pair of pharyngeal or branchial arches (Figure 3-8). The branchial arches form in the pharyngeal wall as a proliferation of mesoderm infiltrated by migrating NCCs. Six cylindrical thickenings thus form, however the fifth and sixth are transient structures in humans. They expand from the lateral wall of the pharynx and approach their anatomic counterparts expanding from the opposite side. In doing so, the arches progressively separate the primitive stomatodeum from the developing heart. The arches are seen clearly as bulges on the lateral aspect of the embryo and are separated externally by small clefts called branchial grooves. On the inner aspect of the pharyngeal wall are corresponding small depressions called pharyngeal pouches that separate each of the branchial arches internally. Table 3-1 summarizes the derivatives of the branchial (pharyngeal) arch system.




TABLE 3-1


Derivatives of the Branchial (Pharyngeal) Arch System










	 

	ARCH

	GROOVE

	POUCH










	First

	1. Mandible and maxilla

	1. External auditory meatus

	2. Tympanic membrane






	 

	2. Meckel's cartilage:

	 

	3. Tympanic cavity






	 

	 a. Incus and malleus of inner ear

	 

	4. Mastoid antrum






	 

	 b. Sphenomalleolar ligament

	 

	5. Eustachian tube






	 

	 c. Sphenomandibular ligament

	 

	 






	Second

	1. Reichert's cartilage:

	Obliterated by the down-growth of the second arch

	1. Largely obliterated






	 

	 a. Styloid process of temporal bone

	2. Contributes to tonsil






	 

	 b. Stylohyoid ligament

	 






	 

	 c. Lesser horns of the hyoid bone

	 






	 

	 d. Upper part of the body of the hyoid bone

	 

	 






	Third

	1. Lower part of the body of the hyoid bone

	 

	Inferior parathyroid gland






	2. Greater horns of the hyoid bone

	 

	Thymus






	Fourth

	1. Cartilages of the larynx

	 

	Superior parathyroid gland
Ultimobranchial body






	Fifth

	Transient

	Transient

	Transient






	Sixth

	Transient

	Transient

	Transient














[image: image]
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FIGURE 3-6 Sagittal section through a 4-week-old embryo showing the stomatodeum delimited by the frontal prominence above and the developing cardiac bulge below. The buccopharyngeal membrane separates the stomatodeum from the primitive gut.
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FIGURE 3-7 A 26-day-old embryo. A, Front view. B, Side view. The structures limiting the stomatodeum are clearly recognizable. (Courtesy of H. Nishimura.)
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FIGURE 3-8 A, Development of pharyngeal arches and the grooves between them in a 35-day-old embryo. B, Midline section showing reflection of the arches on the pharyngeal wall and the pharyngeal pouches separating them. The dotted line (arrow) represents the site where the buccopharyngeal membrane was.
















Fate of Grooves And Pouches


The first groove and pouch are involved in the formation of the external auditory meatus, tympanic membrane, tympanic antrum, mastoid antrum, and pharyngotympanic or eustachian tube. The second, third, and fourth grooves normally are obliterated by overgrowth of the second arch forming a cervical sinus that sometimes persists and opens onto the side of the neck (branchial fistula) or on the neck and inside the pharynx (pharyngocutaneous fistula). The second pouch is also largely obliterated by the development of the palatine tonsil; a part persists as the tonsillar fossa. The third pouch expands dorsally and ventrally into two compartments, and its connection with the pharynx is obliterated. The dorsal component gives origin to the inferior parathyroid gland, whereas the ventral component, with its anatomic counterpart from the opposite side, forms the thymus gland. The fourth pouch also expands into dorsal and ventral components. The dorsal component gives origin to the superior parathyroid gland, and the ventral portion gives rise to the ultimobranchial body, which in turn gives rise to the parafollicular cells of the thyroid gland. The fifth pouch in human beings is rudimentary and thus disappears or becomes incorporated into the fourth pouch.














Anatomy of an Arch


Every branchial arch has the same basic plan. The inner aspect is covered by endoderm and the outer surface by ectoderm, except for the first arch because it forms in front of the buccopharyngeal membrane and therefore derives completely from ectodermally covered surfaces. The central core consists of mesenchyme derived from lateral plate mesoderm invaded by NCCs, referred to as ectomesenchyme. This “neural-derived” mesenchyme condenses to form a bar of cartilage, the arch cartilage (Figure 3-9). The cartilage of the first arch is called Meckel's cartilage, and that of the second Reichert's, after the anatomists who first described them. The other arch cartilages are not named. The contribution of Meckel's is discussed subsequently and Reichert's cartilage gives rise to a bony process, the stylohyoid ligament and the upper part of the body and lesser horns of the hyoid bone. The cartilage of the third arch gives rise to the lower part of the body and greater horns of the hyoid bone and that of the fourth arch to the cartilages of the larynx.
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FIGURE 3-9 Progressive stages in development of pharyngeal arches and their derivatives during the second month in utero. (Redrawn from Shaw JH, Sweeney EA, Cappuccino CC et al: Textbook of oral biology, Philadelphia, 1978, Saunders.)








Some of the mesenchyme surrounding this cartilaginous bar develops into striated muscle. The first arch musculature gives origin to the muscles of mastication, and the second arch musculature to the muscles of facial expression. Each arch also contains an artery and a nerve (Table 3-2). The nerve consists of two components, one motor (supplying the muscle of the arch) and one sensory. The sensory nerve divides into two branches: a posttrematic branch, supplying the epithelium that covers the anterior half of the arch, and a pretrematic branch, passing forward to supply the epithelium that covers the posterior half of the preceding arch. The nerve of the first arch is the fifth cranial (or trigeminal) nerve, that of the second is the seventh cranial (or facial) nerve, and that of the third is the ninth cranial (or glossopharyngeal) nerve. Structures derived from any arch carry with them the nerve supply of that arch. Thus the muscles of mastication are innervated by the trigeminal nerve.




TABLE 3-2


Innervation and Vascularization of Pharyngeal Arches








	ARCH

	BLOOD VESSEL

	NERVE










	First

	First aortic arch

	Mandibular (and maxillary) division of the trigeminal nerve (cranial nerve V)






	Second

	Second aortic arch

	Facial (VII)






	Third

	Third aortic arch

	Glossopharyngeal (IX)






	Fourth

	Fourth aortic arch

	Vagus (X)
























Fusion of Processes


The first, second, and third branchial arches play an important role in the development of the face, mouth, and tongue. Classically, the formation of the face is described in terms of the formation and fusion of several processes or prominences (Figure 3-10). This terminology may be confusing, however. In some instances these processes are swellings of mesenchyme that cause furrows between apparent processes, so that the ostensible fusion of processes actually involves the elimination of a furrow. Only in certain instances, such as the union of the palatal processes, does actual fusion occur (Figure 3-11). With this distinction understood, the conventional term process (rather than the more accurate terms swelling or prominence) is used to describe the further development of the face and oral cavity.
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FIGURE 3-10 Fusion of facial processes involves elimination of furrows between them. The arrows indicate the general direction of the fusion events. Compare with Figure 3-11.
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FIGURE 3-11 During palate formation, there is fusion of palatal processes, involving the breakdown of surface epithelium.








To recapitulate, the primitive stomatodeum is at first bounded above (rostrally) by the frontal prominence, below (caudally) by the developing heart, and laterally by the first branchial arch. With spread of the arches midventrally, the cardiac plate is distanced from the stomatodeum, and the floor of the mouth is now formed by the epithelium covering the mesenchyme of the first, second, and third branchial arches.


At about day 24 of gestation, the first branchial arch establishes another process, the maxillary process, so that the stomatodeum is limited cranially by the frontal prominence covering the rapidly expanding forebrain, laterally by the newly formed maxillary process, and ventrally by the first arch (now called the mandibular process; Figure 3-12).
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FIGURE 3-12 A 27-day-old embryo viewed from the front. The beginning elements for facial development and the boundaries of the stomatodeum are apparent. The first arch gives rise to maxillary and mandibular processes. (Courtesy of H. Nishimura.)


























Formation of the Face


Early development of the face is dominated by the proliferation and migration of ectomesenchyme involved in the formation of the primitive nasal cavities. At about day 28 of gestation, localized thickenings develop within the ectoderm of the frontal prominence, just above the opening of the stomatodeum. These thickenings are the olfactory placodes. Rapid proliferation of the underlying mesenchyme around the placodes bulges the frontal eminence forward and also produces a horseshoe-shaped ridge that converts the olfactory placode into the nasal pit (Figure 3-13). The lateral arm of the horseshoe is called the lateral nasal process, and the medial arm the medial nasal process. The region of the frontal prominence where these changes take place and the nose will develop also is referred to as the frontonasal process (region). The medial nasal processes of both sides, together with the frontonasal process, give rise to the middle portion of the nose.
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FIGURE 3-13 A 34-day-old embryo viewed from the front. The nasal pits have formed, thereby delineating the lateral and medial nasal processes. (Courtesy of H. Nishimura.)








The maxillary process grows medially and approaches the lateral and medial nasal processes but remains separated from them by distinct grooves, the nasolacrimal groove and the bucconasal groove (Figure 3-14). As the process continues to grow, the medial nasal process is displaced toward the midline, where it merges with its anatomic counterpart from the opposite side. In this way the middle portion of the upper lip or philtrum is formed. The merging of the two medial nasal processes also results in the formation of that part of the maxilla carrying the incisor teeth and the primary palate. Fusion occurring between the forward extent of the maxillary process and the lateral aspect of the medial nasal process will obliterate the bucconasal groove and result in the formation of the lateral aspects of the upper lip. The lower lip is formed, of course, by merging of the two streams of ectomesenchyme of the mandibular processes. These steps in facial development are shown in Figure 3-15.
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FIGURE 3-14 Scanning electron micrograph of a human embryo at around 6 weeks of development. (Courtesy of K.K. Sulik.)
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FIGURE 3-15 Schematic representation of the origin of different parts of the face. The solid lines indicate sites of potential malformations resulting from lack of fusion between facial processes.








An unusual type of fusion occurs between the maxillary process and the lateral nasal process. As with most other processes associated with facial development, the maxillary and lateral nasal processes initially are separated by a deep furrow (see Figure 3-14). The epithelium in the floor of the groove between them forms a solid core that separates from the surface and eventually canalizes to form the nasolacrimal duct. When the duct has separated, the two processes merge by infilling of mesenchyme.


The face develops between days 24 and 28 of gestation. By this time some of the epithelium covering the facial processes already can be distinguished as odontogenic, or tooth forming (Figure 3-16). On the inferior border of the maxillary process and the superior border of the mandibular arch, the epithelium begins to proliferate and thicken. This thickened area is the odontogenic epithelium will form the primary epithelial band. Odontogenic epithelium also develops on the medial nasal process (see Figure 3-16, D and E), but not until day 37 of development, when the processes fuse, can a single band of thickened epithelium be observed. Thus the primary epithelial band is an arch-shaped continuous plate of odontogenic epithelium that forms in the upper and lower jaws.
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FIGURE 3-16 Summary of human facial development from about weeks 4 through 6 of development. Left-column photographs show actual embryos; the middle and right columns are diagrams of frontal and lateral views. A, Boundaries of the stomatodeum in a 26-day-old embryo. B, A 27-day-old embryo. The nasal placode is about to develop, and odontogenic epithelium can be identified in the regions delimited by the white bars. C, A 34-day-old embryo. The nasal pit, surrounded by lateral and medial nasal processes, is easily recognizable. D, A 36-day-old embryo shows the fusion of various facial processes that are completed by 38 days of gestation (E). (Photos courtesy of H. Nishimura. Drawings adapted from Nery EB, Kraus BS, Croup M: Arch Oral Biol 15:1315, 1970.)




















Formation of the Secondary Palate


Initially, there is a common oronasal cavity bounded anteriorly by the primary palate and occupied mainly by the developing tongue. Only after the development of the secondary palate is distinction between the oral and nasal cavities possible. The palate proper develops from primary and secondary components.


The formation of the primary palate from the frontonasal and medial nasal processes has been described already. The formation of the secondary palate commences between 7 and 8 weeks of gestation and completes around the third month of gestation. Three outgrowths appear in the oral cavity; the nasal septum grows downward from the frontonasal process along the midline, and two palatine shelves or processes, one from each side, extend from the maxillary processes toward the midline. The shelves are directed first downward on each side of the tongue. After 7 weeks of development, the tongue is withdrawn from between the shelves, which now elevate and fuse with each other above the tongue and with the primary palate (Figures 3-17 to 3-19). The septum and the two shelves converge and fuse along the midline, thus separating the primitive oral cavity into nasal and oral cavities. The closure of the secondary palate proceeds gradually from the primary palate in a posterior direction. A factor contributing to closure of the secondary palate is displacement of the tongue from between the palatine shelves by the growth pattern of the head.
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FIGURE 3-17 Formation of the secondary palate. A, At 7 weeks of development, the palatine shelves are forming from the maxillary processes and are directed downward on each side of the developing tongue. B, At 8 weeks, the tongue has been depressed and the palatine shelves are elevated but not fused. C, Fusion of the shelves and the nasal septum is completed.
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FIGURE 3-18 Formation of the secondary palate. Coronal sections through human embryos at approximately (A) 7 weeks, (B) 8 weeks, and (C) 9 weeks of development. The initial disposition of palatine shelves on each side of the tongue is shown in A, their elevation coincident with depression of the tongue in B, and their final fusion with each other and with the nasal septum in C. (Adapted from Diewert VM: Am J Anat 167:495, 1983.)
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FIGURE 3-19 Palatine shelves in (A) 7-week-old and (B) 8-week-old human embryos corresponding approximately to Figures 3-16, A and B, and 3-17, B. (From Waterman RE, Meller SM: Anat Rec 180:111, 1974.)








Between 7 and 8 weeks of gestation the tongue and mandible in the embryo are small relative to the upper facial complex, and the lower lip is positioned behind the upper one. The head is folded onto the developing thoracic region, and the tongue occupies an elevated position between the palatine shelves (Figure 3-20, A). By 9 weeks of gestation, the upper facial complex has lifted away from the thorax and thus permits the tongue and lower jaw to grow forward so that the lower lip now is positioned in advance of the upper lip and the tongue is situated below the palatine shelves (Figure 3-20, B).
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FIGURE 3-20 Sagittal sections through human embryos. A, At 7 weeks of development, the folded head has the upper lip in front of the lower, with the tongue elevated. B, By 9 weeks, the head is raised so that the tongue not only is lowered but also has grown forward. The lower lip is now slightly in front of the upper. (From Diewert V: Contribution of differential growth of cartilages to changes in craniofacial morphology. In Dixon AD, Sarnat BG, editors: Factors and mechanisms influencing bone growth, New York, 1982, Alan R. Liss.)








For fusion of the palatine shelves to occur and fusion of any other processes, elimination of the epithelial covering of the shelves is necessary. As the two palatine shelves meet, adhesion of the epithelia occurs so that the epithelium of one shelf becomes indistinguishable from that of the other, and a midline epithelial seam that consists of two layers of basal epithelial cells forms. This midline seam must be removed to permit ectomesenchymal continuity between the fused processes. As palatal growth proceeds, the seam first thins down and then breaks up into discrete islands of epithelial cells (Figure 3-21). The basal lamina surrounding these cells then is lost, and the epithelial cells lose their epithelial characteristics and assume fibroblast-like features. In other words, epithelial cells transform into mesenchymal cells; that is, they undergo an epitheliomesenchymal transformation (transition). This is a fundamental embryonic process that also is implicated in the invasive behavior of epithelial neoplastic cells. During craniofacial development, such a transformation is a prerequisite for neural crest cell migration (see Chapter 2) and also may be implicated in cementoblast differentiation (see Chapter 9).
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FIGURE 3-21 Ventrodorsal histologic section of the forming maxilla, from a human embryo, passing through the developing teeth and fusing palatal shelves. Remnants of the surface epithelium of the shelves (arrows) are visible along the line of fusion. (Courtesy of M. Seccani Galassi.)




















Formation of the Tongue


The tongue begins to develop at about 4 weeks of gestation. The pharyngeal arches meet in the midline beneath the primitive mouth. Local proliferation of the mesenchyme then gives rise to a number of swellings in the floor of the mouth (Figure 3-22, see also Figure 3-9). First, a swelling (the tuberculum impar) arises in the midline in the mandibular process and is flanked by two other bulges, the lingual swellings. These lateral lingual swellings quickly enlarge and merge with each other and the tuberculum impar to form a large mass from which the mucous membrane of the anterior two thirds of the tongue is formed. The root of the tongue arises from a large midline swelling developed from the mesenchyme of the second, third, and fourth arches. This swelling consists of a copula (associated with the second arch) and a large hypobranchial eminence (associated with the third and fourth arches). As the tongue develops, the hypobranchial eminence overgrows the copula, which disappears. The posterior part of the fourth arch marks the development of the epiglottis.
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FIGURE 3-22 Development of the tongue. A, The lingual swellings, together with the tuberculum impar, which arise from the first arch, will form the anterior two thirds of the tongue. The hypobranchial eminence overgrows the second arch. B, Final disposition of the tongue and the relative contributions of the first to fourth arch. The arrow depicts the route of incoming occipital myotomes that form the tongue muscle.








The tongue separates from the floor of the mouth by a down-growth of ectoderm around its periphery, which subsequently degenerates to form the lingual sulcus and gives the tongue mobility. The muscles of the tongue have a different origin; they arise from the occipital somites, which have migrated forward into the tongue area, carrying with them their nerve supply, the twelfth cranial (hypoglossal) nerve.


This unusual development of the tongue explains its innervation. Because the mucosa of the anterior two thirds of the tongue is derived from the first arch, it is supplied by the nerve of that arch, the fifth cranial (trigeminal) nerve; whereas the mucosa of the posterior third of the tongue, derived from the third arch, is supplied by the ninth cranial (glossopharyngeal) nerve. As previously indicated, the motor supply to the muscles of the tongue is the twelfth cranial nerve.


The development of the tongue and palate and the formation of the oral cavity are diagrammed in Figure 3-23, which illustrates midline sagittal sections through the developing embryo at progressively advancing stages of gestation.
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FIGURE 3-23 Summary of the development of the oral cavity as seen in midsagittal section. A, Head fold and formation of the stomatodeum, or oral cavity. B, Formation of the nasal pit and primary palate. C, Establishment of the continuity between the presumptive nasal and oral cavities. D and E, Final anatomy of the nasal and oral cavities established by development of the secondary palate.




















Development of the Skull


The skull can be divided into three components: (1) the cranial vault, (2) the cranial base, and (3) the face (Figure 3-24). Membranous bone, formed directly in mesenchyme with no cartilaginous precursor, forms the cranial vault and face (Figure 3-25; see also Figure 3-2) while the cranial base undergoes endochondral ossification (see Figure 3-2). Some of these membrane-formed bones may develop secondary cartilages to provide rapid growth. Intramembranous and endochondral ossification are discussed in Chapter 6.
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FIGURE 3-24 Subdivisions of the skull.
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FIGURE 3-25 A 14-week-old cleared human embryo in which the mineralized bone has been stained with alizarin red. (Courtesy of V.M. Diewert, photographed from the University of Washington collection.)








For skull development, standard texts on embryology should be consulted. This text considers in detail only the development of the jaws.














Development of the Mandible and Maxilla


The mandible and the maxilla form from the tissues of the first branchial arch, the mandible forming within the mandibular process and the maxilla within the maxillary process.








Mandible


The cartilage of the first arch, Meckel's cartilage, forms the lower jaw in primitive vertebrates. In human beings, Meckel's cartilage has a close positional relationship to the developing mandible but makes no contribution to it. At 6 weeks of development, this cartilage extends as a solid hyaline cartilaginous rod surrounded by a fibrocellular capsule, from the developing ear region (otic capsule) to the midline of the fused mandibular processes (Figure 3-26). The two cartilages of each side do not meet at the midline but are separated by a thin band of mesenchyme. The mandibular branch of the trigeminal nerve (the nerve of the first arch) has a close relationship to Meckel's cartilage, beginning two thirds of the way along the length of the cartilage. At this point the mandibular nerve divides into lingual and inferior alveolar branches, which run along the medial and lateral aspects of the cartilage, respectively. The inferior alveolar nerve further divides into incisor and mental branches more anteriorly.
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FIGURE 3-26 Slightly oblique coronal section of an embryo demonstrating almost the entire extent of Meckel's cartilage. (From Diewert VM: Am J Anat 167:495, 1983.)








On the lateral aspect of Meckel's cartilage, during the sixth week of embryonic development, a condensation of mesenchyme occurs in the angle formed by the division of the inferior alveolar nerve and its incisor and mental branches. At 7 weeks of development, intramembranous ossification begins in this condensation, forming the first bone of the mandible (Figure 3-27). From this center of ossification, bone formation spreads rapidly anteriorly to the midline and posteriorly toward the point where the mandibular nerve divides into its lingual and inferior alveolar branches. This spread of new bone formation occurs anteriorly along the lateral aspect of Meckel's cartilage, forming a trough that consists of lateral and medial plates that unite beneath the incisor nerve. This trough of bone extends to the midline, where it comes into approximation with a similar trough formed in the adjoining mandibular process. The two separate centers of ossification remain separated at the mandibular symphysis until shortly after birth. The trough soon is converted into a canal as bone forms over the nerve, joining the lateral and medial plates.
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FIGURE 3-27 Site of initial osteogenesis related to mandible formation. Bone formation extends from this anteriorly and posteriorly along Meckel's cartilage.








Similarly, there is a backward extension of ossification along the lateral aspect of Meckel's cartilage to the point where the mandibular nerve divides into the inferior alveolar and lingual nerves. From this point where the nerve divides to the midline, medial and lateral alveolar plates of bone develop in relation to the forming tooth germs subdividing the trough of bone. Thus the teeth come to occupy individual compartments, which finally are enclosed totally by growth of bone over the tooth germ. In this way the body of the mandible essentially is formed (Figure 3-28).
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FIGURE 3-28 Photomicrograph of a coronal section through an embryo showing the general pattern of intramembranous bone deposition associated with formation of the mandible. The relationship among nerve, cartilage, and tooth germ is evident. Arrowheads indicate the future directions of bone growth to form the neural canal and lateral and medial alveolar plates. Compare this with the development of the maxilla (see Figure 3-34).








The ramus of the mandible develops by a rapid spread of ossification posteriorly into the mesenchyme of the first arch, turning away from Meckel's cartilage (Figure 3-29). This point of divergence is marked by the lingula in the adult mandible, the point at which the inferior alveolar nerve enters the body of the mandible.
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FIGURE 3-29 Spread of mandibular ossification away from Meckel's cartilage at the lingula.








Thus by 10 weeks of development, the rudimentary mandible is formed almost entirely by intramembranous ossification, with little or no involvement of Meckel's cartilage (Figures 3-30 and 3-31). Although Meckel's cartilage is not directly implicated, there is some emerging evidence that it may play an active role by delimiting the region where bone formation will take place. Meckel's cartilage has the following fate (see Table 3-1): its most posterior extremity forms the incus and malleus of the inner ear and the sphenomalleolar ligament. From the sphenoid to the division of the mandibular nerve into its alveolar and lingual branches, the cartilage is lost totally, but its fibrocellular capsule persists as the sphenomandibular ligament. From the lingula forward to the division of the alveolar nerve into its incisor and mental branches, Meckel's cartilage degenerates (Figure 3-31). Forward from this point to the midline, some evidence exists that the cartilage might make a small contribution to the mandible by means of endochondral ossification.
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FIGURE 3-30 Photomicrograph of a sagittal section through the developing jaw of an embryo showing how bone forms around Meckel's cartilage as it forms the body of the mandible.
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FIGURE 3-31 Photomicrograph of the degeneration of Meckel's cartilage. As the cartilage is degraded, the space previously occupied by cartilage becomes filled with new bone. This is not an example of endochondral ossification, which involves deposition of bone on mineralized cartilage.








The further growth of the mandible until birth is influenced strongly by the appearance of three secondary (growth) cartilages and the development of muscular attachments. These secondary cartilages include (1) the condylar cartilage, which is most important; (2) the coronoid cartilage; and (3) the symphyseal cartilage. These cartilages are referred to as secondary to distinguish them from the primary Meckel's cartilage. They have a different histologic structure from the primary cartilages in that their cells are larger and less intercellular matrix is formed.


The condylar cartilage appears at 12 weeks of development and rapidly forms a cone-shaped or carrot-shaped mass that occupies most of the developing ramus (Figure 3-32). This mass of cartilage is converted quickly to bone by endochondral ossification (see Chapter 6), so that at 20 weeks of development only a thin layer of cartilage remains in the condylar head. This remnant of cartilage persists until the end of the second decade of life, providing a mechanism for growth of the mandible, in the same way as the epiphyseal cartilage does in the limbs.
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FIGURE 3-32 Condylar cartilage. A, A radiograph of the mandible of a midterm fetus shows the carrot-shaped wedge of new bone that has formed from the condylar cartilage. B, The new bone as seen in a dried fetal mandible. C, Histologic examination of the same shows the distinction between cartilaginous and intramembranous ossification. (A and B from Scott JH, Dixon AD: Anatomy for students of dentistry, London, 1979, Churchill Livingstone; C from Chi JG, Lee SK: Sequential atlas of human development, Seoul, South Korea, 1992, Medical Publishing.)








The coronoid cartilage appears at about 4 months of development, surmounting the anterior border and top of the coronoid process. Coronoid cartilage is a transient growth cartilage and disappears long before birth.


The symphyseal cartilages, two in number, appear in the connective tissue between the two ends of Meckel's cartilage but are entirely independent of it. They are obliterated within the first year after birth. Small islands of cartilage also may appear as variable and transient structures in the developing alveolar processes.


Thus the mandible is a membrane bone, developed in relation to the nerve of the first arch and almost entirely independent of Meckel's cartilage. The mandible has neural, alveolar, and muscular elements (Figure 3-33), and its growth is assisted by the development of secondary cartilages.
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FIGURE 3-33 Differing developmental blocks for the mandible.




















Maxilla


The maxilla also develops from a center of ossification in the mesenchyme of the maxillary process of the first arch. No arch cartilage or primary cartilage exists in the maxillary process, but the center of ossification is associated closely with the cartilage of the nasal capsule. As in the mandible, the center of ossification appears in the angle between the divisions of a nerve (that is, where the anterosuperior dental nerve is given off from the inferior orbital nerve). From this center, bone formation spreads posteriorly below the orbit toward the developing zygoma and anteriorly toward the future incisor region (Figure 3-34). Ossification also spreads superiorly to form the frontal process. As a result of this pattern of bone deposition, a bony trough forms for the infraorbital nerve. From this trough a downward extension of bone forms the lateral alveolar plate for the maxillary tooth germs. Ossification also spreads into the palatine process to form the hard palate. The medial alveolar plate develops from the junction of the palatal process and the main body of the forming maxilla. This plate, together with its lateral counterpart, forms a trough of bone around the maxillary tooth germs, which eventually become enclosed in bony crypts in the same way as described for the mandible.
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FIGURE 3-34 Histological sections courtesy of B. Kablar. Coronal section through an embryo showing the general pattern of membranous bone deposition associated with formation of the maxilla. The relationship between cartilage, nerve, and tooth germ is evident. Arrows indicate the future directions of bone growth to form the lateral and medial alveolar plates. Compare this with the developing mandible in Figure 3-28.








A secondary cartilage also contributes to the development of the maxilla. A zygomatic, or malar, cartilage appears in the developing zygomatic process and for a short time adds considerably to the development of the maxilla.


At birth the frontal process of the maxilla is well marked, but the body of the bone consists of little more than the alveolar process containing the tooth germs and small though distinguishable zygomatic and palatal processes. The body of the maxilla is relatively small because the maxillary sinus has not developed. This sinus forms during the sixteenth week as a shallow groove on the nasal aspect of the developing maxilla. At birth the sinus is still a rudimentary structure about the size of a small pea.


Interestingly, even though both mandibular and maxillary primordia originate from similar NCCs and possess similar molecular features, they develop into very different structural entities. In the first branchial arch, a gradient of gene expression involving the Dlx family of transcription factors (1 to 6), the so-called intra-arch Dlx code, promotes coordinated gene expression along the dorso-ventral axis that regulates jaw patterning. Distinct sets of Dlx family members are important for determining the identity of the mandible (Dlx1/2/5/6) versus the maxilla (Dlx1/2). A dramatic demonstration of the importance of the selective set of Dlx molecules in jaw specification is observed in mice lacking both Dlx5 and 6 genes. Lack of Dlx5/6 causes a reversal of the mandible into a maxilla, generating an animal with two mirror image upper jaws. Dlx5/6 activate expression of other downstream transcription factors (Dlx3/4, heart- and neural crest derivatives-expressed 1 and 2[Hand1/2], Alx3/4, Pitx1, gastrulation brain homeobox 2 [Gbx2], bone morphogenic protein 7 [Bmp7]) important for mandibular development processes, and repress others (pou domain class 3, transcription factor 3 [Pou3f3], forkhead box l2 [Foxl2], Iroquois homeobox protein 5 [Irx5]) that are themselves important for maxillary processes and under control of Dlx1/2. Thus Dlx family members are critical for determining the identity of the mandible versus the maxilla. Another level of complexity is brought about by local environmental signaling crosstalk that directly or indirectly modulates the transcriptional Dlx program. One such regulator is endothelin, a secreted molecule produced mostly by the ectoderm that signals through the endothelin receptor Ednra in NCCs and promotes, possibly through mads box transcription enhancer factor 2 polypeptide c (Mef2C), Dlx5/6 expression. Targeted ablation of the endothelin pathway in mice causes duplication of maxillary processes, whereas ectopic expression induces duplication of the mandibular processes. Other signaling events, coming from the endoderm (Vegf and Shh) or the ectoderm (Fgf, Bmp, wingless-type MMTV integration site family [Wnt]) also promote dorso-ventral guidance by modulating many different cellular processes, such as migration, survival, apoptosis, and/or differentiation.














Common Features of Jaw Development


This account of jaw development shows that in their development the mandible and maxilla have much in common. Both begin from a single center of membranous ossification related to a nerve, both form a neural element related to the nerve, and both develop an alveolar element related to the developing teeth. Finally, both develop secondary cartilages to assist in their growth.




















Development of the Temporomandibular Joint


The temporomandibular joint is an articulation between two bones initially formed from membranous centers of ossification. Before the condylar cartilage forms, a broad band of undifferentiated mesenchyme exists between the developing ramus of the mandible and the developing squamous tympanic bone. With formation of the condylar cartilage, this band is reduced rapidly in width and is converted into a dense strip of mesenchyme. The mesenchyme immediately adjacent to this strip breaks down to form the joint cavity, and the strip becomes the articular disk of the joint.














Congenital Defects


The complicated changes that occur during embryogenesis between the fourth and eighth weeks of development have been described. They lead to, among other things, the formation of the face, mouth, and tongue and their associated structures. After 8 weeks, development is essentially a matter of growth. Embryogenesis is a complicated and delicately balanced process; malfunctions produce congenital defects. The genetic basis of some of these defects has been discussed previously.


Environmental factors, including teratogens (agents causing congenital defects), also must be considered. The types of environmental factors affecting the embryo can be classified into five groups: (1) infectious agents, (2) x-ray radiation, (3) drugs, (4) hormones, and (5) nutritional deficiencies. The classic example of an infectious agent causing a congenital defect is the rubella virus, which induces German measles. Among the widespread malformations that result from this infection of the mother are cleft palate and deformities of the teeth. The teratogenic effect of x-ray radiation is well understood, and many defects, including cleft palate, can result from the irradiation of pregnant women. In addition to affecting the embryo directly, x-ray radiation also may affect the germ cells of the fetus, causing genetic mutations that lead to congenital malformations in succeeding generations. Cortisone injected into mice and rabbits causes a high percentage of cleft palates in the offspring. The same is also true for nutritional deficiencies, especially vitamin deficiencies. Although vitamin deficiencies have been shown to be teratogenic in experimental animals, this effect has not been demonstrated in human beings.


The timing of environmental factors can be critical. If a teratogen exerts its effect during the first 4 weeks of life, when the embryo is developing rapidly, the teratogen usually damages so many cells that death of the embryo occurs. However, if only a few cells are damaged, normal proliferation is great enough that minor damage is eliminated readily. Probably, many teratogenic agents acting in this first phase of development are not appreciated because the embryo dies and is miscarried. During the next stage of development, between 4 and 8 weeks, when histodifferentiation and organ differentiation are taking place, teratogenic agents are most likely to produce malformation. The subsequent growth phase is not as susceptible to teratogenic agents.


Not surprisingly, therefore, most teratogenic agents leading to facial and dental malformations exert their effects during the period of morphogenesis and histodifferentiation within the embryo. These malformations include the various types of clefts, which can be understood readily from knowledge of embryology: the oblique facial cleft (results from lack of fusion between the maxillary process and lateral nasal process), the median cleft lip (lack of fusion between the two medial nasal processes), bilateral cleft lip (lack of fusion between the maxillary process and median nasal process), microstomia (which is an excessive merging of the mandibular and maxillary processes), the converse or macrostomia (resulting from failure of the maxillary and mandibular processes to fuse), and the rare mandibular cleft (Figures 3-35 and 3-36).
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FIGURE 3-35 Types of facial clefts. A, Normal. B, Unilateral cleft lip. C, Bilateral cleft lip. D, Median cleft lip. E, Oblique facial cleft. F, Median cleft (frontonasal dysplasia). G, Lateral facial cleft. H, Mandibular cleft.
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FIGURE 3-36 Palatal clefts seen from a ventral view. A, Normal. B, Cleft of lip and alveolus. C, Cleft of lip and primary palate. D, Unilateral cleft lip and palate. E, Bilateral cleft lip and primary palate. F, Bilateral cleft lip and palate. G, Cleft palate only.
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