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GENERAL STRUCTURE OF THE DIGESTIVE
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Other Layers 314

oral cavity, esophagus, stomach, small and large intes-

tines, and anus—and its associated glands—salivary
glands, liver, and pancreas (Figure 15-1). Also called the
gastrointestinal (Gl) tract or alimentary canal, its func-
tion is to obtain molecules from the ingested food that are
necessary for the maintenance, growth, and energy needs of
the body. During digestion proteins, complex carbohydrates,
nucleic acids, and fats are broken down into their small mol-
ecule subunits that are easily absorbed through the small
intestine lining. Most water and electrolytes are absorbed in
the large intestine. In addition, the inner layer of the entire
digestive tract forms an important protective barrier between
the content of the tract’s lumen and the internal milieu of the
body’s connective tissue and vasculature.

Structures within the digestive tract allow the following:

The digestive system consists of the digestive tract—

= |ngestion, or introduction of food and liquid into the
oral cavity;

= Mastication, or chewing, which divides solid food into
digestible pieces;

= Motility, muscular movements of materials through the
tract;

= Secretion of lubricating and protective mucus, digestive
enzymes, acidic and alkaline fluids, and bile;

= Hormone release for local control of motility and
secretion;

= Chemical digestion or enzymatic degradation of large
macromolecules in food to smaller molecules and their
subunits;

Digestive Tract

SMALL INTESTINE 314
Mucosa 314
Other Layers 317

LARGE INTESTINE 318

SUMMARY OF KEY POINTS 326

ASSESS YOUR KNOWLEDGE 327

= Absorption of the small molecules and water into the
blood and lymph; and

= Elimination of indigestible, unabsorbed components of
food.

GENERAL STRUCTURE OF THE
DIGESTIVE TRACT

All regions of the GI tract have certain structural features in
common. The GI tract is a hollow tube with a lumen of vari-
able diameter and a wall made up of four main layers: the
mucosa, submucosa, muscularis, and serosa. Figure 15-2
shows a general overview of these four layers; key features of
each layer are summarized here.

= The mucosa consists of an epithelial lining; an under-
lying lamina propria of loose connective tissue rich in
blood vessels, lymphatics, lymphocytes, smooth muscle
cells, and often containing small glands; and a thin layer
of smooth muscle called the muscularis mucosae
separating mucosa from submucosa and allowing local
movements of the mucosa. The mucosa is also frequently
called a mucous membrane.

= The submucosa contains denser connective tissue with
larger blood and lymph vessels and the submucosal
(Meissner) plexus of autonomic nerves. It may also
contain glands and significant lymphoid tissue.

= The thick muscularis (or muscularis externa) is composed
of smooth muscle cells organized as two or more sublayers.
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296 CHAPTER15 ® Digestive Tract

FIGURE 15-1 The digestive system.
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The digestive system consists of the tract from the mouth (oral cav-
ity) to the anus, as well as the digestive glands emptying into this

In the internal sublayer (closer to the lumen), the fiber
orientation is generally circular; in the external sublayer
it is longitudinal. The connective tissue between the
muscle sublayers contains blood and lymph vessels, as
well as the myenteric (Auerbach) nerve plexus of
many autonomic neurons aggregated into small ganglia
and interconnected by pre- and postganglionic nerve
fibers. This and the submucosal plexus together comprise
the enteric nervous system of the digestive tract. Con-
tractions of the muscularis, which mix and propel the
luminal contents forward, are generated and coordinated
by the myenteric plexus.

Gastrointestinal tract
(digestive organs)

Oral cavity

Pharynx

Esophagus

Stomach

Large intestine

Small intestine

Anus

tract, primarily the salivary glands, liver, and pancreas. These acces-
sory digestive glands are described in Chapter 16.

®m The serosa, a thin sheet of loose connective tissue, rich

in blood vessels, lymphatics, and adipose tissue, and
covered with a simple squamous covering epithelium or
mesothelium, is the outermost layer of the digestive
tract located within the abdominal cavity. The serosa of
the small and large intestines is continuous with portions
of the mesentery, a large fold of adipose connective tis-
sue, covered on both sides by mesothelium, that suspends
the intestines and is continuous with the peritoneum,
the serous membrane lining the abdominal cavity. The
esophagus is not suspended in a cavity but bound directly
to adjacent structures (Figure 15-1) and therefore lacks a
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**MALT（粘膜関連リンパ組織）**は、粘膜（Mucosa）に存在する免疫組織の一部で、体内の粘膜に侵入する病原体を検出し、免疫応答を起こす役割を持っています。呼吸器、消化管、泌尿生殖器など、外界と接する粘膜に広がるリンパ組織を総称したものです。
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General Structure of the Digestive Tract

FIGURE 15-2 Major layers and organization of the digestive tract.
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Diagram showing the structure of the small intestine portion
of the digestive tract, with the four main layers and their major
components listed on the left. The stomach, small intestine, and

serosa, having instead a thick adventitia, a layer of con-
nective tissue continuous with that of surrounding tissues.

The numerous free immune cells and lymphoid nodules
in the mucosa and submucosa constitute the MALT described
in Chapter 14. The digestive tract normally contains thou-
sands of microbial species, including both useful inhabitants
of the gut as well as potential pathogens ingested with food
and drink. The mucosa-associated immune defense system
provides an essential backup to the thin physical barrier of the
epithelial lining. Located just below the epithelium, the lamina
propria is rich with macrophages and lymphocytes, many for
production of IgA antibodies. Such antibodies undergo tran-
scytosis into the intestinal lumen bound to the secretory pro-
tein produced by the epithelial cells. This IgA complex resists

Lumen

large intestine are suspended by mesenteries, which are the sites
of nerves, blood vessels, and lymphatics from the stomach and
intestines.

proteolysis by digestive enzymes and provides important pro-
tection against specific viral and bacterial pathogens.

>> MEDICAL APPLICATION

In diseases such as Hirschsprung disease (congenital agan-
glionic megacolon) or Chagas disease (trypanosomiasis,
infection with the protozoan Trypanosoma cruzi), plexuses

in the digestive tract’s enteric nervous system are absent or
severely injured, respectively. This disturbs digestive tract
motility and produces dilations in some areas. The rich auto-
nomic innervation of the enteric nervous system also provides
an anatomic explanation of the well-known actions of emo-
tional stress on the stomach and other regions of the Gl tract.
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298 CHAPTER15 = Digestive Tract

ORAL CAVITY

The oral cavity (Figure 15-1) is lined with stratified squamous
epithelium, which may be keratinized, partially keratinized,
or nonkeratinized depending on the location. Epithelial dif-
ferentiation, keratinization, and the interface between the
epithelium and lamina propria are similar to those features
in the epidermis and dermis and are discussed more exten-
sively with skin (see Chapter 18). Like the keratinized sur-
face cells of epidermis, the flattened superficial cells of the
oral epithelium undergo continuous desquamation, or loss
at the surface. Unlike those of the epidermis, the shed cells of
the nonkeratinized or parakeratinized oral epithelium retain
their nuclei.

>> MEDICAL APPLICATION

Viral infections with herpes simplex 1 cause death of infected
epithelial cells that can lead to vesicular or ulcerating lesions
of the oral mucosa or skin near the mouth. In the oral cavity
such areas are called canker sores, and on the skin they are
usually called cold sores or fever blisters. Such lesions, often
painful and clustered, occur when the immune defenses are
weakened by emotional stress, fever, illness, or local skin
damage, allowing the virus, present in the local nerves, to
move into the epithelial cells.

The keratinized cell layers resist damage from abrasion
and are best developed in the masticatory mucosa on the
gingiva (gum) and hard palate. The lamina propria in these
regions rests directly on the periosteum of underlying bone.
Nonkeratinized squamous epithelium predominates in the
lining mucosa over the soft palate, cheeks, the floor of the
mouth, and the pharynx (or throat), the posterior region of
the oral cavity leading to the esophagus. Lining mucosa over-
lies a thick submucosa containing many minor salivary glands,
which secrete continuously to keep the mucosal surface wet,
and diffuse lymphoid tissue. Throughout the oral cavity, the
epithelium contains transient antigen-presenting cells and
rich sensory innervation.

The well-developed core of striated muscle in the lips, or
labia, (Figure 15-3) makes these structures highly mobile for
ingestion, speech, and other forms of communication. Both
lips have three differently covered surfaces:

= The internal mucous surface has lining mucosa with a
thick, nonkeratinized epithelium and many minor labial
salivary glands.

= The red vermilion zone of each lip is covered by very
thin keratinized stratified squamous epithelium and
is transitional between the oral mucosa and skin. This
region lacks salivary or sweat glands and is kept moist
with saliva from the tongue. The underlying connective
tissue is very rich in both sensory innervation and capil-
laries, which impart the pink color to this region.

FIGURE 15-3 Lip.

Low-magnification micrograph of a lip section showing one side
covered by typical oral mucosa (OM), the opposite side covered
by skin (S) containing hair follicles (F) and associated glands.
Between the oral portion of the lips and normal skin is the vermil-
ion zone (V), where epidermis is very thin, lightly keratinized, and
transparent to blood in the rich microvasculature of the underly-
ing connective tissue. Because this region lacks the glands for oil
and sweat, it is prone to excessive dryness and chapping in cold,
dry weather. Internally, the lips contain much striated muscle (M)
and many minor salivary glands (G). (X10; H&E)

® The outer surface has thin skin, consisting of epidermal
and dermal layers, sweat glands, and many hair follicles
with sebaceous glands.

Tongue

The tongue is a mass of striated muscle covered by mucosa,
which manipulates ingested material during mastication and
swallowing. The muscle fibers are oriented in all directions,
allowing a high level of mobility. Connective tissue between
the small fascicles of muscle is penetrated by the lamina pro-
pria, which makes the mucous membrane strongly adherent to
the muscular core. The lower surface of the tongue is smooth,
with typical lining mucosa. The dorsal surface is irregular, hav-
ing hundreds of small protruding papillae of various types on
its anterior two-thirds and the massed lingual tonsils on the
posterior third, or root of the tongue (Figure 15-4). The papil-
lary and tonsillar areas of the lingual surface are separated by a
V-shaped groove called the sulcus terminalis.

The lingual papillae are elevations of the mucous mem-
brane that assume various forms and functions. There are four
types (Figure 15-4):
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FIGURE 15-4 Tongue, lingual papillae, and taste buds.
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(a) Dorsal surface of tongue
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On its dorsal surface (a), the posterior third of the tongue has
the lingual tonsils and the anterior portion has numerous lin-
gual papillae of four types. Pointed filiform papillae provide
friction to help move food during chewing. Ridge-like foliate
papillae on the sides of the tongue are best developed in
young children. Fungiform papillae are scattered across the
dorsal surface, and 8-12 large vallate papillae (b) are presentin
aV-shaped line near the terminal sulcus. Taste buds are present
on fungiform and foliate papillae but are much more abundant
on vallate papillae.

= Filiform papillae (Figure 15-5) are very numer-
ous, have an elongated conical shape, and are heavily
keratinized, which gives their surface a gray or whitish
appearance. They provide a rough surface that facilitates
movement of food during chewing.

= Fungiform papillae (Figure 15-5) are much less
numerous, lightly keratinized, and interspersed among
the filiform papillae. They are mushroom-shaped
with well-vascularized and innervated cores of lamina
propria.

Epithelium o

(b) Vallate papilla

Epithelium
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Stratified squamous
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(c) Taste bud
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(d) Histology of taste bud

(c) Diagram of a single taste bud shows the gustatory (taste) cells,
the supporting cells whose function is not well understood, and
the basal stem cells. Microvilli at the ends of the gustatory cells
project through an opening in the epithelium, the taste pore.
Afferent sensory axons enter the basal end of taste buds and syn-
apse with the gustatory cells. In the stratified squamous epithelium
of the tongue surface, taste buds form as distinct clusters of cells
recognizable histologically even at low magnification (d). At higher
power the taste pore may be visible, as well as the elongated nuclei
of gustatory and supporting cells. (140X and 500X; H&E)

= Foliate papillae consist of several parallel ridges on
each side of the tongue, anterior to the sulcus termi-
nalis, but are rudimentary in humans, especially older
individuals.

= Vallate (or circumvallate) papillae (Figure 15-5) are the
largest papillae, with diameters of 1-3 mm. Eight to twelve
vallate papillae are normally aligned just in front of the
terminal sulcus. Ducts of several small, serous salivary
(von Ebner) glands empty into the deep, moatlike groove
surrounding each vallate papilla.
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FIGURE 15-5 Lingual papillae.

(a) Section of the dorsal surface of tongue showing both filiform
(F1) and fungiform papillae (F). Both types are elevations of the
connective tissue (CT) covered by stratified squamous epithelium
(SSE), but the filiform type is pointed and heavily keratinized while
the fungiform type is mushroom-shaped, lightly keratinized, and
has a few taste buds.

This provides a continuous flow of fluid over the taste buds
that are abundant on the sides of these papillae, washing
away food particles so that the taste buds can receive and
process new gustatory stimuli. Secretions from these and
other minor salivary glands associated with taste buds
contain a lipase that prevents the formation of a hydropho-
bic film on these structures that would hinder gustation.

Taste buds are ovoid structures within the stratified
epithelium on the tongue’s surface, which sample the general
chemical composition of ingested material (Figures 15-4 and
15-5). Approximately 250 taste buds are present on the lat-
eral surface of each vallate papilla, with many others present
on fungiform and foliate (but not the keratinized filiform)
papillae. They are not restricted to papillae and are also widely
scattered elsewhere on the dorsal and lateral surfaces of the
tongue, where they are also continuously flushed by numerous
minor salivary glands.

A taste bud has 50-100 cells, about half of which are elon-
gated gustatory (taste) cells, which turn over with a 7- to
10-day life span. Other cells present are slender supportive
cells, immature cells, and slowly dividing basal stem cells that
give rise to the other cell types. The base of each bud rests on
the basal lamina and is entered by afferent sensory axons that

(b) Micrograph shows a single very large vallate papilla with two
distinctive features: many taste buds (TB) around the sides and
several small salivary glands (GL) emptying into the cleft or moat
formed by the elevated mucosa surrounding the papilla. These
glands continuously flush the cleft, renewing the fluid in contact
with the taste buds. (Both X20; H&E)

form synapses with the gustatory cells. At the apical ends of the
gustatory cells, microvilli project toward a 2-um-wide open-
ing in the structure called the taste pore. Molecules (tastants)
dissolved in saliva contact the microvilli through the pore and
interact with cell surface taste receptors (Figure 15-4).

Taste buds detect at least five broad categories of tastants:
sodium ions (salty); hydrogen ions from acids (sour); sugars
and related compounds (sweet); alkaloids and certain tox-
ins (bitter); and amino acids such as glutamate and aspartate
(umami; Jap. umami, savory). Salt and sour tastes are pro-
duced by ion channels, and the other three taste categories are
mediated by G-protein-coupled receptors. Receptor binding
produces depolarization of the gustatory cells, stimulating the
sensory nerve fibers that transmit information to the brain for
processing. Conscious perception of tastes in food requires
olfactory and other sensations in addition to taste bud activity.

Teeth

In the adult human there are normally 32 permanent teeth,
arranged in two bilaterally symmetric arches in the maxillary
and mandibular bones (Figure 15-6a). Each quadrant has eight
teeth: two incisors, one canine, two premolars, and three per-
manent molars. Twenty of the permanent teeth are preceded by
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FIGURE 15-6 Teeth.

Central incisor (7-8 y)
Lateral incisor (8-9 y)
Canine (11-12y)

1st premolar (10-11 y) —
2nd premolar (10-12 y)

1st molar (6-7 y) —=
X
2nd molar (12-13 y) ﬂ

3rd molar (17-25y) & « |+

3rd molar (17-25 y)

2nd molar (11-13 y)
1st molar (6-7 y)

Lower teeth

2nd premolar (11-12 y) —\v )

1st premolar (10-12y) —
Canine (9-10y) .
Lateral incisor (7-8 y) ———

Central incisor (6-7 y) —'

(a) Permanent teeth

All teeth are similar embryologically and histologically.

(a) The dentition of the permanent teeth is shown, as well as the
approximate age at eruption for each tooth.

(b) Diagram of a molar’s internal structure is similar to that of all
teeth, with an enamel-covered crown, cementum-covered roots
anchoring the tooth to alveolar bone of the jaw, and a slightly

primary teeth (deciduous or milk teeth) that are shed; the oth-
ers are permanent molars with no deciduous precursors. Each
tooth has a crown exposed above the gingiva, a constricted
neck at the gum, and one or more roots that fit firmly into
bony sockets in the jaws called dental alveoli (Figure 15-6b).

The crown is covered by very hard, acellular enamel and
the roots by a bone-like tissue called cementum. These two
coverings meet at the neck of the tooth. The bulk of a tooth is
composed of another calcified material, dentin, which sur-
rounds an internal pulp cavity (Figure 15-6b). Dental pulp
is highly vascular and well-innervated and consists largely
of loose, mesenchymal connective tissue with much ground
substance, thin collagen fibers, fibroblasts, and mesenchymal
stem cells. The pulp cavity narrows in each root as the root
canal, which extends to an opening (apical foramen) at the
tip of each root for the blood vessels, lymphatics, and nerves of
the pulp cavity. The periodontal ligaments are fibrous con-
nective tissue bundles of collagen fibers inserted into both the
cementum and the alveolar bone.

/ Crown
Enamel —————
Gmgivaﬁ
- "4
Dentin ",‘ \f!‘
. 1 J A
Pulp cavity P,
1 > Dy
T @ ey
. OT
= |
| ] ]
o L
Rootcanalﬁr,v[(\)
W Ty
l'l I::
Cementum =
=
" (
Periodontal 4
ligaments .,'

Dental alveolus

(b) Molar

constricted neck where the enamel and cementum coverings
meet at the gingiva. Most of the roots and neck consists of dentin.
A pulp cavity extends into the neck and is filled with well- vascu-
larized, well-innervated mesenchymal connective tissue. Blood ves-
sels and nerves enter the tooth through apical foramina at the root
tips. Periodontal ligaments hold the tooth to bone of the jaw.

Dentin

Dentin is a calcified tissue harder than bone, consisting of
70% hydroxyapatite. The organic matrix contains type I colla-
gen and proteoglycans secreted from the apical ends of odon-
toblasts, tall polarized cells derived from the cranial neural
crest that line the tooth’s pulp cavity (Figure 15-7a). Miner-
alization of the predentin matrix secreted by odontoblasts
involves matrix vesicles in a process similar to that occurring
in osteoid during bone formation (see Chapter 8).

Long apical odontoblast processes extend from the
odontoblasts within dentinal tubules (Figure 15-7b), which
penetrate the full thickness of the dentin, gradually becoming
longer as the dentin becomes thicker. Along their length, the
processes extend fine branches into smaller lateral branches
of the tubules (Figure 15-7¢). The odontoblast processes are
important for the maintenance of dentin matrix. Odontoblasts
continue predentin production into adult life, gradually reduc-
ing the size of the pulp cavity, and are stimulated to repair den-
tin if the tooth is damaged.
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FIGURE 15-7 Dentin and odontoblasts.

(a) Odontoblasts (0) are long polarized cells derived from mes-
enchyme of the developing pulp cavity (PC). Odontoblasts are
specialized for collagen and GAG synthesis and are bound together
by junctional complexes as a layer, with no basal lamina, so that a
collagen-rich matrix called predentin (P) is secreted only from their
apical ends at the dentinal surface. Within approximately 1 day of
secretion, predentin mineralizes to become dentin (D) as hydroxy-
apatite crystals form in a process similar to that occurring in osteoid
of developing bones (see Chapter 8). In this process the collagen

is masked, and calcified matrix becomes much more acidophilic
and stains quite differently than that of predentin. When predentin
secretion begins, an apical extension from each cell, the odonto-
blast process (OP), forms and is surrounded by new matrix. As the
dentin-predentin layer thickens, these processes lengthen. When

tooth formation is complete, odontoblasts persist and their pro-
cesses are maintained in canals called dentinal tubules, which run
through the full thickness of the dentin. (X400; Mallory trichrome)

(b) Odontoblast processes can be silver-stained and shown to
branch near the junction of dentin with enamel (E) and along their
length closer to their source (c), with the lateral branches occupy-
ing smaller canaliculi within dentin. (Both X400; Silver)

(d) These odontoblast process (OP) connections to the odonto-
blasts (0), shown with stained nuclei here, are important for the
maintenance of dentin in adult teeth. (X400; Mallory trichrome)

(Figure 15-7b, ¢, and d, used with permission from M. F. Santos,
Department of Histology and Embryology, Institute of Biomedical
Sciences, University of Séo Paulo, Brazil.)
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Teeth are sensitive to stimuli such as cold, heat, and acidic pH,
all of which can be perceived as pain. Pulp is highly innervated,
and unmyelinated nerve fibers extend into the dental tubules along
with odontoblast processes near the pulp cavity (Figure 15-8).
Such stimuli can affect fluid inside the dentinal tubules, stimulat-
ing these nerve fibers and producing tooth sensitivity.

>> MEDICAL APPLICATION

Immune defenses in the oral cavity cannot protect against
all infections. Pharyngitis and tonsillitis are often due to
the bacterium Streptococcus pyogenes. White excrescences
or leukoplakia on the sides of the tongue can be caused
by Epstein-Barr virus. Oral thrush, a white exudate on the
tongue’s dorsal surface, is due to a yeast (Candida albicans)
infection and usually affects neonates or immunocompro-
mised patients.

Enamel is the hardest component of the human body, consist-
ing of 96% calcium hydroxyapatite and only 2%-3% organic
material including very few proteins and no collagen. Other
ions, such as fluoride, can be incorporated or adsorbed by
the hydroxyapatite crystals; enamel containing fluorapatite is
more resistant to acidic dissolution caused by microorganisms,
hence the addition of fluoride to toothpaste and water supplies.

Enamel consists of uniform, interlocking columns called
enamel rods (or prisms), each about 5 pm in diameter and
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surrounded by a thinner layer of other enamel. Each rod
extends through the entire thickness of the enamel layer,
which averages 2 mm. The precise, interlocked arrangement of
the enamel rods is crucial for enamel’s hardness and resistance
to great pressures during mastication.

In a developing tooth bud, the matrix for the enamel
rods is secreted by tall, polarized cells, the ameloblasts
(Figure 15-9a), which are part of a specialized epithelium
in the tooth bud called the enamel organ. The apical ends
of the ameloblasts face those of the odontoblasts producing
predentine (Figure 15-10). An apical extension from each
ameloblast, the ameloblast (or Tomes) process, contains
numerous secretory granules with the proteins of the enamel
matrix. The secreted matrix undergoes very rapid mineraliza-
tion. Growth of the hydroxyapatite crystals to produce each
elongating enamel rod is guided by a small (20 kDa) pro-
tein amelogenin, the main structural protein of developing
enamel.

Ameloblasts are derived from the ectodermal lining of
the embryonic oral cavity, while odontoblasts and most tis-
sues of the pulp cavity develop from neural crest cells and
mesoderm, respectively. Together, these tissues produce a
series of 52 tooth buds in the developing oral cavity, 20 for the
primary teeth and 32 for the secondary or permanent teeth.
Primary teeth complete development and begin to erupt about
6 months after birth. Development of the secondary tooth
buds arrests at the “bell stage,” shown in Figure 15-10a, until
about 6 years of age, when these teeth begin to erupt as the
primary teeth are shed.

FIGURE 15-8 Ultrastructure of dentinal tubule.

(a) TEM shows the calcification of dentin (D) at its border with
not-yet calcified predentin (P). An odontoblast process (OP) with
microtubules and a few secretory vesicles is seen in the fluid-filled
space (S) in the dentinal tubule. A process extends from each
odontoblast, and the tubules continue completely across the
dentin layer. (X32,000)

(b) TEM cross section of an odontoblast process (OP) near preden-
tin (P) shows its close association with an unmyelinated nerve fiber
(N) extending there from fibers in the pulp cavity. These nerves
respond to various stimuli, such as cold temperatures, reaching the
nerve fibers through the dentinal tubules. (X61,000)
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FIGURE 15-9 Ameloblasts and enamel.

(a) In a section of tooth bud ameloblasts (A) are tall polarized cells
whose apical ends initially contact dentin (D). Ameloblasts are joined
to form a cell layer surrounded basally by connective tissue (CT). As
odontoblasts secrete predentin, ameloblasts secrete a matrix lack-
ing collagens, but rich in proteins such as amelogenin that quickly
initiate calcium hydroxyapatite formation to make enamel (E), the
hardest material in the body. Enamel forms a layer but consists of
enamel rods or prisms, solidly fused together by more enamel. Each
enamel rod represents the product of one ameloblast. No cellular
processes occur in enamel, and the layer of ameloblasts surrounding

>> MEDICAL APPLICATION

Periodontal diseases include gingivitis, inflammation of
the gums, and periodontitis, which involves inflammation
at deeper sites, both of which are caused most commonly

by bacterial infections with poor oral hygiene. Chronic peri-
odontitis weakens the periodontal ligament and can lead to
loosening of the teeth. The depth of the gingival sulcus, mea-
sured during clinical dental examinations, is an important
indicator of potential periodontal disease.

Periodontium

The periodontium comprises the structures responsible
for maintaining the teeth in the maxillary and mandibular
bones, and includes the cementum, the periodontal liga-
ment, and the alveolar bone with the associated gingiva
(Figures 15-6b and 15-11).

Cementum covers the dentin of the root and resembles
bone, but it is avascular. It is thickest around the root tip where
cementocytes reside in lacunae with processes in canaliculi,
especially near the cementum surface. Although less labile

the developing crown is completely lost during tooth eruption.
Teeth that have been decalcified for histologic sectioning typically
lose their enamel layer completely. (X400; H&E)

(b) Micrograph of a thin preparation of a tooth prepared by grind-
ing. Fine, long tubules can be observed in the dentin (D), and rods
aligned the same way can be very faintly observed (arrows) in the
enamel (E). The more prominent lines that cross enamel diagonally
represent incremental growth lines produced as the enamel matrix
is secreted cyclically by the ameloblast layer. (X400; Unstained)

than bone, cementocytes maintain their surrounding matrix
and react to stresses by gradually remodeling.

The periodontal ligament is fibrous connective tis-
sue with bundled collagen fibers (Sharpey fibers) binding the
cementum and the alveolar bone (Figure 15-11). Unlike typi-
cal ligaments, it is highly cellular and has a rich supply of blood
vessels and nerves, giving the periodontal ligament sensory
and nutritive functions in addition to its role in supporting
the tooth. It permits limited movement of the tooth within the
alveolus and helps protect the alveolus from the recurrent pres-
sure exerted during mastication. Its thickness (150-350 um) is
fairly uniform along the root but decreases with aging.

The alveolar bone lacks the typical lamellar pattern of
adult bone but has osteoblasts and osteocytes engaging in con-
tinuous remodeling of the bony matrix. It is surrounded by
the periodontal ligament, which serves as its periosteum. Col-
lagen fiber bundles of the periodontal ligament penetrate this
bone, binding it to the cementum (Figure 15-11c).

Around the peridontium the keratinized oral mucosa of
the gingiva is firmly bound to the periosteum of the maxillary
and mandibular bones (Figure 15-11). Between the enamel
and the gingival epithelium is the gingival sulcus, a groove
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FIGURE 15-10 Tooth formation.
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Tooth formation begins in the embryo when ectodermal epithelium
lining the oral cavity grows into the underlying mesenchyme of the
developing jaws. At a series of sites corresponding to each future
tooth, these epithelial cells proliferate extensively and become
organized as enamel organs, each shaped like a wine glass with its
stem initially still attached to the oral lining. Ameloblasts form from
the innermost layer of cells in the enamel organ. Mesenchymal cells
inside the concave portion of the enamel organ include neural crest
cells that differentiate as the layer of odontoblasts with their apical
ends in contact with the apical ends of the ameloblasts.

(a) A section of enamel organ in which production of dentin and
enamel has begun. The ameloblast layer (A) is separated from

the outer enamel epithelium (OEE) by a thick intervening region
rich in GAGs but with few, widely separated cells. Surrounding

the enamel organ is mesenchyme, some parts of which begin to
undergo intramembranous bone formation (B). Inside the cavity of
each enamel organ, mesenchymal cells comprise the dental papilla
(DP), in which the outermost cells are the layer of odontoblasts (O)

up to 3 mm deep surrounding the neck (Figure 15-11a). A
specialized part of this epithelium, the junctional epithe-
lium, is bound to the tooth enamel by means of a cuticle,
which resembles a thick basal lamina to which the epithelial
cells are attached by numerous hemidesmosomes.

ESOPHAGUS

The esophagus is a muscular tube, about 25-cm long in
adults, which transports swallowed material from the pharynx
to the stomach. The four layers of the GI tract (Figure 15-12)
first become well-established and clearly seen in the esophagus.
The esophageal mucosa has nonkeratinized stratified squa-
mous epithelium, and the submucosa contains small mucus-
secreting glands, the esophageal glands, which lubricate

facing the ameloblasts. These two cell layers begin to move apart
as the odontoblasts begin to produce the layer of predentin (PD).
Contact with dentin induces each ameloblast to begin secretion of
an enamel rod. More slowly, calcifying interprismatic enamel fuses
all the enamel rods into a very strong, solid mass. (X20; H&E)

(b) Detail of an enamel organ showing the layers of predentin (PD)
and dentin (D) and a layer of enamel (E), along with the organized
cell layers that produced this material. Odontoblasts (O) are in
contact with the very cellular mesenchyme of the dental papilla
(DP) that will become the pulp cavity. Ameloblasts (A) are promi-
nent in the now much thinner enamel organ, which is very close
to developing bone (B). Enamel formation continues until shortly
before tooth eruption; formation of dentin continues after erup-
tion until the tooth is fully formed. Odontoblasts persist around the
pulp cavity, with processes penetrating the dental layer, producing
factors to help maintain dentin. Mesenchymal cells immediately
around the enamel organ differentiate into the cells of cementum
and other periodontal tissues. (X120; H&E)

and protect the mucosa (Figure 15-13a). Near the stomach
the mucosa also contains groups of glands, the esophageal
cardiac glands, which secrete additional mucus.

>> MEDICAL APPLICATION

The lubricating mucus produced in the esophagus offers

little protection against acid that may move there from the
stomach. Such movement can produce heartburn or reflux
esophagitis. An incompetent inferior esophageal sphincter
may result in chronic heartburn, which can lead to erosion of
the esophageal mucosa or gastroesophageal reflux disease
(GERD). Untreated GERD can produce metaplastic changes

in the stratified squamous epithelium of the esophageal
mucosa, a condition called Barrett esophagus.
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FIGURE 15-11 Periodontium.

The periodontium of each tooth consists of the cementum, peri-
odontal ligament, alveolar bone, and gingiva.

(a) Micrograph of decalcified tooth shows the gingiva. The free gin-
giva (FG) is against the dentin (D), with little of the gingival sulcus
apparent. Gingiva stratified squamous epithelium over connective
tissue of the lamina propria (LP). The connective tissue is continu-
ous with that of the periosteum (P) covering the alveolar bone (B)
and with the periodontal ligament (PL). (X10; H&E)

(b) Micrograph shows the periodontal ligament (L) with its many
blood vessels (V) and insertions into the alveolar bone (B). This liga-
ment serves as the periosteum of the alveolar in tooth sockets and

is also continuous with developing layers of cementum (C) that cov-
ers the dentin. Cementum forms a thin layer of bone-like material
secreted by large, elongated cells called cementoblasts. (X100; H&E)

(c) Polarizing light micrograph shows the continuity of collagen
fibers in alveolar bone (B), with the bundles in the periodontal liga-
ment (L). (X200; Picrosirius in polarized light)

FIGURE 2 Esophag

Mucosa

Submucosa

Muscularis

Adventitia

(@) In cross section the four major layers of the Gl tract are clearly
seen. The esophageal mucosa is folded longitudinally, with the
lumen largely closed. (X10; H&E)

(b) Higher magnification of the mucosa shows the stratified
squamous epithelium (E), the lamina propria (LP) with scattered
lymphocytes, and strands of smooth muscle in the muscularis
mucosae (MM). (X65; H&E)
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FIGURE 15-13 Esophagus.
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(a) Longitudinal section of esophagus shows mucosa consisting of
nonkeratinized stratified squamous epithelium (SSE), lamina pro-
pria (LP), and smooth muscles of the muscularis mucosae (MM).
Beneath the mucosa is the submucosa containing esophageal
mucous glands (GL) that empty via ducts (D) onto the luminal sur-
face. (X40; H&E)

Swallowing begins with voluntary muscle action but fin-
ishes with involuntary peristalsis. In approximately the upper
one-third of the esophagus, the muscularis is exclusively skel-
etal muscle like that of the tongue. The middle portion of the
esophagus has a combination of skeletal and smooth muscle
fibers (Figure 15-13b), and in the lower third the muscularis
is exclusively smooth muscle. Only the distal 1-2 cm of the
esophagus, in the peritoneal cavity, is covered by serosa; the
rest is enclosed by the loose connective tissue of the adventitia,
which blends into the surrounding tissue.

STOMACH

The stomach is a greatly dilated segment of the digestive tract
whose main functions are

= to continue the digestion of carbohydrates initiated by
the amylase of saliva,

= to add an acidic fluid to the ingested food and mixing its
contents into a viscous mass called chyme by the churn-
ing activity of the muscularis,

®  to begin digestion of triglycerides by a secreted lipase, and

= to promote the initial digestion of proteins with the
enzyme pepsin.

>> MEDICAL APPLICATION

For various reasons, including autoimmunity, parietal cells
may be damaged to the extent that insufficient quantities of
intrinsic factor are secreted and vitamin B, , is not absorbed
adequately. This vitamin is a cofactor required for DNA syn-
thesis; low levels of vitamin B, can reduce proliferation of
erythroblasts, producing pernicious anemia.

(b) Transverse section showing the muscularis halfway along

the esophagus reveals a combination of large skeletal or striated
muscle fibers (St) and smooth muscle fibers (Sm) in the outer layer,
which is cut transversely here. This transition from muscles under
voluntary control to the type controlled autonomically is important
in the swallowing mechanism. (X200; H&E)

Four major regions make up the stomach: the cardia,
fundus, body, and pylorus (Figure 15-14a). The cardia is a nar-
row transitional zone, 1.5-3 cm wide, between the esophagus
and the stomach; the pylorus is the funnel-shaped region that
opens into the small intestine. Both these regions are primarily
involved with mucus production and are histogically similar.
The much larger fundus and body regions are identical in
microscopic structure and are the sites of gastric glands releas-
ing acidic gastric juice. The mucosa and submucosa of the
empty stomach have large, longitudinally directed folds called
rugae, which flatten when the stomach fills with food. The
wall in all regions of the stomach is made up of all four major
layers (Figures 15-14c and 15-15).

>> MEDICAL APPLICATION

Gastric and duodenal ulcers are painful erosive lesions of

the mucosa that may extend to deeper layers. Such ulcers
can occur anywhere between the lower esophagus and the
jejunum, and their causes include bacterial infections with
Helicobacter pylori, effects of nonsteroidal anti-inflammatory
drugs, overproduction of HCl or pepsin, and lowered produc-
tion or secretion of mucus or bicarbonate.

Mucosa

Changing abruptly at the esophagogastric junction
(Figure 15-14b), the mucosal surface of the stomach is a sim-
ple columnar epithelium that invaginates deeply into the lam-
ina propria. The invaginations form millions of gastric pits,
each with an opening to the stomach lumen (see Figures 15-14
and 15-16). The surface mucous cells that line the lumen
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FIGURE 15-15 Wwall of the stomach with rugae. FIGURE 15-16 Gastric pits and glands.

A low-magnification micrograph of the stomach wall at the
fundus shows the relative thickness of the four major layers:
the mucosa (M), the submucosa (SM), the muscularis externa
(ME), and the serosa (S). Two rugae (folds) cut transversely and
consisting of mucosa and submucosa are included. The mucosa
is packed with branched tubular glands penetrating the full
thickness of the lamina propria so that this sublayer cannot be
distinguished at this magnification. The muscularis mucosae
(arrows), immediately beneath the basal ends of the gastric
glands, is shown. The submucosa is largely loose connective tis-
sue, with blood vessels (V) and lymphatics. (X12; H&E)

and gastric pits secrete a thick, adherent, and highly viscous

mucous layer, which is rich ifl bicarbonate'ions anq protects (a) SEM of the stomach lining cleared of its mucous layer reveals
the mucosa from both abraslVe eﬂects Of lntralumlnal food c|ose|y p|aced gastric p|ts (P) surrounded by p0|ygona| apica|
and the corrosive effects of stomach acid. ends of surface mucous cells. (X600)

The gastric pits lead to long, branched, tubular glands that (b) A section of the same lining shows that these surface
extend through the full thickness of the lamina propria. Stem mucous cells are part of a simple columnar epithelium continu-
cells for the epithelium lining the glands, pits, and stomach ous with the lining of the pits (P). Each pit extends into the

. . lamina propria and then branches into several tubular glands.
lumen are found in a narrow segment (isthmus) between each ) ;
o . . These glands coil and fill most of the mucosa. Around the vari-
gastric pit and the gastric glands. The pluripotent stem cells ous cells of the closely packed gastric glands are cells, capillaries,
divide asymmetrically, producing progenitor cells for all the and small lymphatics of the connective tissue lamina propria.
other epithelial cells. Some of these move upward to replace (X200; H&E)

surface mucous cells, which have a turnover time of 4-7 days.
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FIGURE 15-13 Esophagus.
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(a) Longitudinal section of esophagus shows mucosa consisting of
nonkeratinized stratified squamous epithelium (SSE), lamina pro-
pria (LP), and smooth muscles of the muscularis mucosae (MM).
Beneath the mucosa is the submucosa containing esophageal
mucous glands (GL) that empty via ducts (D) onto the luminal sur-
face. (X40; H&E)

Swallowing begins with voluntary muscle action but fin-
ishes with involuntary peristalsis. In approximately the upper
one-third of the esophagus, the muscularis is exclusively skel-
etal muscle like that of the tongue. The middle portion of the
esophagus has a combination of skeletal and smooth muscle
fibers (Figure 15-13b), and in the lower third the muscularis
is exclusively smooth muscle. Only the distal 1-2 cm of the
esophagus, in the peritoneal cavity, is covered by serosa; the
rest is enclosed by the loose connective tissue of the adventitia,
which blends into the surrounding tissue.

STOMACH

The stomach is a greatly dilated segment of the digestive tract
whose main functions are

= to continue the digestion of carbohydrates initiated by
the amylase of saliva,

= to add an acidic fluid to the ingested food and mixing its
contents into a viscous mass called chyme by the churn-
ing activity of the muscularis,

®  to begin digestion of triglycerides by a secreted lipase, and

= to promote the initial digestion of proteins with the
enzyme pepsin.

>> MEDICAL APPLICATION

For various reasons, including autoimmunity, parietal cells
may be damaged to the extent that insufficient quantities of
intrinsic factor are secreted and vitamin B, , is not absorbed
adequately. This vitamin is a cofactor required for DNA syn-
thesis; low levels of vitamin B, can reduce proliferation of
erythroblasts, producing pernicious anemia.

(b) Transverse section showing the muscularis halfway along

the esophagus reveals a combination of large skeletal or striated
muscle fibers (St) and smooth muscle fibers (Sm) in the outer layer,
which is cut transversely here. This transition from muscles under
voluntary control to the type controlled autonomically is important
in the swallowing mechanism. (X200; H&E)

Four major regions make up the stomach: the cardia,
fundus, body, and pylorus (Figure 15-14a). The cardia is a nar-
row transitional zone, 1.5-3 cm wide, between the esophagus
and the stomach; the pylorus is the funnel-shaped region that
opens into the small intestine. Both these regions are primarily
involved with mucus production and are histogically similar.
The much larger fundus and body regions are identical in
microscopic structure and are the sites of gastric glands releas-
ing acidic gastric juice. The mucosa and submucosa of the
empty stomach have large, longitudinally directed folds called
rugae, which flatten when the stomach fills with food. The
wall in all regions of the stomach is made up of all four major
layers (Figures 15-14c and 15-15).

>> MEDICAL APPLICATION

Gastric and duodenal ulcers are painful erosive lesions of

the mucosa that may extend to deeper layers. Such ulcers
can occur anywhere between the lower esophagus and the
jejunum, and their causes include bacterial infections with
Helicobacter pylori, effects of nonsteroidal anti-inflammatory
drugs, overproduction of HCl or pepsin, and lowered produc-
tion or secretion of mucus or bicarbonate.

Mucosa

Changing abruptly at the esophagogastric junction
(Figure 15-14b), the mucosal surface of the stomach is a sim-
ple columnar epithelium that invaginates deeply into the lam-
ina propria. The invaginations form millions of gastric pits,
each with an opening to the stomach lumen (see Figures 15-14
and 15-16). The surface mucous cells that line the lumen
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FIGURE 15-14 Stomach.
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(c) Stomach wall, sectional view

The stomach is a muscular dilation of the digestive tract where mechanical and
chemical digestion occurs.

(a) The major stomach regions are the cardia, fundus, body, and pylorus, all
with longitudinal gastric folds, or rugae. The muscularis has three layers.

(b) At the esophagogastric junction, stratified squamous epithelium (SSE) lin-
ing the esophagus is abruptly replaced by simple columnar epithelium (SCE) of
the stomach. Also seen here are the mucous esophageal cardiac glands (ECG)
beneath the lamina propria (LP) and muscularis mucosae (MM). (X60; H&E)

(c) The mucosa of the stomach wall contains invaginations called gastric pits
that lead into gastric glands. These structures are lined by simple columnar epi-
thelium containing five functional cell types.

(d) A histologic section of the gastric mucosa shows the gastric pits (P) and
glands (GG) surrounded by cells of the lamina propria. The underlying muscula-
ris mucosae (MM) is also seen. (X60; H&E)
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FIGURE 15-15 Wwall of the stomach with rugae. FIGURE 15-16 Gastric pits and glands.

A low-magnification micrograph of the stomach wall at the
fundus shows the relative thickness of the four major layers:
the mucosa (M), the submucosa (SM), the muscularis externa
(ME), and the serosa (S). Two rugae (folds) cut transversely and
consisting of mucosa and submucosa are included. The mucosa
is packed with branched tubular glands penetrating the full
thickness of the lamina propria so that this sublayer cannot be
distinguished at this magnification. The muscularis mucosae
(arrows), immediately beneath the basal ends of the gastric
glands, is shown. The submucosa is largely loose connective tis-
sue, with blood vessels (V) and lymphatics. (X12; H&E)

and gastric pits secrete a thick, adherent, and highly viscous

mucous layer, which is rich ifl bicarbonate'ions anq protects (a) SEM of the stomach lining cleared of its mucous layer reveals
the mucosa from both abraslVe eﬂects Of lntralumlnal food c|ose|y p|aced gastric p|ts (P) surrounded by p0|ygona| apica|
and the corrosive effects of stomach acid. ends of surface mucous cells. (X600)

The gastric pits lead to long, branched, tubular glands that (b) A section of the same lining shows that these surface
extend through the full thickness of the lamina propria. Stem mucous cells are part of a simple columnar epithelium continu-
cells for the epithelium lining the glands, pits, and stomach ous with the lining of the pits (P). Each pit extends into the

. . lamina propria and then branches into several tubular glands.
lumen are found in a narrow segment (isthmus) between each ) ;
o . . These glands coil and fill most of the mucosa. Around the vari-
gastric pit and the gastric glands. The pluripotent stem cells ous cells of the closely packed gastric glands are cells, capillaries,
divide asymmetrically, producing progenitor cells for all the and small lymphatics of the connective tissue lamina propria.
other epithelial cells. Some of these move upward to replace (X200; H&E)

surface mucous cells, which have a turnover time of 4-7 days.
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Other progenitor cells migrate more deeply and differentiate
into the secretory cells of the glands that turn over much more
slowly than the surface mucous cells.

The vascularized lamina propria surrounding and sup-
porting the gastric pits and glands contains smooth muscle
fibers, lymphoid cells, capillaries, and lymphatics. Separat-
ing the mucosa from the underlying submucosa is a layer of
smooth muscle, the muscularis mucosae (Figure 15-15).

In the fundus and body the gastric glands themselves
fill most of the mucosa, with several such glands formed by
branching at the isthmus or neck of each gastric pit. Secretory
epithelial cells of the gastric glands are distributed unevenly
and release products that are key to the stomach’s functions.

Throughout the fundus and body regions of the stomach, the gas-
tric pits lead to gastric glands with various cell types.

(a) The long, coiled gastric glands penetrate the complete thick-
ness of the mucosa, from the gastric pits (GP) to the muscularis
mucosae (MM).

(b) In the neck of a gastric gland, below the surface mucous cells
(SM) lining the gastric pit, are small mucous neck cells (MN), scat-
tered individually or clustered among parietal cells (P) and stem
cells that give rise to all epithelial cells of the glands. The numerous
parietal cells (P) are large distinctive cells often bulging from the
tubules, with central nuclei surrounded by intensely eosinophilic
cytoplasm with unusual ultrastructure. These cells produce HCl,
and the numerous mitochondria required for this process cause

These cells are of four major types and important properties of
each are as follows:

= Mucous neck cells are present mainly clustered but also
occur singly among the other cells in the necks of gas-
tric glands and include many progenitor and immature
surface mucous cells (Figure 15-17). Less columnar than
the surface mucous cells lining the gastric pits, mucous
neck cells are often distorted by neighboring cells, but
they have round nuclei and apical secretory granules.
Their mucus secretion is less alkaline than that of the
surface epithelial mucous cells.

= Parietal (oxyntic) cells produce hydrochloric acid
(HCl) and are present among the mucous neck cells and

FIGURE 15-17 Gastric glands.
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(d)

the eosinophilia. Chief cells (C) begin to appear in the neck region.
Around these tubular glands are various cells and microvasculature
in connective tissue.

(c) Near the muscularis mucosae (MM), the bases of these glands
contain fewer parietal cells (P) but many more zymogenic chief
cells (C). Chief cells are found in clusters, with basal nuclei and
basophilic cytoplasm. From their apical ends chief cells secrete
pepsinogen, the zymogen precursor for the major protease pepsin.
Zymogen granules are often removed or stain poorly in routine
preparations. (Both X200; H&E)

(d) Diagram showing general morphology and functions of major
gastric gland cells.
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throughout deeper parts of the gland. They are large
cells, usually appearing rounded or pyramidal, each with
one (sometimes two) central round nucleus. The cyto-
plasm is intensely eosinophilic due to the high density
of mitochondria (Figure 15-17). A striking ultrastruc-
tural feature of an active parietal cell is a deep, circular

FIGURE 15-18 Ultras e of parietal cells.

S .
ntracellular
canaliculus

(a) ATEM of an active parietal cell shows abundant microvilli (MV)
protruding into the intracellular canaliculi, near the lumen and
deep in the cell. The cytoplasm contains numerous mitochondria
(M). (X10,200)

(Figure 15-18a, used with permission from Dr Susumu Ito, Depart-
ment of Cell Biology, Harvard Medical School, Boston, MA.)

(b) Composite diagram of a parietal cell shows the ultrastructural
differences between a resting cell (left) and an active cell (right). In

Stomach 311

invagination of the apical plasma membrane to form
an intracellular canaliculus with a large surface area
produced by thousands of microvilli (Figure 15-18).

As shown in Figure 15-19, carbonic anhydrase cata-
lyzes the conversion of cytoplasmic water and CO, into
HCO; and H*. The HCO; is transported from the basal

the resting cell a number of tubular vesicles (TV) are seen below
the apical plasmalemma (left), but the cell has few microvilli and
only short intracellular canaliculi (IC) among the mitochondria (M)
and Golgi vesicles (G). When stimulated to produce HCI (right), the
tubular vesicles fuse with the cell membrane to form large intracel-
lular canaliculi (IC) and microvilli (MV), thus providing a generous
increase in the surface of the cell membrane for diffusion and ion
pumps. Prolonged activity may produce more mitochondria.
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FIGURE 15-19 Synthesis of HCl by parietal cells.

Blood capillary

Junctional
complex

and a hydroxide ion (OH").

hydrochloric acid (HCI).

@ Water (H,0) within the parietal cell is split into a hydrogen ion (H*)

H* is pumped into the lumen of the gastric gland by an H*/K* pump.
(3) OH~ bonds with carbon dioxide (CO,) to form bicarbonate ion (HCO3).

@ An exchange occurs as HCOg™ is transported out of the parietal cell
(HCOg3™ then enters the blood), while chloride ion (CI7) is transported
into the parietal cell; CI~ then enters the lumen of the gastric gland.

@ Within the lumen of the gastric gland, CI~ combines with H* to form

The main steps in the synthesis of HCl at parietal cells are indicated
here. Conversion of H,0 and CO, to HCO; (bicarbonate ion) and
H* (a proton) is catalyzed by the enzyme carbonic anhydrase.
Active transport is used to pump H* into canaliculi in exchange for
K*and to discharge HCO; by an antiport at the basal cell domain
in exchange for CI~. The CI-ions diffuse from the cell into the

side of the cell and H* is pumped from the cell apically,
along with CI". In the lumen the H* and Cl" ions com-
bine to form HCI. While the gastric secretion becomes
highly acidic, the mucosa itself remains at a more neutral
pH partly because of the bicarbonate released into the
lamina propria. The abundant mitochondria provide
energy primarily for operating the cells’ ion pumps.

Parietal cells also secrete intrinsic factor, a glycoprotein
required for uptake of vitamin B,, in the small intestine.

Parietal cell secretory activity is stimulated both by
parasympathetic innervation and by paracrine release of

canaliculi and combine with protons in the lumen of the gastric
gland to form HCI.

Basally released bicarbonate ions enter the local interstitial fluid
and microvasculature, helping to maintain the neutral pH of the
mucosa. Other HCO; is taken up by surface mucous cells and used
to raise the pH of mucus.

histamine and the polypeptide gastrin from enteroendo-
crine cells.
= Chief (zymogenic) cells predominate in the lower

regions of the gastric glands (Figure 15-17) and have all
the characteristics of active protein-secreting cells. Ultra-
structurally chief cells show abundant RER and numerous
apical secretory granules (Figure 15-20). The granules
contain inactive enzyme pepsinogens, precursors which
are converted in the acid environment of the stomach
into active pepsins (Gr. peptein, to digest). Pepsins are
endoproteinases with broad specificity and maximal
activity at a pH between 1.8 and 3.5. Pepsins initiate the
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FIGURE 15-20 Ultrastructure of parietal, chief, and enteroendocrine cells.

N
Wf.\m

TEM of a transversely sectioned gastric gland shows the ultrastruc-
ture of three major cell types. Parietal cells (P) contain abundant
mitochondria and intracellular canaliculi (IC). Also shown are

chief cells (C), which have extensive rough ER and apical secretory

hydrolysis of ingested protein in the stomach. Chief cells
also produce gastric lipase, which digests many lipids.

= Enteroendocrine cells are scattered epithelial cells in
the gastric mucosa with endocrine or paracrine func-
tions. In the fundus small enteroendocrine cells secreting
serotonin (5-hydroxytryptamine) are found at the basal
lamina of the gastric glands (Figure 15-20). In the pylo-
rus other enteroendocrine cells are located in contact
with the glandular lumens, including G cells producing
the peptide gastrin.

Various enteroendocrine cells secreting different hor-
mones, usually peptides, are also found in the intestinal mucosa
and are of major importance for function of the digestive tract.
Important examples are summarized in Table 15-1. Seldom
seen by routine light microscopy, these cells can be visualized
by TEM tissue treatment with chromium or silver salts. This
provided the alternative names enterochromaffin (EC) cells
and argentaffin cells, respectively. Now usually visualized
immunohistochemically using antibodies against their product,
they are named with the initial letter of the main hormone they
produce (Table 15-1). Most of these cells process amines and
are also collectively called APUD cells for their “amine precur-
sor uptake and decarboxylation” activity. All such cells are more
generally considered part of the diffuse neuroendocrine sys-
tem (DNES), which is discussed further in Chapter 20.

granules near the lumen (L). An enteroendocrine cell (E) shows
dense basal secretory granules and is a closed-type enteroen-
docrine cell; that is, it has no contact with the gland’s lumen and
secretes product in an endocrine/paracrine manner. (X1200)

>> MEDICAL APPLICATION

Tumors called carcinoids, which arise from enteroendocrine
EC cells, are responsible for the clinical symptoms caused by
overproduction of serotonin. Serotonin increases gut motil-
ity, and chronic high levels of this hormone/neurotrans-
mitter can produce mucosal vasoconstriction and tissue
damage.

Upon stimulation, these cells release their hormone prod-
ucts that then exert paracrine (local) or endocrine (systemic)
effects via the vasculature. Cells of the digestive tract DNES
fall into two classes: a “closed” type, in which the cellular apex
is covered by neighboring epithelial cells (Figure 15-20), and
an “open” type, in which the constricted apical end of the cell
contacts the lumen and bears chemoreceptors that sample the
lumen’s contents. Effects of the hormones include regulation
of peristalsis and tract motility; secretion of digestive enzymes,
water, and electrolytes; and the sense of being satiated after
eating.

In the cardia and pylorus regions of the stomach, the
mucosa also contains tubular glands, with long pits, branch-
ing into coiled secretory portions, called cardiac glands and
pyloric glands (Figure 15-21). These glands lack both pari-
etal and chief cells, primarily secreting abundant mucus.

43 1dVYHD

yoewoys = peildaanssbia ¢ |



Machine Translated by Google

314FE155H(LE

FR15-LHtE DI IR AR

MRS 08 ERSNERILEY

DAz Y bREZF>

2 e Ry =N -3

ECHERE ENNCRN

GifEf 14Pg HRRUY

i) Nz ALY R hF=> (CCK)

KA +Hep L 2oRE BEsIARUXTF R
(GIP)

i) e A JIWAIERTFR
(GLP-1)

LiER 135 iR RTF RYY

Motz)L N EFUY

NERE [Ee —a-OFviy

SHHRa NS wILFY

ZOMDL AV —

BEDZTOMOELRBIZHK 15~ 14 HXU 15~ 15
FrHSNTVETBEDOITANTOBIFICHE VT HEIR T E
I AZIRMBEVNE ELVZLDUV /N TZO7 7
—J B SUEFEEZEOESHEB TER SN TULE T,
BEICIE SMAIDHE B HREIDRE & KU R DAEIDRE
WS HEDERINTULEL 3 DO BHELNHDET,
FEOEHIHIRINTEIC KD JBE LI-BY) CEERD  BREAE
D ODRHCLS SWHEBERCERISEEINET,

WIFTTIZFREIEDIERICE <7 b MIPHERIE 2R L &
TBRIFEVEETEODN TVET,

i

NBIEGEE 7O T T LRER CHLEYD £
FEREDHIREIC L > TRIN SN BI5F T RIS BRI R
< (K5m) +3EBZER.EIRD 3 DOERD THEM S
NTVET N SDERICIEIF LA E DREBFIHFHEN H
BLTVWBIOH FEHTEHRRALET,

»ERRFHE

TREE I RO RMESR T B \E TR
BB THD KE<RBIENBDEY BNRFECERICEB L S0

M EDAODRAS0%TEDHEICTEEFHEN S N TV 5A)EE
ML BOET

FBERT IS IV
RT3 FAEYS

i <A DDNESHHERED S5D53

TOR=> BT RE22 P BOES)E DR E

EEM
BB BEBNGE BEE
BEES
AR S
2B
KEBICH 13 BH20 LEREDRIY BERS
FEDES) DR E
BRI
BB BB DERERE Lk D D5 BRI
S5
kA

REE TR 3L VI\IEOMEE IS FEIR CHEEE RN 57 2—E O £7ad ¥ A
RoBE (ARE)%ERL (K 15-22a H&LU 15-23) ZEBTROHIFELT
WET BOHESEERICE >TLBDIEIEL (0.5~1.5 mm)ihiEzZeia
T.COZEEIFAPICZEEHLTWET (K 15-22) Cho5OFLEER £oldiRst
ROTHLIE FEE LR TSN ZRUHERR DB A ERR TEHONTE
D ZOMICZ <OFHHIEAETE L TV F 9 SMEIIREERBH S S8R
MEES RO ERES EOHRICI SRS TR FRE . U >/ NBR S KU
Eifie RASIEMME .S LOAECHINZHL I NEHFFEFNTVET,

TUT7vORE (BUT7vIORATIL ) RIRARZS IS EC L.
HEDREZPHIRICDRH BRIREMD H 5/ IR R DIEE
T VT vIRDREIG NEPEDMDREDFRIICE Fh
B INT R EDMDE N IEITH T BRBRRIGTY €D
FERE CBARED B EMiRIC B ERIZ L RERDRINIYE
TL&ES,

MEORITIIIBR FIIEE (Fcld )—ALF 21— VEE)HINS
FVERIROFOED % D EMEDLRISNTERO LR CFG L TVET (B
15-22¢) o



314

TABLE 15-1

CHAPTER15 =

Digestive Tract

CellType Major Location Hormone Produced
D cells Pylorus, duodenum, and Somatostatin
pancreatic islets
EC cells Stomach, small and large Serotonin and substance P
intestines
G cells Pylorus Gastrin
| cells Small intestine Cholecystokinin (CCK)
K cells Duodenum and jejunum Gastric inhibitory
polypeptide (GIP)
L cells lleum and colon Glucagon-like peptide
(GLP-1)
L cells lleum and colon Peptide YY
Mo cells Small intestine Motilin
N cells lleum Neurotensin
S cells Small intestine Secretin
Other Layers

The other major layers of the stomach wall are summarized in
Figures 15-14 and 15-15. In all stomach regions the submu-
cosa is composed of connective tissue with large blood and
lymph vessels and many lymphoid cells, macrophages, and
mast cells. The muscularis has three poorly defined layers of
smooth muscle: an outer longitudinal layer, a middle circular
layer, and an innermost oblique layer. Rhythmic contractions of
the muscularis thoroughly mix ingested food and chyme with
mucus, HCI, and digestive enzymes from the gastric mucosa.
At the pylorus the middle layer is greatly thickened to form the
pyloric sphincter. The stomach is covered by a thin serosa.

SMALL INTESTINE

The small intestine is the site where the digestive processes are
completed and where the nutrients (products of digestion) are
absorbed by cells of the epithelial lining. The small intestine is rel-
atively long—approximately 5 m—and consists of three segments:
the duodenum, jejunum, and ileum. These segments have
most histologic features in common and are discussed together.

>> MEDICAL APPLICATION

Leiomyomas, benign tumors of smooth muscle cells, are the
most common type of tumor in the stomach and small intes-
tine and may become large. Autopsy records suggest that the
muscularis of the stomach may include leiomyomas in up to
50% of the population older than 50 years.

Principal enteroendocrine cells in the gastrointestinal tract.

Major Action

Promotes Inhibits

Secretion from other DNES
cells nearby

Increased gut motility

Gastric acid secretion

Pancreatic enzyme secretion, Gastric acid secretion

gallbladder contraction

Gastric acid secretion

Gastric acid secretion
Sense of hunger

Insulin secretion

H,O and electrolyte absorption in Gastric acid secretion

large intestine
Increased gut motility
Gastric acid secretion

Gastric acid secretion
Stomach emptying

Pancreatic and biliary bicarbonate
and water secretion

Mucosa

Viewed macroscopically, the lining of the small intestine
shows a series of permanent circular or semilunar folds
(plicae circulares), consisting of mucosa and submucosa
(Figures 15-22a and 15-23), which are best developed in the
jejunum. Densely covering the entire mucosa of the small
intestine are short (0.5-1.5 mm) mucosal outgrowths called
villi that project into the lumen (Figure 15-22). These fin-
ger- or leaflike projections are covered by a simple columnar
epithelium of absorptive cells called enterocytes, with many
interspersed goblet cells. Each villus has a core of loose
connective tissue that extends from the lamina propria and
contains fibroblasts, smooth muscle fibers, lymphocytes and
plasma cells, fenestrated capillaries, and a central lymphatic
called a lacteal.

>> MEDICAL APPLICATION

Celiac disease (celiac sprue) is a disorder of the small intes-
tine mucosa that causes malabsorption and can lead to
damage or destruction of the villi. The cause of celiac disease
is an immune reaction against gluten or other proteins in
wheat and certain other types of grain. The resulting inflam-
mation affects the enterocytes, leading to reduced nutrient
absorption.

Between the villi are the openings of short tubular glands
calledintestinal glands or crypts (or crypts of Lieberkiihn)
and the epithelium of each villus is continuous with that of
the intervening glands (Figure 15-22c). The epithelium of the
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FIGURE 15-21 Pyloric glands.

The pyloric region of the stomach has deep gastric pits (P) lead-
ing to short, coiled pyloric glands (G) in the lamina propria (LP).
Cardial glands are rather similar histologically and functionally.
Cells of these glands secrete mucus and lysozyme primarily,
with a few enteroendocrine G cells also present. The glands and
pits are surrounded by cells of the lamina propria connective
tissue containing capillaries, lymphatics, and MALT. Immediately
beneath the glands is the smooth muscle layer of the muscularis
mucosae. (X140; H&E)

intestinal glands includes differentiating cells and pluripotent
stem cells for all the cell types of the small intestine. These
include the following:

= Enterocytes, the absorptive cells, are tall columnar cells,
each with an oval nucleus located basally (Figure 15-24).
The apical end of each enterocyte displays a prominent

Small Intestine 315

ordered region called the striated (or brush) border.
Ultrastructurally the striated border is seen to be a layer
of densely packed microvilli covered by glycocalyx
through which nutrients are taken into the cells (Figures
15-22e and 15-24c). As discussed in Chapter 4, each
microvillus is a cylindrical protrusion of the apical cyto-
plasm approximately 1-um tall and 0.1 pm in diameter
containing actin filaments and enclosed by the cell mem-
brane. Each enterocyte has an average of 3000 microvilli
and each 1 mm? of mucosal surface contains about 200
million of these structures. Microvilli, villi, and the plicae
circulares all greatly increase the mucosal surface area in
contact with nutrients in the lumen, which is an impor-
tant feature in an organ specialized for nutrient absorp-
tion. It is estimated that plicae increase the intestinal
surface area 3-fold, the villi increase it 10-fold, and the
microvilli increase it another 20-fold, resulting in a total
absorptive area of over 200 m? in the small intestine!

The mechanism of nutrient absorption varies with the
different molecules produced by digestion. Disaccharidases
and peptidases secreted by the enterocytes and located within
the glycocalyx hydrolyze disaccharides and dipeptides into
monosaccharides and amino acids. These are easily absorbed
by active transport and immediately released again from the
enterocytes for uptake by the capillaries. Digestion of fats by
gastric and pancreatic lipases produces lipid subunits, includ-
ing glycerol, monoglycerides, and fatty acids, which are emul-
sified by bile salts into small (2 nm) micelles from which lipids
enter enterocytes by passive diffusion and membrane trans-
porters. These lipids are reesterified into triglycerides in the
enterocyte smooth ER and then complexed with apoproteins
in the Golgi apparatus, producing chylomicrons that are
discharged from the cell’s basolateral surface for uptake by
the lacteal. Figure 15-25 summarizes basic aspects of lipid
absorption.

= Goblet cells are interspersed among the absorptive
enterocytes (Figures 15-22d and 15-24a, b). They secrete
glycoprotein mucins, which are then hydrated to form
mucus, whose main function is to protect and lubricate
the lining of the intestine.

= Paneth cells, located in the basal portion of the intes-
tinal crypts below the stem cells, are exocrine cells with
large, eosinophilic secretory granules in their apical
cytoplasm (Figure 15-26). Paneth cell granules release
lysozyme, phospholipase A, and hydrophobic peptides
called defensins, all of which bind and break down
membranes of microorganisms and bacterial cell walls.
Paneth cells have an important role in innate immunity
and in regulating the microenvironment of the intestinal
crypts.

= Enteroendocrine cells are present in varying numbers
throughout the length of the small intestine, secreting
various peptide hormones (Table 15-1). Many of these
are of the “open” type, in which the constricted apical
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316 CHAPTER15 ® Digestive Tract

FIGURE 1

—22 Absorptive surface of the small intestine.

Circular folds

Mucosa
Submucosa
Muscularis

Inner circular layer
Outer longitudinal layer

Serosa

(a) Layers

Intestinal villi

Submucosa

Serosa

(b) Section of small intestine

= Intestinal lumen
Villi

Simple columnar
epithelium

Lamina propria

(a) The mucosa and submucosa are the inner two of the gut’s four
concentric layers.

(b) They form circular folds or plicae circulares, which increase the
absorptive area.

(c) They are lined by a dense covering of fingerlike projections

called villi. Internally each villus contains lamina propria connec-
tive tissue with microvasculature and lymphatics called lacteals.

Capillary network

Goblet cells

Lacteal

Intestinal gland
Lymphatic nodule

Enterocyte
(absorbs nutrients)

Y

Paneth cells
(innate immunity)

Muscularis mucosae

Venule
Lymph vessel
Arteriole

(c) Intestinal villus

Inner circular layer .
o Muscularis
Outer longitudinal layer

Microvilli

Intestinal
lumen

(d) Villi are covered with a simple columnar epithelium composed
of absorptive enterocytes and goblet cells. (X70; H&E)
(e) At the apical cell membrane of each enterocyte are located

dense microvilli, which serve to increase greatly the absorptive
surface of the cell. (X18,000; TEM)
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FIGURE 15-23 Circular folds (plicae circulares) of the jejunum.

The mucosa and submucosa (SM) of the small intestine form
distinct projecting folds called plicae (P), which encircle or spiral
around the inner circumference and are best developed in the
jejunum. On each fold the mucosa forms a dense covering of pro-
jecting structures called villi (V). In this longitudinal section the

end of the cell contacts the intestinal lumen and has
chemoreceptors similar to those of taste buds, sampling
levels of certain nutrients such as sugars to regulate hor-
mone release basally (Figure 15-27).

= M (microfold) cells are unique epithelial cells specialized
for transepithelial transport of particles and microorgan-
isms, located mainly in the ileum’s mucosa overlying
the lymphoid follicles of Peyer patches. As discussed
in Chapter 14, each M cell has a pocket formed by the
deeply invaginated basolateral membrane and contain-
ing lymphocytes and macrophages (see Figure 14-13c,d).
Continuous sampling of intestinal microorganisms by
the M cells and the immune cells within and below the
M cells is an important part of the defense provided by
mucosal immunity.

Other Layers

Along the entire small intestine loose connective tissue of
the mucosal lamina propria contains extensive blood and

two layers of the muscularis (M) are clearly distinguished. The inner
layer has smooth muscle encircling the submucosa; the outer layer
runs lengthwise just inside the serosa (S), the gut’s outer layer.

This arrangement of smooth muscle provides for strong peristaltic

movement of the gut’s contents. (X12; Masson trichrome)

lymph microvasculature, nerve fibers, smooth muscle cells,
and diffuse lymphoid tissue. The lamina propria penetrates
the core of each intestinal villus, bringing with it microvas-
culature, lymphatics, and nerves (Figures 15-22c and 15-28).
Smooth muscle fibers extending from the muscularis muco-
sae produce rhythmic movements of the villi that increase the
absorption efliciency. Fibers of the muscularis mucosae also
produce local movements of plicae circulares that help pro-
pel lymph from the lacteals into submucosal and mesenteric
lymphatics.

The submucosa has larger blood and lymph vessels and the
diffuse, interconnected neurons of the submucosal (Meissner)
nerve plexus. The proximal part of the duodenum has in
the submucosa and mucosa large clusters of branched tubu-
lar mucous glands, the duodenal (or Brunner) glands, with
small excretory ducts opening among the intestinal crypts
(Figure 15-29). Mucus from these glands is distinctly alka-
line (pH 8.1-9.3), which neutralizes chyme entering the duo-
denum from the pylorus, protecting the mucous membrane,
and bringing the intestinal contents to the optimum pH for
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318 CHAPTER15 ® Digestive Tract

FIGURE 15-24 Cells covering the villi.

(a) The columnar epithelium that covers intestinal villi consists
mainly of the tall absorptive enterocytes (E). The apical ends of
these cells are joined and covered by a brush border of microvilli.
Covered by a coating of glycoproteins, the brush border, along
with the mucus-secreting goblet cells (G), stains with carbohy-
drate staining methods. Other cells of the epithelium are scattered
enteroendocrine cells, which are difficult to identify in routine
preparations, and various immune cells such as intraepithelial

pancreatic enzyme action. In the ileum both the lamina pro-
pria and submucosa contain well-developed mucosa-associated
lymphoid tissue (MALT), consisting of the large lymphoid
nodule aggregates known as Peyer patches underlying the
epithelial M cells.

The muscularis is well developed in the small intestine,
composed of an internal circular layer, an external longitu-
dinal layer, and between them the neurons of the myenteric
(Auerbach) nerve plexus which produce peristalsis (Figure
15-30). Neurons of both the submucosal and myenteric plex-
uses are largely autonomic and collectively make up the large
enteric nervous system. The small intestine is covered by a thin
serosa with mesothelium continuous with that of mesenteries
(Figure 15-22a).

lymphocytes. The small spherical nuclei of lymphocytes can be
seen between the enterocytes. (X250; PAS-hematoxylin)

(b) At higher magnification individual microvilli of enterocytes are bet-
ter seen and the striated appearance of the border is apparent. (X500)
(c) TEM shows microvilli and densely packed mitochondria of
enterocytes (E), and enteroendocrine cells (EC) with basal secretory
granules can be distinguished along the basal lamina. (X2500)

>> MEDICAL APPLICATION

Crohn disease is a chronic inflammatory bowel disease that
occurs most commonly in the ileum or colon, resulting from
a poorly understood combination of immune, environmental,
and genetic factors. Excessive lymphocytic activity and
inflammation occur in any or all layers of the tract wall, pro-
ducing pain, localized bleeding, malabsorption, and diarrhea.

LARGE INTESTINE

The large intestine or bowel, which absorbs water and electro-
lytes and forms indigestible material into feces, has the follow-
ing regions: the short cecum, with the ileocecal valve and
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FIGURE 15-25 Lipid absorption and processing by enterocytes.

(a) TEM shows that enterocytes involved in lipid absorption accu-
mulate many small lipid droplets in vesicles of the smooth ER
(SER). These vesicles fuse near the nucleus, forming larger globules
that are moved laterally and cross the cell membrane to the extra-
cellular space (arrows) for eventual uptake by lymphatic capillaries
(lacteals) in the lamina propria. (X3000)

(Figure 15-25a, used with permission from Dr Robert R. Cardell, Jr,
Department of Cancer and Cell Biology, University of Cincinnati Col-
lege of Medicine, Cincinnati, OH.)

(b) Diagram showing lipid processing by enterocytes. Ingested fats
are emulsified by bile acids to form a suspension of lipid droplets

@ Bile acids ----- > Lipids «-------- Lipase

Fatty acids ~ Monoglycerides

Glycerol

@ Triglyceride synthesis

o © ’ =V
? () @Q;@) % (%@SER

Buddin
g @ Synthesis of
© |protein in RER

Triglyceride +
lipoprotein cover =
chylomicron

o 0—0

-

Lipoprotein and
glycoprotein sythesis

Glycerol, short-,
medium-chain fatty acids

from which lipids are digested by lipases to produce glycerol,
fatty acids, and monoglycerides (1). The products of hydrolysis
diffuse passively across the microvilli membranes and are collected
in the cisternae of the smooth ER, where they are resynthesized

as triglycerides (2). Processed through the RER and Golgi, these
triglycerides are surrounded by a thin layer of proteins and pack-
aged in vesicles containing chylomicrons (0.2-1 um in diameter)
of lipid complexed with protein (3). Chylomicrons are transferred
to the lateral cell membrane, secreted by exocytosis, and flow into
the extracellular space in the direction of the lamina propria, where
most enter the lymph in lacteals (4).
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FIGURE 15-26 Intestinal crypts or glands, with Paneth cells.

CHAPTER 15 = Digestive Tract
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(a) Between villi (V) throughout the small intestine, the covering
epithelium invaginates into the lamina propria (LP) to form short
tubular glands called intestinal glands or intestinal crypts (IC).

The lining near the openings of the crypts contains a population

of stem cells for the entire epithelial lining of the small intestine.
Daughter cells slowly move with the growing epithelium out of the
crypts, differentiating as goblet cells, enterocytes, and entero-
endocrine cells. These cells continue to move up each villus and
within a week are shed at the tip, with billions shed throughout the

the appendix; the ascending, transverse, descending, and sig-
moid colon; and the rectum, where feces are stored prior to
evacuation (Figure 15-31). The mucosa lacks villi and except
in the rectum has no major folds. Less than one-third as long
as the small intestine, the large intestine has a greater diameter
(6-7 cm). The wall of the colon is puckered into a series of large
sacs called haustra (L. sing. haustrum, bucket, scoop).

The mucosa of the large bowel is penetrated throughout
its length by tubular intestinal glands. These and the intesti-
nal lumen are lined by goblet and absorptive cells, with a small
number of enteroendocrine cells (Figures 15-32 and 15-33).
The columnar absorptive cells or colonocytes have irregu-
lar microvilli and dilated intercellular spaces indicating active
fluid absorption (Figure 15-33d). Goblet cells producing
lubricating mucus become more numerous along the length of

small intestine each day. At the base of the crypts are many Paneth
cells (P) with an innate immune function. The submucosa (S) has
many lymphatics draining lacteals. (X200; H&E)

(b) Higher magnification at the base of an intestinal gland shows

the typical eosinophilic granules of Paneth cells (P), along with an
open-type enteroendocrine cell (EC) and a differentiating goblet

cell (G). (X400; H&E)

the colon and in the rectum. Epithelial stem cells are located in
the bottom third of each gland.

The lamina propria is rich in lymphoid cells and in lym-
phoid nodules that frequently extend into the submucosa
(Figure 15-32). The richness in MALT is related to the large
bacterial population of the large intestine. The appendix has
little or no absorptive function but is a significant component
of MALT (see Chapter 14).

The muscularis of the colon has longitudinal and circular
layers but differs from that of the small intestine, with fibers of
the outer layer gathered in three separate longitudinal bands
called teniae coli (L., ribbons of the colon) (Figure 15-32a).
Intraperitoneal portions of the colon are covered by serosa,
which is characterized by small, pendulous protuberances of
adipose tissue.
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FIGURE 15-27 Enteroendocrine cell.

TEM of an open-type enteroendocrine cell in the epithelium of the duo-
denum shows microvilli at its apical end in contact with the lumen. The
microvilli have components of nutrient-sensing and signal transduction
systems similar in some components to those of taste bud gustatory
cells. Activation of these cells by nutrients triggers the release at the
basolateral membranes of peptide factors, including satiation peptides,
which diffuse through extracellular fluid to enter capillaries (endocrine)
or to bind receptors on nearby nerve terminals, smooth muscle fibers, or
other cells (paracrine). Hormones from the various enteroendocrine cells
actin a coordinated manner to control gut motility; regulate secretion of
enzymes, HCl, bile, and other components for digestion; and produce the
sense of satiety in the brain. (X4500)

(Used with permission from A.G.E. Pearse, Department of Histochemistry,
Royal Postgraduate Medical School, London, UK.)

Smooth
muscle

(lymphatic
capillary)

Intestinal
glands
Lymphoid
nodule

Lamina propria

Muscularis mucosae

Submucosal plexus
Submucosa —————— P

Muscular layer (inner) Myenteric plexus

Muscular layer (outer) ‘ ‘
""" Serosa

The villi of the small intestine contain blood microvasculature (left), lymphatic capillaries called lacteals (center), and both innervation and
smooth muscle fibers (right).
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FIGURE 15-29 Duodenal (Brunner) glands.

FIGURE 15-30 Small intestine muscularis and
myenteric plexus.

Concentrated in the upper duodenum are large masses of com-
pound tubular mucous glands, the duodenal glands (DG), with
many lobules that occupy much of the submucosa and may
extend above the muscularis mucosae (MM) into the mucosa.
Many small excretory ducts (D) extend from these lobules
through the lamina propria and empty into the lumen among
the small intestinal crypts. Alkaline mucus from duodenal glands
neutralizes the pH of material entering the duodenum and
supplements the mucus from goblet cells in lubricating and pro-
tecting the lining of the small intestine. (X100; H&E)

>> MEDICAL APPLICATION

Colorectal cancer is an adenocarcinoma that develops
initially from benign adenomatous polyps in the mucosal
epithelium. Such polyps usually occur in epithelium of the
rectum, sigmoid colon, or distal descending colon and are
more common in individuals with low-fiber diets, which
reduce the bulk of fecal material, and this in turn prolongs

(@) Transverse sections of the small intestinal wall show the orien-
tation of the internal (IM) and external (EM) smooth muscle lay-
ers. The inner layer is predominantly circular, while the outer layer

contact of the mucosa with toxins in feces. Screens for is longitudinal. The serosa (S) is a thin connective tissue covered
colorectal cancer include sigmoidoscopy or colonoscopy here by a mesothelium of cuboidal or squamous cells. (X200; PT)
to see polyps and tests for fecal occult blood resulting from (b) Between the internal and external layers of muscularis (IM

mucosal bleeding as an adenocarcinoma invades more and EM) are ganglia of pale-staining neurons and other cells of

deeply into the mucosa. the myenteric plexus (MP). (X100; H&E)
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Large Intestine

FIGURE 15-31 Large intestine.
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(a) Large intestine, anterior view

As shown at the top, the large intestine consists of the cecum; the
ascending, transverse, descending, and sigmoid regions of the
colon; and the rectum.

(@) Anterior view of the large intestine with the proximal end
exposed shows the ileocecal valve at its attachment to the ileum,
along with the sac called the cecum and its extension, the appendix.
The mucosa has only shallow plicae and no villi. The muscularis has
two layers, but the outer longitudinal layer consists only of three
distinct bundles of muscle fibers called teniae coli that produce

the haustra in the colon wall. The serosa of the colon is continuous

mesocolon

i|~AnaI canal

anal sphincter

— External
anal sphincter

Anal sinuses

Anal columns

(b) Anal canal

with that of the supporting mesenteries and displays a series of
suspended masses of adipose tissue called omental appendages.

(b) At the distal end of the rectum, the anal canal, the mucosa,
and submucosa are highly vascularized, with venous sinuses, and
are folded as a series of longitudinal folds called anal columns
(of Morgagni) with intervening anal sinuses. Fecal material accu-
mulates in the rectum is eliminated by muscular contraction,
including action of an internal anal sphincter continuous with
the circular layer of the muscularis and an external sphincter of
striated (voluntary) muscle.
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FIGURE 15-32 wall of the large intestine.
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(a) Large intestine tunics

(a) Diagram shows the wall of the large intestine composed of the
four typical layers. The submucosa is well vascularized. The muscu-
laris has a typical inner circular layer, but the outer longitudinal mus-
cle is only present in three equally spaced bands, the teniae coli.

>> MEDICAL APPLICATION

Swollen blood vessels in the mucosa or submucosa of the anal
canal can cause a painful disorder called hemorrhoids. This
common condition typically results from a low-fiber diet, con-
stipation, prolonged sitting, or straining at defecation, condi-
tions that produce increased pressure on these blood vessels.

The distal end of the GI tract is the anal canal, 3-4 cm
long. At the rectoanal junction the simple columnar muco-
sal lining of the rectum is replaced by stratified squamous epi-
thelium (Figure 15-34). The mucosa and submucosa of the
anal canal form several longitudinal folds, the anal columns
(Figure 15-31b), in which the lamina propria and submucosa
include sinuses of the rectal venous plexus. Near the anus the
circular layer of the rectum’s muscularis forms the internal

Submucosa

Muscularis
Circular layer

Longitudinal
layer (tenia

- coli)
— Serosa

epithelium

Intestinal gland

———Muscularis
. mucosae

(b) Large intestine mucosa and submucosa

(b) The mucosa is occupied mostly by tubular intestinal glands
extending as deep as the muscularis mucosae and by lamina pro-
pria rich in MALT. (X80; H&E)

anal sphincter. Defecation involves the action of voluntary
muscle comprising the external anal sphincter (Figure
15-31b).

Table 15-2 summarizes the histologic features distin-
guishing each region of the digestive tract.

>> MEDICAL APPLICATION

Herniation or outpocketing of the mucosa and submucosa of
the colon can occur between the teniae coli, forming bulges
(diverticula) and a condition called diverticulosis. This dis-
order can result from structural defects in the colon wall or
from high intraluminal pressure or constipation. Fecal mate-
rial can become immobilized in the diverticula and cause
localized inflammation or diverticulitis.
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FIGURE 15-33 Colon mucosa.

(@) Transverse section of the colon shows the muscularis externa
(ME), including a tenia coli cut transversely in the lower part of
the figure, the submucosa (S), the mucosa (M) filled with tubular
intestinal glands. Some of these glands are cut longitudinally, but
most seen here are cut transversely. (X14; H&E)

(b) Transversely cut glands are seen to consist of simple
columnar epithelium surrounded by a tubular lumen (L) and
embedded in lamina propria (LP) with many free lymphocytes.
Lymphocytes can also be seen penetrating the epithelium
(arrow). (X200; H&E)

FIGURE 15-34 Mucosa of the rectoanal junction.

Large Intestine 325

(c) Longitudinal section of one intestinal gland stained for glyco-
proteins shows mucus in the lumen and two major cell types in
the epithelium: goblet cells (G) and the neighboring columnar cells
specialized for water absorption. (X400; PAS)

(d) TEM of the absorptive cells, or colonocytes, reveals short
microvilli at their apical ends and dilated intercellular spaces
with interdigitating leaflets of cell membrane (L), a sign of active
water transport. The absorption of water is passive, following the
active transport of sodium from the basolateral surfaces of the epi-
thelial cells. (X2500)

The simple columnar epithelium with tubular intestinal glands in
the rectum (left side of photo) changes abruptly to stratified squa-
mous epithelium in the anal canal (right side of photo), as seen in
this longitudinal section. The connective tissue of the lamina pro-
pria is seen to contain many free lymphocytes. (X40; H&E)
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TABLE 15-2

Region and

CHAPTER 15 = Digestive Tract

Mucosa (Epithelium,

Lamina Propria, Submucosa (With

Subdivisions

Esophagus (upper,
middle, lower)

Muscularis Mucosae)

Nonkeratinized stratified
squamous epithelium;

Submucosal Plexuses)

Small esophageal
glands (mainly mucous)

cardiac glands at lower
end

Surface mucous cells and  No distinguishing
gastric pits leading to features

gastric glands with

parietal and chief cells,

(in the fundus and body) or

to mucous cardiac glands

and pyloric glands

Stomach (cardia,
fundus, body,
pylorus)

Small intestine
(duodenum,
jejunum, ileum)

Plicae circulares; villi,
with enterocytes and
goblet cells, and crypts/
glands with Paneth cells

Duodenal (Brunner)
glands (entirely mucous);
possible extensions of
Peyer patches in ileum

and stem cells; Peyer
patches in ileum

Intestinal glands with
goblet cells and
absorptive cells

No distinguishing
features

Large intestine
(cecum, colon,
rectum)

Stratified squamous Venous sinuses
epithelium; longitudinal

anal columns

Anal canal

Digestive Tract sumMARY OF KEY POINTS

Summary of distinguishing digestive tract features, by region and layers.

Muscularis (Inner Circular and
Outer Longitudinal Layers,
With Myenteric Plexuses
Between Them) Adventitia/Serosa
Both layers striated muscle

in upper region; both layers
smooth muscle in lower region;
smooth and striated muscle
fascicles mingled in middle
region

Adventitia, except at
lower end with serosa

Three indistinct layers of Serosa
smooth muscle (inner oblique,

middle circular, and outer

longitudinal)

No distinguishing features Mainly serosa

Outer longitudinal layer
separated into three bands,
the teniae coli

Mainly serosa, with
adventitia at rectum

Inner circular layer thickened Adventitia

as internal sphincter

Oral Cavity

= The oral cavity is lined primarily by mucosa with nonkeratinized
stratified squamous epithelium, with Kkeratinized stratified
squamous epithelium on the hard palate and gingiva.

= The dorsal surface mucosa of the tongue has projecting lingual
papillae of four types: filiform papillae with keratinized epithelium
and nonkeratinized foliate, fungiform, and large vallate papillae.

= All lingual papillae, except the filiform type, have epithelial taste
buds on their sides, with chemosensory gustatory cells with syn-
apses to basal sensory innervation, support cells, and an apical
taste pore.

= Each tooth has enamel covering its crown and neck and a vas-
cularized, innervated central pulp cavity within the dentin that
makes up the roots and extends into the neck.

= Enamel calcifies as parallel enamel rods in a process guided by the
protein amelogenin after secretion from columnar epithelial cells
called ameloblasts in the enamel organ of the embryonic tooth bud.

= Predentin is secreted as elongated dentinal tubules from tall odon-

toblasts, which line the pulp cavity and persist in the fully formed
tooth, with apical odontoblast processes extending between the
tubules.

The periodontium of each tooth consists of a thin layer of bone-
like cementum surrounding dentin of the roots and the periodontal
ligament binding the cementum to alveolar bone on the jaw socket.

Layers of the Digestive Tract
= From the esophagus to the rectum, the digestive tract has four major

layers: a lining mucosa, a submucosa, a muscularis, and an outer-
most adventitia or mesothelium-covered serosa.

The mucosa varies regionally along the tract but always consists of
a lining epithelium on a lamina propria of loose connective tis-
sue and smooth muscle fibers extending from muscularis mucosae
layer.
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Esophagus Small Intestine

= The mucosa of the esophagus has nonkeratinized stratified squa- = The small intestine has three regions: the duodenum with large
mous epithelium; its muscularis is striated at its superior end with mucous glands in the submucosa called duodenal glands; the jejunum;
smooth muscle at its inferior end, with mixed fiber types in the and the ileum with the large mucosal and submucosal Peyer patches.
middle. = Inall regions of small intestine the mucosa has millions of projecting

= Most of the outer layer of the esophagus is adventitia, merging villi, with simple columnar epithelium over cores of lamina propria,
with other tissues of the mediastinum. and intervening simple tubular intestinal glands (or crypts).

= At the esophagogastric junction, stratified squamous epithelium m Stem cells in these glands produce the columnar epithelial cells of
changes abruptly to simple columnar epithelium invaginating villi, mainly goblet cells and enterocytes for nutrient absorption, as
into the lamina propria as many branched tubular glands. well as defensin-producing Paneth cells deep in the glands.

= Sugars and amino acids produced by final steps of digesting car-

Stomach bohydrates and polypeptides in the glycocalyx undergo transcytosis
= The stomach has four major regions: the superior cardia and infe- through enterocytes for uptake by capillaries.
rior pylorus, which are rather similar histologically, and the inter- = Products of lipid digestion associate with bile salts, are taken up by
vening fundus and body, which are also similar. enterocytes, and are converted to triglycerides and lipoproteins for
® The mucosa of the stomach fundus and body is penetrated by release as chylomicrons and uptake by a lymphatic called a lacteal
numerous gastric pits, which are lined like the stomach lumen in the core of each villus.
with surface mucous cells and which lead into branching gastric = Smooth muscle of the lamina propria and muscularis mucosae,
glands. under the control of the autonomic submucosal (Meissner) plexus,
® The surface mucous cells secrete a thick layer of viscous mucus moves the villi and helps propel lymph through the lacteals.
with bicarbonate ions, which protects these cells and the underly- = Smooth muscle in the inner circular layer and the outer longitu-
ing lamina propria. dinal layer of the muscularis, under the control of the autonomic
= The gastric glands are lined by epithelium with four major cell myenteric (Auerbach) plexus, produces strong peristalsis.
types, as well as their pluripotent stem cells that are located in the
narrow neck regions of these glands: Large Intestine
= Mucous neck cells include immature precursors of the surface m The large intestine has three major regions: the short cecum,
mucous cells but produce less alkaline mucus while migrating with the appendix; the long colon, with its ascending, transverse,
up into the gastric pits. descending, and sigmoid portions; and the rectum.
= Parietal cells are large cells with many mitochondria and large = Along its entire length, the mucosa of the large intestine has millions
intracellular canaliculi for production of HCI in the gastric of short simple tubular intestinal glands, lined by lubricant goblet
secretion; they also secrete intrinsic factor for vitamin B, cells and absorptive cells for the uptake of water and electrolytes.
uptake. = The muscularis of the colon has its outer longitudinal layer subdi-
= Chief (zymogenic) cells, clustered mainly in the lower half of vided into three bands of smooth muscle called teniae coli, which
the gastric glands, secrete the protein pepsinogen that is acti- act in the peristaltic movement of feces to the rectum.
vated by the low pH in the lumen to form the major protease
pepsin. Anal Canal
= Enteroendocrine cells are scattered epithelial cells of the diffuse = At the anal canal the simple columnar epithelium lining the rectum
neuroendocrine system, which release peptide hormones to shifts abruptly to stratified squamous epithelium of the skin at the
regulate activities of neighboring tissues during food digestion. anus.
= The mucosa of the stomach cardiac and pyloric regions has branch- = Near the anus the circular layer of the rectum’s muscularis forms the
ing cardial and pyloric glands, which consist almost entirely of internal anal sphincter, with further control exerted by striated
columnar mucous cells, lacking parietal and chief cells. muscle of the external anal sphincter.
Digestive Tract Assess YOUR KNOWLEDGE
1. In which of the following structures of the oral cavity would taste 3. The teniae coli of the large intestine represent an organ-specific spe-
buds be localized in the highest concentration? cialization of which layer of the intestinal tract wall?
a. Fungiform papillae a. Epithelium
b. Gingiva b. Lamina propria
c. Filiform papillae ¢. Muscularis mucosa
d. Ventral surface of the tongue d. Muscularis externa
e. Vallate papillae e. Serosa
2. Certain antibiotic therapies slow the replacement of the cells lining 4. Which of the following would most likely result from a reduction in
the small intestine. This may cause the loss of what tissue type? the number of Paneth cells?

Thinning of the glycocalyx

Reduced breakdown of fats

Elevated levels of undigested proteins
Decreased mucus in the intestine
Increased number of intestinal bacteria

Ciliated pseudostratified columnar epithelium

Simple cuboidal epithelium

Simple columnar epithelium

Pseudostratified columnar epithelium with stereocilia
Stratified squamous, nonkeratinized epithelium
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5.

CHAPTER 15 = Digestive Tract

A medical student on a rotation in the pathology laboratory is
given an unlabeled microscope slide with tissue provided by a gas-
troenterologist from a cancer patient she is attending. The mucosa
and submucosa are poorly preserved, with only the thick muscu-
laris well-stained, showing striated fibers. The slide most likely
shows a biopsy of which region of the GI tract?

a. Pyloric sphincter

b. Esophagus

c. Colon
d. Corpus of the stomach
e. Ileum

Diarrhea may result if which of the following organs fails to carry
out its role in absorbing water from the feces?

Anal canal

Cecum

Colon

Jejunum

Duodenum

o0 o

Which of the following is true of the absorptive cells of the small
intestine?

Also called enteroendocrine cells

Have many microvilli covering their basal surfaces

Absorb lipids by active transport

Synthesize triglycerides from absorbed lipids

Undergo mitosis at tips of villi and are sloughed off into crypts

o0 o

A 52-year-old man is diagnosed with a carcinoid after an appen-
dectomy. The enteroendocrine cells producing this disorder differ
from goblet cells in which of the following?

The direction of release of secretion

The use of exocytosis for release of secretory product

Their presence in the small and large intestines

The origin from a crypt stem cell

Their location in a simple columnar epithelium

o A0 o

9.

10.

A 14-month-old girl is brought to the pediatric dentistry clinic
because her erupted deciduous teeth are opalescent with fractured
and chipped surfaces. X-rays reveal bulb-shaped crowns, thin roots,
and enlarged central cavities. Tissue immediately surrounding one
tooth’s central cavity is biopsied and prepared for histology, which
reveals irregular, widely spaced tubules. Which of the following
applies to this irregular tissue layer?

a. It has a composition similar to that of bone and is produced by
cells similar in appearance to osteocytes.

b. It is formed on a noncollagenous matrix that is resorbed after
mineralization by the same cells that secreted it.

c. It contains abundant nerves, microvasculature, and loose con-
nective tissue.

d. It consists of mineralized collagen secreted by cells derived from
the neural crest.

e. It is the site of inflammation in diabetic patients and is sensitive
to vitamin C deficiency.

A 39-year-old woman presents with dyspnea, fatigue, pallor, tachy-
cardia, anosmia, and diarrhea. Laboratory results are: hematocrit
32% (normal 36.1%-44.3%), MCV 102 fL (normal 78-98 fL), 0.3%
reticulocytes (normal 0.5%-2.0%), 95 pg/mL vitamin B, (normal
200-900 pg/mL), and an abnormal stage I of the Schilling test. Auto-
antibodies are detected against a cell type located in one region of the
GI tract. In which regions would those cells be found?

Esophagus

Body of the stomach

Pyloric region of the stomach

Cardiac region of the stomach

Duodenum
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