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PREFACE TO THE THIRTEENTH
EDITION

The thirteenth edition of Atlas of Histology with Functional Correlations
(formerly diFiore’s Atlas of Histology with Functional Correlations) continues
to provide a colorful and expanded atlas of histologic images for medical,
veterinary, dentistry, and pathology as well as students of the biological sciences.

As in previous editions, numerous comments from reviewers were helpful in
suggesting improvement to the text and images of the atlas. Keeping these
suggestions in mind, the composite and colorful illustrations of cells, tissues, and
organs that made this atlas popular are maintained in the thirteenth edition. In
addition, numerous photomicrographs were added throughout. While most of the
images were prepared with light microscopy, other images with transmission and
scanning microscopy are also included where it was necessary to show more
precise and detailed morphology of different structures not visible with light
microscopy.

The rapid advance in scientific research continues to produce volumes of
new information that further our understanding of fundamental biological
functions of cells as well as their subcellular and molecular components. Thus, in
our contemporary era, the study of histology requires more than the recognition
and identification of structural characteristics in different organs but also
learning and understanding their diverse dynamics and functional correlations
that maintain the homeostasis of living organisms.

CHANGES IN THE THIRTEENTH
EDITION

e Descriptive text material has been carefully rewritten and updated for more
concise presentation and easier understanding.

e Empty spaces have been condensed and replaced by text material and/or
images.
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» At least eight labeled Additional Histologic Images have been added to
Chapters 2 and 3 through 22 to supplement the color illustrations and other
histologic images.

e Chapters 2 through 22 now include five End-of-Chapter Review Questions
with explanations for correct answers.

e The most important and latest functional correlations concerning the
structure and function of various cells, tissues, and organs have been
provided in a summarized format for easier reading and better
comprehension of the new information.

e Composite lead-in art pages from previous editions have been dispersed
throughout chapters to better correspond to their relevant topics.

LEARNING RESOURCES

The following Student and Instructor Resources are offered at Wolters Kluwer’s

learning resource center Point’.

Student Resources:

e Interactive Question Bank of more than 250 additional multiple-choice
questions not included in the book, with explanations for correct answers

Instructor Resources:

e Interactive Image Bank including all images from the book with labels and
leaders on, labels and leaders off, and labels off with leaders on options

e Supplemental Image Bank including more than 1,000 additional unlabeled
photomicrographs not included in the book, organized by chapter; multiple
images of similar structures are included

e Syllabus

¢ Conversion Guide indicating changes and additions between the twelfth and
thirteenth editions.

For more information about accessing and licensing Instructor Resources, please
contact your sales representative or visit thepoint.lww.com.
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spindle, its contents, and the surrounding muscle fibers.

FIGURE 8.22 High magnification of a section of primate cardiac muscle
showing the central nuclei and intercalated discs.

FIGURE 8.23 Section of a primate heart muscle illustrating the appearance
of cardiac muscle fibers cut in different planes.

FIGURE 8.24 A cross section of a small intestine wall showing the circular
(upper) and longitudinal (lower) smooth muscle layers.

FIGURE 8.25 High magnification of the circular layer of the smooth
muscle in the wall of a primate small intestine.

CHAPTER 9 NERVOUS TISSUE
SECTION 1 Central Nervous System: Brain and Spinal Cord

FIGURE 9.1 Central nervous system (CNS). The CNS is composed of the
brain and spinal cord. A section of the brain and spinal cord is illustrated
with their protective connective tissue layers called meninges (dura mater,
arachnoid mater, and pia mater).

FIGURE 9.2 Examples of different types of neurons located in various
ganglia and organs outside the CNS.

FIGURE 9.3 Spinal cord: midthoracic region (transverse section).

FIGURE 9.4 Spinal cord: anterior gray horn, motor neuron, and adjacent
white matter.

FIGURE 9.5 Spinal cord: midcervical region (transverse section).

FIGURE 9.6 Spinal cord: anterior gray horn, motor neurons, and adjacent
anterior white matter.

FIGURE 9.7 Ultrastructure of typical axodendritic synapses in the CNS.
Transmission electron micrograph.

FIGURE 9.8 Motor neurons: anterior horn of the spinal cord.

FIGURE 9.9 Neurofibrils and motor neurons in the gray matter of the
anterior horn of the spinal cord.

FIGURE 9.10 Anterior gray horn of the spinal cord: multipolar neurons,
axons, and neuroglial cells.

FIGURE 9.11 Cerebral cortex: gray matter:
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FIGURE 9.12 Layer V of the cerebral cortex.
FIGURE 9.13 Cerebellum (transverse section).

FIGURE 9.14 Cerebellar cortex: molecular, Purkinje cell, and granular cell
layers.

FIGURE 9.15 Fibrous astrocytes and capillary in the brain.

FIGURE 9.16 Ultrastructure of a capillary in the CNS and the perivascular
endfeet of astrocytes. Transmission electron micrograph.

FIGURE 9.17 Oligodendrocytes of the brain.

FIGURE 9.18 Ultrastructure of an oligodendrocyte in the CNS with
myelinated axons. Transmission electron micrograph.

FIGURE 9.19 Ultrastructure of myelinated axons in the CNS with a node of
Ranvier. Transmission electron micrograph.

FIGURE 9.20 Microglia of the brain.
SECTION 2 Peripheral Nervous System (PNS)

FIGURE 9.21 Peripheral nervous system (PNS). The PNS is composed of
the cranial and spinal nerves. A cross section of the spinal cord is illustrated
with the characteristic features of the motor neuron and a cross section of a
peripheral nerve.

FIGURE 9.22 Peripheral nerves and blood vessels (transverse section).

FIGURE 9.23 Myelinated nerve fibers (longitudinal and transverse
sections).

FIGURE 9.24 Sciatic nerve (longitudinal section).

FIGURE 9.25 Sciatic nerve (longitudinal section).

FIGURE 9.26 Sciatic nerve (transverse section).

FIGURE 9.27 Peripheral nerve: nodes of Ranvier and axons.

FIGURE 9.28 Ultrastructure of peripheral nerve fascicle in the PNS cut in
the transverse plane.

FIGURE 9.29 Dorsal root ganglion, with dorsal and ventral roots, spinal
nerve (longitudinal section).

FIGURE 9.30 Cells and unipolar neurons of a dorsal root ganglion.

FIGURE 9.31 Multipolar neurons, surrounding cells, and nerve fibers of a
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sympathetic ganglion.
FIGURE 9.32 Dorsal root ganglion: unipolar neurons and surrounding cells.

FIGURE 9.33 Transverse section of a spinal cord through the midthoracic
region.

FIGURE 9.34 Transverse section of a spinal cord through the lumbar
region.

FIGURE 9.35 A section of the anterior horn of spinal cord illustrating
multipolar motor neurons and the adjacent myelinated axons.

FIGURE 9.36 A section of an anterior horn of the spinal cord illustrating
the cellular and fibrillar components of the cord.

FIGURE 9.37 Spinal cord spread showing a multipolar motor neuron in the
anterior horn.

FIGURE 9.38 A section of sensory dorsal root ganglion with its unipolar
neurons, axons bundles, and the surrounding connective tissue capsule.

FIGURE 9.39 A transverse section of a nerve illustrating individual cells,
axons, and the surrounding connective tissue.

FIGURE 9.40 A longitudinal section of a peripheral nerve with nodes of
Ranvier, axons, and the protein network in the washed-out myelin sheaths.

PART IV Systems

CHAPTER 10 CIRCULATORY SYSTEM
FIGURE 10.1 Muscular artery.
FIGURE 10.2 Large vein.
FIGURE 10.3 Three types of capillaries (transverse sections).
FIGURE 10.4 Blood and lymphatic vessels in the connective tissue.

FIGURE 10.5 Capillaries sectioned in transverse and longitudinal planes in
the mesentery of a small intestine.

FIGURE 10.6 Ultrastructure of a continuous capillary sectioned in the
transverse plane in the CNS.

FIGURE 10.7 Ultrastructure of a fenestrated capillary sectioned in the
transverse plane in the choroid plexus of a CNS ventricle.
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FIGURE 10.8 Muscular artery and vein (transverse section).

FIGURE 10.9 Artery and vein in the dense irregular connective tissue of the
vas deferens.

FIGURE 10.10 Wall of a large elastic artery: aorta (transverse section).
FIGURE 10.11 Wall of a large vein: portal vein (transverse section).

FIGURE 10.12 Heart: a section of the left atrium, atrioventricular valve,
and left ventricle (longitudinal section).

FIGURE 10.13 Heart: a section of the right ventricle, pulmonary trunk, and
pulmonary valve (longitudinal section).

FIGURE 10.14 Heart: contracting cardiac muscle fibers and impulse-
conducting Purkinje fibers.

FIGURE 10.15 A section of heart wall: Purkinje fibers.

FIGURE 10.16 Mesentery spread with a capillary, endothelial nuclei, and
the surrounding connective tissue cells and fibers.

FIGURE 10.17 A section of a mesentery illustrating a capillary with red
blood cells, a mast cell, and the surrounding washed-out outlines of adipose
cells.

FIGURE 10.18 Structural comparison between an artery and a vein in the
mesentery.

FIGURE 10.19 Structural comparison of layers in the walls of a vein and an
artery in the mesentery.

FIGURE 10.20 Comparison of a small artery and a vein with valves
surrounded by loose connective tissue with fibrocytes.

FIGURE 10.21 Higher magnification of an artery and a vein walls with
surrounding adipose cells.

FIGURE 10.22 Section of an arterial wall illustrating the different layers.

FIGURE 10.23 A section of the heart wall near a ventricle illustrating
different structures.

CHAPTER 11 IMMUNE SYSTEM

FIGURE 11.1 Location and distribution of the lymphoid organs and
lymphatic channels in the body.
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FIGURE 11.2 Internal contents of a lymph node.

FIGURE 11.3 Internal contents of the spleen.

FIGURE 11.4 Lymph node (panoramic view).

FIGURE 11.5 Lymph node: capsule, cortex, and medulla (sectional view).
FIGURE 11.6 Cortex and medulla of a lymph node.

FIGURE 11.7 Lymph node: subcortical sinus, trabecular sinus, reticular
cells, and lymphatic nodule.

FIGURE 11.8 Lymph node: high endothelial venule in the paracortex (deep
cortex) of a lymph node.

FIGURE 11.9 Lymph node: subcapsular sinus, trabecular sinus, and
supporting reticular fibers.

FIGURE 11.10 Thymus gland (panoramic view).
FIGURE 11.11 Thymus gland (sectional view).
FIGURE 11.12 Cortex and medulla of a thymus gland.
FIGURE 11.13 Spleen (panoramic view).

FIGURE 11.14 Spleen: red and white pulp.

FIGURE 11.15 Red and white pulp of the spleen.
FIGURE 11.16 Palatine tonsil.

FIGURE 11.17 A low-power section of a primate lymph node illustrating
its internal components.

FIGURE 11.18 Medium magnification of a section of primate cortex and
medulla of a lymph node.

FIGURE 11.19 Higher magnification of a primate lymph node illustrating
its contents.

FIGURE 11.20 Low-magnification section of human spleen illustrating its
contents.

FIGURE 11.21 A section of human spleen illustrating lymphatic nodules,
periarteriolar lymphatic sheath (PALS), and the red and white pulp.

FIGURE 11.22 A section of primate thymus gland illustrating the cortex
and medulla and their contents.
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FIGURE 11.23 A section of human thymus cortex with the thymic
(Hassall) corpuscle and the surrounding cells.

FIGURE 11.24 Human palatine tonsil illustrating the crypts and the internal
structures.

CHAPTER 12 INTEGUMENTARY SYSTEM
SECTION 1 Thin Skin

FIGURE 12.1 Contents of the connective tissue dermis of the thin skin of
the arm.

FIGURE 12.2 Thin skin: epidermis and the contents of the dermis.
FIGURE 12.3 Skin: epidermis, dermis, and hypodermis in the scalp.

FIGURE 12.4 Hairy thin skin of the scalp: hair follicles and surrounding
structures.

FIGURE 12.5 Hair follicle: bulb of the hair follicle, sweat gland, sebaceous
gland, and arrector pili muscle.

SECTION 2 Thick Skin

FIGURE 12.6 Contents of the connective tissue dermis of the thick skin of
the palm.

FIGURE 12.7 Thick skin: epidermis, dermis, and hypodermis of the palm.

FIGURE 12.8 Thick skin of the palm, superficial cell layers, and melanin
pigment.

FIGURE 12.9 Thick skin: epidermis and superficial cell layers.

FIGURE 12.10 Apocrine sweat gland: secretory and excretory portions of
the sweat gland.

FIGURE 12.11 Cross section and three-dimensional appearance of an
eccrine sweat gland.

FIGURE 12.12 Glomus in the dermis of thick skin.

FIGURE 12.13 Pacinian corpuscles in the dermis of thick skin (transverse
and longitudinal sections).

FIGURE 12.14 Hairy thin skin of the human scalp illustrating hair follicles
and surrounding tissues in the dermis.

FIGURE 12.15 A section of primate thin skin illustrating the contents of the
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epidermis and dermis.

FIGURE 12.16 A section of human thick skin (palm) illustrating the
epidermis, dermis, and their contents.

FIGURE 12.17 A section of human thick skin illustrating the layers of
epidermis.

FIGURE 12.18 High-magnification section of human thick skin illustrating
the epidermal layers, a Meissner corpuscle, and the underlying dermis.

FIGURE 12.19 A section of human dermis with excretory ducts and the
secretory cells of the sweat glands surrounded by myoepithelial cells.

FIGURE 12.20 Higher magnification of a human sweat gland with
excretory ducts, secretory cells, and myoepithelial cells.

FIGURE 12.21 Pacinian corpuscle with surrounding structures in the
dermis of a male primate organ.

CHAPTER 13 DIGESTIVE SYSTEM PART I: ORAL CAVITY AND
MAJOR SALIVARY GLANDS

SECTION 1 Oral Cavity
FIGURE 13.1 Sagittal section of a tooth.

FIGURE 13.2 A section of posterior tongue showing the circumvallate
papillae, the location of the taste buds, and the associated serous glands.

FIGURE 13.3 Dorsal surface of the tongue, showing the location of
different papillae and tonsils.

FIGURE 13.4 A section of the tongue epithelium showing the taste bud and
its cells spanning the entire width of the stratified squamous epithelium.

FIGURE 13.5 Lip (longitudinal section).

FIGURE 13.6 Anterior region of the tongue: apex (longitudinal section).
FIGURE 13.7 Tongue: circumvallate papilla (cross section).

FIGURE 13.8 Tongue: filiform and fungiform papillae.

FIGURE 13.9 Tongue: taste buds.

FIGURE 13.10 Posterior tongue: behind circumvallate papillae and near
lingual tonsil (longitudinal section).

FIGURE 13.11 Lingual tonsils (transverse section).
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FIGURE 13.12 Dried tooth (longitudinal section). Ground and unstained.
FIGURE 13.13 Dried tooth: dentinoenamel junction. Ground and unstained.

FIGURE 13.14 Dried tooth: cementum and dentin junction. Ground and
unstained.

FIGURE 13.15 Developing tooth (longitudinal section).
FIGURE 13.16 Developing tooth: dentinoenamel junction in detail.
SECTION 2 Major Salivary Glands

FIGURE 13.17 Salivary glands. The different types of acini (serous,
mucous, and mixed, with serous demilunes), different duct types
(intercalated, striated, and interlobular), and myoepithelial cells of a
salivary gland are illustrated.

FIGURE 13.18 Parotid salivary gland.

FIGURE 13.19 Submandibular salivary gland.
FIGURE 13.20 Sublingual salivary gland.

FIGURE 13.21 Serous salivary gland: parotid gland.
FIGURE 13.22 Mixed salivary gland: sublingual gland.

FIGURE 13.23 Dorsal surface of the human tongue illustrating the filiform
and fungiform papillae with taste buds.

FIGURE 13.24 Dorsal surface of the human tongue illustrating the
circumvallate papilla with surrounding structures.

FIGURE 13.25 Plastic section of the fungiform papilla on a primate tongue
illustrating taste buds.

FIGURE 13.26 Section of a primate serous parotid salivary gland
illustrating a striated duct and serous acini.

FIGURE 13.27 Seromucous (submandibular) primate gland illustrating
serous and mucous acini and different excretory ducts.

FIGURE 13.28 Plastic section of a primate seromucous (submandibular)
salivary gland illustrating the serous and mucous acini.

FIGURE 13.29 A section of primate seromucous (sublingual) gland with
mucous acini, serous demilunes, and excretory ducts.

FIGURE 13.30 A section of primate seromucous (sublingual) gland
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illustrating the mucous acini, serous demilunes, and excretory ducts.

CHAPTER 14 DIGESTIVE SYSTEM PART II: ESOPHAGUS AND
STOMACH

SECTION 1 Esophagus

FIGURE 14.1 Four layers (mucosa, submucosa, muscularis externa, and
adventitia) in the wall of the esophagus and their characteristic contents.

FIGURE 14.2 Wall of the upper esophagus (transverse section).
FIGURE 14.3 Upper esophagus (transverse section).
FIGURE 14.4 Lower esophagus (transverse section).

FIGURE 14.5 Upper esophagus: mucosa and submucosa (longitudinal
view).

FIGURE 14.6 Lower esophageal wall (transverse section).

FIGURE 14.7 Esophageal—stomach junction.

FIGURE 14.8 Esophageal—stomach junction (transverse section).
SECTION 2 Stomach

FIGURE 14.9 Four layers (mucosa, submucosa, muscularis externa, and
serosa) in the wall of the stomach and their characteristic contents.

FIGURE 14.10 Stomach: fundus and body region (transverse section).

FIGURE 14.11 Stomach: mucosa of the fundus and body (transverse
section).

FIGURE 14.12 Stomach: fundus and body region (plastic section).
FIGURE 14.13 Stomach: superficial region of gastric (fundic) mucosa.
FIGURE 14.14 Stomach: basal region of gastric (fundic) mucosa.
FIGURE 14.15 Pyloric region of the stomach.

FIGURE 14.16 Pyloric—duodenal junction (longitudinal section).

FIGURE 14.17 A transverse section of a primate esophagus illustrating the
contents of its wall. Esophageal glands proper are in the submucosa.

FIGURE 14.18 A higher magnification of a human esophageal wall
illustrating epithelium and the lamina propria.

FIGURE 14.19 Esophageal-stomach junction in a human illustrating the
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abrupt epithelial change at the junction.

FIGURE 14.20 Lower-power illustration of the body/fundus section of a
primate stomach wall.

FIGURE 14.21 Lower-power illustration of the body/fundus section of a
human stomach wall.

FIGURE 14.22 A section of the body/fundus region of a primate stomach
illustrating the gastric pits and gastric glands with different cells.

FIGURE 14.23 A thin plastic section of the luminal surface area of the
body/fundus region of a primate stomach.

FIGURE 14.24 A section of the body/fundus region of a primate stomach
illustrating bases of the gastric glands.

CHAPTER 15 DIGESTIVE SYSTEM PART III: SMALL INTESTINE
AND LARGE INTESTINE

SECTION 1 Small Intestine

FIGURE 15.1 Different cell types and layers in the wall of the small
intestine.

FIGURE 15.2 Small intestine: duodenum (longitudinal section).

FIGURE 15.3 Small intestine: duodenum (transverse section).

FIGURE 15.4 Small intestine: jejunum (transverse section).

FIGURE 15.5 Intestinal glands with Paneth cells and enteroendocrine cells.
FIGURE 15.6 Small intestine: jejunum with Paneth cells.

FIGURE 15.7 Small intestine: ileum with lymphatic nodules (Peyer
patches) (transverse section).

FIGURE 15.8 Small intestine: villi (longitudinal and transverse section).

FIGURE 15.9 Ultrastructure of microvilli in an absorptive cell in the small
intestine.

SECTION 2 Large Intestine (Colon)
FIGURE 15.10 Different cells and layers in the wall of the large intestine.

FIGURE 15.11 Large intestine: colon and mesentery (panoramic view,
transverse section).

FIGURE 15.12 Large intestine: colon wall (transverse section).
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FIGURE 15.13 Large intestine: colon wall (transverse section).
FIGURE 15.14 Appendix (panoramic view, transverse section).
FIGURE 15.15 Rectum (panoramic view, transverse section).
FIGURE 15.16 Anorectal junction (longitudinal section).

FIGURE 15.17 A cross section of feline duodenum illustrating its
characteristic features. Cells with mucus secretions stain magenta-red.

FIGURE 15.18 Higher magnification of a primate duodenum with intestinal
and the characteristic duodenal glands.

FIGURE 15.19 High magnification of the villus from a human duodenum
illustrating its contents.

FIGURE 15.20 A section of human jejunum illustrating the mucosa with
Paneth cells in the intestinal glands.

FIGURE 15.21 A section of feline jejunum illustrating the bases of the
intestinal glands with Paneth cells.

FIGURE 15.22 A section of human ileum illustrating a Peyer patch and the
submucosal lymphocytic aggregation.

FIGURE 15.23 A section of human colon with temporary folds, intestinal
glands, and a section of taeniae coli.

FIGURE 15.24 A plastic section of primate colon illustrating the contents
of its wall.

CHAPTER 16 DIGESTIVE SYSTEM PART 1V: ACCESSORY
DIGESTIVE ORGANS (LIVER, PANCREAS, AND GALLBLADDER)

SECTION 1 Liver

FIGURE 16.1 A section from the liver is illustrated, with emphasis on the
details of the liver lobule.

FIGURE 16.2 Pig liver (panoramic view, transverse section).

FIGURE 16.3 Primate liver (panoramic view, transverse section).
FIGURE 16.4 Bovine liver: liver lobule (transverse section).

FIGURE 16.5 Hepatic (liver) lobule (sectional view, transverse section).
FIGURE 16.6 Bile canaliculi in a liver lobule (osmic acid preparation).

FIGURE 16.7 Kupffer cells in a liver lobule (India ink preparation).
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FIGURE 16.8 Glycogen granules in liver cells (hepatocytes).
FIGURE 16.9 Reticular fibers in a liver lobule.

FIGURE 16.10 Liver sinusoids, space of Disse, hepatocytes, and
endothelial cells in a liver lobule.

SECTION 2 Pancreas

FIGURE 16.11 A section from the pancreas is illustrated, with emphasis on
the details of the duct system of the exocrine pancreas.

FIGURE 16.12 Exocrine and endocrine pancreas (sectional view).
FIGURE 16.13 Pancreatic islet.

FIGURE 16.14 Pancreatic islet (special preparation).

FIGURE 16.15 Pancreas: endocrine (pancreatic islet) and exocrine regions.

FIGURE 16.16 Immunohistochemical preparation of a mammalian
pancreatic islet.

SECTION 3 Gallbladder
FIGURE 16.17 Wall of the gallbladder.

FIGURE 16.18 Low magnification of a pig liver illustrating lobules
separated by connective tissue septa.

FIGURE 16.19 Portal area in a pig liver illustrating its contents.

FIGURE 16.20 Higher magnification of a liver lobule surrounding the
central vein illustrating the glycogen granules in hepatocytes.

FIGURE 16.21 Section of a rodent liver lobule after injection with India ink
to illustrate the phagocytic Kupffer cells.

FIGURE 16.22 Low-power section of a primate pancreas illustrating the
endocrine pancreatic islets and the surrounding exocrine acini.

FIGURE 16.23 A higher-power section of a primate pancreatic islet, the
excretory duct, and the surrounding acini.

FIGURE 16.24 More detailed image of a primate pancreatic islet, excretory
duct, and the surrounding cells.

FIGURE 16.25 Low-power section of a primate gallbladder wall illustrating
its contents.

CHAPTER 17 RESPIRATORY SYSTEM
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FIGURE 17.1 A section of the lung is illustrated in three dimensions and in
transverse section. Magnified versions of a bronchiole and a type II
pneumocyte (both circled here) are illustrated in Figures 17.2 and 17.3,
respectively.

FIGURE 17.2 Internal structure of the respiratory bronchiole in the lung
illustrating the close proximity of air in the alveolus, the blood in the
capillary, and the macrophage dust cell.

FIGURE 17.3 High magnification of a type II alveolar cell in an alveolus.
FIGURE 17.4 Olfactory mucosa and superior concha (panoramic view).
FIGURE 17.5 Olfactory mucosa: details of a transitional area.

FIGURE 17.6 Olfactory mucosa in the nose: transition area.

FIGURE 17.7 Epiglottis (longitudinal section).

FIGURE 17.8 Larynx (frontal section).

FIGURE 17.9 Trachea (panoramic view, transverse section).

FIGURE 17.10 Tracheal wall (sectional view).

FIGURE 17.11 Lung (panoramic view).

FIGURE 17.12 Intrapulmonary bronchus (transverse section).

FIGURE 17.13 Intrapulmonary bronchus, cartilage plates, and surrounding
alveoli of the lung.

FIGURE 17.14 Terminal bronchiole (transverse section).
FIGURE 17.15 Respiratory bronchiole, alveolar duct, and lung alveoli.

FIGURE 17.16 Lung: terminal bronchiole, respiratory bronchiole, alveolar
ducts, alveoli, and a blood vessel.

FIGURE 17.17 Alveolar walls and alveolar cells.
FIGURE 17.18 A section of lung alveoli adjacent to a bronchiole wall.

FIGURE 17.19 A low-power ultrastructure of the lung, showing a portion
of a bronchiole wall and adjacent alveoli.

FIGURE 17.20 A section of a human nasal cavity illustrating the transition
and difference between ciliated respiratory epithelium (left) and olfactory
epithelium (right).

FIGURE 17.21 A section of a primate trachea illustrating the
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pseudostratified ciliated columnar epithelium and the supportive hyaline
cartilage.

FIGURE 17.22 A section of a primate intrapulmonary bronchi with
surrounding lung tissues.

FIGURE 17.23 A plastic section of the pseudostratified ciliated columnar
epithelium from a human intrapulmonary bronchus.

FIGURE 17.24 A transverse section of a primate bronchiole with
surrounding tissues.

FIGURE 17.25 A smaller bronchiole in a primate lung surrounded by
alveoli.

FIGURE 17.26 A solid terminal primate bronchiole surrounded by alveoli.

FIGURE 17.27 A primate respiratory bronchiole with alveoli and
surrounded by alveoli.

CHAPTER 18 URINARY SYSTEM

FIGURE 18.1 A sagittal section of the kidney shows the cortex and
medulla, with blood vessels and the excretory ducts, including the pelvis
and the ureter.

FIGURE 18.2 Histologic comparison of blood vessels, the different tubules
of the nephron, and the collecting ducts.

FIGURE 18.3 Kidney: cortex, medulla, pyramid, renal papilla, and minor
calyx (panoramic view).

FIGURE 18.4 Kidney cortex and upper medulla.
FIGURE 18.5 Kidney cortex: juxtaglomerular apparatus.

FIGURE 18.6 Kidney cortex: renal corpuscle, juxtaglomerular apparatus,
and convoluted tubules.

FIGURE 18.7 Ultrastructure of cells in the proximal convoluted tubule of
the kidney.

FIGURE 18.8 Ultrastructure of the apical cell surface in the proximal
convoluted tubule of the kidney.

FIGURE 18.9 Kidney: scanning electron micrograph of podocytes (visceral
epithelium of the glomerular [Bowman] capsule) surrounding the
glomerular capillaries.
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FIGURE 18.10 Kidney: transmission electron micrograph of a podocyte
and adjacent capillaries in the renal corpuscle.

FIGURE 18.11 Kidney medulla: papillary region (transverse section).

FIGURE 18.12 Kidney medulla: terminal end of a papilla (longitudinal
section).

FIGURE 18.13 Kidney: ducts of the medullary region (longitudinal
section).

FIGURE 18.14 Urinary system: ureter (transverse section).

FIGURE 18.15 Section of a ureter wall (transverse section).

FIGURE 18.16 Ureter (transverse section).

FIGURE 18.17 Urinary bladder: wall (transverse section).

FIGURE 18.18 Urinary bladder: contracted mucosa (transverse section).
FIGURE 18.19 Urinary bladder: stretched mucosa (transverse section).

FIGURE 18.20 A low-power micrograph of a rodent unilobar kidney (in
humans, the kidney is multilobar).

FIGURE 18.21 A higher-power section of rodent kidney cortex illustrating
its contents.

FIGURE 18.22 A section through a human kidney cortex illustrating the
renal corpuscle and the surrounding ducts.

FIGURE 18.23 Longitudinal section of the medullary region of a primate
kidney with different tubules and blood vessels.

FIGURE 18.24 Longitudinal section of papillary ducts in the papilla of a
primate kidney illustrating simple columnar epithelium and the surrounding
tissue.

FIGURE 18.25 A transverse section of primate ureter, its transitional
epithelium, the smooth muscle layers, and the surrounding tissues.

FIGURE 18.26 A section of the wall from an empty primate bladder and
the appearance of the transitional epithelium.

FIGURE 18.27 A section of a distended primate bladder wall and the
appearance of the transitional epithelium.

CHAPTER 19 ENDOCRINE SYSTEM
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SECTION 1 Hormeones and Pituitary Gland

FIGURE 19.1 Hypothalamus and hypophysis (pituitary gland). A section of
hypothalamus and hypophysis illustrates the neuronal, axonal, and vascular
connections between the hypothalamus and the hypophysis. Also illustrated
are the major target cells, tissues, and organs that respond to the hormones
that are produced by both the anterior (adenohypophysis) and posterior
(neurohypophysis) pituitary gland.

FIGURE 19.2 Hypophysis (panoramic view, sagittal section).

FIGURE 19.3 Hypophysis: sections of pars distalis, pars intermedia, and
pars nervosa.

FIGURE 19.4 Hypophysis: pars distalis (sectional view).

FIGURE 19.5 Cell types in the hypophysis.

FIGURE 19.6 Hypophysis: pars distalis, pars intermedia, and pars nervosa.
SECTION 2 Thyroid Gland, Parathyroid Glands, and Adrenal Gland

FIGURE 19.7 The microscopic organization of the parathyroid and thyroid
gland is illustrated.

FIGURE 19.8 The microscopic organization of the adrenal gland is
illustrated.

FIGURE 19.9 Thyroid gland: canine (general view).

FIGURE 19.10 Thyroid gland follicles: canine (sectional view).
FIGURE 19.11 Thyroid and parathyroid glands: canine (sectional view).
FIGURE 19.12 Thyroid gland and parathyroid gland.

FIGURE 19.13 Adrenal (suprarenal) gland.

FIGURE 19.14 Adrenal (suprarenal) gland: cortex and medulla.

FIGURE 19.15 Higher magnification of a section from a human pars
distalis illustrating different cell types.

FIGURE 19.16 A section of human hypophysis illustrating the pars nervosa
(left), pars intermedia (middle), and pars distalis (right).

FIGURE 19.17 High magnification of a human pars nervosa illustrating the
supportive pituicytes and Herring bodies surrounded by unmyelinated
axons.
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FIGURE 19.18 A section of canine thyroid gland illustrating follicles with
retracted colloid and interspersed parafollicular (C) cells.

FIGURE 19.19 A section of primate thyroid gland with colloid follicles
adjacent to the parathyroid gland with oxyphil cells.

FIGURE 19.20 A section of primate parathyroid gland illustrating clumps
of oxyphil cells among the chief cells.

FIGURE 19.21 Upper portion of a primate adrenal gland cortex illustrating
the two top zones.

FIGURE 19.22 A section of primate adrenal cortex illustrating the lower
two zones and a section of adrenal medulla.

CHAPTER 20 MALE REPRODUCTIVE SYSTEM

SECTION 1 Testis
FIGURE 20.1 Internal organization of the testis.
FIGURE 20.2 The different phases of spermiogenesis.
FIGURE 20.3 The structure of a mature sperm.
FIGURE 20.4 Peripheral section of the testis (sectional view).
FIGURE 20.5 Testis: seminiferous tubules (transverse section).

FIGURE 20.6 Testis: spermatogenesis in seminiferous tubules (transverse
section).

FIGURE 20.7 Cross section of seminiferous tubules showing supportive
Sertoli cells, spermatogonia, and spermatids in different stages of
development.

FIGURE 20.8 Primate testis: different stages of spermatogenesis.
FIGURE 20.9 Ultrastructure of a Sertoli cell and surrounding cells.

FIGURE 20.10 Seminiferous tubules, straight tubules, rete testis, and
efferent ductules (ductuli efferentes).

FIGURE 20.11 Ductuli efferentes and tubules of the ductus epididymis.
FIGURE 20.12 Tubules of the ductus epididymis (transverse section).
FIGURE 20.13 Ductus (vas) deferens (transverse section).

FIGURE 20.14 Ampulla of the ductus (vas) deferens (transverse section).
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SECTION 2 Accessory Reproductive Sex Glands

FIGURE 20.15 Location of the testes and the accessory male reproductive
organs.

FIGURE 20.16 Prostate gland and prostatic urethra.

FIGURE 20.17 Prostate gland: glandular acini and prostatic concretions.
FIGURE 20.18 Prostate gland: prostatic glands with prostatic concretions.
FIGURE 20.19 Seminal vesicle.

FIGURE 20.20 Bulbourethral gland.

FIGURE 20.21 Human penis (transverse section).

FIGURE 20.22 Penile urethra (transverse section).

FIGURE 20.23 A low-power section of a canine testis, testicular blood
vessels, and the ductules of the epididymis.

FIGURE 20.24 Cross sections of seminiferous tubules illustrating their
contents.

FIGURE 20.25 A higher magnification of a section of rodent seminiferous
tubule illustrating different cell types and their development.

FIGURE 20.26 Tubules of a primate ductus epididymis illustrating their
structure and contents.

FIGURE 20.27 Smear of human semen illustrating the appearance of
mature sperm with covering acrosome caps.

FIGURE 20.28 Transverse section of a canine ductus deferens with the
surrounding muscle layers and adventitia.

FIGURE 20.29 A section of canine prostate gland illustrating its glandular
distribution and fibromuscular connective tissue.

FIGURE 20.30 Transverse section of a primate penis illustrating the erectile
tissues.

CHAPTER 21 FEMALE REPRODUCTIVE SYSTEM
SECTION 1 Ovary and Uterus: Overview

FIGURE 21.1 The sequence of changes during follicular development,
culminating in ovulation and corpus luteum formation. In addition, changes
in the uterine wall during the menstrual cycle are correlated with pituitary
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hormones and ovarian functions.
FIGURE 21.2 The ovary.
FIGURE 21.3 The anatomy of the female reproductive organs.

FIGURE 21.4 Ovary: different stages of follicular development (panoramic
view).

FIGURE 21.5 Ovary: longitudinal section of a feline (cat) ovary showing
numerous follicles and corpora lutea.

FIGURE 21.6 Ovary: a section of ovarian cortex and developing follicles.
FIGURE 21.7 Ovary: ovarian cortex and primordial and primary follicles.
FIGURE 21.8 Ovary: primordial and primary follicles.

FIGURE 21.9 Ovary: maturing ovarian follicle in a feline (cat) ovary.
FIGURE 21.10 Ovary: primary oocyte and the wall of a mature follicle.
FIGURE 21.11 Corpus luteum (panoramic view).

FIGURE 21.12 Corpus luteum: theca lutein cells and granulosa lutein cells.

FIGURE 21.13 Human ovary: a section of corpus luteum and corpus
albicans.

FIGURE 21.14 Uterine tube: ampulla with mesosalpinx ligament
(panoramic view, transverse section).

FIGURE 21.15 Uterine tube: mucosal folds.

FIGURE 21.16 Uterine tube: lining epithelium.

FIGURE 21.17 Uterus: proliferative (follicular) phase.

FIGURE 21.18 Uterus: secretory (luteal) phase.

FIGURE 21.19 Uterine wall (endometrium): secretory (luteal) phase.
FIGURE 21.20 Uterine wall: early menstrual phase.

FIGURE 21.21 Low-power section of a feline ovary with different stages of
follicular development.

FIGURE 21.22 Structure of a developing primary follicle in the cortex with
surrounding cells and an adjacent follicle undergoing atresia.

FIGURE 21.23 Characteristic features of a maturing secondary ovarian
follicle in the ovarian cortex.
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FIGURE 21.24 Ampullary region of a primate uterine tube illustrating the
internal structure of the mucosa.

FIGURE 21.25 A section of primate uterine mucosa illustrating the
different cell types.

FIGURE 21.26 A section of human uterus during the proliferative phase.
FIGURE 21.27 A section of human uterus during the menstrual phase.

FIGURE 21.28 A section of human uterus in late menstrual phase showing
the basalis layer and the remnants of uterine glands after the functionalis
layer has been shed in menstrual flow.

SECTION 2 Cervix, Vagina, Placenta, and Mammary Glands

FIGURE 21.29 Cervix, cervical canal, and vaginal fornix (longitudinal
section).

FIGURE 21.30 Vagina (longitudinal section).
FIGURE 21.31 Glycogen in human vaginal epithelium.

FIGURE 21.32 Vaginal exfoliate cytology (vaginal smear) during different
reproductive phases.

FIGURE 21.33 Vagina: surface epithelium.

FIGURE 21.34 Human placenta (panoramic view).

FIGURE 21.35 Chorionic villi: placenta during early pregnancy.
FIGURE 21.36 Chorionic villi: placenta at term.

FIGURE 21.37 Inactive mammary gland.

FIGURE 21.38 Mammary gland: micrograph of an inactive mammary
gland.

FIGURE 21.39 Mammary gland during proliferation and early pregnancy.
FIGURE 21.40 Mammary gland during activation and early development.
FIGURE 21.41 Mammary gland during late pregnancy.

FIGURE 21.42 Mammary gland during lactation.

FIGURE 21.43 Lactating mammary gland.

FIGURE 21.44 A section of primate vagina illustrating its epithelium and
the underlying connective tissue.
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FIGURE 21.45 A section of an inactive human mammary gland lobule
illustrating the ducts and surrounding connective tissue.

FIGURE 21.46 A section of a lobule from an active primate mammary
gland during pregnancy illustrating the developed alveoli.

FIGURE 21.47 A section of a lactating rodent mammary gland illustrating
alveoli with secretory products and an interlobular excretory duct.

CHAPTER 22 ORGANS OF SPECIAL SENSES: VISUAL AUDITORY
SYSTEMS

SECTION 1 Visual System
FIGURE 22.1 The internal structures of the eye.
FIGURE 22.2 The cells that constitute the photosensitive retina.
FIGURE 22.3 Eyelid (sagittal section).
FIGURE 22.4 Lacrimal gland.
FIGURE 22.5 Cornea (transverse section).
FIGURE 22.6 Whole eye (sagittal section).

FIGURE 22.7 Posterior eyeball: sclera, choroid, optic papilla, optic nerve,
retina, and fovea (panoramic view).

FIGURE 22.8 Layers of the choroid and retina (detail).
FIGURE 22.9 Eye: layers of retina and choroid.

FIGURE 22.10 A section of posterior eyeball showing the retina with a
fovea depression.

FIGURE 22.11 Optic papilla (optic disk), optic nerve, and a section of
retina in the posterior region of the eyeball.

FIGURE 22.12 A section of the posterior retina with the yellow pigment of
the macula lutea.

SECTION 2 Auditory System
FIGURE 22.13 The internal structures of the ear.
FIGURE 22.14 The cochlea.
FIGURE 22.15 The hearing organ of Corti.
FIGURE 22.16 Inner ear: cochlea (vertical section).
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FIGURE 22.17 Inner ear: cochlear duct (scala media) and the hearing organ
of Corti.

FIGURE 22.18 Inner ear: cochlear duct and the organ of Corti.
FIGURE 22.19 Inner ear: organ of Corti in the cochlear duct.

FIGURE 22.20 A posterior region of primate eyeball illustrating the optic
nerve as it leaves the eyeball at the optic papilla.

FIGURE 22.21 A section of primate retina illustrating different layers.

FIGURE 22.22 A section of primate cochlea illustrating the ducts, their
contents, and the surrounding structures.

FIGURE 22.23 High magnification of the organ of Corti in a primate.

Index
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CHAPTER 1 Histologic Methods
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SECTION 1 Tissue Preparation and Staining
of Sections

TISSUE PREPARATION: LIGHT
MICROSCOPY

Histology is a visual as well as a very colorful science, which is studied with the
aid of a light microscope. This chapter briefly describes the methodology used in
preparing tissues for examination with microscopes and the different stains that
were used to photograph the images. Most of the illustrations in this atlas are
photographed from slides that have been prepared by the different methods
described below.

Fixation

To preserve a section of tissue or organ for histological examination, the tissue
specimen first undergoes fixation with different chemicals. Fixation
permanently preserves the structural and molecular composition of the specimen.
For light microscopy use, small pieces of the tissue specimen are immersed in
the fixative, which hardens the specimen for sectioning and causes cross-linkage
of macromolecules within the cells. This process reduces the cellular
degeneration, preserves the integrity of cells and tissues, and increases their
affinity to take up different stains that will show the composition of the
specimen. The most commonly used fixative for light microcopy is the neutral-
buffered formaldehyde.

Postfixation

After the tissue is fixed, usually overnight, water is first removed from the fixed
specimen (dehydration) and passed through a series of ascending alcohol
(ethanol) concentrations, usually from 50% to 100% ethanol. Before embedding
the specimen in paraffin (wax) for slicing it into thin sections, it is cleared of
alcohol by passing it through several changes of clearing agents such as xylene,
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which is miscible with both alcohol and paraffin.

After alcohol clearance and impregnation with xylene, the specimen is
placed in melted paraffin. Paraffin then infiltrates the specimen, after which it is
placed into a metal mold. The paraffin in the mold cools, solidifies, and encases
the specimen. The paraffin block is then trimmed to the size of the specimen and
mounted in an instrument called a microtome. The microtome precisely
advances the paraffin block, and the sections are cut at specific and
predetermined increments with a steel knife. For histological examination of the
specimen, the sections are normally cut at 5 to 10 pm thick. The thin paraffin
section is then collected and floated in a warm water bath to flatten and remove
any wrinkles from the sections and placed onto a glass slide that has been
covered with a thin layer of mounting medium, which adheres the specimen to
the glass slide or the slides are dried in an oven so that the specimen attaches to
the glass.

Staining of Sections

There are numerous stain-specific cell organelles, different cell types, fibers,
tissues, and organs. The thin paraffin sections that are placed on the glass slide
are colorless. To see the structural details in a given specimen, the sections must
be stained. To stain the specimen in the section, paraffin must first be dissolved
with solvents such as xylene and the sections rehydrated with a series of
decreasing alcoheol concentrations. The hydrated sections can then be stained
with a variety of water-soluble stains, which selectively stain various
components of the specimen and allow visual differentiation between the
different cellular and tissue components. After completion of staining, the
specimen is again dehydrated and immersed in xylene, after which a suitable
mounting medium is put on the specimen and a thin protective glass coverslip
placed over the specimen on the slide. The coverslip allows for viewing of the
stained specimen on the glass slide with the light microscope via a light beam
that passes through the specimen attached to the glass slide.

Most of the stains used for histological slide preparations act like the acidic
or basic compounds. Structures in the specimen that stain with basic stains are
called basophilic and those that stain with acidic stains are called acidephilic.
The most common stains that are used for histological sections are hematoxylin
and eosin stains.
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TISSUE PREPARATION: OTHER
METHODS
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Frozen Section Procedures

Besides paraffin sections, there are also procedures in which the tissues are first
frozen for rapid microscopic examination of a specimen that may be taken
during surgery. This type of procedure is called cryosection; however, frozen
sections are of lesser quality than those fixed in formalin and embedded in
paraffin. The instrument for cryosectioning is the cryostat, which is a microtome
inside a freezer. The tissue is removed from an organism, placed onto a metal
stub, embedded in a gellike medium, and frozen to about —20°C to —30°C; such
low temperatures are required for fat or lipid-rich tissue. The specimen is
secured in a chuck and is cut frozen on the microtome 5 to 10 pm thick.
Individual or single frozen sections are cut at low temperature, picked up and put
on a glass slide, and then stained. The freezing of tissue eliminates the need for
chemical fixation, is faster, and maintains most enzyme and immunological
functions. It also can be used to examine temperature-sensitive or lipid-soluble
molecules or where rapid analysis of the tissue is needed. Sectioning with the
cryostat is similar to that of paraffin sectioning; both methods use a rotary type
of microtome.

In addition to rotary microtomes, there are nonrotary or sliding or sledge
microtomes. In these units, the tissue sample is put into a holder, which then is
moved back and forth across the knife. The sledge or sliding microtome is
primarily used for cutting large samples of tissues or organs embedded in
paraffin, such as sections of the brain, kidneys, and other biological structures
for histological examinations. Typical section thickness produced by a sledge
microtome is between 1 and 60 pm. After sectioning, the samples undergo
routine preparation for staining with different type of stains.

Transmission and Scanning Electron Microscopy

Examining the tissue sections with a transmission electron microscope (TEM)
allows for much higher magnification and greater resolution. The fixatives and
procedures are different from those of tissue preparation for histological slide
examination. The specimen that is to be collected is either previously perfused
with the fixative in the body or removed from the organism, cut into small
pieces, and directly immersed in the fixative for rapid fixation. In addition, the
primary fixative for TEM specimens is cold-buffered glutaraldehyde in which
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the specimens are first immersed. Following glutaraldehyde fixation, the
specimens are rinsed in several buffers and then postfixed in cold esmium
tetroxide, which reacts with phospholipids. Osmium tetroxide imparts an
electron density to the cells and tissues because of its heavy metal. This allows
for image formations for viewing with TEM. Following fixation and
postfixation, the tissues are embedded in epoxy resin, which then polymerizes
and forms a hard plastic tissue block. The plastic blocks are trimmed, and
ultrathin sections are cut from them with a special instrument called an
ultramicrotome, using either a diamond knife or special glass knives. The thin
sections are then collected on small copper grids and stained with uranyl acetate
and lead citrate. Using the TEM, the electron beams pass through the ultrathin
stained specimen, resulting in high-resolution, high-contrast black-and-white
images on the screen for recording.

In contrast to TEM with thin sections, the scanning electron microscope
(SEM) uses larger, solid pieces of tissue to view a three - dimensional image of
the surface of the specimens. The collected tissue samples are fixed in the same
fixative as that used for TEM, namely, cold-buffered glutaraldehyde, then
dehydrated through an acetone or ethanol series, and dried at the critical point.
The dried samples are then mounted on a stub of metal with adhesive and coated
with evaporated gold palladium.

When viewing the prepared specimen with the SEM, the electron beams do
not pass through the specimen; instead, the specimen is scanned along its
surface. The electrons that are reflected from the surface of the prepared
specimen are then collected by detectors and processed as a black-and-white
image of the surface of the specimen with a three-dimensional appearance.

This atlas contains a number of images obtained by using the transmission
and scanning electron microscopes.
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SECTION 2 Histologic Slide Interpretation

APPEARANCE OF HISTOLOGIC
SECTIONS PREPARED BY DIFFERENT
TYPES OF STAINS

Interpretation of histologic sections is greatly aided by the use of different stains,
which selectively stain certain specific properties in different cells, tissues, and
organs. The most prevalent stain that is used for preparation of histology slides is
the hematoxylin and eosin (H&E) stain. Most of the images prepared for this
atlas were taken from slides that were stained with H&E stain. To show other
and more specific characteristic features of different cells, tissues, and organs,
other stains are also used.

Figures 1.1 to 1.9 feature descriptions of the nine different stains that were
used to prepare slides for this atlas, including their specific staining
characteristics.

HEMATOXYLIN AND EOSIN STAIN

Nuclei stain blue.

Cytoplasm stains pink or red.
Collagen fibers stain pink.
Muscles stain pink.
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FIGURE 1.1 m Kidney cortex with a renal corpuscle and different convoluted
tubules.

MASSON TRICHROME STAIN

Nuclei stain black or blue-black.
Muscles stain red.

Collagen and mucus stain green or blue.
Cytoplasm of most cells stains pink.
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FIGURE 1.2 m Skeletal muscle sectioned in the longitudinal plane and cross
section with surrounding blue-staining connective tissue.

PERIODIC ACID-SCHIFF REACTION

e Glycogen stains deep red or magenta.

o Goblet cells in intestines and respiratory epithelia stain magenta-red.

¢ Basement membranes and brush borders in kidney tubules stain positive, or
pink.
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FIGURE 1.3 m Villus of a small intestine with brush border, columnar
epithelium, and goblet cells.

ELASTIC TISSUE STAIN

e Elastic fibers stain jet black.
e Nuclei stain gray.
¢ Remaining structures stain pink.
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FIGURE 1.4 m Section of a wall from the aorta, showing the presence of dark-
staining elastic fibers and pink smooth muscles.

MALLORY-AZAN STAIN

Fibrous connective tissue, mucus, and hyaline cartilage stain deep blue.
Erythrocytes stain red-orange.

Cytoplasm of liver and kidney stains pink.

Nuclei stain red.
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FIGURE 1.5 m Intramembranous ossification in skull bones showing blue
connective tissue, red blood cells, and blood vessels with blood cells.

WRIGHT/GIEMSA STAIN

e Erythrocyte cytoplasm stains pink.

e Lymphocyte nuclei stain dark purple-blue with pale-blue cytoplasm.

e Monocyte cytoplasm stains pale blue, and the nucleus stains medium blue.

¢ Neutrophil nuclei stain dark blue.

o Eosinophil nuclei stain dark blue, and the granules stain bright pink.

» Basophil nuclei stain dark blue or purple, cytoplasm pale blue, and granules
deep purple.

e Platelets stain light blue.
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FIGURE 1.6 m Blood smear with different cells and platelets.

THE CAJAL AND DEL RIO HORTEGA
METHODS (SILVER AND GOLD
METHODS)

Myelinated and unmyelinated fibers and neurofibrils stain blue-black.

The general background is nearly colorless.

Astrocytes stain black.

Depending on the methods used, the end product can stain black, brown, or
gold.
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FIGURE 1.7 m Cross section of the spinal cord showing the gray and white
matter.

OSMIC ACID (OSMIUM TETROXIDE)
STAIN

e Lipids, in general, stain black.
e Lipids in a myelin sheath of nerves stain black.
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FIGURE 1.8 m Cross section of a peripheral nerve showing the myelin sheath of
the axons.

IRON HEMATOXYLIN AND ALCIAN
BLUE STAIN

e Connective tissue fibers stain dark blue.
e Smooth muscles stain light pink.
¢ Nuclei stain dark and cytoplasm light pink.
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FIGURE 1.9 m Small artery and veins showing blood cells and the surrounding
connective tissues.

INTERPRETATION OF HISTOLOGIC
SECTIONS

One of the biggest challenges histology students encounter is interpreting what
the two-dimensional histology sections represent in three dimensions. Histelogic
sections are thin, flat slices of fixed and stained tissues or organs mounted on
flat glass slides. Such sections are normally composed of cellular, fibrous, and
tubular structures that are cut in different planes. As a result, a variety of shapes,
sizes, and layers may be visible, depending on the plane of section. Fibrous
structures are solid and are found in connective, nervous, and muscle tissues.
Tubular structures are hollow and represent various types of blood vessels,
lymph vessels, glandular ducts, and glands of the body.

In tissues and organs, the cells, fibers, and tubes have a random orientation
in space and are parts of a three-dimensional structure. During the preparation of
histology slides, the thin sections cut from the specimen do not show much
depth. In addition, the plane of section does not always bisect these structures in
exact transverse or cross section. As a result, this produces a variation in the
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appearance of the cells, fibers, and tubes, depending on the angle of the plane of
section. Consequently, it becomes difficult to correctly perceive the true three-
dimensional structure of the specimen from which the sections were prepared on
a flat slide. Therefore, correct visualization and interpretation of these sections in
their proper three-dimensional perspective on the slide become an important
criterion for understanding and mastering histology images. Figures 1.10 and
1.11 illustrate how the appearance of cells and tubes changes with different
planes of section. Figure 1.12 is an actual histology slide of an organ that is filled
with tubular structures that are highly convoluted. This section illustrates how
the appearance of such tubular structures in the testis changes when they are
sectioned in different planes.
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FIGURE 1.10 | Planes of Section of a Round, Solid
Object

To illustrate how the shape of a three-dimensional cell can be altered in a
histologic section, a hard-boiled egg has been sectioned in longitudinal and
transverse (cross) planes. The composition of a hard-boiled egg serves as a good
example of a cell, with the yellow yolk representing the nucleus and the
surrounding egg white (pale blue) representing the cytoplasm. Enclosing these
structures are the soft eggshell membrane and a hard eggshell (red). At the
rounded end of the egg is the air space (blue).

The midline sections of the egg in the longitudinal (a) and transverse
planes (d) disclose its correct shape and size, as they appear in these planes of
section. In addition, these two planes of section reveal the correct appearance,
size, and distribution of the internal contents within the egg.

Similar but more peripheral sections of the egg in the longitudinal (b) and
transverse planes (e) still show the external shape of the egg. However, because
the section was cut peripherally and below the midline, the internal contents of
the egg are not seen in their correct size or distribution within the egg white. In
addition, the size of the egg appears smaller.

The tangential plane (c and f) of the section grazes or only passes through
the outermost periphery of the egg. This section reveals that the egg is oval (c) or
a small round (f) object. The egg yolk is not seen in either section because it was
not located in the plane of section. As a result, such tangential section does not
reveal sufficient detail for correct interpretation of the egg size or of its contents
or their distribution within the internal membrane.

Thus, in a histological section, individual structure, shape, and size vary
depending on the plane of section. Some cells may exhibit full cross sections of
their nuclei, and they appear prominent in the cells. Other cells may exhibit only
a fraction of the nucleus, and the cytoplasm appears large. Still other cells may
appear only as clear cytoplasm, without any nuclei. All these variations are
attributable to different planes of section through the nuclei. Understanding these
variations in cell and tube morphology becomes important in interpreting
different histological sections.

66



FIGURE 1.10 m Planes of sections through a round object, a hard-boiled, solid
egg.
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FIGURE 1.11 | Planes of Section through a Hollow
Structure or a Tube

Tubular structures are often seen in histologic sections. Tubes are most easily
recognized when they are cut in transverse (cross) sections. However, if the
tubes are sectioned in planes other than transverse, their appearance is different.
To be recognized as a hollow tube, they must first be visualized as three-
dimensional structures. To illustrate how a blood vessel, duct, or a hollow
glandular structure may vary in appearance in a histologic section, a curved tube
with a simple (single) epithelial cell layer is sectioned in longitudinal, transverse,
and oblique planes.

A longitudinal (a) plane of section that cuts the tube in the midline produces
a U-shaped structure. The sides of the tube are lined by a single row of cuboidal
(round) cells around an empty lumen except at the bottom, where the tube begins
to curve; in this region, the cells appear multilayered.

Transverse (d and e) planes of section of the same tube produce round
structures lined by a single layer of cells. The variations that are seen in the
cytoplasm of different cells are related to the planes of section through the
individual cells, as explained above. A transverse section of a straight tube can
produce a single image (e). The double image (d) of the same structure can
represent either two tubes running parallel to each other or a single tube that has
curved in the space of the tissue or organ that is sectioned.

A tangential (b) plane of section through the tube with a single layer of cells
produces a solid, multicellular, oval structure that does not resemble a tube. The
reason for this is that the plane of section has grazed the outermost periphery of
tube as it made a turn in space; the lumen was not present in the plane of section.
An oblique (c) plane of section through the same tube and its single layer of
cells produces an oval structure that includes an oval lumen in the center and
multiple cell layers at the periphery.

A transverse (f) section in the region of a sharp curve in the tube grazes the
innermost cell layer and produces two round structures connected by a multiple,
solid layer of cells. These sections of the tube also contain round lumen,
indicating that the plane of section passed perpendicular to the structure.

Figure 1.12 shows a section from the testis. This organ is filled with
numerous and convoluted (twisted) tubular structures, the seminiferous tubules.
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Careful examination of this figure shows how individual tubular structures can
change shape and appearance, depending on the plane of section through the
tubules. Similar structural alteration is possible in solid structures, such as the
muscle fibers, connective tissue fibers, or nerve fibers.

FIGURE 1.11 m Planes of section through a hollow object, a tube.

FIGURE 1.12 | Hollow Tubules of the Testis in
Different Planes of Section

Organs such as the testes and kidneys consist primarily of highly twisted or
convoluted tubules. When flat sections of such organs are seen on a histology
slide, the cut tubules exhibit a variety of shapes because of the plane of section.
To show how twisted tubules appear in a histologic slide, a portion of a testis
was prepared for examination. Each testis consists of numerous, highly twisted
seminiferous tubules that are lined by multilayered or stratified germinal
epithelium.

A longitudinal plane (1) through a seminiferous tubule produces an
elongated tubule with a long lumen. A transverse plane (2) through a single
seminiferous tubule produces a round tubule. Similarly, a transverse plane
through a curve (3, 5) of a seminiferous tubule produces two oval structures
that are connected by solid layers of cells. An oblique plane (4) through a tubule
produces an oval structure with an oval lumen in the center and multiple cell
layers at the periphery. A tangential plane (6) of a seminiferous tubule passes
through its periphery. As a result, this plane produces a solid, multicellular, oval
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structure that does not resemble a tube because the plane of section passed below
the lumen.

1 Longitudinal
plane

_? § Transverse plane

2 Transverse plane through curve

3 Transverse plane
through curve

4 Oblique plane

ke i 6 Tangential plane
FL A ‘?}

FIGURE 1.12 m Tubules of the testis in different planes of section. Stain:
hematoxylin and eosin (plastic section). x30.
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PART II
Cell and Cytoplasm
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CHAPTER 2 Light and Transmission
Electron Microscopy

Histology, or microscopic anatomy, is a visual, colorful science. The light
source for the early microscopes was sunlight. In modern microscopes, electric
illumination is used as the main light source.

With the simplest light microscopes, examination of mammalian cells
showed a nucleus and a cytoplasm, surrounded by some sort of a border or cell
membrane. As microscopic techniques evolved, the use of various histochemical,
immunocytochemical, and staining techniques revealed that the cytoplasm of
different cells contained numerous subcellular elements called organelles.
Although much initial information in histology was gained by examining tissue
slides with a light microscope, its resolving power was too limited. To gain
additional information called for increased resolution.

With the advent of transmission electron microscopy, superior resolution,
and higher magnification of cells, the examination of the contents of the
cytoplasm became possible. Histologists are now able to describe the
ultrastructure of the cell, its membrane, and the numerous organelles that are
present in the cytoplasm of different cells.

CELL AND CYTOPLASM

Some living organisms are single celled, whereas others contain a multitude of
cells and cell types. The main function of these cells is to maintain a proper
homeostasis in the organism, which is to maintain the internal environment in a
relatively constant state. To perform this task, cells possess certain structural
features in their cytoplasm that are common to all. As a result, it is possible to
illustrate a cell in a more generalized, composite form with various cytoplasmic
organelles. It is essential to remember, however, that the quantity, appearance,
and distribution of the cytoplasmic organelles within a given cell depend on the
cell type and its function.
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FIGURE 2.1 m Composite illustration of a cell, its cytoplasm, and its organelles.

CELL MEMBRANE
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Except for mature red blood cells, erythrocytes, all mammalian cells contain a
nucleus. In addition, all cells are surrounded by a cell or a plasma membrane,
which forms an important barrier or boundary between the internal and the
external environments. Internal to the cell membrane is the cytoplasm, a dense,
fluidlike medium that contains numerous organelles, microtubules,
microfilaments, and membrane-bound secretory granules or ingested material.

The membrane that surrounds the cell consists of a phosphelipid bilayer, a
double layer of phospholipid molecules. Interspersed within and embedded in
the phospholipid bilayer of the cell membrane are the integral membrane
proteins and peripheral membrane proteins, which make up almost half of the
total mass of the membrane. The integral membrane proteins are incorporated
within the lipid bilayer of the cell membrane. Some of the integral proteins span
the entire thickness of the cell membrane. These are the transmembrane
proteins, and they are exposed on the outer and the inner surface of the cell
membrane. The membrane proteins participate in transporting molecules across
the lipid bilayer, serve as membrane receptors for different hormones, attach to
and support the internal cytoskeleton of the cell membrane, and possess specific
enzyme activity. The peripheral proteins do not protrude into the phospholipid
bilayer and are not embedded within the cell membrane. Instead, they are
associated with the cell membrane on both its extracellular (outer) and
intracellular (inner) surfaces. Some of the peripheral proteins are anchored to the
network of tiny microfilaments of the cytoskeleton of the cell and are held
firmly in place. Also present within the plasma membrane is the lipid molecule
cholesterol. Cholesterol stabilizes the cell membrane, makes it more rigid, and
regulates the fluidity of the phospholipid bilayer.

Located on the external surface of the cell membrane in certain specialized
cells is a delicate, fuzzy cell coat called the glycocalyx, composed of
carbohydrate molecules that are attached to the integral proteins of the cell
membrane and that project from the external cell surface. The glycocalyx is seen
on the microvilli of the absorptive cells in the small intestine and proximal
convoluted tubules in the kidney. Glycocalyx is not seen with routine
histological stain unless the sections are stained with periodic acid—Schiff or
viewed with the electron microscope. The glycocalyx performs an important role
in cell recognition, in cell-to-cell attachments or adhesions, and as a receptor or
binding sites for different bloodborne hormones.
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FIGURE 2.2 m Composition of cell membrane.

MOLECULAR ORGANIZATION OF THE
CELL MEMBRANE

The lipid bilayer of the cell membrane has a fluid consistency, and as a result,
the compositional structure of the cell membrane is characterized as a fluid
mosaic model. The phospholipid molecules of the cell membrane are distributed
as two layers. Their polar heads are arranged on both the inner and outer
surfaces of the cell membrane. The nonpolar tails of the lipid layers face each
other in the center of the membrane. Images of cell membrane viewed with the
transmission electron microscope, however, appear as three distinct layers,
consisting of outer and inner electron-dense layers and a less dense or lighter
middle layer. This discrepancy is due to the osmic acid (osmium tetroxide) that
is used to fix and stain tissues for electron microscopy. Osmic acid binds to the

75



polar heads of the lipid molecules in the cell membrane and stains them very
dense. The nonpolar tails in the middle of the cell membrane remain light and
unstained.

CELL MEMBRANE PERMEABILITY AND
MEMBRANE TRANSPORT

The phospholipid bilayer of the cell membrane is permeable to certain
substances and impermeable to others. This property of the cell membrane is
called selective permeability. Selective permeability forms an important barrier
between the internal and external environments of the cell, which then maintains
a constant intracellular environment.

The phospholipid bilayer is permeable to such molecules as oxygen, carbon
dioxide, water, steroids, and other lipid-soluble chemicals. Other substances,
such as glucose, ions, or proteins, cannot pass through the cell membrane and
cross it only by specific transport mechanisms. Some of these substances are
transported through the integral membrane proteins using pump molecules or
through protein channels that allow the passage of specific molecules. A process
called endocytosis performs the uptake and transfer of molecules and solids
across the cell membrane into the cell interior. In contrast, the process of
releasing material from the cell cytoplasm across the cell membrane to the
exterior is called exocytosis.

Pinocytosis is the process by which cells ingest small molecules of
extracellular fluids or liquids. Phagocytosis refers to the ingestion or intake by
specialized cells of larger solid particles, such as bacteria, worn-out cells, or
cellular debris. Examples of such cells are the neutrophils in the blood and
macrophages or monocytes in the extracellular connective tissues. Receptor-
mediated endocytosis is highly selective form of pinocytosis or phagocytosis. In
this process, specific molecules in the extracellular fluid bind to receptors on the
cell membrane and are then taken into the cell interior. These receptors cluster
on the cell membrane, and the membrane indents at this point to form coated
pits that are lined with peripheral membrane proteins called clathrin. The pit
pinches off and forms a clathrin-coated vesicle that enters the cell cytoplasm.
The clathrin molecules then separate from the coated vesicle and recycle back to
the cell membrane to form new coated pits. Examples of receptor-mediated
endocytosis include uptake of low-density lipoproteins and insulin from the
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blood.

CELLULAR ORGANELLES

Each cell cytoplasm contains numerous organelles, each of which performs a
specialized metabolic function that is essential for maintaining cellular
homeostasis and cell life. A membrane similar to the cell membrane surrounds
such cytoplasmic organelles as nucleus, mitochondria, endoplasmic reticulum,
Golgi apparatus or Golgi complex, lysosomes, and peroxisomes. Organelles that
are not surrounded by membranes include ribosomes, basal bodies, centrioles,
and centrosomes.

Mitochondria

Mitochondria are round, oval, or elongated structures whose variability and
number depend on cell function. Each mitochondrion (singular) consists of an
outer and inner membrane. The inner membrane exhibits numerous folds called
cristae, which contain respiratory chain enzymes that produce the energy
molecule adeneosine triphosphate (ATP). In protein-secreting cells, these
cristae project into the interior of the mitochondria as shelves. In steroid-
secreting cells, such as the adrenal cortex or interstitial cells in the testes, the
mitochondria cristae are tubular and contain enzymes for steroidogenesis
(production of steroid hormones).

Mitochondria produce most of the high-energy molecule adenosine
triphosphate (ATP) in cells and are, therefore, considered the powerhouses
of the cells. The cristae in the mitochondria increase the surface area of the
inner membrane. The cristae contain most of the respiratory chain enzymes
as well as ATP synthetase, which is responsible for cell respiration
(oxidative phosphorylation) and production of cell ATP. ATP is the chemical
energy responsible for various metabolic cell activities.

The number of mitochondria in a given cell is directly related to the
cell’s energy needs. Thus, cardiac or skeletal muscle cells with continuous
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high-energy needs contain numerous mitochondria, whereas cells with low-
energy needs have few mitochondria. Also, in these high-energy cells, the
mitochondria exhibit large numbers of closely packed cristae, whereas in
cells with low-energy metabolism, the cristae are less extensively developed.
Surrounding the cristae is an amorphous mitochondrial matrix, which
contains enzymes, ribosomes, and, unlike other cytoplasmic organelles, a
small, circular DNA molecule called mitochondrial DNA. New
mitochondria arise from preexisting mitochondria by growth and division.

Rough and Smooth Endoplasmic Reticulum

The endoplasmic reticulum in the cytoplasm is an extensive network of sacs,
vesicles, and interconnected flat tubules called cisternae. Endoplasmic reticulum
may be either rough or smooth. Their predominance and distribution in a given
cell depends on cell function.

Rough endoplasmic reticulum (RER) is characterized by numerous
flattened, interconnected cisternae, whose cytoplasmic surfaces are covered or
studded with dark-staining granules called ribosomes. The presence of
ribosomes distinguishes the rough endoplasmic reticulum, which extends from
the outer membrane of the nuclear envelope to sites throughout the cytoplasm. In
contrast, smooth endoplasmic reticulum (SER) is devoid of ribosomes, and it
consists primarily of anastomosing or connecting tubules. In most cells, smooth
endoplasmic reticulum, which is less abundant than the rough endoplasmic
reticulum, is also continuous with rough endoplasmic reticulum.

Cells that synthesize large amounts of protein for export, such as pancreatic
acinar cells or salivary gland cells, exhibit a highly developed and extensive
rough endoplasmic reticullum (RER) with numerous stacks of flattened
cisternae. Thus, the main function of RER is protein synthesis. Proteins that
will be transported or exported either to the outside of the cell or packaged
in organelles such as lysosomes are synthesized by the ribosomes attached to
the surface of the RER. In addition, integral membrane proteins and
phospholipid melecules are synthesized by the RER that become part of the
cell membrane. In contrast, proteins for the cytoplasm, nucleus, and
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mitochondria utilization are synthesized by the free ribosomes that are
scattered within the cell cytoplasm.

SMOOTH ENDOPLASMIC RETICULUM

Although the smooth endoplasmic reticulum (SER) is continuous with the
RER, its membranes lack ribosomes, and therefore, its functions are
completely different and unrelated to protein synthesis. SER is found in
abundance in cells that synthesize phospholipids that constitute all cell
membranes, cholesterol, and steroid hormones, such as estrogens,
testosterone, and corticosteroids. When liver cells (hepatocytes) are exposed
to potentially harmful drugs and chemicals, SER proliferates and inactivates
or detoxifies the chemicals. Similarly, in hepatocytes, SER is involved in
carbohydrate metabolism that converts glycogen to glucose. Skeletal and
cardiac muscle fibers also exhibit an extensive network of SER, called
sarcoplasmic reticulum, whose primary functions is calcium storage
(sequestering) between contractions and calcium release for initiation of
muscular contractions.

Golgi Apparatus

The Golgi apparatus (also known as Golgi complex or Golgi body) is also
composed of a system of membrane-bound, smooth, flattened, stacked, and
slightly curved cisternae. These cisternae, however, are separate from those of
endoplasmic reticulum. In most cells, there is a polarity in the Golgi apparatus.
Near the Golgi apparatus, numerous small vesicles with newly synthesized
proteins bud off from the rough endoplasmic reticulum and move to the Golgi
apparatus for further processing. The Golgi cisternae nearest the budding
vesicles are the forming, convex, or the cis face of the Golgi apparatus. The
opposite side of the Golgi apparatus is the maturing inner concave side or the
trans face. Vesicles from the endoplasmic reticulum move through the
cytoplasm to the cis side of the Golgi apparatus and bud off from the trans side
for transport of proteins to different sites in the cell cytoplasm.
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The Golgi apparatus is present in all cells except mature red blood cells, the
erythrocytes. Its size and development varies, depending on the cell function;
however, it is most highly developed in secretory cells. Most of the new
proteins synthesized by the cisternae of the rough endoplasmic reticulum
(RER) are transported in the cell cytoplasm as transfer vesicles to the cis
face of the Golgi apparatus, which faces the RER. Within the Golgi cisternae
are different types of enzymes that modify, sort, and package proteins for
different destinations in the cell. As the protein molecules move through the
different Golgi cisternae, sugars are added to the proteins and lipids to form
glycoproteins and glycolipids. Also, proteins are added to lipids to form
lipoproteins. As the secretory molecules near the exit or trans face of the
Golgi cisternae, they are further modified, sorted, and packaged as
membrane-bound vesicles, which then separate from the Golgi cisternae.
Some secretory vesicles become lysosomes and remain in the cytoplasm.
Other proteins migrate to the cell membrane and are incorporated into the
cell membrane itself, thus contributing proteins and phospholipids to the
membrane. Still other secretory granules become vesicles that are filled with
a secretory product destined for exocytosis (export) to the outside of the cell.

Ribosomes

The ribosomes are small, electron-dense granules found in the cytoplasm of the
cell; ribosomes are not surrounded by a membrane. In a given cell, there are both
free ribosomes and attached ribosomes, as seen on the endoplasmic reticulum
cisternae. Ribosomes play an important role in protein synthesis and are most
abundant in the cytoplasm of protein-secreting cells. Ribosomes perform an
essential role in decoding or translating the coded genetic messages from the
nucleus for amino acid sequence of proteins that are then synthesized by the cell.
The unattached or free ribosomes synthesize proteins for use within the cell
cytoplasm. In contrast, ribosomes that are attached to the membranes of the
endoplasmic reticulum synthesize proteins that are packaged and stored in the
cell as lysosomes or are released from the cell as secretory products. Ribosomal
subunits and associated proteins are first synthesized in the nucleolus and then
transported to the cytoplasm via the nuclear pores.

Lysosomes
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Lysosomes are cytoplasmic organelles that contain many hydrolyzing or
digestive enzymes called acid hydrolases. Lysosomal hydrolases are
synthesized in the rough endoplasmic reticulum and transferred to the Golgi
apparatus, where they are modified and packaged into membrane-bound
lysosomes. They are highly variable in appearance and size. To prevent the
lysosomes from digesting the cytoplasm and cell contents, a membrane separates
the lytic enzymes in the lysosomes from the cell cytoplasm. The main function
of lysosomes is the intracellular digestion or phagocytosis of substances taken
into the cells. Lysosomes digest phagocytosed microorganisms, cell debris, cells,
and damaged, worn-out, or excessive cell organelles, such as rough endoplasmic
reticulum or mitochondria. During intracellular digestion, a membrane surrounds
the material to be digested. The membrane of the lysosome then fuses with the
ingested material, and their hydrolytic enzymes are emptied into the formed
vacuole. After digestion of the lysosomal contents, the indigestible debris in the
cytoplasm is retained in large membrane-bound vesicles called residual bodies.
Lysosomes are very abundant in such phagocytic cells as tissue macrophages
and specific white blood cells (leukocytes) such as neutrophils.

Peroxisomes

Peroxisomes are cell organelles that appear similar to lysosomes, but are
smaller. They are found in nearly all cell types. Peroxisomes contain several
types of oxidases, which are enzymes that oxidize various organic substances to
form hydrogen peroxide, a highly cytotoxic product. Peroxisomes also contain
the enzyme catalase, which eliminates excess hydrogen peroxide by breaking it
down into water and oxygen molecules. Because the degradation of hydrogen
peroxide takes place within the same organelle, peroxisomes protect other parts
of the cells from this cytotoxic product. Peroxisomes are abundant in the cells of
the liver and kidney, where much of the toxic substances are removed from the
body. They detoxify, degrade alcohol, oxidize fatty acids, and metabolize
various compounds.

CELL CYTOSKELETON

The cytoskeleton of a cell consists of a network of tiny protein filaments and
tubules that extend throughout the cytoplasm. The cytoskeleton serves the cell’s
structural framework. Three types of filamentous proteins, microfilaments,
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intermediate filaments, and microtubules, form the cytoskeleton of a cell.

Microfilaments, Intermediate Filaments, and
Microtubules

Microfilaments are the thinnest structures of the cytoskeleton. They are
composed of the protein actin and are most prevalent on the peripheral regions
of the cell membrane. These structural proteins shape the cells and contribute to
cell movement and movement of the cytoplasmic organelles. The microfilaments
are distributed throughout the cells and are used as anchors at cell junctions. The
actin microfilaments also form the structural cere of microvilli and the terminal
web just inferior to the plasma membrane. In muscle tissues, the actin filaments
fill the cells and are associated with myosin proteins to induce muscle
contractions.

As their name implies, the intermediate filaments are thicker than
microfilaments and are more stable. Several cytoskeletal proteins that form the
intermediate filaments have been identified and localized. The intermediate
filaments vary among cell types and have specific distribution in different cell
types. Epithelial cells contain the intermediate filaments keratin. In skin cells,
these filaments terminate at cell junctions, the desmosomes and
hemidesmosomes, where they stabilize the shape of the cell and form
attachments to adjacent cells. Vimentin filaments are found in many
mesenchymal cells. Desmin filaments are found in both smooth and striated
muscles. Neurofilament proteins are found in the nerve cells and their
processes. Glial filaments are found in astrocytic glial cells of the nervous
system. Nuclear lamin intermediate filaments are found on the inner layer of the
nuclear membrane.

Microtubules are found in almost all cell types except mature red blood
cells. They are the largest elements of the cytoskeleton. Microtubules are hollow,
unbranched cylindrical structures composed of the two-protein subunits, a and 8
tubulin. All microtubules originate from the microtubule-organizing center, the
centrosome in the cytoplasm, which contains a pair of centrioles. In the
centrosome, the tubulin subunits polymerize and radiate from the centrioles in a
starlike pattern from the center. Microtubules determine cell shape and function
in intracellular movement of organelles and secretory granules, such as
axoplasmic transport in neurons. Microtubules are also essential in cell mitosis
where they form the spindles that separate the duplicated chromosomes and
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remodel the cell during mitosis. These tubules are most visible and are
predominant in cilia and flagella, where they are responsible for their beating
movements. Microtubules also form the basis of centrioles and basal bodies of
the cilia.

CENTROSOME AND CENTRIOLES

The centrosome is an area of the cytoplasm located near the nucleus. It is the
major microtubule-forming center and the site for generating new
microtubules and mitotic spindles. The centrosome consists of two small
cylindrical structures called centrioles and the surrounding matrix; the centrioles
are oriented at right angles to each other. Each centriole consists of nine evenly
spaced clusters of three sets of fused microtubules arranged in a circle or a ring.
The microtubules exhibit longitudinal orientation and are parallel to each other.

Before mitosis, the centrioles in the centrosome replicate and form two pairs.
During mitosis, each pair moves to the opposite poles of the cell, where they
become microtubule-organizing centers for mitotic spindles that control the
distribution of chromosomes to the daughter cells. Beneath the cell membrane,
the centrioles induce the formation of basal bodies and organize the
development of the microtubules in cilia and flagella.

CYTOPLASMIC INCLUSIONS

The cytoplasmic inclusions are temporary structures that accumulate in the
cytoplasm of certain cells. Lipids, glycogen, crystals, pigment, or byproducts
of metabolism are inclusions and represent the nonliving parts of the cell.

NUCLEUS, NUCLEAR ENVELOPE, AND
NUCLEAR PORES

The nucleus is the largest organelle of a cell. Most cells contain a single nucleus,
but other cells may exhibit multiple nuclei. Skeletal muscle cells have multiple
nuclei, whereas mature red blood cells of mammals do not have a nucleus or are
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nonnucleated.

The nucleus consists of chromatin, one or more nucleoli (singular,
nucleolus), and nuclear matrix. The nucleus contains the cellular genetic
material deoxyribonucleic acid (DNA), which encodes all cell structures and
functions. A double membrane called the nuclear envelope surrounds the
nucleus, whereas the nucleolus is not surrounded by a membrane. Both the inner
and outer layers of the nuclear envelope have a structure similar to the lipid
bilayer of the cell membrane. The outer nuclear membrane is studded with
ribosomes and is continuous with the rough endoplasmic reticulum of the
cytoplasm. The inner nuclear membrane lacks ribosomes and is in contact with
the nuclear chromatin.

At intervals around the periphery of the nucleus, the outer and inner
membranes of the nuclear envelope fuse to form numerous nuclear pores. These
pores function in controlling the movement of metabolites, macromolecules, and
ribosomal subunits between the nucleus and cytoplasm.

POint Supplemental micrographic images are available at
www.thePoint.com/Eroschenko13e under Cell and Cytoplasm.

FIGURE 2.3 | Internal and External Morphology
of Ciliated and Nonciliated Epithelium

A low-magnification electron micrograph shows the internal morphology and
surfaces of ciliated and nonciliated cells in the epithelium of the efferent ductules
of the testis. The numerous cilia (2) in the ciliated cells are attached to the dense
basal bodies (8) at the cell apices, from which they extend into the lumen (1) of
the duct. In contrast to cilia, the microvilli (7) in the nonciliated cells are much
shorter and have a different internal structure than the cilia (see Fig. 2.7 for
details and comparison).

Note also the dense structures in the apices between the adjacent epithelial
cells. These are the junctional complexes (3, 9) that hold the cells tightly
together. Distinct cell membranes (10) separate the individual cells. Located in
the cytoplasm of these cells are numerous, elongated or rod-shaped
mitochondria (4, 11) and numerous light-staining vesicles (6). Each cell also
contains various shaped nuclei (12) with dispersed, dense-staining nuclear
chromatin (5) that is arranged around the nuclear periphery.
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FIGURE 2.3 m Internal and external morphology of ciliated and nonciliated
epithelium. x11,000.

Cilia are highly motile surface modifications in cells that line the respiratory
organs, oviducts or uterine tubes, and efferent ducts in the testes. Cilia are
inserted into the basal bodies beneath the cell membrane. The main function
of cilia is to sweep or move fluids, cells, or particulate matter across cell
surfaces. In the lungs, the cilia rid the air passages of particulate matter or
mucus. In the oviduct, cilia move eggs and sperm along the passageway, and
in the testes, cilia move mature sperm into the epididymis.

The motility exhibited by cilia is caused by the sliding of adjacent
microtubule doublets in the core of the cilia. Each of the nine doublets in the
cilia consists of two subfibers called A and B. Extending from the A subfiber
are two armlike filaments containing the meotor protein dynein, which
exhibits ATPase activity. This protein uses the energy of ATP hydrolysis to
move cilia. Dynein armlike extensions from one doublet temporarily attach
and detach from the subfiber B of the adjacent doublet, producing a sliding
force between the doublets. These rapid back-and-forth changes between
adjacent doublets produce cilia motility.
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Microvilli

In contrast to cilia, microvilli are nonmotile. Microvilli are highly developed
on the apical surfaces of epithelial cells of the small intestine and kidney.
Here, the main functions of the microvilli are to absorb nutrients from the
digestive tract of the small intestine or the glomerular filtrate in the kidney.

FIGURE 2.4 | Junctional Complex Between
Epithelial Cells

A high-magnification electron micrograph illustrates a junctional complex
between two adjacent epithelial cells. In the upper or apical region of the cells,
the opposing cell membranes fuse to form a tight junction or zonula occludens
(2a), which extends around the cell peripheries like a belt. Inferior to the zonula
occludens (2a) is another junction called the zonula adherens (2b). It is
characterized by a dense layer of proteins on the inside of the plasma membranes
of both cells, which attach to the cytoskeleton filaments of each cell. A small
intercellular space with transmembrane adhesion proteins separates the two
membranes. This type of junction also extends around the cells like a belt. Below
the zonula adherens is a desmosome (2c). Desmosomes (2c) do not encircle the
cells, but are spotlike structures that have random distribution in the cells. The
cytoplasmic side of each desmosome exhibits dense areas composed of
attachment proteins. Transmembrane glycoproteins extend into the intercellular
space between opposing cells membranes of the desmosome and attach the cells
to each other.

Note also in the micrograph the distinct cell membranes (3) of each cell, the
numerous mitochondria (1) in cross section, and a variety of vesicular
structures (6) in their cytoplasm. Visible on the cell apices are sections of cilia
(5) with a core of microtubules and a few microvilli (4).
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FIGURE 2.4 m A junctional complex between epithelial cells. x31,200.

Junctional complexes have a variety of functions, depending on their
morphology, shape, and location. In the epithelium that lines the stomach,
intestines, and urinary bladder, the zonulae occludentes or tight junctions are
the most apical junctions that prevent the passage of corrosive chemicals or
waste products between cells and into the bloodstream. The tight junctions
consist of transmembrane proteins called claudin that fuse the outer
membranes of adjacent cells. In this manner, the cells form a tight, beltlike
epithelial barrier. Similarly, the zonula adherens or adhering junctions assist
these cells in resisting separation; the transmembrane proteins attach to the
cytoskeleton proteins and bind adjacent cells. Actin filaments attach to
zonula adherens. Desmosomes are spotlike structures that are most
commonly seen in the epithelium of the skin and in cardiac muscle fibers.
Here, the cells are subjected to great mechanical stresses. In these organs,
desmosomes prevent skin cells from separating and cardiac muscle cells from
pulling apart during the powerful heart contractions. The desmosomes are
bound to intermediate filaments and form strong attachment sites between
adjacent the cells.

Other junctional complexes are hemidesmosomes and gap junctions.
Hemidesmosomes are one half of the desmosome and are present at the base
of epithelial cells where strong adhesion to the connective tissue is required
to prevent tearing of the epithelium from the underlying connective tissue
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layers as in the basal layers of the skin. Here, hemidesmosomes anchor the
epithelial cells to the basement membrane and the adjacent extracellular
connective tissue. Basement membrane consists of a basal lamina and
reticular fibers of the connective tissue.

Gap junctions are also spotlike in structure. The plasma membranes at
gap junctions are closely apposed, and tiny fluid channels called connexons
connect the adjacent cells. Molecules, ions, and low-resistance electrical
communication occurs through these connexons between adjacent cells.
These fluid channels are vital in cardiac muscle cells and nerve cells, where
fast impulse transmission through the adjacent cells or axons is essential for
synchronization and coordination of normal functions.

FIGURE 2.5 | Basal Regions of Epithelial Cells

A medium-magnification electron micrograph illustrates the appearance of the
basal region or the base of epithelial cells. Note that the basal regions of the cells
are attached to a thin, moderately electron-dense layer called the basal lamina
(3). Deep to the basal lamina (3) is a connective tissue (2) layer of fine reticular
fibers. The basal lamina (3) is seen only with the electron microscope. Basal
lamina (3) and the reticular fibers of connective tissue (2) are recognized under
the light microscope as a basement membrane.

Inferior to the epithelial cells is an elongated, spindle-shaped fibroblast (4)
with its nucleus (4) and dispersed chromatin (5), surrounded by numerous
connective tissue fibers (2) produced by the fibroblasts. In the cytoplasm of one
of the epithelial cells is also seen a nucleus (8), dispersed chromatin (9), and a
dense, round nucleolus (7). Cisternae of rough endoplasmic reticulum (11),
elongated mitochondria (14), and various types of dense bodies (6) are visible
in different cells. Between the individual epithelial cells is a distinct cell
membrane (1, 10). Hemidesmosomes are not illustrated but attach the basal
membrane of the cells to the basal lamina (3).
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FIGURE 2.6 | Basal Region of Ion-Transporting
Cell

A medium-magnification electron micrograph illustrates the basal region of a
cell from the distal convoluted tubule of the kidney. In contrast to the basal
regions of epithelial cells, the basal regions of cells in convoluted kidney tubules
are characterized by numerous and complex infoldings of the basal cell
membrane (5). These infoldings then form numerous basal membrane
interdigitations (10) with the similar infoldings of the neighboring cell.
Numerous and long mitochondria (4, 9) with vertical or apical-basal
orientations are located between the cell membrane infoldings.

A portion of a large nucleus (1) is visible with its dispersed chromatin (8).
Surrounding the nucleus is a distinct nuclear envelope (2), which consists of a
double membrane. Both the outer and inner membranes of the nuclear envelope
(2) fuse at intervals around the periphery of the nucleus to form numerous
nuclear pores (3).
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FIGURE 2.6 m Basal region of an ion-transporting cell. x16,600.

The deep infoldings of the basal and lateral cell membranes are seen only
with electron microscopy. These infoldings are found in certain cells of the
body, whose main function is to transport ions across the cell membrane. The
cells in the tubular portions of the kidney (proximal convoluted tubules and
distal convoluted tubules) selectively absorb useful or nutritious components
from the glomerular filtrate and retain them in the body. At the same time,
these cells eliminate toxic or nonuseful metabolic waste products such as
urea and drug metabolites.

Because these cells transport numerous ions across their membranes,

increased amounts of energy are needed, which is generated by Na*/K*
ATPases (sodium pumps) embedded in the infolded basal and lateral cell
membranes. To perform these vital functions, numerous long mitochondria
that are located in these basal infoldings continually supply the cells with the
energy source (ATP) that operates these pumps for membrane transport.
Similar basal cell membrane infoldings are seen in the striated ducts of the
salivary glands. These glands produce saliva, which is then modified by
selective transport of various ions across the cell membrane as it moves
through these ducts to the larger excretory ducts.

FIGURE 2.7 | Cilia and Microvilli

This high-magnification electron micrograph illustrates the ultrastructural
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differences between cilia (singular, cilium) and microvilli (singular, microvillus).
Both cilia (1) and microevilli (2) project from the apical surfaces of certain cells
in the body. The cilia (1) are long, motile structures, with a core of uniformly
arranged microtubules (3) in longitudinal orientation. The core of each cilium
contains a constant number of nine microtubule doublets located peripherally
and two single microtubules in the center. Each cilium is attached to and extends
from the basal body (4) in the apical region of the cell. Instead of nine
microtubule doublets, the basal bodies exhibit nine microtubule triplets and no
central microtubules.

In contrast to cilia, microvilli (2) are smaller, shorter, closely packed finger-
like extensions that greatly increase the surface area of certain cells. Microvilli
(2) are nonmotile and exhibit a core of thin microfilaments called actin. The
actin filaments extend from the microvilli (2) into the apical cytoplasm of the
cell to form a terminal web, a complex network of actin filaments.
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FIGURE 2.7 m Cilia and microvilli. x20,000.

FIGURE 2.8 | Nuclear Envelope and Nuclear
Pores

A high-magnification electron micrograph illustrates in detail part of a nucleus
(8) and the surrounding membrane, the nuclear envelope (3), which consists of
an outer nuclear membrane (3a) and an inner nuclear membrane (3b).
Between the two nuclear membranes (3a, 3b) is a space. The outer nuclear
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membrane (3a) is in contact with the cell cytoplasm (4), whereas the inner
nuclear membrane (3b) is associated with the nuclear chromatin (7). The
nuclear envelope is continuous with the rough endoplasmic reticulum (1), and
the outer nuclear membrane (3a) usually contains ribosomes. At certain intervals
around the nucleus, the two membranes of the nuclear envelope (3) fuse and
form numerous nuclear pores (2, 6).
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FIGURE 2.8 m Nuclear envelope and nuclear pores. x110,000.

The nucleus is the control center of the cell; it stores and processes most of
the cell’s genetic information. The nucleus directs all of the activities of the
cell through the process of protein synthesis and ultimately controls the
structural and functional characteristics of each cell. The cell’s genetic
material, deoxyribonucleic acid (DNA), is visible in the cell in the form of
chromatin. When the cells are not actively producing protein, the DNA is
not condensed and does not stain.

The nucleolus is a dense-staining, nonmembrane-bound structure within
the nucleus. One or more nucleoli may be visible in a given cell. The
nucleolus functions in synthesis, processing, and assembly of ribosomes. In
nucleoli, the ribosomal ribonucleic acid (RNA) is produced and combined
with proteins to form ribosomal subunits. These ribosomal subunits are then
transported to the cell cytoplasm through the nuclear pores to form complete
ribosomes. Consequently, nucleoli are prominent in cells that synthesize
large amounts of proteins.
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Nuclear pores control the transport of macromolecules between the
nucleus and the cytoplasm. The nuclear pore membrane, like other cell
membranes, shows selective permeability. As a result, some of the larger
molecules travel through the pores via an active transport mechanism.

FIGURE 2.9 | Mitochondria

A high-magnification electron micrograph illustrates the ultrastructure of
mitochondria (1, 4) in a longitudinal section (1) and in cross section (4). Note
that the mitochondria (1, 4) also exhibit two membranes. The outer
mitochondrial membrane (5, 9) is smooth and surrounds the entire organelle.
The inner mitochondrial membrane is highly folded, surrounds the matrix of the
mitochondria, and projects inward into the organelle to form the numerous,
shelflike cristae (6). Some mitochondrial matrix may contain dense-staining
granules. Also visible in the cytoplasm (8) of the cell are variously sized, light-
staining vacuoles (7), a section of rough endoplasmic reticulum (2), and free
ribosomes (3). This type of mitochondria with shelflike cristae (6) is normally
found in protein-secreting cells and muscle cells.

5 Outer mitochondrial
membrane
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FIGURE 2.9 m Mitochondria (longitudinal and cross sectlon) x49,500.

FIGURE 2.10 | Rough Endoplasmic Reticulum

A high-magnification electron micrograph illustrates the components of the
rough endoplasmic reticulum (3) in the cytoplasm of a cell. It consists of
stacked layers of membranous cavities called cisternae (3). In the rough
endoplasmic reticulum, ribosomes are attached to the outer surface of the
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membranes. Also present in the cytoplasm are free ribosomes (4, 13), some of
which attach to other ribosome and form ribosome groups called polyribosomes
(4, 13). Visible in the cytoplasm are also numerous mitochondria (2, 10), in
longitudinal (10) and cross section (2), dense secretory granules (8), and very
thin strands of microfilaments (5, 11). In the lower right corner of the
micrograph, the smooth cisternae and associated vesicles of the Golgi apparatus
(14) are visible. Note the cell membranes (1, 9) of adjacent cells, nuclear
envelope (6), and portions of the nucleus (7) and nuclear chromatin (12).

<= —— 8 Dense secretory
granules

1 Cell membrane 9 Cell membrane

10 Mitochondria
(longitudinal section)

2 Mitochondria

3 Cisternae of RER A
k— 11 Microfilaments

4 Free ribosomes 12 Nuclear chromatin

5 Microfilaments

6 Nuclear envelope 1 .
ol s A :
7 Nucleus T . — "1'!., e T

FIGURE 2.10 m Rough endoplasmic reticulum. x32,000.

FIGURE 2.11 | Smooth Endoplasmic Reticulum

This high-magnification electron micrograph illustrates the structure of the
smooth endoplasmic reticulum (2) in two adjacent cells. Smooth endoplasmic
reticulum (2) is devoid of ribosomes and consists primarily of smooth,
anastomosing tubules. In this micrograph, the tubules of the smooth endoplasmic
reticulum (2) are primarily seen in cross section. In other sections, the smooth
endoplasmic reticulum (2) can be seen as flattened vesicles. In some cells,
smooth endoplasmic reticulum is continuous with cisternae of the rough
endoplasmic reticulum (7), as seen in this micrograph.

Also seen in the micrograph are the cell membranes (6, 11) of the two cells,
the cell membrane interdigitations (10), and the extracellular matrix (9)
between the two cell membranes. A section of the nucleus (4, 5), nuclear
envelope (8), nuclear chromatin (3), and mitechondrion (1) in cross section
are also visible in the two cells. The mitochondria (1) in these cells contain
tubular cristae, indicating that the cells synthesize products other than proteins.
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FIGURE 2.12 | Golgi Apparatus

A high-magnification electron micrograph illustrates the components of the
Golgi apparatus (2). This apparatus consists of membrane-bound Golgi
cisternae (2) with numerous membranous Golgi vesicles (1) located near the
end of the cisternae. The Golgi apparatus (2) usually exhibits a crescent shape.
Its convex side is called the cis face (3), and the opposite, concave side is the
trans face (9) of the Golgi apparatus (2). This micrograph illustrates the Golgi
apparatus (2) in the seminiferous tubule of the testis, where a spermatid is
undergoing transformation into a sperm. At this stage of the transformation, the
Golgi apparatus (2) is packaging and condensing the secretory product into an
electron-dense acrosome granule (7). The acrosome granule (7) is located in the
acrosomal vesicle (8) that adheres to the nuclear envelope (6) at the anterior
pole of the spermatid. In the left corner of the micrograph, note a short cisterna
of the granular (rough) endoplasmic reticulum (4) and some free ribosomes
(5) in the cytoplasm (11) of the spermatid. A cell membrane (10) surrounds the
cell.
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FIGURE 2.13 | Ultrastructure of Lysosomes and
Residual Bodies in Cytoplasm of Tissue
Macrophage

A medium-magnification electron micrograph illustrates numerous dense-
staining lysesomes (3) in the cytoplasm of a tissue macrophage. The lysosomes
(3) show great variation in size, appearance, density, and the contents. Also
visible in the cell cytoplasm are what appear to be the residual bodies (1, 4),
consisting of lipid-like material and dense undigested matter enclosed in a
membrane. Distinguishing between material being digested in the lysosomes and
the residual bodies is often quite difficult. Located also in the cytoplasm are
numerous mitochondria (2), sectioned in different planes. Note also the
difference in size between the mitochondria and the variably sized lysosomes. In
the left hand corner is a section of a cytoplasm from an adjacent cell.
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cytoplasm of a tissue macrophage. Courtesy of Dr. Rex A. Hess, Professor
Emeritus, Comparative Biosciences, College of Veterinary Medicine, University
of Illinois, Urbana, IL. x16,000.

Summary

Light and Transmission Electron Microscopy

CELL AND CYTOPLASM

e Cells maintain proper homeostasis of the body
e Structural features are common to all cells

CELL MEMBRANE

e Consists of phospholipid bilayer and integral (transmembrane) membrane
proteins

¢ Peripheral membrane proteins located on external and internal cell surfaces

¢ Peripheral proteins anchored to microfilaments of cytoskeleton

e Transmembrane proteins are located within lipid bilayer of the cell
membrane

e Transmembrane proteins transport molecules across lipid bilayer

97



o Cholesterol molecules within the cell membrane stabilize the cell membrane

e Carbohydrate glycocalyx covers cell surfaces (microvilli) in specialized
absorptive cells

e Glycocalyx important for cell recognition, cell adhesion, and receptor
binding sites

MOLECULAR ORGANIZATION OF CELL
MEMBRANE

e Lipid bilayer is in fluid state, hence the fluid mosaic model

e Phospholipids form two layers with polar heads facing inner and outer
surfaces

¢ Nonpolar tails are in center of membrane

CELL MEMBRANE PERMEABILITY AND
TRANSPORT

e Cell membrane shows selective permeability and forms a barrier between
internal and external cell environments

e Permeable to oxygen, carbon dioxide, water, steroids, and lipid-soluble
chemicals

e Larger molecules enter cell by specialized transport mechanisms

e Endocytosis is ingestion of extracellular material into the cell

e Exocytosis is release of material from the cell

e Pinocytosis is ingestion of extracellular fluid into the cell

e Phagocytosis is uptake of large, solid particular matter into the cell

e Receptor-mediated endocytosis involves pinocytosis or phagocytosis via
receptors on cell membrane and formation of clathrin-coated pits

e Uptake of low-density lipoproteins and insulin as example of receptor-
mediated endocytosis

CELLULAR ORGANELLES

e Membrane bound: nucleus, mitochondria, endoplasmic reticulum, Golgi
complex, lysosomes, and peroxisomes
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Nonmembrane bound: ribosomes, basal bodies, and centrosomes

Mitochondria

Surrounded by cell membrane

Shelflike cristae in protein-secreting cells and tubular cristae in steroid-
secreting cells

Present in all cells, except mature red blood cells, and is especially numerous
in highly metabolic cells

Produce high-energy ATP molecules

Cristae contain respiratory chain enzymes for ATP production

Matrix contains enzymes, ribosomes, and circular mitochondrial DNA

Arise from preexisting mitochondria by growth and division

Rough Endoplasmic Reticulum

Exhibits interconnected cisternae that are covered with ribosomes

Highly developed in protein-synthesizing cells

Synthesizes proteins for export or lysosomes

Synthesizes integral membrane proteins and phospholipids for cell membrane
Free ribosomes synthesize proteins for cell cytoplasm

Smooth Endoplasmic Reticulum

Devoid of ribosomes and consists of anastomosing tubules

Found in cells that synthesize phospholipids, cholesterol, and steroid
hormones

In liver cells, proliferates to deactivate or detoxify harmful chemicals

In liver cells is involved with carbohydrate metabolism and converts
glycogen to glucose

In skeletal and cardiac muscle fibers, stores and releases calcium between
contractions

Golgi Apparatus

Present in all cells, except mature red blood cells
Consists of stacked, curved cisternae with convex side as the cis face
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e Mature concave side is the trans face

* New synthesized protein transported in transfer vesicles to Golgi apparatus

e Cisternae modify enzymes and sort and package proteins

e Adds sugars to proteins and lipids to form glycoproteins, glycolipids, and
lipoproteins

e Secretory granules are modified, sorted, and packaged in membranes for
export outside of cell or for lysosomes

e Other proteins and phospholipids are incorporated into cell membrane

Ribosomes

e Appear as free or attached (as to endoplasmic reticulum)

e Most abundant in protein-synthesizing cells

e Decode genetic messages from nucleus for amino acid sequence of protein
synthesis

e Free ribosomes synthesize proteins for cell use

e Attached ribosomes synthesize proteins that are packaged for export or
lysosomes use

e Ribosomal subunits synthesized in nucleolus and transported to cytoplasm
via nuclear pores

Lysosomes

e Membrane-bound vesicles filled with hydrolyzing or digesting enzymes
called acid hydrolases

e Synthesized in rough endoplasmic reticulum and packaged in Golgi
apparatus

e Separated from cytoplasm by membrane to prevent damage to cell

e Functions in intracellular digestion or phagocytosis

e Digest microorganisms, cellular debris, worn-out cells, or cell organelles

e Residual bodies seen after phagocytosis

e Very abundant in tissue macrophages and white blood cells neutrophils

Peroxisomes

e Contain oxidases that form cytotoxic hydrogen peroxide
e Contain enzyme catalase to eliminate excess hydrogen peroxide
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e Abundant in liver and kidney cells, which remove much of the toxic material
» Detoxify, degrade alcohol, oxidize fatty acids, and metabolize compounds

CELL CYTOSKELETON

Microfilaments

Thinnest microfilaments in the cytoskeleton

Composed of protein actin and contribute to cell and organelle movements
Distributed throughout cell and used as anchors at cell junctions

Form core of microvilli and terminal web at cell apices

Actin—myosin interactions produce muscle contractions

Intermediate Filaments

Thicker than microfilaments

Epithelial cells contain keratin filaments

In skin cells, they terminate at desmosomes and hemidesmosomes
Vimentin filaments found in mesenchymal cells

Desmin filaments found in smooth and skeletal muscles

Glial filaments found in astrocytic cells of the nervous system
Lamin filaments found in nuclear membrane

Microtubules

e Largest filaments in cytoskeleton and found in most cells except red blood
cells

e Composed of a and 3 tubulin

¢ Originate from centrosome

e Determine cell shape and function in intracellular transport

e Form spindles and separate duplicated chromosomes during cell mitosis

e Present in cilia, flagella, centrioles, and basal bodies

Centrosome and Centrioles

e Centrosome located near nucleus and contain two centrioles

101



Major microtubule-forming center and mitotic spindles

Centrioles perpendicular to one another; contain nine clusters of three
microtubules each arranged in a circle

Before mitosis, centrioles replicate

During mitosis, centrioles form mitotic spindles to control distribution of
chromosomes

Centrioles induce formation of basal bodies and microtubules in cilia and
flagella

CYTOPLASMIC INCLUSIONS

Temporary structures such as lipids, glycogen, crystals, and pigment

NUCLEUS AND NUCLEAR ENVELOPE

Nucleus contains chromatin, nucleoli, nuclear matrix, and cellular DNA
Double membrane called the nuclear envelope surrounds the nucleus
Nucleolus is not membrane bound

Outer membrane of nuclear envelope contains ribosomes and is continuous
with rough endoplasmic reticulum

Nuclear pores at intervals in the nuclear envelope

Nuclear pores control movements of material between nucleus and cytoplasm

SURFACES OF CELLS

Junctional Complex

Zonula occludens or tight junctions form an effective epithelial barrier
Transmembrane proteins claudin fuse the outer membranes of adjacent cells
to form tight junctions

In zonula adherens or adhering junctions, transmembrane proteins attach to
cytoskeleton and bind adjacent cells

Actin filaments attach zonula adherens

Desmosomes are spotlike structures, very prominent in skin and cardiac cells

102



e Desmosomes anchor cells through extension of transmembrane proteins into
intercellular space between adjacent cells

e Desmosomes bound to intermediate filaments

e Hemidesmosomes are present at base of epithelial cells to prevent separation
from connective tissue layer, as in basal layer of skin

e Gap junctions are spotlike structures with fluid channels called connexons

e ITons and chemicals diffuse through connexons from cell to cell

e Gap junctions allow rapid communications between cells for synchronized
action

Basal Regions of Cells

Infolded Basal Regions

¢ Infolded basal and lateral cell membranes function in ionic transport
e Found in kidney and salivary gland cells

e Na'/K" ATPase (sodium pumps) embedded in infolded membranes
e Numerous and long mitochondria in infoldings supply ATP for ion transport

Cilia

Motile apical surface modifications that are inserted into basal bodies

Line cells in the respiratory organs, uterine tubes, and efferent ducts in testes
Motility caused by sliding microtubule doublets

Motor protein dynein uses ATP to move cilia

Microvilli

e Nonmotile apical surface modifications

e Well developed in small intestines and kidney

e Main function is absorption of nutrients from intestines and glomerular
filtrate

Review Questions

QUESTIONS
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In the following multiple-choice questions, choose the letter corresponding
to the one best answer.

1. What type of junctional cell complex prevents passage of chemicals
between cells?

A.
B.
C.
D.
E.

Desmosome

Hemidesmosome

Gap junction

Zonula adherens (adhering junction)

Zonula occludentes (tight junction)

2. Rapid communications between cells is provided by what junctional
cell complex?

A.
B.
C.

D.

E.

Desmosome
Hemidesmosome
Zonula occludentes
Gap junction

Zonula adherens

3. Which cell organelles contain the motor protein dynein?

A.

mo 0w

Centrosomes
Mitochondria
Cilia
Microvilli

Centrioles

4. What controls the transport of macromolecules in and out of the

nucleus?

A.

m o 0%

Nuclear pores
Nucleolus

Nuclear membrane
Nuclear chromatin

Surrounding cytoplasm
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5.

The major microtubule-forming center in the cell is the:
A. centriole.
B. mitotic spindle.
C. cilia.
D. centrosome.

E. basal body.

ANSWERS

1.

Correct Answer: E. Zonula occludentes (tight junction). These structures
are located at the apical regions of the cells and play an important role in
the epithelium of the digestive organs, where they prevent the passage of
corrosive chemicals between cells.

Correct Answer: D. Gap junction. Of the junctional complexes, the
spotlike gap junctions exhibit tiny channels (connexons) that connect
adjacent cells and allow for communication between them. Such junctions
are vital for rapid communication in cardiac muscle cells and nerve cells.

. Correct Answer: C. Cilia. The motor protein dynein exhibits ATPase

activity and uses the energy of ATP hydrolysis to induce cilia motility.

. Correct Answer: A. Nuclear pores. A selective permeability membrane

with nuclear pores surrounds the nuclei of different cells. The nuclear pores
control the transport of molecules between the nucleus and cytoplasm.

. Correct Answer: D. Centrosome. All microtubules originate from the

microtubule-organizing center in the cytoplasm called the centrosome.

ADDITIONAL HISTOLOGIC IMAGES
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1 Microtubules in cilia
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3 Mitochondria
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FIGURE 2.14 m Cytoplasmic contents and organelles of a ciliated cell from an
avian oviduct. x15,000.
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1 Golgi apparatus

2 Rough endoplasmic
reticulum

3 Nuclear membrane

FIGURE 2.15 m Cell and cytoplasmic organelles in a cell from a rodent spinal
cord. x10,000. Courtesy of Dr. Mark DeSantis, Professor Emeritus, WWAMI
Medical Program, University of Idaho, Moscow, ID.
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FIGURE 2.16 m A section of a cell nucleus and the adjacent cytoplasmic
organelles. x45,000.

1 Microtubules in —=—— |
cilia _
\i-f-__.

2 Basal bodies %

B\ |

3 Nucleus = . :

4 Mitochondria ——

5 Free ribosomes

6 Golgi apparatus

FIGURE 2.17 m A section of a ciliated cell cytoplasm exhibiting different
organelles in the epithelium of an avian oviduct. x15,000.
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FIGURE 2.18 m Secretory cells with dense secretory granules in the apical
regions of a gland from a section of an avian oviduct. x5,500.
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1 Junctional complex: f

a. Tight junction
b. Zonula adherens —

oy k] : .

c. Desmosome 6 Golgi apparatus

2 Rough
endoplasmic
reticulum

3 Cell membrane

7 Desmosome

4 Nucleus

5 Nucleolus

FIGURE 2.19 m Apical section of cells from the lining epithelium of an avian
oviduct showing different cytoplasmic organelles. x15,000.
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FIGURE 2.20 m Transverse section of a secretory epithelium from an avian
oviduct showing the developed rough endoplasmic reticulum. x5,000.

1 Dense secretory
granules

2 Dilated rough
endoplasmic
reticulum

FIGURE 2.21 m Secretory cell with dense secretory granules and the dilated
rough endoplasmic reticulum in the glandular epithelium of an avian oviduct.
x45,000.
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CHAPTER 3 Cells and the Cell Cycle

During embryonic development, the cells divide and multiply to form new cells,
tissues, and organs. In an adult organism, however, not all cells retain the ability
to further divide and reproduce. As a result, different populations of cells are
recognized based on their ability or inability to divide and reproduce.

PERMANENT CELL POPULATION IN
ADULT ORGANISMS

Nerve cells in the nervous system and muscle cells (skeletal and cardiac)
continue to divide during embryonic development. Once these cells establish the
organs in postnatal life, however, their ability to further divide ceases, and they
cannot be replaced if they are damaged or destroyed.

Stable Cell Population

In such organs as the liver, cells remain relatively stable in postnatal life and
exhibit a slow rate of replacement under normal conditions. However, when part
of the liver is surgically removed or is damaged by toxic substances, the liver
cells exhibit regenerative capabilities. They regenerate, proliferate, and replace
lost cells in order to maintain the normal functions of the organ. The life span of
normal and healthy liver cells is about 5 months, in contrast to the life spans of
cells in organs where cell renewal is continuous.

Renewing Cell Population

These cells are continuously dividing to replace lost or worn-out cells in
different tissues and organs of the body. Skin cells and gastrointestinal
epithelium (oral cavity, esophagus, stomach, small and large intestine) cells
continually divide. Similarly, numerous blood cells have short life spans and are
continually reproduced in red bone marrow of different bones to replace the
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worn-out cells. Also, germ cells (spermatogonia) in the testes are continuously
dividing to produce new sperm.

CELL CYCLE: INTERPHASE AND
MITOSIS

The time interval between two successive cell divisions represents the cell cycle.
It involves cell replication by duplicating the cell’s genetic contents and
producing two identical daughter cells. The cell cycle is divided into two main
phases: interphase and mitosis. Interphase consists of a prolonged interval
comprising different phases during which time the cell size and its contents
increase. In addition, DNA, centrioles, and chromosomes replicate, and the cell
prepares for division, or mitosis, which exhibits four distinct and histologically
recognizable stages or phases.

Prophase

During this first prolonged phase of mitosis, the chromosomes condense and
become histologically visible. Each chromosome consists of two genetically
identical sister chromatids that are joined together at a pinched area called the
centromere. With the condensation of the chromosomes, the nuclear envelope
and nucleolus disappear (fragment) with only fragments visible in the cell. The
centrosome divides, and the centrioles migrate to the opposite poles of the cell
to form microtubules of the mitotic spindle (Fig. 3.1A). The microtubule
spindles continue to grow toward the chromosomes, where some of them attach
to a platelike protein complex called the kinetochore, which appears on each
side of the centromere. These kinetochore microtubules eventually align the
chromosomes in the middle of the cell. The microtubules that do not attach to the
chromosomes at the kinetochore become the polar microtubules.
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FIGURE 3.1 m A-E.Different phases of mitosis and cytokinesis.
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In this short phase, the chromosomes become highly condensed. The
chromosomes are aligned along the equator of the cell as a result of their
attachment to the Kkinetochore microtubules of the mitotic spindles that radiate
from both spindle poles. The kinetochore microtubules direct the movement of
chromosomes toward the middle of the cells, forming the metaphase or
equatorial plate (Fig. 3.1A, B).

Anaphase

During this phase, the chromatid pairs separate at the centromere because of an
enzymatic action, and each chromatid now becomes a separate chromosome.
These chromosomes now begin their migration to the opposite poles of the cell,
pulled by the shortening of the kinetochore microtubules, which are attached to
the centromeres. The migrating or pulled chromosomes exhibit a V shape in the
cell. In late anaphase, a cleavage furrow in the cell membrane appears at the cell
equator, indicating the area where the cell will divide (Fig. 3.1C).

Telophase

This is the terminal phase of mitosis. It begins when the chromosomes complete
their migration to the opposite side of the mitotic spindle and the chromosomes
decondense into the chromatin of the interphase cell. Also, the nucleolus
reappears, and the rough endoplasmic reticulum begins to form a new nuclear
envelope. A constriction of the cytoplasm is formed by the contractile ring
composed of actin filaments, which becomes the site of cleavage for the
separation of daughter cells. Cleavage of the joined daughter cells follows.
Cytokinesis is the process by which the cytoplasm is divided into two
genetically identical cells (Fig. 3.1D, E).

Interphase

Mitosis is now complete, and the cell is ready for the new interphase to begin.
The chromosomes have unraveled to become visible as chromatin material in
the nucleus. The resulting cell division has produced two new cells that are
identical in their genetic content to the parent cell (Fig. 3.1E).

MEIOSIS
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Meiosis is a special type of cell division that is restricted to male and female
germ cells. This type of division produces an ovum and a spermatozoon whose
chromosome numbers have been reduced from diploid (46 chromosomes) to
haploid (23 chromosomes).

The process of meiosis involves two successive cell divisions after one DNA
replication. This ensures that haploid cells are produced from every cell that
enters meiosis. The recombination of genes and the establishment of a full
chromosome count occur at fertilization of the ovum by the sperm, thus ensuring
viability of the progeny. Additional information concerning the meiotic process
is described in Chapters 20 and 21.

POint Supplemental  micrographic images are available at
www.thePoint.com/Eroschenkol13e under Cell and Cytoplasm.

Summary

Cells and the Cell Cycle

CELL POPULATIONS IN ADULTS

¢ Permanent—nerve and muscle cells are not replaced when damaged

e Stable cell population—Iiver cells can proliferate to replace removed or
damaged cells

¢ Renewing cell population—skin, gastrointestinal organs, blood cells in red
bone marrow, and germ cells in testes are constantly replaced

CELL CYCLE: INTERPHASE AND
MITOSIS

¢ Divided into interphase and mitosis
¢ Interphase is prolonged and consists of different phases that replicate cell
contents
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e Mitosis consists of four phases—prophase, metaphase, anaphase, and
telophase

Prophase

Condensation of chromosomes to form two identical chromatids

Chromatids are joined together at the centromere

Nuclear envelope and nucleolus disappear

Centrosome divides, and centrioles move to the opposite poles of the cell
Centrioles form microtubules of the mitotic spindle

Microtubules attach to kinetochores of chromatids and align chromosomes in
the middle of the cell

Metaphase

e Chromosomes highly condensed
e Kinetochore aligns chromosomes along the equator of the cell
e Formation of equatorial plate

Anaphase

e Chromatid pairs separate at the centromere because of enzymatic action and
become chromosomes

e Chromosomes migrate to opposite poles of the cell because of shortening of
kinetochore microtubules

e Migrating chromosomes form a V shape in the cell

e (Cleavage furrow appears at the cell equator

Telophase

e Terminal phase of mitosis

e Chromosomes complete their migration to the opposite side of the mitotic
spindle

e Chromosomes condense to form chromatin of the interphase cell

e Nucleolus reappears, and a nuclear envelope is formed

e Contractile ring becomes the site of cleavage for separation of daughter cells

e Cytokinesis is the division of genetically identical cells during mitosis
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MEIOSIS

¢ Specialized cell division restricted to male and female germ cells
¢ Produces ova and sperm with a haploid number (23) of chromosomes
e Recombination of genes occurs at fertilization of ovum by sperm

Review Questions

QUESTIONS

In the following multiple-choice questions, choose the letter corresponding
to the one best answer.

1. The terminal phase of the cell cycle is:
A. telophase.
B. interphase.
C. anaphase.
D. prophase.
E. metaphase.
2. A contractile ring and cytokinesis are seen during:
A. interphase (initial phase).
B. telophase.
C. equatorial plate formation.
D. mitotic spindle formation.
E. centrosome division.
3. The cleavage furrow is formed during:
A. interphase.
B. telophase.
C. anaphase.
D. metaphase.
E. prophase.
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4,

5.

Kinetochores are located:
A. in the mitotic spindle.
B. on the chromosomes.
C. on each side of the centromere.
D. on the centrosome.
E. on the nuclear membrane.
What pulls the chromosomes apart during mitosis?
A. Centrioles
B. Kinetochore microtubules
C. Cleavage furrow
D. Centromeres

E. Mitotic spindle

ANSWERS

1.

Correct Answer: A. Telophase. At this stage, the chromosomes condense
into chromatin. The nucleolus reappears, and a new nuclear envelope is
formed.

. Correct Answer: B. Telophase. During this phase, cleavage of the joined

cells follows. Cytokinesis is the process resulting in two genetically
identical cells.

. Correct Answer: C. Anaphase. During late anaphase of cell division, the

migrating chromosomes exhibit a cleavage furrow that indicates where the
cells will divide.

. Correct Answer: A. Mitotic spindle. Microtubules of the mitotic spindle

attach to the platelike protein complex, the kinetochore.

Correct Answer: B. Kinetochore microtubules. Shortening of the
kinetochore microtubules pulls the chromosomes apart toward the opposite
poles of the cell during the continuing mitotic process.
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PART III
Tissues
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CHAPTER 4 Epithelial Tissue
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SECTION 1 Classification of Epithelial Tissue

LOCATION OF EPITHELIUM

The four basic tissue types in the body are the epithelial, connective, muscular,
and nervous tissue. These tissues exist and function in close association with one
another.

The epithelial tissue, or epithelium, consists of sheets of cells that cover the
external surfaces of the body, line the internal cavities and the organs, form
various organs and glands, and line their ducts. Epithelial cells are in contact
with each other, either in a single cells layer or in multiple cell layers. The
morphology of any epithelium, however, differs from organ to organ, depending
on its location and its function. For example, epithelium that covers the outer
surfaces of the body and serves as a protective layer differs from the epithelium
that lines the internal organs or their ducts. In certain organs, epithelial lining has
a specific name. As an example, the epithelium that lines the interior of all the
blood and lymph vessels is called endothelium. Epithelium that lines the
abdominal, pericardial, and pleural (lung) cavities is called mesothelium. Both
endothelium and mesothelium in most cases exhibit thin or simple squamous
epithelium.

Epithelium is avascular in most areas of the body; it does not have a direct
blood supply except in the inner ear. Here, an area called stria vascularis
exhibits a rich capillary network and is, therefore, vascular epithelium in
contrast to other nonvascular epithelial lining. In areas where epithelium does
not receive direct blood supply, oxygen, nutrients, and metabolites diffuse into
the epithelial linings from the blood capillaries located in the underlying
connective tissue. In contrast to the other basic tissues, epithelial cells exhibit a
high mitetic rate with continuous cell renewal and replacement of the worn-out
cells.

Figure 4.1 shows different types of epithelia in selected organs.
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FIGURE 4.1 m Different types of epithelia in selected organs.

CLASSIFICATION OF EPITHELIA

Epithelium is classified according to the number of cell layers and the
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morphology or structure of the surface cells. A basement membrane is a thin,
noncellular region that separates the epithelium from the underlying connective
tissue and is seen with a light microscope. An epithelium with a single layer of
cells is called simple and that with numerous cell layers is called stratified. A
pseudostratified epithelium consists of a single layer of cells that attaches to a
basement membrane, but not all cells reach the surface. An epithelium that
exhibits flat cells is called squamous. When the surface cells are round, or as tall
as they are wide, the epithelium is cuboidal. When the cells are taller than they
are wide, the epithelium is called columnar.

SPECIAL. SURFACE MODIFICATIONS
AND JUNCTIONAL COMPLEXES IN
EPITHELIAL CELLS

Epithelial cells in different organs exhibit special cell membrane modifications
on their apical (upper) surfaces. These modifications are cilia, stereocilia, or
microvilli. Cilia are motile structures found on certain cells in the uterine tubes,
uterus, efferent ducts in the testes, and conducting tubes of the respiratory
system. Microvilli are small, nonmotile projections that cover the surfaces of all
absorptive cells in the small intestine and the proximal convoluted tubules in the
kidney. Their function in these organs is the absorption of fluid and nutrients
during the digestive processes.

In addition to microvilli, certain cells exhibit long apical processes that
extend from their surfaces into the lumina. These structures are the nonmotile
stereocilia. They are longer than the microvilli and are found in the epididymis,
vas deferens, and in the sensory organ of the inner ear. In the epididymis, the
stereocilia increase the cell surfaces and facilitate absorption of testicular fluid
produced in the seminiferous tubules of the testes. In the inner ear, stereocilia are
located in the auditory and vestibular systems where they perform sensory
functions that respond to sound and balance.

Various specialized structures in the epithelium link individual cells into a
functional unit that provides strong adhesion to and rapid communication
between neighboring cells. The apical zonulae occludentes (singular, zonula
occludens), or tight junctions, form a seal that prevents the entrance of material
between the epithelial cells. The zonulae adherens (adhering junctions)
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provide firm adhesion between cells, whereas the strong attachment sites of
desmosomes provide stability to cells subject to shearing stresses. At the base of
some epithelial cells, hemidesmosomes attach the cells to the basement
membrane, whereas the gap junctions allow for selective diffusion of molecules
between cells as well as rapid cell-to-cell communication.

TYPES OF EPITHELIA

Simple Epithelium

Simple squamous epithelium, called mesothelium, covers the external surfaces
of the digestive organs, lungs, and heart. Simple squamous epithelium, called
endothelium, lines the lumina of the heart chambers and all blood and lymphatic
vessels.

Simple cuboidal epithelium lines small excretory ducts in various organs.
In the proximal convoluted tubules of the kidney, the apical surfaces of the
simple cuboidal epithelium are lined with a brush berder consisting of
microvilli.

Simple columnar epithelium lines the lumina of the digestive organs
(stomach, small and large intestines, and gallbladder). In the small intestine,
simple columnar absorptive cells that line the villi also exhibit microvilli, or a
brush border. Villi are finger-like structures that project into the lumen of the
small intestine. In uterine tubes and the uterine cavity of the reproductive tract,
the simple columnar epithelium also contains cells with motile cilia.

Pseudostratified Columnar Epithelium
Pseudostratified columnar epithelium lines the respiratory passages and
lumina of the epididymis and vas deferens. In the trachea, bronchi, and larger

bronchioles, some surface cells are lined with motile cilia; in the epididymis and
vas deferens, the surface cells exhibit long, nonmotile stereocilia.

Stratified Epithelium

Stratified squamous epithelium contains multiple cell layers. The basal cells
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are cuboidal to columnar; these cells produce cells that migrate toward the
surface and become squamous. There are two types of stratified squamous
epithelia: nonkeratinized and keratinized.

Nonkeratinized epithelium exhibits live surface or luminal cells and covers
moist cavities, such as the mouth, pharynx, esophagus, vagina, and anal canal.
Keratinized epithelium lines the external surfaces of the body. The surface
layers contain nonliving, keratinized cells that are filled with the protein keratin.
The exposed epithelium that covers the palms and soles exhibits especially thick
layers of keratinized cells for added protection against abrasion.

Stratified cuboidal epithelium and stratified columnar epithelium have a
limited distribution in the body. Both types of epithelia line the larger excretory
ducts of the pancreas, salivary glands, and sweat glands. In these ducts, the
epithelium exhibits two or more layers of cells.

Transitional epithelium lines the minor and major calyces, pelvis, ureters,
and the bladder of the urinary system. Transitional epithelium changes shape
that can resemble either stratified squamous or stratified cuboidal epithelium,
depending on whether it is stretched or contracted. When transitional epithelium
is contracted, the surface cells appear dome shaped; when stretched, the
epithelium appears squamous and resembles the stratified epithelium of other
organs.

BASEMENT MEMBRANE/BASAL
LAMINA

Located between the epithelial cells and the underlying connective tissue is a
supportive noncellular layer called basement membrane or basal lamina. The
use of the terms basement membrane and basal lamina is inconsistent and
interchangeable in the literature. Using different tissue stains, basement
membrane was initially recognized and described with the light microscope.
With the advent of transmission electron microscopy (TEM), the basement
membrane was observed to consist of two major components, basal lamina and
reticular lamina. Basal lamina consists of fine fibrils and has direct contact with
basal poles of the epithelial cells. Reticular lamina is located beneath basal
lamina, is formed by collagen fibers, and is more diffuse. This layer supports the
basal lamina and is continuous with the connective tissue.
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The basement membrane/basal lamina performs important functions in
different tissues, among those are binding, supporting, and attaching
epithelial cells to the underlying connective tissue; filtering molecular
movements from the connective tissue to the epithelial cells; and providing
surface area for cell differentiation, regeneration, and tissue repair or wound
healing.

Point Supplemental micrographic images are available at
www.thePoint.com/Eroschenko13e under Epithelial Tissue.

FIGURE 4.2 | Simple Squamous Epithelium:
Surface View of Peritoneal Mesothelium

To examine the surface of the simple squamous epithelium, a piece of mesentery
was fixed and treated with silver nitrate and then counterstained with
hematoxylin. The cells of the simple squamous epithelium (mesothelium)
appear flat, adhere tightly to each other, and form a sheet with the thickness of a
single cell layer. The irregular cell boundaries (1) of the epithelium stain dark
and are highly visible owing to silver deposition between the cell boundaries;
they form a characteristic mosaic pattern. The blue-gray cell nuclei (2) are
centrally located in the yellow-to-brown-stained cytoplasm (3).

Simple squamous epithelium covers the surfaces that allow passive transport
of gases or fluids and lines the pleural (thoracic), pericardial (heart), and
peritoneal (abdominal) cavities.
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FIGURE 4.2 m Simple squamous epithelium: surface view of peritoneal
mesothelium. Stain: silver nitrate with hematoxylin. High magnification.

FIGURE 4.3 | Simple Squamous Epithelium:
Peritoneal Mesothelium Surrounding Small
Intestine (Transverse Section)

The simple squamous epithelium lining the pleural and peritoneal cavities is
called mesothelium. A transverse section of a wall of the small intestine
illustrates mesothelium (1), a thin layer of spindle-shaped cells with prominent
and oval nuclei. A thin basement membrane (2) is located directly under the
mesothelium (1). In a surface view, the disposition of these cells would appear
similar to those shown in Figure 4.2,

Mesothelium (1) and the underlying irregular connective tissue (5) form the
serosa of the peritoneal cavity. Serosa is attached to a layer of smooth muscle
fibers (6) called the muscularis externa serosa (see Fig. 4.1 parts 3 and 4). In
this illustration, the bundles of smooth muscle fibers (6) are cut in the transverse
plane. Also present in the connective tissue are small blood vessels (4), lined
also by a simple squamous epithelium called the endothelium (4), and numerous
fat (adipose) cells (3).

1 Mesothelium S 4 Endothelium in
7!‘ -~ blood vessels
2 Basement membrane o ' : .
X CASN 1;; 5 : - {’éf 5 Connective tissue
3 Fat cells o £ 4‘* Q‘: m - ’ W= = 6 Smooth muscle fibers
B = . S8t O R ~aos . g\‘;?j'/ (cross section)

FIGURE 4.3 ®m Simple squamous epithelium: peritoneal mesothelium
surrounding the small intestine (transverse section). Stain: hematoxylin and
eosin. High magnification.

In the peritoneal cavity, simple squamous epithelium reduces friction
between visceral organs by producing lubricating fluids and transports
fluid. In the cardiovascular system, this epithelium or endothelium allows
passive transport of fluids, nutrients, and metabolites across the thin
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capillary walls to the surrounding cells. In the lungs, the simple squamous
epithelium allows efficient gas exchange or transport between the thin-
walled capillaries and alveoli.

FIGURE 4.4 | Different Epithelial Types in Kidney
Cortex

This high-power photomicrograph of the kidney illustrates the different types of
epithelia that are present in the kidney cortex (peripheral region). Simple
squamous epithelium (1) lines the outer portion of the double-layered epithelial
capsule called the Bowman capsule (5). The inner layer of the capsule
surrounds the capillaries (3) of the glomerulus (2). The glomerulus (2) is a tuft
of capillaries (3) where blood filtration takes place. Simple squamous epithelium
called endothelium (4, 9) also lines the capillaries (3) and all blood vessels (8).
Simple cuboidal epithelium (6) lines the lumina of the surrounding convoluted
tubules (7). The blue-staining fibers surrounding the Bowman capsule (5),
convoluted tubules (7), and blood vessels (8) in the kidney cortex are the
collagen fibers of the connective tissue (10).
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FIGURE 4.4 m Different epithelial types in the kidney cortex. Stain: Masson
trichrome. x120.

FIGURE 4.5 | Simple Columnar Epithelium:
Stomach Surface

The surface of the stomach is covered by a tall, simple columnar epithelium
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(1). The illustration shows the light-staining apical cytoplasm (1a) and the dark-
staining basal nuclei (1b) of the simple columnar epithelium (1). The epithelial
cells are in close contact with each other and are arranged in a single row. A thin,
connective tissue basement membrane (2, 9) separates the surface epithelium
(1) from the underlying collagen fibers and cells of the connective tissue (3, 10),
called the lamina propria. Small blood vessels (5), lined with endothelium, are
present in the connective tissue (3, 10).

In some areas, the surface epithelium has been sectioned in a transverse or
oblique plane. When a plane of section passes close to the free surface of the
epithelium, the sectioned apices (6) of the epithelium resemble a layer of
stratified, enucleated polygonal cells. When a plane of section passes through
bases (7) of the epithelial cells, the nuclei resemble a stratified epithelium.

The surface cells of the stomach secrete a protective coat of mucus. The pale
appearance of cytoplasm is caused by the routine histologic preparation of the
tissues. The mucigen droplets that filled the apical cytoplasm (1a) were lost
during section preparation. The more granular cytoplasm is located basally (1b)
and stains more acidophilic.

In an empty stomach, the stomach wall exhibits numerous temporary folds

(8) that disappear when the stomach is filled with solid or fluid material. Also,

the surface epithelium extends downward to form numerous indentations or pits

in the surface of the stomach called gastric pits (11), seen in both longitudinal
section and transverse section.
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FIGURE 4.5 m Simple columnar epithelium: surface of the stomach. Stain:
hematoxylin and eosin. Medium magnification.
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Simple cuboidal epithelium lines ducts of glands in organs for sturdiness
and protection. In kidneys, this epithelium functions in transport, absorption
of filtered substances, and active secretion of substances into the
filtrate.Simple columnar epithelium covers the surface of the stomach
where the cells secrete mucus. The mucus lines the stomach surface and
protects its lining from the corrosive gastric secretions found in the stomach
during food processing and digestion.

FIGURE 4.6 | Simple Columnar Epithelium on
Villi in Small Intestine: Cells with Microvilli
(Brush Borders) and Goblet Cells

The intestinal villi (1), illustrated in transverse section and longitudinal section,
are covered by simple columnar epithelium. In the small intestine, the epithelium
consists of two cell types: columnar cells with microvilli or brush borders (5, 7)
and oval-shaped goblet cells (6, 13). The brush border (5, 7) is seen as a
reddish outer cell layer with faint vertical striations; these striations represent
microvilli on the apices of columnar cells.

Pale-staining goblet cells (6, 13) are interspersed among the columnar cells.
During routine histologic preparation, the mucus is lost; hence, the goblet cell
cytoplasm appears clear or only lightly stained (6, 13). Normally, the mucigen
droplets occupy cell apices (4) and the nucleus cell bases (4).

When the epithelium at the tip of a villus is sectioned in an oblique plane, the
cell apices (4) of the columnar cells appear as a mosaic of enucleated cells,
whereas the cell bases (4) appear as stratified epithelium.

A thin connective tissue basement membrane (8) is visible directly under
the epithelium. The connective tissue lamina propria (12) contains an empty
lymphatic vessel with a very thin endothelium called the central lacteal (2, 9).
Also present in the lamina propria (12) are numerous blood vessels (10) and a
capillary (14) lined with endothelium. Smooth muscle fibers (3, 11) extend into
the villi. In this illustration, smooth muscle fibers (3, 11) are cut in transverse
section (3) and longitudinal section (11).

131



The connective tissue lamina propria also contains numerous other
connective tissue cells, such as plasma cells, lymphocytes, macrophages, and
fibroblasts. These cells are normally seen with higher magnification.
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FIGURE 4.6 m Simple columnar epithelium on villi in the small intestine: cells
with brush borders (microvilli) and goblet cells. Stain: hematoxylin and eosin.
Medium magnification.

The main function of the epithelium in the small intestine is absorption of
nutrients. This function is enhanced by the presence of finger-like villi,
which increase the absorptive surface area. The villi, in turn, are covered by
simple columnar epithelium with brush borders, or microvilli. These
microvilli absorb nutrients and fluids from the intestinal contents. The
intestinal epithelium also contains numerous goblet cells that secrete mucus,
which protects the intestinal epithelium from corrosive secretions that enter
the small intestine from the stomach during digestion.

Production of urine by the kidney involves filtration, absorption, and
excretion. The apical surfaces of the simple cuboidal epithelium in the
proximal convoluted tubules of the kidney are also covered with extensive
brush borders or microvilli. The main function of these microvilli is to
absorb the nutrient material and fluid from the filtrate that passes through the
tubules.
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FIGURE 4.7 | Pseudostratified Columnar Ciliated
Epithelium: Respiratory Passages—Trachea

Pseudostratified columnar ciliated epithelium lines the upper respiratory
passages, such as the trachea and bronchi. In this type of epithelium, the cells
appear to form several layers. Serial sections show that all cells reach the
basement membrane (4, 13); however, because the epithelial cells are of
different shapes and heights, not all reach the surface. For this reason, this type
of epithelium is called pseudostratified rather than stratified.

Numerous motile and closely spaced cilia (1, 8) (cilium, singular) cover all
cell apices of the ciliated cells, except those of the light-staining, oval goblet
cells (3, 11) that are interspersed among the ciliated cells. Each cilium arises
from a basal bedy (9), whose internal morphology is identical to the centriole.
The basal bodies (9) are located directly beneath the apical cell membrane and
are adjacent to each other; they often give the appearance of a continuous dark,
apical membrane (9).

In pseudostratified epithelium, the deeper nuclei belong to the intermediate
and short basal cells (12). The more superficial, oval nuclei belong to the
columnar ciliated cells (1, 8). The small, round, heavily stained nuclei, without
any visible surrounding cytoplasm, are those of lymphocytes (2, 10). These cells
migrate from the underlying connective tissue (5) through the epithelium.

A clearly visible basement membrane (4, 13) separates the pseudostratified
epithelium from the underlying connective tissue (5). Visible in the connective
tissue (5) are fibrocytes (5a), dense collagen fibers (5b), scattered lymphocytes,
and small blood vessels (14). Deeper in the connective tissue are glands with
mucous acini (6) and serous acini (7, 15). These provide secretions that moisten
the respiratory passages.
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FIGURE 4.7 m Pseudostratified columnar ciliated epithelium: respiratory
passages—trachea. Stain: hematoxylin and eosin. High magnification.

In trachea and bronchi, pseudostratified epithelium contains both goblet
cells and ciliated cells. The motile cilia on the ciliated cells cleanse the
inspired air and transport mucus and entrapped particulate material across
the cell surfaces to the oral cavity for either swallowing or spitting out.

Simple columnar cells with motile cilia in the uterine tubes facilitate the
conduction of oocyte and sperm across their surfaces. In the efferent
ductules of the testes, ciliated cells assist in transporting sperm out of the
testis and into the ducts of the epididymis.

The Ilumina of the epididymis and vas deferens are lined by
pseudostratified epithelium with prominent stereocilia. These are long
nonmotile structures, and their structure is highly different from that of the
motile cilia. However, the major function of stereocilia in these organs, like
that of microvilli, is to absorb the testicular fluid in the epididymis and vas
deferens that was produced by cells in the testes. Stereocilia are also present
in the inner ear, where their function is quite different; here, they perform
sensory functions for hearing and balance or equilibrium.

FIGURE 4.8 | Transitional Epithelium: Bladder
(Unstretched or Relaxed)
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Transitional epithelium (1) is found exclusively in the excretory passages of
the urinary system. It covers the lumina of renal calyces, pelvis, ureters, and
bladder. This stratified epithelium is composed of several layers of similar cells.
In an empty bladder, the epithelial cells appear cuboidal and extend into the
lumen. These cells are frequently called umbrella or dome cells. The epithelium
continuously changes its shape in response to either stretching, as a result of
fluid accumulation, or contraction during voiding of urine.

In a relaxed, unstretched condition, the surface cells (7) are usually cuboidal
and bulge out into the lumen. Frequently, binucleate (two nuclei) cells (6) are
visible in the superficial layers or surface cells (7) of the bladder.

Transitional epithelium (1) rests on a connective tissue (3, 8) layer,
composed primarily of fibreblasts (8a) and collagen fibers (8b). Between the
connective tissue (3, 8) and the transitional epithelium (1) is a thin basement
membrane (2). The base of the epithelium is not indented by connective tissue
papillae, and it exhibits an even contour.

Small blood vessels, venules (4, 11), and arterioles (9) of various sizes are
present in the connective tissue (3, 8). Deeper in the connective tissue are strands
of smooth muscle fibers (5, 10), sectioned in both cross (5) and longitudinal
(10) planes. The muscle layers in the bladder are located deep to the connective
tissue (3, 8).
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FIGURE 4.8 m Transitional epithelium: bladder (unstretched or relaxed). Stain:
hematoxylin and eosin. High magnification.

FIGURE 4.9 | Transitional Epithelium: Bladder
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£Stretched)

When fluid begins to fill the bladder, the transitional epithelium (1) changes its
shape. Increased volume in the bladder appears to reduce the number of cell
layers because the surface cells (5) flatten to accommodate increasing surface
area. In the stretched condition, the transitional epithelium (1) may resemble
stratified squamous epithelium found in other regions of the body. Note also that
the folds in the bladder wall disappear, and the basement membrane (2) is
smoother. As in the empty bladder (see Fig. 4.8), the underlying connective
tissue (6) contains venules (3) and arterioles (7). Below the connective tissue
(6) are smooth muscle fibers (4, 8), sectioned in cross (4) and longitudinal (8)
planes. (Compare transitional epithelium with the stratified squamous epithelium
of the esophagus, shown in Fig. 4.10.)
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FIGURE 4.9 m Transitional epithelium: bladder (stretched) Stain: hematoxylin
and eosin. High magnification.

Transitional epithelium allows distension of the urinary organs (calyces,
pelvis, ureters, bladder) during urine accumulation and contraction of these
organs during the emptying process without breaking the cell contacts in the
epithelium. This change in cell shape is due to the unique feature of the cell
membrane in the transitional epithelium. Here are found specialized regions
called plaques that act like hinges during different bladder functions. When
the bladder is empty, the plaques are folded into irregular contours. During
bladder filling, these structures unfold allowing the cells to stretch and
flatten. The membrane plaques are impermeable to fluids, salts, and
hypertonic urine. Transitional epithelium forms a protective osmeotic
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barrier against the hypertonic and cytotoxic effect of urine in the bladder
and underlying connective tissue.

FIGURE 4.10 | Stratified Squamous
Nonkeratinized Epithelium: Esophagus

Stratified squamous epithelium is characterized by numerous cell layers, with the
outermost layer consisting of flat or squamous cells, which contain nuclei and
are alive. The thickness of the epithelium varies among different regions of the
body, and, as a result, the composition of the epithelium also varies. Illustrated in
this figure is an example of the moist, nonkeratinized stratified squamous
epithelium (1) that lines the esophagus as well as the oral cavity, vagina, and
anal canal.

Cuboidal or low columnar basal cells (5) are located at the base of the
stratified epithelium. The cytoplasm is finely granular, and the oval, chromatin-
rich nucleus occupies most of the cell. Cells in the intermediate layers of the
epithelium are polyhedral (4) with round or oval nuclei and more visible cell
cytoplasm and membranes. Mitoses (6) are frequently observed in the deeper
cell layers and in the basal cells (5). Cells and their nuclei become progressively
flatter as the cells migrate toward the free surface of the epithelium. Above the
polyhedral cells (4) are several rows of flattened or squamous cells (3).

A fine basement membrane (7) separates the epithelium (1) from the
underlying connective tissue, the lamina propria (2). Papillae (10) or
extensions of connective tissue indent the lower surface of the epithelium (1),
giving it a characteristic wavy appearance. The connective tissue (2) contains
collagen fibers (11), fibrocytes (9), capillaries (12), and arterioles (8).

In areas where stratified squamous epithelium is exposed to increased wear
and tear, the outermost layer, called the stratum corneum, becomes thick and
keratinized, as illustrated in the epidermis of the palm in Figure 4.11.

An example of thin, stratified squamous epithelium without connective
tissue papillae indentation is found in the cormea of the eye; the surface
underlying the epithelium is smooth. This type of epithelium is only a few cell
layers thick, but it has the characteristic arrangement of basal columnar,
polyhedral, and superficial squamous cells.
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FIGURE 4.10 m Stratified squamous nonkeratinized epithelium: esophagus.
Stain: hematoxylin and eosin. Medium magnification.

FIGURE 4.11 | Stratified Squamous Keratinized
Epithelium: Palm of the Hand

The skin is covered with stratified squamous keratinized epithelium (1). The
outermost layer of the skin contains dead cells and is called the stratum
corneum (5). In the palms and soles, the stratum corneum (5) is thick, whereas
in the rest of the body, it is thinner. Inferior to the stratum corneum (5) are the
different cell layers that give rise to the stratum corneum (5).

This medium-power photomicrograph illustrates the stratified squamous
keratinized epithelium (1) of the palm and the cell layers stratum granulosum
(6) and stratum spinosum (7) as well as the basal cell layer, stratum basale (8).
The epithelium is attached to the underlying connective tissue (3) layer
composed of dense collagen fibers and fibroblasts. The underlying surface of the
epithelium (1) is indented by connective tissue (3) extensions called papillae (2)
that form the characteristic wavy boundary between the epithelium (1) and the
connective tissue (3). Passing through the connective tissue (3) and the
epithelium (1) are excretory ducts of the sweat glands (4) that are located deep
to the epithelium.
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Stain: hematoxylin and eosin. x40.

FIGURE 4.12 | Stratified Cuboidal Epithelium:
Excretory Duct in Salivary Gland

The stratified cuboidal epithelium has a limited distribution and is seen in only a
few organs. The larger excretory ducts in the salivary glands and in the pancreas
are lined with stratified cuboidal epithelium. This figure illustrates a high-power
photomicrograph of a large excretory duct of a salivary gland. The luminal lining
consists of two layers of cuboidal cells, forming the stratified cuboidal
epithelium (1). Surrounding the excretory duct are collagen fibers of the
connective tissue (2, 7) and blood vessels (3, 5) that are lined by simple
squamous epithelium called endothelium (4, 6).
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FIGURE 4.12 m Stratified cuboidal epithelium: an excretory duct in the salivary
gland. Stain: hematoxylin and eosin. x100.

Summary
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SECTION 1 Classification of Epithelial Tissue

EPITHELIAL TISSUE

Major Features

¢ Classification is based on number of cell layers and cell morphology

¢ Basement membrane separates epithelium from connective tissue

e Almost all epithelia are nonvascular, except the epithelium in the inner ear,
which is vascular

e Delivery of nutrients to epithelial cells and removal of metabolic waste occur
via diffusion from adjacent capillaries

e Surface modifications include motile cilia, microvilli, and nonmotile
stereocilia

e Lateral cell surface modification includes zonulae occludentes, zonulae
adherens, desmosomes, gap junctions, and hemidesmosomes basally

Types of Epithelia

Simple Squamous Epithelium

e Single layer of flat or squamous cells; includes mesothelium and endothelium

e Mesothelium lines external surfaces of digestive organs, lung, and heart

e Endothelium lines inside of heart chambers, blood vessels, and lymphatic
vessels

e Functions in filtration, diffusion, transport, secretion, and reduction of
friction

Simple Cuboidal Epithelium
e Single layer of round cells

¢ Lines small ducts and kidney tubules
e Protects ducts; transports and absorbs filtered material in kidney tubules
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Simple Columnar Epithelium

All cells are tall, some lined by microvilli
Lines the lumina of digestive organs
Secretes protective mucus for stomach lining
Absorption of nutrients in small intestine

Pseudostratified Columnar Epithelium, Epithelium
with Cilia or Stereocilia

e All cells reach basement membrane, but not all reach the surface

e (iliated cells interspersed among mucus-secreting goblet cells

e In respiratory passages, ciliated and mucus cells clean inspired air and
transport particulate matter across cell surfaces

e In uterine tubes and the efferent ducts of testes, ciliated cells transport
oocytes and sperm across cell surfaces, respectively In the epididymis and
vas deferens, the lining stereocilia absorb testicular fluid

e In the inner ear, stereocilia perform sensory functions for hearing and balance

Stratified Epithelium

e Formed by multiple layers of cells, the superficial cell layer determining
epithelial type

e Nonkeratinized squamous epithelium contains live superficial cell layer

e Nonkeratinized squamous forms moist and protective layer in esophagus,
vagina, anal canal, and oral cavity

e Keratinized epithelium contains dead superficial cell layer

e Keratinized epithelium provides protection against abrasion, bacterial
invasion, and desiccation

e Cuboidal epithelium lines large excretory ducts in different organs

e Cuboidal epithelium provides protection for the ducts

Transitional Epithelium

¢ Found exclusively in renal calyces, renal pelvis, ureters, and bladder
¢ Changes shape in response to distensions caused by fluid accumulation
e Plaques in the cells allow extensions of the epithelium during fluid
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accumulation

e During extension or contraction, cell-to-cell contact remains unbroken

e Forms protective osmotic barrier between hypertonic urine and underlying
tissue
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Review Questions: Section 1

QUESTIONS

In the following multiple choice questions, choose the letter corresponding
to the one best answer.

1. What lies directly under the epithelium?
A. Blood vessels
B. Muscle tissue
C. Basement membrane
D. Nervous tissue
E. Connective tissue

2. The epithelium that protects the skin from abrasion and bacterial
invasion is:

A. pseudostratified.
B. stratified squamous keratinized.

C. striated.

D. stratified squamous nonkeratinized.
E. stratified columnar.

3. What modification would be best suited for cells transporting materials
across their surfaces?

A. Microvilli
B. Stereocilia
C. Cilia
D. Brush border
E. Microfilaments
4. The epithelium that allows distension in an organ is:
A. transitional.

B. squamous.
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C. cuboidal.
D. columnar.
E. pseudostratified.
5. A function attributed to the basement membrane/basal lamina is:
A. forming tight junctions in the apical regions of the cells.

B. facilitating increased absorption of fluids and nutrients by epithelial
cells.

C. forming hemidesmosomes for the attachment of cells to the
connective tissue.

D. attaching to and supporting epithelial cells.
E. forming desmosomes in epithelial cells.
ANSWERS

Correct Answer: C. Basement membrane. This membrane, when stained with
the right chemicals, is seen with the light microscope. With the transmission
electron microscope, the basement membrane consists of basal lamina and
lamina reticularis.

Correct answer: B. Stratified squamous keratinized. The keratin on the
epithelial surface forms a protective shield that prevents abrasion and bacterial
invasion.

Correct Answer: C. Cilia. Cilia are motile structures that line cells in
respiratory tracts, uterine tubes, and efferent ducts of the testes, and they can
move objects across their surfaces.

Correct Answer: A. Transitional. This type of epithelium lines the bladder and
urinary passages. When the bladder is beginning to fill with urine, transitional
epithelium allows for distension of the organ to accommodate more fluid before
voiding.

Correct Answer: D. Attaching to and supporting epithelial cells.
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SECTION 2 C(Classification of Glandular
Tissue

The body contains a variety of glands. They are classified as either exocrine
glands or endocrine glands. These glands develop from epithelial cells that
extend from the surface into the underlying connective tissue. Exocrine glands
are connected to the surface epithelium by excretory ducts, into which their
secretory products pass to the external surface. In contrast, the endocrine glands
have lost their connection to the surface epithelium, and their secretory products
are delivered directly into the capillaries of the connective tissue that surrounds
the circulatory system.

EXOCRINE GLANDS

Exocrine glands are either unicellular or multicellular. Unicellular glands
consist of single cells. The mucus-secreting goblet cells found in the epithelia of
the small and large intestines and in the respiratory passages are the best
examples of unicellular glands.

Multicellular glands are characterized by a secretory portion, an end piece
where the epithelial cells secrete a product, and an epithelium-lined excretory
ductal portion, through which the secretion is delivered to the exterior of the
gland. Larger excretory ducts are usually lined by stratified epithelium, either
cuboidal or columnar.

Simple and Compound Exocrine Glands

Multicellular exocrine glands are divided into two major categories depending
on the structure of their ductal portion. A simple exocrine gland exhibits an
unbranched duct, which may be straight or coiled. Also, if the terminal secretory
portion of the gland is shaped in the form of a tube, the gland is called a tubular
gland.

An exocrine gland that shows a repeated branching pattern of the ducts that
drain the secretory portions is called a compound exocrine gland. Furthermore,
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if the secretory portions of the gland are shaped like a flask or a tube, the glands
are called acinar (alveolar) glands or tubular glands, respectively. Certain
exocrine glands exhibit a mixture of both tubular and acinar secretory portions.
Such glands are called tubuloacinar glands.

Exocrine glands may also be classified on the basis of the secretory products
of their cells. Glands with cells that produce a viscous secretion that lubricates or
protects the inner lining of the organs are mucous glands. These glands produce
the lubricating product mucus. Glands with cells that produce watery secretions
that are often rich in enzymes are serous glands. Certain glands in the body
contain a mixture of both mucous and serous secretory cells; these are mixed
(seromucous) glands.

Merocrine and Holocrine Glands

Exocrine glands may also be classified on the basis of how their secretory
product is discharged. Merocrine glands, such as exocrine acinar cells of the
pancreas and the salivary glands, release their secretion by exocytosis without
any loss of cellular components. Most exocrine glands in the body secrete their
product in this manner. In holecrine glands, such as the sebaceous glands of the
skin, the cells themselves become the secretory product that accumulates in the
glands. Here, gland cells accumulate lipids, die, and degenerate to become
sebum, the secretory product. In another type of gland, called apocrine glands
(mammary glands), a portion of the apical part of the secretory cell is
discharged as the secretory product. However, almost all glands that were once
classified as apocrine are now regarded as merocrine glands.

ENDOCRINE CELLS, TISSUES, AND
GLANDS

Endocrine glands differ from exocrine glands in that they do not have excretory
ducts for releasing their secretory products. Instead, endocrine glands exhibit
increased vascularity, and their secretory cells are surrounded by rich capillary
networks. This close proximity to the capillary networks allows for efficient
release of the secretory products from these cells directly into the bloodstream
and their distribution to different organs via the systemic circulation.
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The endocrine system can be separated into the following three parts.

Endocrine Cells

Endocrine glands can be also considered as individual cells (unicellular glands)
that are scattered throughout different organs including the digestive organs
(enteroendocrine cells), respiratory tract, pancreatic ducts, and others.
Collectively, these scattered individual endocrine cells constitute the diffuse
neuroendocrine system (DNES). These cells are considered neuroendocrine
because they produce and release hormones similar to those of neurosecretory
cells in the central nervous system (CNS).

Endocrine Tissues

In certain organs, such as the pancreas and the reproductive organs of both sexes,
endocrine cells are seen as clusters mixed together with exocrine glands. The
endocrine tissues are surrounded by capillary networks, whereas the cells of
exocrine glands are attached to excretory ducts.

Major Endocrine Organs

The major endocrine organs in the organism are the separate pituitary gland,
thyroid glands, parathyroid glands, and adrenal glands. The primary
functions of these organs are to synthesize, store, and release the specific
hormones into the systemic circulation as needed.

POint@Supp_l_emental micrographic images are available at
www.thePoint.com/Eroschenko13e under Cell and Cytoplasm.

FIGURE 4.13 Unbranched Simple Tubular
Exocrine Glands: Intestinal Glands

Unbranched simple tubular glands without excretory ducts are best represented
by the intestinal glands (crypts of Lieberkiihn) in the large intestine (A and
B) and rectum. The surface epithelium and the secretory cells of these glands
are lined with numerous goblet cells; these are unicellular exocrine glands.
Similar but shorter intestinal glands with goblet cells are also found in the small

148



intestine.

Surface epithelium

Secretory
cells

FIGURE 4.13 m Unbranched simple tubular exocrine glands: intestinal glands.
A. Diagram of the gland. B. Transverse section of the large intestine. Stain:
hematoxylin and eosin. Medium magnification.

FIGURE 4.14 | Simple Branched Tubular
Exocrine Glands: Gastric Glands

Simple or slightly branched tubular glands without excretory ducts are found in
the stomach. These are the gastric glands (A and B). In the fundus and body of

the stomach, they are lined with modified columnar cells that are specialized for
secreting hydrochloric acid and the precursor for the proteolytic enzyme pepsin.
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FIGURE 4.14 m Simple branched tubular exocrine gland: gastric glands. A.

Diagram of the gland. B. Transverse section of the stomach. Stain: hematoxylin
and eosin. Low magnification.

FIGURE 4.15 | Coiled Tubular Exocrine Glands:
Sweat Glands

Sebaceous glands in the skin are coiled tubular glands with long, unbranched
ducts (A and B). Note the secretory cells of the gland and the excretory duct,
which delivers the secretory product to the surface. Note also the transition from
single layer of cells in the secretory portion of the gland and the stratified
cuboidal epithelium in the excretory duct.
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Excrelory ducts

FIGURE 4.15 m Coiled tubular exocrine glands: sweat glands. A. Diagram of
the gland. B. Transverse and three-dimensional view of a coiled sweat gland.
Stain: hematoxylin and eosin. Medium magnification.

FIGURE 4.16 | Compound Acinar (Exocrine)
Gland: Mammary Glands

The mammary gland is an example of a compound acinar (alveolar) gland (A
and B). The lactating mammary gland contains enlarged secretory acini
(alveoli) with large lumina that are filled with milk. Draining these acini
(alveoli) are excretory ducts, some of which contain secretory material and are
lined by stratified epithelium.
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FIGURE 4.16 m Compound acinar exocrine gland: mammary gland. A.
Diagram of the gland. B and C. A mammary gland during lactation. Stain:
hematoxylin and eosin. B. Low magnification. C. Medium magnification.

FIGURE 4.17 | Compound Tubuloacinar
F(Exocrine) Gland: Salivar)f Glands

The salivary glands (parotid, submandibular, and sublingual) best illustrate
compound tubuloacinar glands (A and B). The glands contain secretory
acinar elements and secretory tubular elements. In addition, the
submandibular and sublingual salivary glands contain both serous and mucous
acini. Details and comparisons of these acini are described in Chapter 13. The
excretory ducts are lined with cuboidal, columnar, or stratified epithelium and
are named according to their location in the gland.
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FIGURE 4.17 m Compound tubuloacinar (exocrine) gland: salivary gland. A.
Diagram of the gland. B. A submandibular salivary gland. Stain: hematoxylin
and eosin. Low magnification.

FIGURE 4.18 | Compound Tubuloacinar
(Exocrine) Gland: Submacxillary Salivary Gland

A photomicrograph of a submaxillary salivary gland shows the secretory units of
a compound tubuloacinar gland. The grapelike secretory acinar elements (1)
are circular in transverse section and are distinguished from the longer secretory
tubular elements (7) of the gland. Empty lumina can be seen in some sections
of both types of secretory elements. This salivary gland is a mixed gland and
contains both the mucous cells (4), which stain light, and serous cells (5), which
stain dark. Draining the secretory elements of the gland are excretory ducts (3,
6, 8). The small excretory ducts are lined by simple cuboidal epithelium and
surrounded by connective tissue (2), which also surrounds all of the secretory
elements.
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salivary gland. Stain: hematoxylin and eosin. x64.

FIGURE 4.19 |iEndocrine Gland: Pancreatic Isle@

An example of an endocrine gland is illustrated as a pancreatic islet from the
pancreas. The pancreas is a mixed gland, containing both an execrine portion
and endocrine portion. Here, the exocrine acini surround the endocrine
pancreatic islets (A and B).

The structure and function of other endocrine organs (glands) are presented
in greater detail in Chapter 19.
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FIGURE 4.19 m Endocrine gland: pancreatic islet. A. Diagram of a pancreatic
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islet. B. High magnification of the endocrine and exocrine pancreas. Stain:
hematoxylin and eosin. High magnification.

FIGURE 4.20 | Endocrine and Exocrine Pancreas

A photomicrograph of the pancreas shows a mixed gland with both endocrine
and exocrine portions. The exocrine pancreas (3) consists of numerous
secretory acini that deliver their secretory material into the excretory duct (1),
which is lined by simple cuboidal epithelium and surrounded by a layer of
connective tissue. The endocrine pancreas (5) is called the pancreatic islet (5)
because it is separated from the cells of the exocrine pancreas (3) by a thin
connective tissue capsule (4). The endocrine pancreatic islet (5) does not
contain excretory ducts. Instead, it is highly vascularized, and all of the secretory
products leave the pancreatic islet via numerous blood vessels (capillaries) (2).

4 Connective

1 Excretory duct lissue capsule

5 Endocrine
pancreas
2 Blood vessels

3 Exocrine
pancreas
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FIGURE 4.20 m Endocrine and exocrine pancreas. Stain: Mallory-Azan. x100.

Summary
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SECTION 2 C(Classification of Glandular
Tissue

GLANDULAR TISSUE

Exocrine Glands

e Can be unicellular or multicellular

e Multicellular glands contain secretory portion and ductal portion

e Secretions enter the ductal system

e Simple tubular glands exhibit unbranched duct; found in intestinal glands

e (Coiled tubular glands seen in sweat glands

e Compound glands exhibit repeated ductal branching with either acinar
(alveolar) or tubular secretory portions

e Compound acinar glands seen in mammary glands

e Compound tubuloacinar glands seen in salivary glands

e Mucous glands lubricate and protect inner linings of organs

e Serous glands produce watery secretions that contain enzymes

e Mixed glands contain both serous and mucous cells

e Merocrine glands, like pancreas, release secretion without cell loss

e Holocrine glands, like sebaceous skin glands, release secretion with cell
components

Endocrine Cells, Tissues, and Glands

e Diffuse neuroendocrine system (DNS): individual cells as endocrine glands
in digestive organs and respiratory system

¢ Endocrine tissues: isolated endocrine tissues mixed with exocrine glands as
in pancreas and reproductive organs

e Major endocrine organs: pituitary, thyroid, and adrenal glands

¢ Do not have excretory ducts and are highly vascularized

e Secretory products enter bloodstream (capillaries) for systemic distribution
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Review Questions: Section 2

QUESTIONS

In the following multiple choice questions, choose the letter corresponding
to the one best answer.

1. Exocrine glands are connected to the surface epithelium by:
A. blood vessels.
B. connective tissue.
C. excretory ducts.
D. tubular glands.
E. adjacent glands.
2. The unicellular endocrine glands are primarily found in the:
A. pituitary gland.
B. thyroid gland.
C. mammary glands.
D. digestive organs.
E. bladder.

3. An example of a mixed gland containing both endocrine and exocrine
cells is seen in the:

A. pituitary gland.
B. salivary gland.
C. pancreas.
D. sweat gland.
E. sebaceous gland.
4. An example of a gland that produces holocrine secretions is the:
A. sebaceous gland.
B. sweat gland.

C. salivary gland.
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D. pancreas.

E. mammary gland.

5. Tubuloacinar glands are seen in the:

A. sweat glands.

B. stomach.

C. mammary glands.
D. pancreas.

E. salivary glands.

ANSWERS

1.

Correct Answer: C. Excretory ducts. Excretory ducts lead from the
exocrine glands toward the epithelial surface to discharge secretory

products.

Correct Answer: D. Digestive organs. The lining of the digestive tract
contains numerous individual and unicellular endocrine glands that play an
important role in digestive processes.

Correct Answer: C. Pancreas. The pancreas has both types of cells—the
endocrine cell as separate islands surrounded by exocrine cells.

. Correct Answer: A. Sebaceous gland. In these glands, the cells degenerate

and become part of the holocrine secretion process.

. Correct Answer: E. Salivary glands. These glands exhibit both tubular and

acinar glandular structures.

ADDITIONAL HISTOLOGIC IMAGES
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FIGURE 4.21 m Simple cuboidal and simple squamous epithelium in different
tubules of a rodent kidney. Stain: hematoxylin and eosin. x165.
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FIGURE 4.22 m Simple columnar and simple squamous epithelia in the
papillary region of a primate kidney. Stain: hematoxylin and eosin. x165.
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FIGURE 4.23 m Simple columnar epithelium with brush border, goblet cells,
and lymphocytes in the connective tissue of a rodent intestinal villus. Stain:
hematoxylin and eosin. x205.
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FIGURE 4.24 m Simple columnar epithelium exhibiting both ciliated and
secretory cells overlying connective tissue with fibrocytes in a primate oviduct.
Stain: hematoxylin and eosin. x205.
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FIGURE 4.25 m Stratified cuboidal epithelium lining the excretory duct of a
primate salivary gland and surrounded by connective tissue fibers and cells.

Stain: hematoxylin and eosin. x165.

surrounded by smooth muscle fibers in a primate epididymis. Stain: hematoxylin
and eosin. x200.
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FIGURE 4.27 m Transitional epithelium in a relaxed primate bladder overlying
connective tissue with fibrocytes. Stain: hematoxylin and eosin. x205.

1 Stratified squamous
nonkeratinized
epithelium

2 Lymphocytes
3 Connective tissue

FIGURE 4.28 m Stratified squamous nonkeratinized (moist) vaginal primate
epithelium with underlying connective tissue filled with numerous dark-staining
lymphocytes. Stain: hematoxylin and eosin. x165.
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CHAPTER 5 Connective Tissue

Connective tissue originates from embryonic mesenchyme cells that
differentiate during development into cell types that include cartilage, bone, and
blood. Because mesenchyme cells can differentiate into different cells, they can
also serve as stem cells. With the exceptions of blood and lymph, the connective
tissue consists of different cell types and extracellular material called matrix.
The extracellular matrix consists of protein collagen, reticular, and elastic
fibers and the ground substance within which are embedded the different
protein fibers. The ground substance has a gellike characteristic that contains a
mixture of glycoproteins and carbohydrates with a high water-binding affinity
(hydration). As a result, the highly hydrated state of the ground substance allows
for efficient exchange of nutrients, oxygen, and metabolic waste between the
cells and the blood vessels. The connective tissue also binds, anchors, and
supports various cells, tissues, and organs of the body. In addition, the
connective tissue matrix contains numerous cell types that provide essential
protection and defense against bacterial invasion and foreign bodies. The
connective tissue is classified as either loose connective tissue or dense
connective tissue, depending on the amount, type, arrangement, and abundance
of cells, fibers, and ground substance.

CLASSIFICATION OF CONNECTIVE
TISSUE

Loose Connective Tissue

Loose connective tissue is more prevalent in the body than dense connective
tissue. It is characterized by a loose, irregular arrangement of connective tissue
fibers and abundant ground substance. Various connective tissue cells and fibers
are found in the matrix. Collagen fibers, fibroblasts, fibrocytes, adipose cells,
mast cells, plasma cells, and macrophages predominate in the loose connective
tissue, with fibroblasts being the most common cell types. Figure 5.1 shows the
various types of cells and fibers that are usually found in loose connective tissue.
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FIGURE 5.1 m Composite illustration of loose connective tissue with its
predominant cells and fibers.

Dense Connective Tissue

In contrast to loose connective tissue, dense irregular connective tissue
contains thicker and more densely packed collagen fibers, with fewer cell types
in the matrix and less ground substance. The collagen fibers in this tissue type
exhibit a random and irregular orientation. Dense irregular connective tissue is
present in the dermis of skin, in capsules of different organs, and in areas of the
body where strong binding and support are needed.

In contrast, the dense regular connective tissue contains densely packed
collagen fibers that exhibit a uniform, regular, and parallel arrangement. This
type of tissue is primarily found in the tendons and ligaments. In both dense
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connective tissue types, fibroblasts are the most abundant cells; these are
scattered between the dense collagen bundles.

CELLS OF THE CONNECTIVE TISSUE

The two most common cell types in the connective tissue are the active
fibroblasts and the inactive or resting fibroblasts, the fibrocytes. Fusiform
fibroblasts synthesize all the connective tissue fibers (collagen, elastic, and
reticular) and the extracellular ground substance, including proteoglycans,
glycosaminoglycans, and adhesive glycoproteins.

Adipose (fat) cells store fat and may occur singly or in groups in the
connective tissue. There are two types of adipose cells. Cells with a large, single,
or unilocular lipid droplet in the cytoplasm are white adipose tissue, whereas
cells with numerous or multilocular lipid droplets are brown adipose tissue.
White adipose tissue is more abundant than brown adipose tissue, and when
adipose cells predominate, the connective tissue is called adipose tissue.

Macrophages or histiocytes are phagocytic cells that ingest foreign material
or dead cells and are most numerous in loose connective tissue, after fibroblasts.
They are difficult to distinguish from fibroblasts, unless they are performing
phagocytic activity and contain ingested material in their cytoplasm. The
macrophages, however, are called by different names in different tissues/organs.

Mast cells are normal elements of the connective tissue, usually closely
associated with blood vessels. They are widely distributed in the connective
tissue of the skin, the digestive, and respiratory organs. Mast cells are ovoid cells
filled with fine, regular, dark-staining, basophilic granules. However, mast cells
can exhibit variable sizes and granular content.

Plasma cells arise from the lymphocytes that migrate into the connective
tissue and have a wide distribution in the body. They are especially abundant in
the loose connective tissue and lymphatic tissue of the respiratory and digestive
tracts, respectively.

Leukocytes (white blood cells), neutrophils, and eosinophils migrate from
the blood vessels and capillaries to reside in the connective tissue. Their main
function is to defend the organism against bacterial invasion or foreign matter.

Fibroblasts and adipose cells are permanent or resident connective tissue
cells. Neutrophils, eosinophils, plasma cells, mast cells, and macrophages
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migrate from the blood vessels and take up residence in the connective tissue of
different regions of the body.

Fibroblasts are the dominant cells in the connective tissue. These highly
active cells with irregularly branched cytoplasm synthesize collagen,
reticular, and elastic fibers as well as carbohydrates, such as
glycosaminoglycans, proteoglycans, and adhesive glycoproteins of the
extracellular matrix. The spindle-shaped fibrocytes are smaller than the
fibroblasts and are the mature and less active cells of the fibroblast line.

Macrophages or histiocytes are phagocytes that are attracted to the sites
of inflammation. They ingest bacteria, dead cells, cell debris, and other
foreign matter that enters the connective tissue. Macrophages are part of the
mononuclear phagocyte system, derived from circulating blood monocytes
that are formed in the bone marrow, take up residence in the connective
tissue, and differentiate into macrophages. These cells also enhance
immunologic activities of the lymphocytes. Macrophages are antigen-
processing cells to lymphocytes that are then stimulated to perform specific
immune responses. Although present throughout connective tissue of the
body, the macrophages have specific names in different organs. Dusts cells
are found in the alveoli of the lungs, Kupffer cells line the sinusoids in the
liver, Langerhans cells are in the epidermis of the skin, microglia in the
tissues of the brain, menocytes in the circulating blood, and the osteoclasts
in the bone.

Lymphocytes are the most numerous cells in the loose connective tissue
of the respiratory and gastrointestinal tracts. They do not have any function
in the bloodstream, but leave the circulatory system and enter the connective
tissue through the capillaries. They mediate immune responses to antigens
that enter these organs and, once activated, produce antibodies that kill cells
by inducing cell death (apoptosis). There are three functional types of
lymphocytes: T lymphocytes, B lymphocytes, and NK (natural killer) cells.
These lymphocytes are primarily identified by the specific marker proteins
on the cell membrane.

Plasma cells are derived from B lymphocytes that enter the connective
tissue from blood vessels and then differentiate into plasma cells when they
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are exposed to antigens. Thus, plasma cells become mature cells highly
specialized for antibody (immunoglobulin) synthesis that is released into
the blood stream to destroy specific antigens and defend the organism against
infections.

Adipose cells store fat (lipid) and are mostly found in loose connective
tissue. There are white adipose cells and brown adipose cells. Their main
function is to provide protective packing material and insulation in and
around numerous vital organs. Additional information concerning both types
of adipose cells and a histological image of adipose tissue are provided in
Functional Correlations Box 5.4 and in Figure 5.13.

Neutrophils are active and powerful phagocytes; they leave the
bloodstream and enter connective tissue to engulf and destroy bacteria at
sites of infections.

Eosinophils become activated and increase in number after parasitic
infections or allergic reactions. They phagocytize antigen—antibody
complexes formed during allergic reactions.

Mast cells reside in the connective tissue. Their location near small
blood vessels and capillaries allows them to perform numerous defensive
functions. The cytoplasm of mast cells contains numerous dense-staining
granules, which upon release function in local inflammatory and immune
responses. Exposure of mast cells to allergens causes rapid release of
histamine and other vasoactive mediators. Histamine causes dilation of
blood vessels and increases the permeability of capillaries and venules,
thereby causing local edema. Release of histamine also induces symptoms of
allergic reactions known as immediate hypersensitive reactions. Mast cells
also contain the chemical heparin, which acts locally as a weak
anticoagulant.

FIBROUS COMPONENTS OF THE
CONNECTIVE TISSUE

There are three distinctive types of connective tissue fibers: collagen, elastic,
and reticular. The amount and arrangement of these fibers depend on the
function of the tissues or organs in which they are found. Fibroblasts synthesize
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all the collagen, elastic, and reticular fibers. The primary function of the fibrous
components within the connective tissue is to provide strength and resistance to
stretching and deformation. Thus, the mechanical and physical properties of the
fibrous components of the connective tissue primarily depend on the mixture of
the fibers in the extracellular matrix and the predominance of fiber type.

Types of Collagen Fibers

Collagen fibers are tough, thick, fibrous proteins that do not branch. They are
the most abundant fibers and are found in almost all the connective tissues of all
organs. There are at least 28 different types of genetically distinct collagens
found in vertebrates. The collagen types are based on their molecular or amino
acid composition, morphology, distribution, and function. Listed below are the
most frequently recognized fibers in histologic slides that are illustrated in the
atlas:

e Type I collagen fibers: These are the most common connective tissue fibers
and are found in the dermis of the skin, tendons, ligaments, fasciae,
fibrocartilage, the capsules of organs, and bones. They are very strong and
offer great resistance to tensile stresses.

e Type II collagen fibers: These are present in hyaline cartilage, in elastic
cartilage, and in the vitreous body of the eye. The fibers provide support to
resist pressure.

e Type III collagen fibers: These are the thin, branching reticular fibers that
form the delicate supporting meshwork in such organs as the lymph nodes,
spleen, and bone marrow, where they form the main extracellular matrix to
support the cells of these organs.

e Type IV collagen fibers: These are present in and form the supportive
meshwork in the basal lamina of the basement membrane, to which the basal
regions of the cells attach.

Reticular Fibers

Reticular fibers consisting mainly of type III collagen are thin and form a
delicate netlike support framework in the liver, lymph nodes, spleen,
hemopoietic organs, and other locations where blood and lymph are filtered.
Reticular fibers also support capillaries, nerves, and muscle cells. These fibers
become visible only when the tissue or organ is stained with silver stain.
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Elastic Fibers

Elastic fibers are thin, small, branching fibers that are capable of stretching and
returning to their original length. They have less tensile strength than collagen
fibers and are composed of microfibrils and the protein elastin. When stretched,
elastic fibers return to their original size (recoil) without deformation. Elastic
fibers are found in abundance in the lungs, bladder wall, and skin. In the walls of
the aorta and pulmonary trunk, the presence of elastic fibers allows for stretching
and recoiling of these vessels during powerful blood ejections from the heart
ventricles. In the walls of the large vessels, the smooth muscle cells synthesize
the elastic fibers; in other organs, fibroblasts synthesize elastic fibers.

P0|nt Supplemental micrographic images are available at
www.thePoint.com/Eroschenkol3e under Connective Tissue.

FIGURE 5.2 | Loose Connective Tissue (Spread)

This composite image of mesentery was stained to show different fibers and
cells. Mesentery is a thin sheet of loose connective tissue that supports the
intestines of the digestive tract.

The pink collagen fibers (3) are the thickest, largest, and most numerous
fibers, and, in this preparation, the collagen fibers (3) course in all directions.

The elastic fibers (5, 10) are thin, fine, single fibers that are usually straight;
however, after tissue preparation, the fibers may become wavy as a result of the
release of tension. Elastic fibers (5, 10) form branching and anastomosing
networks. Fine reticular fibers are also present in loose connective tissue, but
these are not included in this illustration.

The permanent cells of connective tissues are the fibroblasts (2) that appear
flattened with an oval nucleus, sparse chromatin, and one or two nucleoli. Fixed
macrophages, or histiocytes (12), are always present in the connective tissue.
When inactive, they appear similar to fibroblasts, although their processes may
be more irregular and their nuclei smaller. Phagocytic inclusions, however, alter
the cytoplasm of the macrophages. In this illustration, the cytoplasm of different
macrophages (12) is filled with ingested, dense-staining particles.

Mast cells (1, 9) are also present in the loose connective tissue and are seen
as single or grouped cells along small blood vessels (capillary, 7). The mast
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cells (1, 9) are usually ovoid, with a small, centrally placed nucleus and
cytoplasm filled with fine, closely packed granules that stain dense or deep red
with neutral red stain.

Different blood cells are also seen in the loose connective tissue. Small
lymphaocytes (6) exhibit a dense-staining nucleus that occupies most of the cell
cytoplasm. Large lymphocytes (8) also exhibit a dense nucleus with more
cytoplasm. Loose connective tissue also contains blood cells eosinophils and
neutrophils and adipose cells. These are illustrated in greater detail in Figure 5.3,
in the loose connective tissue in Figure 5.5, and in the mesentery of an intestine
in Figure 5.13.

The faint background around the fibers and cells is the ground substance.
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FIGURE 5.2 m Loose connective tissue (spread). Stained for cells and fibers.
High magnification.

FIGURE 5.3 | Individual Cells of Connective
Tissue

The main cells of the connective tissue are the fibroblasts and fibrocytes. The
fibroblast (1) is an elongated cell with cytoplasmic projections, an ovoid
nucleus with sparse chromatin, and one or two nucleoli. The fibrocyte (6) is a
more mature, smaller spindle-shaped cell without cytoplasmic projections; the
nucleus is similar but smaller than that in the fibroblast.
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The plasma cell (2) exhibits a smaller, eccentrically placed nucleus with
condensed, coarse chromatin clumps distributed peripherally in a characteristic
radial (cartwheel) pattern and one central mass. A prominent, clear area in the
cytoplasm is adjacent to the nucleus.

The large white adipose cell (3) exhibits a narrow rim of cytoplasm and a
flattened, eccentric nucleus. In histologic sections, the large fat globules of
adipose cells have been dissolved by different chemicals, leaving a large, highly
characteristic empty space.

The large lymphocyte (4) and small lymphocyte (10) are spherical cells
that differ primarily in the amount of cytoplasm that is present in the large
lymphocyte (4). The dense-staining nuclei of all lymphocytes have condensed
chromatin but no nucleoli.

The free macrophage (5) usually appears round with irregular cell outlines
and a variable appearance. In the illustration, the macrophage exhibits a small
nucleus rich in chromatin and cytoplasm filled with dense, ingested particles.

An eosinophil (7) is a large blood cell with a bilobed nucleus and large,
eosinophilic cytoplasmic granules that fill the cytoplasm.

A neutrophil (8) is also a large blood cell, characterized by a multilobed
nucleus and a lack of distinct stained granules in the cytoplasm when viewed
with a light microscope.

Cells with pigment granules (9) may be seen in the connective tissue. Also,
the basal epithelial cells of the skin contain brown-staining pigment or melanin
granules.

A mast cell (11) is usually ovoid, with a small, centrally placed nucleus. The
cytoplasm is normally filled with fine, closely packed, dense-staining granules.
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FIGURE 5.3 m Cells of the connective tissue. Stain: hematoxylin and eosin.
High magnification or oil immersion.

FIGURE 5.4 | Connective Tissue, Capillary, and
Mast Cell in Mesentery of Small Intestine

This micrograph illustrates the connective tissue from the mesentery of a small
intestine. Closely associated with the capillary (3) and sectioned in a
longitudinal plane is a mast cell with dense granules (5) in its cytoplasm and a
red-staining nucleus. The capillary (3) is packed with red blood cells (6).
Because the lumen of the capillary is about the size of a red blood cell (RBC),
the RBCs in its lumen are lined up in a row. Located above the capillary (3) is a
larger vessel, a venule (2), sectioned in a transverse plane and also packed with
RBCs. Surrounding the blood vessels (2, 3) are numerous adipose cells (1) with
their lipid contents washed out during slide preparation. Also present are the
dense layers of blue-staining collagen fibers (4) and fibrocytes (7) that are
closely associated with the blood vessels and the capillaries.
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FIGURE 5.4 m A connective tissue, a capillary, and a mast cell in the mesentery
of a small intestine. Stain: Mallory-Azan. x205.

FIGURE 5.5 | Embryonic Connective Tissue

The embryonic connective tissue resembles the mesenchyme or mucous
connective tissue; this is loose and irregular connective tissue. The difference in
ground substance (semifluid vs. jelly-like) is not apparent in these sections.

The fibroblasts (4) are numerous, and fine collagen fibers (1) are found
between them, some coming in close contact with fibroblasts. The embryonic
connective tissue is vascular. Capillaries (3) lined with endothelium and filled
with RBCs (2) are visible in the ground substance.

At higher magnification, primitive fibroblasts (5) are seen as large,
branching cells with cytoplasm, prominent cytoplasmic processes, an ovoid
nucleus with fine chromatin, and one or more nucleoli. The widely separated
collagen fibers (6) are more apparent at this magnification.
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FIGURE 5.5 m Embryonic connective tissue. Stain: hematoxylin and eosin. Left,
low magpnification; right, high magnification.

FIGURE 5.6 | Loose Connective Tissue

Collagen fibers (9) predominate in loose connective tissue, course in different
directions, and form a loose fiber meshwork. Surrounding the connective tissue
fibers and cells are clear spaces of the ground substance. In the illustration,
collagen fibers (9) are sectioned in various planes, and transverse ends may be
seen. The fibers are acidophilic and stain pink with eosin. Thin elastic fibers are
also present in loose connective tissue but are difficult to distinguish with this
stain and at this magnification.

The fibroblasts (2) are the most numerous cells in the loose connective
tissue and may be sectioned in various planes, so that only parts of the cells may
be seen. Also, during section preparation, the cytoplasm of these cells may
shrink. A typical fibroblast (2) shows an oval nucleus with sparse chromatin and
lightly acidophilic cytoplasm, with a few short processes.

Also present in loose connective tissue are blood cells such as the
neutrophils (6) with lobulated nuclei, eosinophils (3) with red-staining
granules, and small lymphocytes (7) with dense-staining nuclei and sparse
cytoplasm. The fat (adipose) cells (5) appear characteristically empty with a thin
rim of cytoplasm and peripherally displaced flat nuclei (4).

The loose connective tissue is also highly vascular; capillaries (8) sectioned
in different planes (t.s., transverse section; l.s., longitudinal section) are visible.
A larger arteriole (1) with RBCs is also seen.

6 Neutrophils

1 Arteriole with = AN
RBCs

2 Nuclei of fibroblasts k - - a
— . -
R, = N

3 Eosinophil ————H _ _ = -

7 Lymphocyles

8 Capillaries

/ \
4 Nuclei of - \ ook (t.s.and I.s.)
adipose cells / y SR T
“
5 Adipose cells —== y

9 Collagen fibers

- L " il & & - g

FIGURE 5.6 m Loose connective tissue with blood vessels and adipose cells.
Stain: hematoxylin and eosin. High magnification.
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FIGURE 5.7 | Dense Irregular and Loose
Irregular Connective Tissue (Elastin Stain)

This figure illustrates a transition zone between loose irregular connective tissue
in the upper region and denser irregular connective tissue in the lower region of
the illustration. In addition, the tissue section has been specially prepared to
show the presence and distribution of elastic fibers mixed with the collagen
fibers in the connective tissue.

The elastic fibers (1, 7) have been selectively stained a deep blue using the
Verhoeff method. Using Van Gieson stain as a counterstain, acid fuchsin stains
collagen fibers (2, 6) red. Cellular details of fibroblasts are not obvious, but the
fibroblast nuclei (3, 5) stain deep blue. Blood vessels (4) are also present.

The characteristic features of dense irregular and loose connective tissues
become apparent with this staining technique. In dense irregular connective
tissue, the collagen fibers (6) are larger, more numerous, and more concentrated.
Elastic fibers are also larger and more numerous (7). In contrast, in the loose
connective tissue, both fiber types are smaller (1, 2) and more loosely arranged.
Fine elastic networks are seen in both types of connective tissue.
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FIGURE 5.7 m Dense irregular and loose irregular connective tissue. Stains:
Verhoeff and Van Gieson. Medium magnification.

FIGURE 5.8 | Loose Irregular and Dense
Irregular Connective Tissue

This figure illustrates a gradual transition from loose irregular connective
tissue (5) to dense irregular connective tissue (1). Where firmer support and
more strength are required, dense irregular connective tissue with increased
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presence of collagen fibers replaces the loose type.

The collagen fibers (2, 9) in both types of tissues are large, typically in
bundles, and sectioned in several planes because they course in various
directions. Also visible are thin, wavy elastic fibers that form fine networks.
However, these fibers are not obvious in routine histologic preparations.

In the dense connective tissue (1), the fibroblasts (nuclei) (3) are often
found compressed among the collagen fibers (2). In the loose connective tissue
(5), the collagen fibers (9) are less compressed and the fibroblasts (10) are more
visible. Also illustrated are capillaries (4), a small venule (11), an eosinophil
(6) with lobulated nucleus, lymphocytes (7) with large round nuclei without
visible cytoplasm, a plasma cell (8), and numerous adipose cells (12).

1 Dense irregular 5 Loose irregular
connective tissue connective tissue

Q . : W . 2
S . & . ; 6 Eosinophil

+— 7 Lymphocytes

_ =l ” . g ' )
- - T BT 8 Plasma cell
\ R i ¥ i | ! {
3 Nuclei of =——— i 8 .- i e, 9 Collagen fibers
Iibmblasls\ v - ;
b ]

4 Capillaries (1.s.) R‘ ¢ e -

FIGURE 5.8 m Dense irregular and loose irregular connective tissue. Stain:
hematoxylin and eosin. High magnification.
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FIGURE 5.9 | Dense Irregular Connective Tissue
and Adipose Tissue

This photomicrograph illustrates a deeper section of the skin called the dermis.
This region contains dense irregular connective tissue (1) and the collagen-
producing fibroblasts (3). Here, the collagen fibers (2) show a very random and
irregular orientation. Adjacent to the dense irregular connective tissue (1) is
adipose tissue (4) with its numerous adipose cells (5). Tissue preparation
dissolves the lipids in individual adipose cells, and cell cytoplasm appears empty
with only flattened, dense-staining nuclei in the peripheries. Dermis of the skin
also contains numerous sweat glands. The light-staining regions are the
secretory cells of the sweat gland (7), whereas the dark-staining cells form the
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stratified cuboidal epithelium of the excretory ducts (6, 8), which continue
through the connective tissue and the stratified squamous epithelium of the skin
to the surface of the skin (see Fig. 4.11).
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FIGURE 5.9 m Dense irregular connective tissue and adipose tissue. Stain:
hematoxylin and eosin. x64.

The ground substance in connective tissue consists primarily of amorphous,
transparent, and colorless extracellular matrix, which has the properties of a
semifluid gel and high water content. The matrix supports, surrounds, and
binds all the connective tissue cells and their fibers. The ground substance of
the connective tissue contains different types of mixed, unbranched
polysaccharide chains of glycosaminoglycans, proteoglycans, and adhesive
glycoproteins. Hyaluronic acid constitutes the principal glycosaminoglycan
of connective tissue. Except for hyaluronic acid, the wvarious
glycosaminoglycans are bound to a core protein to form much larger
molecules called proteoglycan aggregates. These proteoglycans attract
increased amounts of water, which produces the hydrated gel of the ground
substance.

The semifluid consistency of the ground substance in the connective
tissue facilitates diffusion of oxygen, electrolytes, nutrients, fluids,
metabolites, and other water-soluble molecules between the cells and the
blood vessels. Similarly, waste products from the cells diffuse through the
ground substance back into the blood vessels. Also, because of its viscosity,
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the ground substance serves as an efficient barrier. It prevents movement of
large molecules and the spread of pathogens from the connective tissue into
the bloodstream. However, certain bacteria can produce hyaluronidase, an
enzyme that hydrolyzes hyaluronic acid and reduces the viscosity of the
gellike ground substance, allowing pathogens to invade the surrounding
tissues.

The density of ground substance depends on the amount of extracellular
tissue fluid or water that it contains. Mineralization of ground substance, as a
result of increased calcium deposition, changes its density, rigidity, and
permeability to diffusion, as seen in developing cartilage models and bones.

In addition to proteoglycans, connective tissue also contains several large
cell adhesive glycoproteins, which have binding sites for cell receptors and
matrix molecules. The adhesive glycoproteins bind cells to the fibers. The
glycoprotein fibronectin binds connective tissue cells, collagen fibers, and
proteoglycans, thereby interconnecting all three components of the
connective tissue. Integral proteins of the plasma membrane, the integrins,
bind to extracellular collagen fibers and to actin filaments in the
cytoskeleton, thus establishing a structural continuity between the
cytoskeleton and the extracellular matrix. Laminin is a large glycoprotein
and a major component of the cell basement membrane. This protein binds
epithelial cells to the basal lamina and has binding sites for integrin, type IV
collagen, and other proteoglycans.

FIGURE 5.10 | Dense Regular Connective Tissue:
Tendon (Longitudinal Section)

Dense regular connective tissue is present in ligaments and tendons. Shown here
is a section of a tendon in the longitudinal plane showing the regular
arrangement of the collagen fibers.

The collagen fibers (2, 5, 8) are arranged in compact, dense parallel bundles
between which are thin partitions of looser connective tissue that contain parallel
rows of fibroblasts (1, 3). The fibroblasts (1, 3) have short processes (not visible
here) and nuclei that appear ovoid when seen in surface view (3) or flat and
rodlike in lateral view (1).

Dense irregular connective tissue with less regular fiber arrangement than in
the tendon surrounds and partitions the collagen bundles as the interfascicular
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connective tissue (4). Here are also found fibroblasts (6) and numerous blood
vessels, such as this arteriole (7), that supply the connective tissue cells.
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FIGURE 5.10 m Dense regular connective tissue: tendon (longitudinal section).
Stain: hematoxylin and eosin. Medium magnification.

FIGURE 5.11 | Dense Regular Connective Tissue:
Tendon (Longitudinal Section)

A photomicrograph of dense regular connective tissue of a tendon shows the
compact, regular, and parallel arrangement of collagen fibers (1). Between the
densely packed collagen fibers are seen flattened nuclei of the fibroblasts (2). A
small blood vessel (3) with blood cells courses between the dense bundles of
collagen fibers to supply the connective tissue cells of the tendon.
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FIGURE 5.11 m Dense regular connective tissue: tendon (longitudinal section).
Stain: hematoxylin and eosin. x64.
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Dense Irregular Connective Tissue

Dense irregular connective tissue consists primarily of collagen fibers (type
I collagen) with minimal amounts of surrounding ground substance. Except
for the fibroblasts and/or fibrocytes, other cell types in dense connective
tissue are sparse. Collagen fibers exhibit great tensile strength, and their
main function is support. In dense irregular connective tissue, collagen
fibers exhibit random orientation and are most highly concentrated in those
areas of the body where strong support is needed to resist pulling forces or
stress from different directions.

Dense Regular Connective Tissue

Dense regular connective tissue exhibits a predominance of collagen fibers
(type I collagen) and is present where great tensile strength is required,
such as in ligaments and tendons. The parallel and dense arrangements of
collagen fibers offer strong resistance to forces pulling along a single axis or
direction.

Tendons and ligaments are attached to bones and are constantly subjected
to strong pulling forces. Because of the dense arrangement of collagen fibers,
little ground substance is present, and the predominant cell types that
synthesize the collagen fibers are the fibreblasts that are located between
rows of parallel collagen fibers.

FIGURE 5.12 | Dense Regular Connective Tissue:
Tendon (Transverse Section)

A transverse section of a tendon is illustrated at a lower magnification (left side)
and a higher magnification (right side). Within each large bundle of collagen
fibers (3, 7) are fibroblasts (nuclei) (1, 8) sectioned transversely. The
fibroblasts are located between the bundles of collagen fibers (3, 7). These
fibroblasts (8) are better distinguished at the higher magnification on the right
side, which shows bundles of collagen fibers (7) and the branched shape of
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fibroblasts (8) in transverse section.

Between the large collagen bundles are the interfascicular connective
tissue (2) partitions. These partitions contain blood vessels, an arteriole and
venules (6), nerves, and, occasionally, the sensitive pressure receptors Pacinian
corpuscles (9).

Also illustrated on the left side of the figure is a transverse section of several
skeletal muscle fibers (4). These are adjacent to the tendon but are separated
from it by a connective tissue partition. Note that the nuclei (5) of skeletal
muscle fibers (4) are located on the periphery of the fibers, whereas the
tibroblasts (1, 8) are located between bundles of collagen fibers (3, 7).
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FIGURE 5.12 m Dense regular connective tissue: tendon (transverse section).
Stain: hematoxylin and eosin. Left, low magnification; right, high magnification.

FIGURE 5.13 | Adipose Tissue: Intestine

A section of intestinal mesentery is illustrated, in which accumulations of
adipose (fat) cells (4, 8) are organized into adipose tissue. The connective tissue
(9) that surrounds the adipose tissue is covered by a simple squamous epithelium
called mesothelium (10).

Adipose cells (4, 8) are closely packed and separated by thin strips of
connective tissue septa (3), in which are compressed fibroblasts (7), arterioles
(1), venules (2, 6), nerves, and capillaries (5).

Individual adipose cells (4) appear as empty cells because the fat was
dissolved by chemicals during preparation of the tissue. The adipose cell nuclei
(8) are compressed to the peripheral rim of the cytoplasm, and, in certain
sections, it is difficult to distinguish between fibroblast nuclei (7) and adipose
cell nuclei (8).
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FIGURE 5.13 m Adipose tissue in the intestine. Stain: hematoxylin and eosin.
Medium magnification.

The two distinct types of adipose tissues in the body are white adipose tissue
and brown adipose tissue. These adipose tissues represent the main sites of
lipid storage and metabolism in the body.

White Adipose Tissue (Unilocular)

White adipose tissue is the more common type. Cells of white adipose tissue,
the adipocytes, are large and store lipids as a single, large droplet
(unilocular). The stored lipids are primarily triglycerides (fatty acids and
glycerol) derived from the intestinal lipoproteins and the very-low-density
lipoproteins from the liver. This adipose tissue also exhibits a wider
distribution than brown adipose tissue. White adipose tissue is distributed
throughout the body, with the distribution pattern showing variations that are
dependent on the gender and age of the individual. In addition to serving as
an energy source, white adipose tissue provides insulation under the skin and
forms cushioning fat pads around different organs. This tissue is also highly
vascularized because of its high metabolic activity. The white adipose cells
also have receptors for insulin, glucocorticoids, growth hormone, and other
factors that influence adipose tissue to accumulate and release lipids.
Furthermore, white adipose tissue is also considered as an important
endocrine organ. These cells are the sole source of a hormone called leptin,
which increases carbohydrate and lipid metabolism in cells. This hormone
also influences cells in the hypothalamus and regulates appetite, energy
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balance, food intake, and the formation of new adipose tissue.

Brown Adipose Tissue (Multilocular)

In contrast to the white adipose tissue, which is present throughout the body,
brown adipose tissue has a more limited distribution. These cells are smaller
than white adipose tissue cells and store lipids as multiple small droplets
(multilocular). Brown adipose tissue is found in all mammals, but is best
developed in hibernating animals. The main function of brown adipose
tissue is to supply the body with heat through nenshivering thermogenesis.
In newborn humans exposed to cold and in fur-bearing animals emerging
from hibernation, brown adipose tissue generates and increases body heat
during these critical periods as a protective measure. The sympathetic
nervous system regulates the production of heat by brown adipose, which
releases norepinephrine to hydrolyze lipids into fatty acids and glycerol.
The amount of brown adipose tissue gradually decreases in older individuals
and is mainly found around the adrenal glands, great vessels, and in the neck
region. However, as an adaptation, the cold environment activates the
development of brown adipose cells and tissue.

Summary

Connective Tissue

¢ Develops from mesenchyme and consists of cells and extracellular matrix

e Matrix consists of tissue fluid, the ground substance

e Embryonic connective tissue is present in the umbilical cord and developing
teeth

¢ Ground substance is a medium for exchange of nutrients, oxygen, and waste

e Because of its consistency, ground substance serves as a barrier to pathogenic
molecules

e Contains numerous cells that protect and defend body against bacteria and
foreign bodies

¢ Classified as loose or dense connective tissue

CLASSIFICATION
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L.oose Connective Tissue

e More prevalent in body and exhibits a loose, irregular arrangement of cells
and fibers

e Contains abundant ground substance that surrounds cells and fibers

e Collagen fibers, fibroblasts, fibrocytes, adipose cells, mast cells, plasma
cells, and macrophages predominate

Dense Irregular Connective Tissue

e Consists primarily of fibroblasts and thick, densely packed collagen fibers
(type I)

o Fewer other cell types and minimal ground substance

e Collagen fibers exhibit random orientation and provide strong tissue support

e Concentrated in areas where resistance to forces from different directions is
needed

Dense Regular Connective Tissue

Fibers densely packed with regular, parallel orientation
Present in tendons and ligaments that are attached to bones
Great resistance to forces pulling along single axis or direction
Minimal ground substance; predominant cell type is fibroblast

CELLS OF CONNECTIVE TISSUE

Fibroblasts

e Are active permanent cells that synthesize collagen, reticular, and elastic
connective tissue fibers

e Synthesize glycosaminoglycans, proteoglycans, and adhesive glycoproteins
of ground substance
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Fibrocytes

e Smaller than fibroblasts
¢ Inactive or resting connective tissue cells

White Adipose (Fat) Cells

e Most common type of adipose tissue with wide distribution

e Occur singly or in groups and exhibit single or unilocular lipid droplet

e When adipose cells predominate, the connective tissue is adipose tissue

e Store fat (lipid) as a single large droplet, primarily as triglycerides

e Lipids derived from intestinal lipoproteins and low lipid lipoproteins from
liver

o Appear as empty cells because lipid is dissolved during tissue preparation

e Distributed throughout the body, serves as insulation, and forms fat pads for
organ protection

e Highly vascularized owing to high metabolic activity

e Exhibit receptors for hormones that influence accumulation and release of
lipid

e Sole source of hormone leptin that increases lipid metabolism and regulates
appetite and food intake

Brown Adipose Cells

o Exhibits more limited distribution

e Cells smaller than white adipose cells; store fat as multiple lipid droplets
(multilocular)

Best developed in hibernating animals and newborn individuals

In newborns or animals emerging from hibernation, generates body heat
Norepinephrine from sympathetic nervous system promotes hydrolysis of
lipids

As an adaptation to cold environment, cell numbers and tissue increase

Macrophages

¢ Most numerous in loose connective tissue
¢ Ingest bacteria, dead cells, cell debris, and foreign matter
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e Are antigen-presenting cells to lymphocytes for immunologic response

e Derived from circulating blood monocytes

e Called Kupffer cells in liver, osteoclasts in bone, microglia in central nervous
system, Langerhans cells in skin, monocytes in blood, and osteoclasts in bone

Lymphocytes
e Most numerous in loose connective tissue of respiratory and gastrointestinal

tracts
e Produce antibodies to kill infecting cells

Plasma Cells

e Characterized by chromatin distributed in radial pattern
e Derived from B lymphocytes exposed to antigens
e Produce antibodies to destroy specific antigens

Mast Cells

Closely associated with blood vessels

Found in skin, respiratory, and digestive system connective tissue

Ovoid cells with fine, regular basophilic granules

Release histamine and vasoactive chemicals when exposed to allergens,
causing immediate hypersensitivity allergic response

Contain also weak anticoagulant heparin

Neutrophils

e Active phagocytes; engulf and destroy bacteria

Eosinophils

e Increase after parasitic infestation
e Phagocytize antigen—antibody complexes during allergic reactions

COLLAGEN FIBERS
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e Type I most common and very strong; found in skin, tendons, ligaments, and
bone

e Type II found in hyaline and elastic cartilage and the vitreous body of the
eye; provide resistance to pressure

e Type III forms meshwork in liver, lymph node, spleen, and hematopoietic
organs

e Type IV found in basal lamina of basement membrane; associated with
hemidesmosomes

RETICULAR FIBERS

e Consist mainly of type III collagen; form delicate netlike framework in
different organs
¢ Visible only when stained with silver stain

ELASTIC FIBERS

Thin, branching fibers that allow stretch

Composed of microfibrils and the protein elastin

After stretching, return (recoil) to original size without deformation
Found in the lungs, bladder, skin, and walls of large blood vessels
In large blood vessel walls, smooth muscle synthesizes elastic fibers

GROUND SUBSTANCE AND
CONNECTIVE TISSUE

Consists of extracellular matrix, a semifluid gel with high water content
Matrix binds, supports, and surrounds cells and fibers

Contains polysaccharide chains of glycosaminoglycans, proteoglycans, and
adhesive glycoproteins

Hyaluronic acid is the main glycosaminoglycan

Other glycosaminoglycans form proteoglycan aggregates, which attract water

189



Facilitates diffusion of different substances between cells and blood vessels
Acts as an efficient barrier to the spread of pathogens

Bacteria can hydrolyze hyaluronic acid and reduce barrier viscosity

Contains several adhesive glycoproteins, such as fibronectin, that bind cells

to fibers

Integrin protein binds collagen fibers to actin
Laminin is a component of basement membrane and binds epithelial cells to

basal lamina

Review Questions

QUESTIONS

In the following multiple choice questions, choose the letter corresponding
to the one best answer.

1. Brown fat has what following characterization?

A.
B.
C.
D.

It is widely distributed in the body.
It forms fat pads around organs and insulation under the skin.
It stores lipid as a large, single droplet.

It is a source of heat for hibernating animals and newborns.

E. It influences appetite and food intake.

2. What increases carbohydrate and lipid metabolism and regulates food
intake and appetite?

A.
B.
C.
D.
E.

Leptin hormone
Norepinephrine
Triglycerides
Fatty acids
Glycerol

3. What function does mesenchyme perform?

A. Tt produces hormones that inhibit collagen synthesis.

B.
C.

It is the source of type I collagen fibers.

It is the source of all connective tissue.
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D. It secretes glycosaminoglycans, proteoglycans, and adhesive
glycoproteins.

E. It influences lipid metabolism in adipose tissues.

4. What serves as a barrier to the passage of large molecules and
pathogens in the connective tissue?

A. Collagen fibers

B. Semifluid ground substance
C. Fibroblasts

D. Reticular fibers

E. Dense connective tissue layers

5. What fibers form supporting meshworks in organs such as lymph
nodes and the spleen?

A. Elastic fibers

B. Collagen fibers

C. Reticular fibers

D. Type I collagen fibers

E. All connective tissue fibers

ANSWERS

1. Correct Answer: D. It is a source of heat for hibernating animals and
newborns. During hibernation and in newborns, brown fat provides body
heat as a protective measure.

2. Correct Answer: A. The hormone leptin. This hormone is produced by
white adipose tissue cells and has an important role in food intake and
appetite by acting on the cells in the hypothalamus of the central nervous
system.

3. Correct Answer: C. It is the source of all connective tissue. The
undifferentiated mesenchyme cells give rise to various other cells, including
all connective tissue.

4. Correct Answer: B. Semifluid ground substance. Because of its viscosity,
ground substance serves as an efficient barrier to large molecules and

pathogens.
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5. Correct Answer: C. Reticular fibers. These branching fibers are very thin
and, in such organs as lymph nodes and the spleen, form a meshwork for
filtering blood and lymph.

ADDITIONAL HISTOLOGIC IMAGES

reticular fibers

substance
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FIGURE 5.15 m Whole mount section through a mesentery illustrating the loose
connective tissue, elastic fibers, fibroblasts, and the abundant surrounding
ground substance. Stain: orcein. x100.

1 Transitional
epithelium

4 Ground

5 Blood vessels

FIGURE 5.16 m Loose connective tissue below the transitional epithelium in a
section from a primate urethra. Stain: hematoxylin and eosin. x205.

1 Dense collagen ——=
fibers

2 Nucleus of
adipose cells

3 Adipose cells

4 Blood vessel

FIGURE 5.17 m Dense irregular connective tissue in a canine lip adjacent to
white adipose cells (tissue). Stain: hematoxylin and eosin. x64.
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FIGURE 5.18 m Dense regular connective tissue from a primate tendon
illustrating the dense arrangement of collagen fibers and the compressed
fibroblasts. Stain; hematoxylin and eosin. x64.,
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FIGURE 5.19 m Reticular fiber meshwork in a primate lymph node. Silver
impregnation. x100.
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FIGURE 5.20 m A section of the wall from an aorta illustrating different
connective tissue fibers and smooth muscle fibers. Stain: blue stain. x130.

FIGURE 5.21 m White adipose tissue (cells) adjacent to skeletal muscle fibers
and dense irregular collagen fibers. Histologic preparation dissolved the lipids in
the cell cytoplasm, showing only the nuclei. Stain: Mallory-Azan. x130.
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CHAPTER 6 Hematopoietic Tissue
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SECTION 1 Blood

Blood is a unique form of connective tissue in which its cells are suspended in a
fluid component called plasma. The major cell types found in plasma are the
erythrocytes (red blood cells [RBCs]) and leukocytes (white blood cells
[WBCs]), which are divided into two categories agranulocytes and
granulocytes. These cell types constitute the formed elements of the blood.
Also, circulating in blood are cell fragments called platelets derived from large
bone marrow cells, the megakaryocytes. Blood cells transport gases, nutrients,
waste products, hormones, antibodies, various chemicals, ions, and other
substances in plasma to and from different cells, tissues, and organs in the body.
Blood cells have also a limited life span, and, as a result, they constantly wear
out and are continuously replaced. The production of the formed elements of the
blood is called hematopoiesis.

SITES OF HEMATOPOIESIS

Hematopoiesis occurs in different organs of the body, depending on the stage of
development of the organism. In a developing embryo, hematopoiesis initially
occurs in the yolk sac and later in the development in the liver, spleen, lymph
nodes, and bone marrow. After birth, hematopoiesis continues almost
exclusively in the red marrow of different bones. In the newborn individual, all
bone marrow is red and functions in hematopoiesis.

The red bone marrow is a highly cellular structure and consists of
hematopoietic stem cells and the precursors of different blood cells. Red marrow
also contains a loose arrangement of fine reticular fibers that form an intricate
connective tissue network. As the individual ages and reaches adulthood, the red
marrow is primarily confined to the flat bones of the skull, sternum and ribs,
vertebrae, and pelvic bones. The remaining long bones in the limbs of the body
gradually accumulate fat, and their red marrow is replaced by fatty yellow
marrow. Consequently, these sites lose the hematopoietic functions.

HEMATOPOIESIS
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In this process, all blood cells originate from a common stem cell in the red
bone marrow that is self-renewing. Because this stem cell type can produce all
blood cell types, it is called the pluripotential hematopoietic stem cell (Fig.
6.1). Pluripotential stem cells, in turn, produce two major cell lineages that form
the pluripotential myeloid stem cells and pluripotential lymphoid stem cells.
Before maturation and release into the bloodstream, the stem cells from each
lineage undergo numerous divisions and intermediate stages of differentiation
before full maturation. Hematopoiesis is regulated by numerous growth factors,
which activate and control blood cell formation. These growth factors influence
different cell lineages and induce proliferation, differentiation, maturation and
release the blood cells from the bone marrow into the blood. Erythropoietin, a
protein substance produced by kidney cells, stimulates the proliferation and
production of erythroid (RBC) progenitor cells. Thrombopoietin, also produced
by kidneys, stimulates megakaryocyte differentiation and platelet formation.
Granulocyte-stimulating factor and monocyte-stimulating factor stimulate
the formation of the cells of granulocyte and monocyte lineages. Different
interleukins are responsible for development and function of B and T
lymphocytes.
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FIGURE 6.1 m Differentiation of myeloid and lymphoid stem cells into their
mature forms and their distribution in the blood and connective tissue.

Myeloid stem cells develop in the red bone marrow and eventually give rise to

200



erythrocytes, eosinophils, neutrophils, basophils, monocytes, and
megakaryocytes. Lymphoid stem cells also develop in the red bone marrow.
Some lymphoid cells remain in the bone marrow, proliferate, mature, and
become B lymphocytes. Other lymphocytes leave the bone marrow and migrate
via the bloodstream to lymph nodes and the spleen, where they proliferate and
differentiate into B lymphocytes, after which they colonize peripheral lymphoid
tissues (connective tissues, lymphoid tissues, and lymphoid organs).

Other undifferentiated lymphoid cells migrate to the thymus gland, where
they proliferate and differentiate into immunocompetent T lymphocytes.
Afterward, T lymphocytes enter the bloodstream and migrate to reside in the
connective tissues and specific regions of peripheral lymphoid organs of the
body. Both B and T lymphocytes reside in numerous peripheral lymphoid
tissues, lymph nodes, and spleen. Here, they initiate immune responses when
exposed to antigens. Although both the B and T lymphocytes are
morphologically indistinguishable under a light microscope, their cell lines have
separate pathways for growth, development, and function. Only the different
protein markers on their cell surfaces allow these cells to be distinguished by
immunohistochemical means.

Because all blood cells have a limited life span, the pluripotential
hematopoietic stem cells continually divide and differentiate to produce new
progeny of cells. When the blood cells become worn out and die, they are
destroyed by macrophages in different lymphoid organs such as the spleen.

FORMED ELEMENTS: MAJOR BLOOD
CELL TYPES

Microscopic examination of a stained blood smear reveals the major blood cell
types. Mature erythrocytes, or RBCs, are nonnucleated cells and are the most
numerous blood cells. During their final maturation process, the erythrocytes
extrude their nuclei and assume a biconcave shape, and the mature blood cells
enter the bloodstream. Erythrocytes remain in the blood and perform their major
functions within the blood vessels.

In contrast, leukocytes, or WBCs, are nucleated and subdivided into
granulocytes and agranulecytes. Granulocytes are the neutrophils, eosinophils,
and basophils. Both eosinophils and basophils contain distinct stained granules
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in their cytoplasm, whereas neutrophils contain less obvious and smaller
granules when viewed with the light microscope. Agranulocytes are the
monocytes and lymphocytes. Leukocytes perform their major functions outside
the blood vessels. They migrate out of the blood vessels through capillary walls
and enter the connective tissue, lymphatic tissue, and bone marrow.

The primary function of leukocytes is to defend the body against bacterial
invasion or the presence of foreign material. Consequently, most leukocytes are
concentrated in the connective tissue of different organs.

PLATELETS

Platelets (thrombocytes) are the smallest, nonnucleated membrane-bound
cytoplasmic fragments or remnants of megakaryocytes, which are the largest
cells in the red bone marrow. The platelets are also called thrombocytes, which
is a misnomer because platelets are not whole cells. Platelets are formed when
small, uneven portions of the cytoplasm separate or fragment from the
peripheries of the megakaryocytes and enter the bloodstream. Like the
erythrocytes, platelets perform their major functions within the blood vessels.
Their main function is to continually monitor the vascular system and detect any
damage to the endothelial lining of the vessels. If the endothelial lining breaks,
the platelets adhere to the damaged site and initiate a highly complex chemical
process that produces a blood clot.

Point Supplemental micrographic images are available at
www.thePoint.com/Eroschenkol3e under Blood Cells.

The platelets serve an important function. They repair minor tears in the
walls of the blood vessels and promote blood clotting to prevent blood loss.
Normally, intact endothelial cells of the blood vessels do not cause platelet
aggregation to form the blood clot because laminin of the basement
membrane and collagen fibers are not exposed. Instead, the endothelial cells
produce prostacyclin, a chemical that inhibits platelet aggregation. Damage
to the endothelial wall causes platelet aggregation and their adherence to
exposed collagen and basement membrane proteins at the site of damage.
This action activates the platelets to form a platelet plug to occlude the
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damaged vessel and to release adhesive glycoproteins, adenosine
diphosphate (ADP), and serotonin. This increases the plug size by adhesion
and attraction of other platelets. The damaged endothelial cells, in turn,
release tissue factor, which initiates blood clotting, von Willebrand factor,
which facilitates adhesion of platelets to laminin and collagen in the
subendothelial tissue, and endothelin, which contracts the smooth muscle
fibers in the damaged wvessel. Surface receptors on platelets bind to
fibrinogen in circulating plasma and the protein thrombin then converts
fibrinogen into solid fibrin fibrils. Fibrin forms a loose meshwork of fibrils
around the plug, trapping other platelets and blood cells to form and
strengthen the blood clot, which enlarges until bleeding stops. After blood
clot is formed and the bleeding stops, the aggregated platelets contribute to
clot retraction by pulling the damaged edges of the blood vessels together.
Following the vessel repair, the clot is removed by the proteolytic action of
the enzyme plasmin, formed from the circulating plasma protein
plasminogen.

Figure 6.2 | Human Blood Smear

A smear of human blood examined under lower magnification illustrates the
formed elements. Erythrocytes (1) are the most abundant elements and the
easiest to identify. Mature erythrocytes (RBCs) are anucleate (without a nucleus)
and stain pink with eosin. They are uniform in size, have a biconcave shape, and
measure about 7.5 pm in diameter, which is the approximate size of capillaries.
In histological slides, the erythrocytes are often seen stacked or lined up in a
single file in the lumen of the capillaries. Erythrocytes can be used as a size
reference for other cell types.

Several leukocytes (WBCs) are visible in the blood smear. Leukocytes are
subdivided into several categories according to the shape of their nuclei, the
visibility of their cytoplasmic granules, and the staining affinities of the granules.
Two neutrophils (2, 4), one eosinophil (7) filled with red-pink granules, and
one small lymphocyte (5) with a thin, bluish cytoplasm are visible. Scattered
among the blood cells are small, blue-staining cellular fragments called platelets
(3, 6).
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FIGURE 6.2 m Human blood smear: erythrocytes, neutrophils, eosinophils, a
lymphocyte, and platelets. Stain: Wright stain. High magnification.

Figure 6.3 | Human Blood Smear: RBCs,
Neutrophils, Large Lymphocyte, and Platelets

A photomicrograph of a human blood smear shows different blood cell types.
The most numerous blood cells are the erythrocytes (RBCs) (1). Also visible
are two neutrophils (2, 4), a large lymphocyte (5), and numerous platelets (3).
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FIGURE 6.3 m Human blood smear: RBCs, neutrophils, a large lymphocyte,
and platelets. Stain: Wright stain. x205.

FIGURE 6.4 | Erythrocytes and Platelets
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This illustration shows numerous erythrocytes (1) and platelets (2) that are
usually seen in a blood smear. Blood platelets (2) are the smallest elements; they
are nonnucleated cytoplasmic remnants of large-cell megakaryocytes, which are
found only in the red bone marrow. Platelets (2) appear as irregular masses of
the basophilic (blue) cytoplasm, and they tend to form clumps in blood smears.
Each platelet exhibits a light blue peripheral zone and a dense central zone
containing purple granules.

1 Erythrocytes /

2 Platelets

FIGURE 6.4 m Erythrocytes and platelets in a blood smear. Stain: Wright stain.
Oil immersion.

Figure 6.5 | Neutrophils

The leukocytes that contain cytoplasmic granules and lobulated nuclei are the
polymorphonuclear granulocytes, of which the neutrophils (2) are the most
abundant. The neutrophil cytoplasm (2) contains fine violet or pink granules that
are difficult to see with a light microscope. As a result, the cytoplasm (2) of the
neutrophils appears clear or neutral. The nucleus of the neutrophils (2) consists
of several lobes connected by narrow chromatin strands. Immature neutrophils
contain fewer nuclear lobes.

In human blood smears, an inactivated X chromosome of the female donor
can be occasionally recognized as a Barr body (1) or a drumstick, which is a
small extension of the chromatin next to one of the nuclear lobes. Numerous
cells need to be examined in order to find the right orientation of the neutrophils
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to observe this extension or drumstick.

Neutrophils (1) constitute approximately 60% to 70% of blood leukocytes.

1 Barr body ﬁ,

L

2 Neutrophils

&

FIGURE 6.5 m Neutrophils and a Barr body. Stain: Wright stain. Oil immersion.

Mature erythrocytes are specialized to transport exygen and carbon dioxide
because of the presence of the protein hemoglobin in their cytoplasm. Iron
molecules in hemoglobin bind with oxygen molecules. As a result, most of
the oxygen in the blood is carried in the combined form of oxyhemoglobin,
which is responsible for the bright red color of arterial blood. Carbon dioxide
diffuses from the cells and tissues into the blood vessels. It is carried to the
lungs partly dissolved in the blood and partly in combination with
hemoglobin in the erythrocytes as carbaminohemeoglobin, which gives
venous blood its bluish color.

During differentiation and maturation in the bone marrow, erythrocytes
synthesize large amounts of hemoglobin. Before an erythrocyte is released
into the systemic circulation, the nucleus is extruded from the cytoplasm, and
the mature erythrocyte assumes a biconcave shape that provides more surface
area for carrying respiratory gases. Thus, mature mammalian erythrocytes in
the circulation are nennucleated biconcave disks surrounded by a cell
membrane and filled with hemoglobin and some enzymes.

The life span of erythrocytes is approximately 120 days, after which the
worn-out cells are removed from the blood and phagocytosed by
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macrophages in the spleen, liver, and bone marrow.

Figure 6.6 | Eosinophil

Eosinophils (1) are identified in a blood smear by their cytoplasm that is filled
with distinct, large, eosinophilic (bright pink) granules. The nucleus in
eosinophils (1) is typically bilobed, but a small third lobe may be present.

Eosinophils (1) constitute approximately 2% to 4% of blood leukocytes.

1 Eosinophil

FIGURE 6.6 m Eosinophil. Stain: Wright stain. Oil immersion.
Figure 6.7 | Lymphocytes

Agranular leukocytes contain few cytoplasmic granules and exhibit round to
horseshoe-shaped nuclei. Lymphocytes (1, 2) vary in size from cells smaller
than erythrocytes to cells almost twice as large. For a size comparison between
lymphocytes and erythrocytes, this illustration of a human blood smear depicts a
large lymphocyte (1) and a small lymphocyte (2) surrounded by the red-
staining erythrocytes. In small lymphocytes (2), the densely stained nucleus
occupies most of the cytoplasm, which appears as a thin basophilic rim around
the nucleus. The cytoplasm in lymphocytes is usually agranular but may
sometimes contain a few granules. In large lymphocytes (1), the basophilic
cytoplasm is more abundant, and the larger and paler nucleus may contain one or
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two nucleoli.

Lymphocytes (1, 2) constitute approximately 20% to 30% of blood
leukocytes. Most of the lymphocytes in the blood, about 90%, are the small
lymphocytes. The large lymphocytes constitute about 3% of the circulating
lymphocytes.

‘ 1 Large

lymphocyte

2 Small
lymphocyte

FIGURE 6.7 m Lymphocytes. Stain: Wright stain. Oil immersion.

Figure 6.8 | Monocyte

Monocytes (1) are the largest agranular leukocytes. The nucleus (1) varies from
round or oval to indented or horseshoe shaped and stains lighter than the
lymphocyte nucleus. The nuclear chromatin is finely dispersed in monocytes (1),
and the abundant cytoplasm is lightly basophilic with few fine granules.

Monocytes (1) constitute approximately 3% to 8% of blood leukocytes.
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1 Monocyte

FIGURE 6.8 m Monocyte. Stain: Wright stain. Oil immersion.

Figure 6.9 | Basophil

The granules in basophils (1) are not as numerous as in eosinophils (see Fig.
6.5); however, they are more variable in size and less densely packed and stain
dark blue or brown. Although the nucleus is not lobulated and stains palely
basophilic, it is usually obscured by the density and number of granules.

The basophils (1) constitute less than 1% of blood leukocytes and are,
therefore, the most difficult to find and identify in a blood smear.
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— 1 Basophil

FIGURE 6.9 m Basophil. Stain: Wright stain. Oil immersion.

Neutrophils have a short life span. They circulate in blood for some hours
and then enter the connective tissue, where they can survive for another a
couple of days. Although the cytoplasm of neutrophils appears neutral with
normal blood stains, electron microscopy images show that neutrophils
contain granules that are responsible for the cells’ functions. The two main
granules in the neutrophils are the larger azurophilic primary granules and
the smaller specific secondary granules. The primary granules are the
lysosomes that contain different lysosomal enzymes. The secondary granules
exhibit diverse functions, including productions of various enzymes and
enabling antibacterial functions of the neutrophils. Neutrophils are very
active phagocytes that concentrate at the sites of infection. They are attracted
by chemotactic factors (chemicals) produced by damaged or dead cells,
tissues, or microorganisms, especially bacteria, which they first surround,
phagocytose (ingest), fuse the phagocytized material with cytoplasmic
(primary) granules, and quickly destroy the organism with their potent
lysosomal enzymes.

Eosinophils also have a short life span and remain in blood for a period
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of time before migrating into the connective tissue. They are abundant in the
connective tissue of the respiratory tract and intestinal organs. The cytoplasm
of eosinophils is filled with large acidophilic granules that contain major
basic proteins, which are powerful hydrolytic enzymes and toxins. One of
the main functions of eosinophils is to defend the organism against
helminthic parasite (worms) infestation. During such parasitic infestations,
circulating eosinophils increase in number and combat the parasites by
destroying them with the toxic hydrolytic enzymes. Eosinophils are also
phagocytic cells. They phagocytize the parasites and the antigen—antibody
complexes that are formed in tissues after allergic responses. The eosinophils
also release enzyme histaminase that neutralizes or inactivates the
vasoactive histamine released by basophils and mast cells and other
mediators related to inflammatory allergic reactions.

Similar to eosinophils, basophils have also a short life span, and their
function is similar to that of mast cells. They enter the connective tissue and
increase in numbers in response to inflammatory conditions and allergic
reactions. Their granules contain histamine and heparin. Basophils have
surface receptors that bind to immunoglobulin E and, when activated by
allergen binding, release histamine and other chemicals that effect and
intensify inflammatory responses. These reactions cause severe allergic
responses, vascular changes that lead to increased fluid leakage from blood
vessels (tissue edema), and hypersensitivity and anaphylaxis.

All lymphocytes are produced in the bone marrow. Lymphocytes that
mature in the bone marrow are the B lymphocytes, and those that mature in
the thymus gland are the T lymphocytes. Other less abundant cells
differentiate into natural Kkiller (NK) cells in the bone marrow.
Lymphocytes have a variable life span, from days to months, and show size
variability. The difference between small and large lymphocytes has a
functional significance. Small lymphocytes are the inactive cells, whereas
large lymphocytes represent the cells that were activated by specific antigens
and are considered as NK cells. Lymphocytes are essential for immunologic
defense of the organism. Some lymphocytes (B lymphocytes), when
stimulated by specific antigens, differentiate into plasma cells in the
connective tissue and produce antibodies to counteract or destroy the
invading organisms.

Monocytes can live in the blood for 2 to 3 days, after which they move
into the connective tissue, where they become active and powerful
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macrophages (phagocytes) during inflammation in the tissue. Blood
monocytes are precursors of the mononuclear phagocyte system. Although
the cytoplasm appears agranular and pale under a light microscope, the
cytoplasm is filled with small lysosomes. Once transformed into
macrophages and with their cytoplasm filled with hydrolytic enzymes of the
lysosomes, these cells destroy bacteria, cellular debris, and foreign matter.
Monocytes are also antigen-presenting cells and play an important role in
defense of the organism. They process antigens and present them to T
lymphocytes to induce an appropriate immune response.

Figure 6.10 | Human Blood Smear: Basophil,
Neutrophil, Erythrocytes, and Platelets

A high-magnification photomicrograph of a human blood smear shows
erythrocytes (3), a basophil (1), a neutrophil (5), and platelets (4). The
basophil (1) cytoplasm is filled with dense basophilic granules (2) that obscure
the nucleus. In contrast, the neutrophil (5) cytoplasm does not show granules,
and its nucleus is multilobed (6).
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FIGURE 6.10 m Human blood smear: a basophil, a neutrophil, erythrocytes, and
platelets. Stain: Wright stain. x320.

Figure 6.11 | Human Blood Smear: Monocyte,
Erythrocytes, and Platelets
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A high-magnification photomicrograph shows numerous erythrocytes (1),
platelets (2), and a large monocyte (3) with a characteristic kidney-shaped
nucleus and nongranular cytoplasm.
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FIGURE 6.11 m Human blood smear: a monocyte, erythrocytes, and platelets.
Stain: Wright stain. x320.

Summary
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SECTION 1 Blood

¢ Unique form of connective tissue in which cells are suspended in circulating
fluid

e Consists of cells erythrocytes, leukocytes, and cell fragments platelets
suspended in plasma

e Blood cells have limited life span and are continually replaced in the red
bone marrow

SITES OF HEMATOPOIESIS

¢ Depend on the stage of development of the organism

¢ In embryo, the initial hematopoietic site is the yolk sac

e Later in development, liver, spleen, lymph nodes, and bone marrow form
blood

¢ In adults, red marrow is limited to the skull, sternum, vertebrae, and pelvic
bones

e Long bones become filled with fat, yellow marrow, and lose hematopoietic
functions

HEMATOPOIESIS

e Common pluripotential stem cell forms pluripotential myeloid and lymphoid
stem cells

e Myeloid stem cells give rise to erythrocytes, eosinophils, neutrophils,
basophils, monocytes, and megakaryocytes

e Lymphoid stem cells give rise to B lymphocytes, T lymphocytes, and natural
killer cells

¢ B lymphocytes mature in bone marrow; T lymphocytes mature in the thymus
gland

¢ B lymphocytes and T lymphocytes have separate development paths

e B and T lymphocytes reside in peripheral lymphoid tissue, lymph nodes, and
spleen
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FORMED ELEMENTS: MAJOR BLOOD
CELL TYPES

Erythrocytes

e Most numerous cells in blood

e Erythrocytes are nonnucleated cells that remain in blood

¢ Contain hemoglobin with iron molecules in the cytoplasm

e Carry oxygen as oxyhemoglobin and carbon dioxide as
carbaminohemoglobin

¢ Biconcave shape increases the surface area to carry respiratory gases

¢ Life span is about 120 days, after which cells are phagocytosed in the spleen,
liver, and bone marrow

Platelets

¢ Membrane-bound fragments of bone marrow megakaryocytes and are not
blood cells

e Function in blood vessels to promote blood clotting when vessel wall is
damaged

¢ In damaged vessels form a plug that increases with adhesive glycoproteins
and fibrin

¢ Fibrin traps more platelets and blood cells and forms a blood clot

¢ Cause clot retraction and pull damaged edges of the blood vessel together

e Following vessel repair, the clot is removed by the proteolytic enzyme
plasmin

Leukocytes

¢ Contain nuclei and are subdivided into granulocytes and agranulocytes

e Granulocytes with cytoplasmic granules are neutrophils, eosinophils, and
basophils

¢ Agranulocytes without cytoplasmic granules are monocytes and lymphocytes

Granulocytes
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Neutrophils

Cytoplasm appears neutral under light microscope

Under electron microscope, cytoplasmic primary granules are lysosomes
Nucleus contains several lobes connected by thin chromatin strands

Barr body or drumstick seen next to nuclear lobe indicates female blood
Short life span in blood or connective tissue, ranging from hours to days
Very active phagocytes that are attracted to foreign material by chemotactic
factors

Destroy phagocytosed (ingested) material with lysosomal enzymes
Constitute about 60% to 70% of blood leukocytes

Eosinophils

Cytoplasm filled with large pink or eosinophilic granules that contain major
basic proteins

Nucleus typically bilobed

Short life span, in blood or connective tissue

Increase in numbers to defend organism against and destroy parasitic
infestations

Phagocytic with affinity for antigen—antibody complexes

Release a chemical histaminase that neutralizes histamine and other
mediators of inflammatory reactions

Constitute about 2% to 4% of blood leukocytes

Basophils

Cytoplasm contains dark blue or brown granules and has a short life span
Nucleus stains palely basophilic but is normally obscured by dense
cytoplasmic granules

Surface receptors bind to immunoglobulin E

Activation by allergen release histamine from cytoplasmic granules
Histamine causes intense inflammatory response in severe allergic reactions
Constitute less than 1% of blood leukocytes

Agranulocytes
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Lymphocytes

e Few visible granules in the cytoplasm are lysosomes

e Vary in size from small to large, depending on function

e Large lymphocytes are in the minority, about 3%, and represent activated
cells by antigens

e There are B, T, and natural killer lymphocytes

¢ Dense-staining nucleus surrounded by a narrow cytoplasmic rim

¢ Life span is from days to months

e Essential in immunologic defense of organism

e When exposed to specific antigens, B lymphocytes become plasma cells in
the connective tissue

e Plasma cells release antibodies to counteract or destroy invading organisms

e Constitute about 20% to 30% of blood leukocytes

Monocytes

e Largest agranular leukocyte characterized primarily by a kidney-shaped
nucleus

e Small granules are lysosomes but not very visible with light microscope

e Live in connective tissue for months where they become powerful
phagocytes

e Are part of the mononuclear phagocyte system

e Constitute about 3% to 8% of blood leukocytes
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Review Questions: Section 1

QUESTIONS

In the following multiple-choice questions, choose the letter corresponding
to the one best answer.

1. In the developing embryo, the first site of hematopoiesis occurs in the:
A. developing embryonic organs.
B. red bone marrow.
C. liver.
D. yolk sac.
E. spleen.
2. In an adult organism, hematopoiesis occurs in:
A. bones with red marrow.
B. all bones in the body.
C. selected organs of the body.
D. lymph nodes and the thymus gland.
E. the heart and blood vessels.
3. T lymphocytes proliferate and differentiate in:
A. sites of infection.
B. red bone marrow.
C. connective tissue.
D. lymph nodes.
E. the thymus gland.
4. T lymphocytes and B lymphocytes can be distinguished in blood by:
A. their histological shape.
B. their nuclear size.
C. immunohistochemical means.
D

. cell size.
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5.

E. cytoplasmic granules.
Which blood cells perform their major functions in the blood?
A. Erythrocytes
B. Neutrophils
C. Monocytes
D. Plasma cells

E. All leukocytes

ANSWERS

1.

Correct answer: D. Yolk sac. Early in development, blood cells arise from
the yolk sac followed later by the other blood cells, forming organs.

. Correct answer: A. Bones with red marrow. Bones such as the sternum,

vertebrae, skull bones, and pelvic bones retain red marrow and are sites for
blood cell formation.

. Correct answer: E. The thymus gland. Blood lymphocytes arise in the red

bone marrow and circulate to different organs. T lymphocytes enter the
thymus gland where they mature and become immunocompetent.

Correct answer: C. Immunohistochemical means. Different
immunocompetent lymphocytes cannot be distinguished with histological
means because they have similar morphologies. Only immunochemical
means can distinguish the different types of lymphocytes.

. Correct answer: A. Erythrocytes. Erythrocytes, or red blood cells, remain

in the blood and perform their functions in the blood, carrying oxygen and
carbon dioxide for gaseous exchange.
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SECTION 2 Bone Marrow

Although bones provide important structural support for the body, they also
serve as important sites for blood cell formation. Bone marrow is a highly
cellular tissue that is located in the medullary cavities of the bone. Red bone
marrow is the principal site of blood cell formation or hematopoiesis located
between the bony trabeculae of the bone. Red bone marrow consists of densely
packed cords and islands of blood-forming (hematopoietic) stem cells. They are
surrounded by numerous macrophages and abundant branching sinusoidal
capillaries that open into the thin venous sinuses. These sinuses provide the main
exit route through the openings in their endothelial lining for the newly
differentiated blood cells to enter the systemic circulation. A connective tissue
stroma of reticular cells and reticular fibers form a delicate meshwork that
surrounds the islands of hematopoietic cells and provides support for the bone
marrow.

The active red bone marrow in selected bones provides a steady rate of blood
cell renewal to replace those that are worn out or lost. Also, the red bone marrow
is the site where tissue macrophages engulf and phagocytose worn-out
erythrocytes and store the iron recovered from the hemoglobin breakdown for
the next generation of blood cells.

POint Supplemental micrographic images are available at
www.thePoint.com/Eroschenkol3e under Blood Cells.

Figure 6.12 | Development of Different Blood Cells
in Red Bone Marrow (Decalcified Section)

In a section of the red bone marrow, all types of developing blood cells are
difficult to distinguish. The cells are densely packed, and different cell types are
intermixed. During the maturation process, hematopoietic cells become smaller
and their nuclear chromatin more condensed. As the blood cells pass through a
series of developmental stages, they exhibit morphologic changes and become
microscopically identifiable.

This section of bone marrow is stained with hematoxylin and eosin stain. At
this magnification, little differentiation of cytoplasm is visible. In the
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erythrocytic line, early basophilic erythreblasts (7, 21) are recognized by a
large but not very dense nucleus and basophilic cytoplasm. These cells give rise
to the smaller polychromatophilic erythroblasts (8, 22) with a more condensed
nuclear chromatin and a more variable color of the cytoplasm, with the
cytoplasm becoming more eosinophilic. The most recognizable and most
abundant cells of the erythrocytic line are normeblasts (2, 23). They are
characterized by small, dark-staining pyknotic nuclei and a reddish, or
eosinophilic, cytoplasm. Early normoblasts (2, 23) exhibit mitetic activity (6) in
the bone marrow. As normoblasts (2, 23) mature, the cells lose the ability to
divide and extrude their densely staining pyknotic nuclei to become
erythrocytes (3). Cells of the erythrocytic lineage do not display any granules in
their cytoplasm. Erythrocytes (3) are abundant in red bone marrow and are seen
in the numerous sinuseoids (1, 12), venule (14), and arteriole (15) as they are
released into systemic circulation.

The early granulocytes initially exhibit numerous primary, or azurophilic,
granules in their cytoplasm. As a result, the immature forms of neutrophils,
eosinophils, and basophils are morphologically indistinguishable and become
recognizable only in the myelocyte stage, when specific granules appear in
recognizable quantities in their cytoplasm that can be stained for recognition. In
neutrophilic cells, the specific granules are only faintly stained, and the
cytoplasm appears clear or neutral. These granules are clearly recognized with
electron microscope. In the eosinophilic line, the specific granules stain deep red,
or eosinophilic. Basophilic granulocytes are rarely observed in the bone marrow
because of their small numbers. The cytoplasm of mature basophils exhibits a
bilobed nucleus and dense blue, or basophilic, granules.

The granulocytic myelocytes (13, 19) exhibit a large spherical nucleus and a
cytoplasm with many azurophilic granules. The myelocytes (13, 19) give rise to
metamyelocytes (4, 11, 20), whose nuclei are bean or horseshoe shaped. The
neutrophilic metamyelocytes (17) exhibit a deeply indented nuclei and
cytoplasm with azurophilic granules and faintly stained specific granules. In
contrast, a cell with bright-staining red (eosinophilic) granules in the cytoplasm
is an eosinophilic myelocyte (18).

The stroma of the reticular connective tissue in the bone marrow is almost
obscured by hematopoietic cells. In less dense areas, the reticular connective
tissue with the elongated reticular cells (16) is visible. Also, numerous thin-
walled sinusoids (1, 12) and different types of blood vessels (14, 15) containing
erythrocytes and leukocytes are present in the bone marrow. Also conspicuous
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are the large adipose cells (5) with large vacuoles (because of fat removal during
section preparation) and a small, peripheral cytoplasm that surrounds the
nucleus (5). Other identifiable cells in the bone marrow are the very large
megakaryocytes (9, 10) with varied nuclear lobulation. One of these
megakaryocytes (10) is situated adjacent to a blood sinusoid, into which the
fragments from its cytoplasmic extensions separate and discharged as platelets.

Selected blood cells from the red bone marrow are illustrated on the next
page at a higher magnification.

1 Sinusoid

10 Megakaryocyles

11 Metamyelocytes

12 Sinusoid

13 Myelocytes

5 Nucleus and cytoplasm
of adipose cell

16 Reticular cells

17 Neutrophilic
erythroblasts metamyelocytes

Bl “’é@}——' ~—— 18 Eosinophilic myel
9 Megakaryocyle ——————=— o3 X g osinophilic myelocyte
gakaryocyt - @

24 d
Bl 3\ /o= Voo
o @S v (32" 55d s 0a®:

22 Polychromatophilic
erythrablast 23 Normaobiast

19 Myelocyte 20 Metamyelocyle 21 Basophilic
erythrablast

FIGURE 6.12 m Development of different blood cells in the red bone marrow
(decalcified). Stain: hematoxylin and eosin. Upper image: high magnification;
lower image: oil immersion.

Figure 6.13 | Bone Marrow Smear: Development
of Different Cell Types

A bone marrow smear shows a few typical blood cells in different stages of
development. In the erythrocytic series, the precursor cell proerythroblast (3)
exhibits a thin rim of basophilic cytoplasm and a large, oval nucleus that
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occupies most of the cell. The chromatin is dispersed uniformly, and two or
more nuclei may be present. Azurophilic granules are absent from the cytoplasm
in all cells of the erythrocytic series. The proerythroblasts (3) divide to form the
smaller basophilic erythreblasts (8, 16).

Basophilic erythroblasts (8, 16) are characterized by a rim of basophilic
cytoplasm and a decreased cell and nuclear size. The nuclear chromatin is coarse
and exhibits the characteristic “checkerboard” pattern. Nucleoli are either
inconspicuous or absent. Basophilic erythroblasts (8, 16) give rise to the
polychromatophilic erythroblasts (12), which are similar in size to basophilic
erythroblasts (8, 16). The cytoplasm of the polychromatophilic erythroblast (12)
becomes progressively less basophilic and more acidophilic as a result of
increased hemoglobin accumulation. The nuclei of polychromatophilic
erythroblasts (12) are smaller and exhibit a coarse checkerboard pattern.

When the polychromatophilic cells (12) acquire a more eosinophilic (pink)
cytoplasm as a result of increased hemoglobin accumulation, their size decreases
and they become orthochromatophilic erythroblasts (late normoblasts) (1).
These cells are capable of mitosis (2). Initially, the nucleus of
orthochromatophilic erythroblasts (1) exhibits a concentrated checkerboard
chromatin pattern. Eventually, the nucleus decreases in size, becomes pyknotic,
and is extruded from the cytoplasm, forming a biconcave-shaped cell with a
bluish pink cytoplasm called a reticulocyte or young erythrocyte. With special
supravital staining, a delicate reticulum is seen in the reticulocyte cytoplasm
because of the remaining polyribosomes (see Fig. 6.14). After polyribosomes are
lost from the cytoplasm, the cells become mature erythrocytes (9) and enter the
systemic circulation via the numerous blood channels. Erythrocytes (9) are small
cells with a homogeneous eosinophilic, or pink, cytoplasm.

Also visible in the bone marrow smear are different types of myelocytes and
metamyelocytes of the granulocytic cell line. Myelocytes exhibit an eccentric
nucleus with condensed chromatin and a less basophilic cytoplasm with few
azurophilic granules. Different types of myelocytes exhibit varying number of
granules. More mature myelocytes, such as neutrophilic myelocytes (14), an
eosinophilic myelocyte (15), and a rare basophilic myelocyte (11), show an
abundance of specific granules in their slightly acidophilic cytoplasm. The
myelocyte is the last cell of the granulocytic line capable of mitosis, after which
they mature into metamyelocytes.

The shape of the nucleus in the neutrophilic line changes from oval to one
with indentation, as seen in neutrophilic metamyelocytes (4). Before complete
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maturation and segmentation of the nucleus into distinct lobes, the neutrophils
pass through a band cell (10) stage, in which the nucleus assumes a nearly
uniform curved rod or band shape.

Mature neutrophils (13) with segmented nuclei are also present in the bone
marrow smear, as well as a mature eosinophil (7) with specific pink granules
filling its cytoplasm.

A section of a giant cell megakaryocyte (17) is visible. These cells measure
approximately 50 to 100 pm in diameter and have a large, slightly acidophilic
cytoplasm filled with fine azurophilic granules. Cytoplasmic fragments are shed
from megakaryocytes as platelets (18).

1 Orthochromatophilic

s y
erythroblasts (nnrmuhlaslM l:* = / 10 Neutrophil (band cell)

2 Mitosis of orthochromatophilic -
erythroblast (normoblast) o @ B

3 Proerythroblast
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12 Polychromatophilic
erythroblast

% 13 Mature neutrophils

4 Neutrophilic metamyelocyte

5 Eosinophilic metamyelocyte
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FIGURE 6.13 m Bone marrow smear: development of different blood cell types.
Stain: Giemsa stain. High magnification.

Figure 6.14 | Bone Marrow Smear: Selected
Precursors of Different Blood Cells

This illustration shows at a higher magnification the selected precursor cells of
different blood cells that develop and mature in the red bone marrow.

A common stem cell gives rise to different hematopoietic cell lines, from
which arise erythrocytes, granulocytes, lymphocytes, and megakaryocytes.
Because of its ability to differentiate into all blood cells, this cell is called the
pluripotential hematopoietic stem cell.
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FIGURE 6.14 m Bone marrow smear: selected precursors of different blood
cells. Stain: Giemsa stain. High magnification or oil immersion.

ERYTHROCYTE DEVELOPMENT

In the erythrocytic cell line, the pluripetential stem cell differentiates into a
proerythroblast (1), a large cell with loose chromatin, one or two nucleoli, and
a basophilic cytoplasm. The proerythroblast (1) divides to produce a smaller cell
called a basophilic erythroblast (2) with a rim of basophilic cytoplasm and a
more condensed nucleus without visible nucleoli. In the next stage, a smaller cell
called the polychromatophilic erythreblast (3) is produced. These cells show a
decrease in basophilic ribosomes and an increase in the acidophilic hemoglobin
content of their cytoplasm. As a result, staining these cells produces several
colors in their cytoplasm. As differentiation continues, there is a further
reduction of the cell size, condensation of nuclear material, and a more uniform
eosinophilic cytoplasm. At this stage, the cell is called an erthochromatophilic
erythroblast (normoblast) (4). After extruding its nucleus, the
orthochromatophilic erythroblast (4) becomes a reticulocyte (5) because a small
number of ribosomes can be stained in its cytoplasm. After losing the ribosomes,
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the reticulocyte becomes a mature erythrocyte (6).

GRANULOCYTE DEVELOPMENT

The myeloblast (7) is the first recognizable precursor in the granulocytic cell
line. The myeloblast (7) is a small cell with a large nucleus, dispersed chromatin,
three or more nucleoli, and a basophilic cytoplasm rim that lacks specific
granules. As development progresses, the cell enlarges, acquires azurophilic
granules, and becomes a promyelocyte (8, 9). The chromatin in the oval nucleus
is dispersed, and multiple nucleoli are evident. In more advanced promyelocytes,
the cells become smaller, the nucleoli become inconspicuous, the number of
azurophilic granules increases, and specific granules with different staining
properties appear in the perinuclear region. Promyelocytes (8, 9) divide to form
smaller myelocytes (10, 13, 14). The cytoplasm of myelocytes (10, 13, 14) is
less basophilic and contains many azurophilic granules. Myelocytes differentiate
into three kinds of granulocytes, which can be recognized only by the increased
accumulation and staining properties of specific granules in their cytoplasm, as
seen in the eosinophilic myelocyte (13) with red or eosinophilic granules and
the rare basophilic myelocyte (14) with blue or basophilic granules. Myelocytes
develop into metamyelocytes. The cytoplasm of a neutrophilic metamyelocyte
(11) contains deep-staining azurophilic granules, lightly stained specific
granules, and an indented, kidney-shaped nucleus. The eosinophilic
metamyelocytes (15) are larger cells, and their specific cytoplasmic granules
stain eosinophilic.

Megakaryoblasts (12) are large cells with a basophilic, homogeneous
cytoplasm. The voluminous nucleus is ovoid or kidney shaped, contains
numerous nucleoli, and exhibits a loose chromatin pattern. Platelets are not
formed at this stage.

During differentiation, megakaryoblasts (12) become very large. Their
nucleus becomes convoluted, with multiple, irregular lobes interconnected by
constricted regions. The chromatin becomes condensed and coarse, and nucleoli
are not visible. In mature megakaryocytes (17), the plasma membrane
invaginates the cytoplasm and forms demarcation membranes that indicates the
areas of the megakaryocyte cytoplasm that is shed into the blood as small cell
fragments in the form of platelets (16).
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Summary
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SECTION 2 * Bone Marrow

¢ Located in medullary cavities between bony trabeculae

¢ Red bone marrow is the principal site of hematopoiesis

e Consists of cords and islands of hematopoietic stem cells that replace lost
cells

¢ A branching capillary network surrounds hematopoietic stem cells

e The site of macrophage breakdown of worn-out erythrocytes and storage of
iron

DEVELOPING BLOOD CELLS

Development of Erythrocytes

e Precursor proerythroblast shows a rim of basophilic cytoplasm and a large
nucleus

e Early basophilic erythroblasts are smaller and exhibit large nuclei and
basophilic cytoplasm

e Polychromatophilic erythroblasts exhibit more condensed nuclei and more
eosinophilic cytoplasm

¢ Increased hemoglobin accumulation, eosinophilic cytoplasm, and decreased
size produce orthochromatophilic erythroblasts (late normoblasts)

e Most recognizable erythrocytic lines are normoblasts with early stages
exhibiting mitosis

e Mature normoblasts lose the ability to divide, extrude their highly condensed
pyknotic nuclei, and become eosinophilic erythrocytes

e Erythrocytes do not exhibit cytoplasmic granules as they enter systemic
circulation

Development of Granulocytes

e Myeloblast, first recognizable granulocytic cell line, gives rise to
promyelocyte
e Early granulocytes exhibit numerous azurophilic granules in the cytoplasm
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Promyelocytes divide and form myelocytes, which differentiate into three
different kinds of granulocytes

Myelocyte is the last stage of the granulocyte line that can divide
Granulocyte cell lines are recognized in myelocytes as specific granules
appear in the cytoplasm

Myelocytes develop into metamyelocytes whose nuclei appear bean or
kidney shaped

Neutrophilic metamyelocytes show indented nuclei and faintly staining
specific granules

At maturation, neutrophils exhibit segmented nucleus into three lobes
Eosinophilic metamyelocytes exhibit red or eosinophilic-specific granules in
the cytoplasm

Basophilic metamyelocytes exhibit dark or basophilic-specific granules in the
cytoplasm

229



Review Questions: Section 2

QUESTIONS

In the following multiple-choice questions, choose the letter corresponding
to the one best answer.

1. Before a mature erythrocyte enters the systemic circulation, what takes
place?

A.

The cell exhibits mitosis.

B. The cytoplasm increases in size.

C. The pyknotic nucleus is extruded.

D.

The cytoplasm is reduced in size.

E. The nucleus exhibits a bean or kidney shape.

2. Differentiation of myelocytes into the three types of granulocytes can be
recognized primarily by:

A.
B.
C.
D.
E.

accumulation of specific granules in their cytoplasm.
increase in the size of the myelocyte.

alteration of nuclear size.

changes in the staining of the cytoplasm.

lack or absence of granules in the cytoplasm.

3. Which cells have an affinity for antigen—antibody complexes?

A.
B.
C.
D.
E.

Plasma cells
Eosinophils

T lymphocytes
Basophils
Mast cells

4. Under an electron microscope, the cytoplasm of neutrophils contains
azurophilic primary granules. These granules contain:

A. crystals.
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B. phagocytic material.
C. fatty acids.
D. hormones.
E. lysosomes.
5. Which cells produce antibodies to fight off infections in the organism?
A. Lymphoblasts
B. Plasma cells
C. Eosinophils
D. Basophils
E. Pluropotential cells of bone marrow
ANSWERS

1. Correct answer: C. The pyknotic nucleus is extruded. In order to increase
the area of the cytoplasm for gas-carrying capacity, the developing
erythrocytes extrude their nuclei and enter the circulation.

2. Correct answer: A. Accumulation of specific granules in their cytoplasm.
The accumulation of different granules in the cytoplasm of the myelocytes
allows identification of differentiating myelocytes.

3. Correct answer: B. Eosinophils. These cells have affinity for and
phagocytize the antigen—antibody complexes.

4. Correct answer: E. Lysosomes. With electron microscopic examination,
the cytoplasm of neutrophils contains granules that have been shown to
contain lysosomes.

5. Correct answer: B. Plasma cells. B lymphocytes differentiate into plasma
cells when exposed to antigens, after which they produce antibodies to
counteract invading or infectious organisms.

ADDITIONAL HISTOLOGIC IMAGES
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FIGURE 6.15 m Human blood smear showing different blood cells and cellular
fragments, the platelets. Stain: Wright stain. x165.
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FIGURE 6.16 m Human blood smear exhibiting different blood cells and cell
fragments. Stain: Wright stain. x165.
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FIGURE 6.17 m High magnification of a human blood smear showing two
neutrophils with multilobar nuclei and some light-staining cytoplasmic granules.
Stain: Wright stain. x320.

1 Platelets

2 Eosinophilic
granules

3 Bilobed nucleus
of eosinophil

4 Red blood cells

FIGURE 6.18 m High magnification of a human blood smear showing an
eosinophil with characteristic pink-staining eosinophilic cytoplasmic granules
and bilobed nucleus. Stain: Wright stain. x320.
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FIGURE 6.19 m High magnification of a human blood smear showing a
basophil with characteristic dark blue—staining cytoplasmic granules. Stain:
Wright stain. x350.
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FIGURE 6.20 m High magnification of a human blood smear showing a large
monocyte with characteristic “kidney-shaped” nucleus. Stain: Wright stain.
x350.
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FIGURE 6.21 m High magnification of a human blood smear showing a seldom-
seen large lymphocyte with a characteristic dense nucleus and a rim of visible,
blue-staining cytoplasm. Stain: Wright stain. x350.

FIGURE 6.22 m High magnification of a human blood smear showing a small
lymphocyte with a dense blue nucleus occupying almost all of the cytoplasm.
Stain: Wright stain. x350.
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CHAPTER 7 Skeletal Tissue: Cartilage
and Bone
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SECTION 1 Cartilage

CHARACTERISTICS OF CARTILAGE

Cartilage is a special form of connective tissue that also develops from
embryonic mesenchymal cells. Similar to other types of connective tissue,
cartilage consists of cells and an extracellular matrix composed of connective
tissue fibers and ground substance. In contrast to other connective tissue,
however, cartilage does not have a direct blood supply; it is nonvascular
(avascular). Because the extracellular cartilage matrix is hydrated (high water
content), it receives its nutrition and eliminates its metabolic waste via diffusion
through the extracellular matrix.

Cartilage exhibits tensile strength, provides firm structural support for soft
tissues, allows flexibility without distortion, and is resilient to compression.
Cartilage consists mainly of cells called chendroblasts and chondrocytes that
synthesize the extensive extracellular matrix. This matrix contains hyaluronic
acid and glycosaminoglycans that consist primarily of chondroitin sulfate and
keratan sulfate. There are three main types of cartilage in the body: hyaline,
elastic, and fibrocartilage. Their classification and histologic appearances are
based on the amount and types of connective tissue fibers in the extracellular
matrix.

CARTILAGE TYPES

Hyaline Cartilage

Hyaline cartilage is the most common type. In embryos, hyaline cartilage serves
as a skeletal model for most bones. In developing bones of young individuals,
hyaline cartilage persists in the epiphyseal plates, where its presence allows the
bones to increase in length. As the individual ages, the cartilage model begins to
calcify and be gradually replaced with bone (Fig. 7.1). In adults, epiphyseal
plates fuse and the hyaline cartilage is replaced with bone, except on the articular
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surfaces of bones; at the ends of ribs (costal cartilage); and in the nose, larynx,
trachea, and bronchi. Here, the hyaline cartilage persists throughout life and does
not calcify to become bone. Bone is formed by either endochondral ossification
or intramembranous ossification.
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FIGURE 7.1 m Endochondral ossification illustrating the progressive stages of
bone formation from a cartilage model of bone.

Elastic Cartilage

The histology of elastic cartilage is similar to hyaline cartilage, except for the
presence of numerous branching, fine elastic fibers within its matrix. Elastic
cartilage is highly flexible and occurs in the external ear; walls of the auditory
tube; epiglottis; and a portion of the larynx, the cuneiform cartilage (thyroid).
Similar to hyaline cartilage, chondroblasts synthesize the elastic fibers.

Fibrocartilage

Structurally, fibrocartilage exhibits a mixture of hyaline cartilage and dense
bundles of coarse type I collagen fibers in its matrix. In contrast to hyaline and
elastic cartilage, fibrocartilage consists of alternating layers of cartilage matrix
and thick, strong, and dense layers of type I collagen fibers. The collagen fibers
normally orient themselves in the direction of functional stress. In addition, the
extracellular matrix is low on proteoglycans and water content. Fibrocartilage
has a limited distribution in the body and is primarily found in the intervertebral
disks, symphysis pubis, and certain joints.
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PERICHONDRIUM

Most of the hyaline and elastic cartilage is surrounded by a peripheral layer of
vascularized, dense, irregular connective tissue called the perichendrium. Its
outer fibrous layer contains type I collagen fibers, fibroblasts, blood vessels, and
nerves. The inner layer of perichondrium is cellular and contains undifferentiated
mesenchymal cells, which differentiate into chondroblasts that secrete the
external cartilage matrix. On the articulating surfaces of bones, however, hyaline
cartilage is not lined or covered by perichondrium. Similarly, because
fibrocartilage is always associated with dense connective tissue collagen fibers,
it lacks the perichondrium seen in other cartilage.

CARTILAGE MATRIX

Cartilage matrix is produced and maintained by chondrocytes and
chondroblasts. The collagen or elastic fibers give cartilage matrix its firmness
and resilience. Similar to loose connective tissue, the extracellular ground
substance of cartilage contains sulfated glycosaminoglycans and hyaluronic
acid that bind with elastic and collagen fibers in the ground substance.
Embedded within the cartilage matrix are collagen and elastic fibers, whose
concentration determines whether the cartilage is hyaline, elastic, or
fibrocartilage.

Hyaline cartilage matrix consists of the fine type II collagen fibrils
embedded in a firm, amorphous hydrated matrix that is rich in proteoglycans and
structural glycoproteins. Most proteoglycans in the cartilage matrix exist as large
proteoglycan aggregates with sulfated glycosaminoglycans linked to core
proteins and nonsulfated glycosaminoglycan hyaluronic acid. The proteoglycan
aggregates bind to the thin fibrils of the collagen matrix. The negatively charged
glycosaminoglycan sulfated ions attract water molecules and hydrate the
cartilage matrix. Hydrated cartilage matrix allows diffusion of molecules to and
from the chondrocytes and allows cartilage to resist compression. Because of its
hydration, cartilage can also act as a shock absorber in different parts of the
body.

In addition to type II collagen fibrils and proteoglycans, cartilage matrix also
contains an adhesive glycoprotein called chondronectin. These macromolecules
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bind to glycosaminoglycans and collagen fibers, providing adherence of
chondroblasts and chondrocytes to collagen fibers of the surrounding matrix.

Although hyaline cartilage contains type II collagen fibers in its matrix, in
routine histologic preparations, these collagen fibers are not seen because their
reflective index is similar to that of the surrounding ground substance.

POintuSupp_l_emental_ micrographic images are available at
www.thePoint.com/Eroschenko13e under Cartilage.

FIGURE 7.2J Fetal Iﬂlline Cartila;ge |

This figure illustrates hyaline cartilage in an early stage of development.
Superficial mesenchyme (1) with cells and blood vessels (5) surrounds the
nonvascular fetal cartilage. At this stage, lacunae around the fetal chondroblasts
(4, 7) are not visible, and the chondroblasts (4, 7) resemble superficial
mesenchymal cells (1). Fetal chondroblasts (4, 7) are randomly distributed
without forming isogenous groups; they secrete the intercellular cartilage
matrix (8).

During fetal development, mesenchymal cells (1) concentrate on the
periphery of the cartilage, and their nuclei become elongated. This region forms
the perichondrium (2, 6), a sheath of dense irregular connective tissue with
fibroblasts (2, 6) that surrounds hyaline and elastic cartilage. The inner layer of
the perichondrium (2, 6) becomes the chondrogenic layer (3) that gives rise to
chondroblasts (4, 7).
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FIGURE 7.2 m Developing fetal hyaline cartilage. Stain: hematoxylin and eosin.
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Medium magnification.

FIGURE 7.3 | Hyaline Cartilage and Surrounding
Structures: Trachea

This illustration depicts a hyaline cartilage plate from the trachea. The
perichondrium (5) with fibreblasts (7) surrounds the cartilage. The inner
chondrogenic layer (4) produces chondroblasts (8) that differentiate into
chondrocytes. Chondrocytes in lacunae appear either single or in isogenous
groups (3). Lacunae and chondrocytes (3) in the middle of the cartilage plate are
large and spherical but become flatter toward the periphery, where these cells are
differentiating into chondroblasts (8). The interterritorial (intercellular)
matrix (1) stains lighter, whereas the territorial matrix (2) around the lacunae
stains darker.

Vascular (9) connective tissue (10) and tracheal glands with grapelike
secretory units called acini are near the cartilage. Serous acini (11) produce
watery secretions, whereas mucous acini (12) secrete lubricating mucus. An
excretory duct (6) delivers these secretions to the tracheal lumen.
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FIGURE 7.3 m Hyaline cartilage and surrounding structures: trachea. Stain:
hematoxylin and eosin. Medium magnification.

Cartilage develops from mesenchymal cells that differentiate into
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chondroblasts. These cells divide mitotically and synthesize the cartilage
matrix and extracellular material around them. As the cartilage model
grows, the individual chondroblasts become surrounded by the extracellular
matrix and trapped in matrix compartments called lacunae (singular, lacuna).
Lacunae contain mature cartilage cells called chondrocytes. The main
function of chondrocytes is to maintain the components of the extracellular
cartilage matrix. Some lacunae may contain more than one chondrocyte;
these groups of chondrocytes are called isogenous groups.

Mesenchymal cells can also differentiate into fibroblasts that form the
perichondrium around the cartilage. The inner cellular layer of the
perichondrium contains chondrogenic cells that can differentiate into
chondroblasts, secrete the cartilage matrix, and become trapped in lacunae as
chondrocytes

FIGURE 7.4 | Cells and Matrix of Mature Hyaline
Cartilage

Higher magnification illustrates an interior region of mature hyaline cartilage.
Distributed throughout the homogeneous ground substance, the matrix (4, 5),
are ovoid spaces called lacunae (3) containing mature chondrocytes (1, 2). In
intact cartilage, chondrocytes fill the lacunae. Each chondrocyte has a granular
cytoplasm and a nucleus (1). During histologic preparations, chondrocytes (1, 2)
shrink, and the lacunae (3) appear as clear spaces. Cartilage cells in the matrix
are seen either singly or in isogenous groups.

Hyaline cartilage matrix (4, 5) appears homogeneous and usually basophilic.
The lighter-staining matrix between chondrocytes (2) is called interterritorial
matrix (5). The more basophilic or darker matrix adjacent to the chondrocytes is
the territorial matrix (4).
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FIGURE 7.4 m Cells and matrix of mature hyaline cartilage. Stain: hematoxylin
and eosin. High magnification.

FIGURE 7.5 | Hyaline Cartilage: Developing Bone

A photomicrograph of a section through a developing bone shows a portion of
the hyaline cartilage and its homogenous matrix (1). Located within the matrix
(1) are the mature hyaline cartilage cells, the chondrocytes (3) in their lacunae
(2). Surrounding the hyaline cartilage is the dense perichondrium (5). On the
inner surface of the perichondrium (5) is the chondrogenic layer (4). The more
central cells in the cartilage appear as rounded chondrocytes, whereas the
peripheral cells are flattened and appear as typical chondroblasts.
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FIGURE 7.5 m Hyaline cartilage: developing bone. Stain: hematoxylin and
eosin. x80.
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Cartilage is nonvascular, but it is surrounded by vascular connective tissue,
the perichondrium. Because of the high water (hydration) content in the
cartilage, all nutrients enter and metabolites leave the cartilage by diffusing
through the matrix. Also, the cartilage matrix is soft and pliable, not as hard
or rigid as bone. As a result, cartilage can simultaneously grow by two
different processes: interstitial growth and appositional growth.

Interstitial growth involves mitosis of chondroblasts within the matrix
and deposition of new matrix between and around the new cells. This process
increases cartilage growth and size from within. In contrast, appoesitional
growth occurs on the periphery of the cartilage. Here, chondroblasts
differentiate from the inner chondrogenic cellular layer of the perichondrium
and deposit a layer of cartilage matrix that is apposed to the existing cartilage
layer. This growth process increases cartilage width.

Hyaline cartilage provides a firm structural and flexible support. Elastic
cartilage with branching elastic fibers confers structural support as well as
increased flexibility. In contrast to hyaline cartilage, which can calcify with
aging, the matrix of elastic cartilage does not calcify, and the cartilage
maintains its high flexibility.

Fibrocartilage is a tough, strong component that provides support for the
body, especially in the vertebral column of the intervertebral disks. The main
function of fibrocartilage is to provide tensile strength, bear weight, and
resist stretch or compression. This cartilage type is always dense and filled
with strong, thick type I collagen fibers and chondrocytes.

FIGURE 7.6 | Elastic Cartilage: Epiglottis

Elastic cartilage differs from hyaline cartilage by the presence of numerous
elastic fibers (4) in its matrix (7). Staining the cartilage of the epiglottis with
silver reveals thin elastic fibers (4) that enter the cartilage matrix from the
surrounding connective tissue perichondrium (1) and are distributed as
branching and anastomosing fibers. The density of the fibers varies among
elastic cartilages as well as among different areas of the same cartilage.
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As in hyaline cartilage, larger chondrocytes in the lacunae (3, 8) are more
prevalent in the interior of the plate. The smaller and flatter chondrocytes are
located peripherally in the inner chondrogenic layer of the perichondrium (2),
from which chondroblasts develop to synthesize the cartilage matrix. Also
visible in the perichondrium (1) are the connective tissue fibrocytes (5) and a
venule (6).
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FIGURE 7.6 m Elastic cartilage: epiglottis. Stain: silver. High magnification.

FIGURE 7.7 | Elastic Cartilage: Epiglottis

A photomicrograph of a section of an epiglottis shows the cartilage with fine,
branching elastic fibers (2) in its matrix (5), in addition to distinct
chondrocytes (3) and lacunae (4). The elastic fibers (2) gives this cartilage
flexibility, in addition to support. Surrounding the elastic cartilage is the
perichondrium (1).
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FIGURE 7.7 m Elastic cartilage: epiglottis. Stain: silver stain. x80.

FIGURE 7.8 | Fibrocartilage: Intervertebral Disk

The fibrous cartilage matrix (5) is filled with dense collagen fibers (2, 6), which
frequently exhibit parallel arrangement, as seen in tendons. Small chondrocytes
(1, 4) in lacunae (3) are usually distributed in rows (4) within the fibrous
cartilage matrix (5), rather than at random or in isogenous groups, as in hyaline
or elastic cartilage. All chondrocytes and lacunae (1, 3, 4) are of similar size;
there is no gradation from larger central chondrocytes to smaller and flatter
peripheral cells.

A perichondrium is absent because fibrous cartilage usually forms a
transitional area between hyaline cartilage and tendon or ligament.

The proportion of collagen fibers (2, 6) to cartilage matrix (5), the number of
chondrocytes, and their arrangement in the matrix (5) vary. Collagen fibers (2, 6)
may be so dense that the matrix (5) is invisible. In such case, chondrocytes and
lacunae will appear flattened. Collagen fibers within a bundle are normally
parallel, but collagen bundles may course in different directions.
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FIGURE 7.8 m Fibrocartilage: intervertebral disk. Stain: hematoxylin and eosin.
High magnification.

FIGURE 7.9 | Fibrocartilage: Intervertebral Disk

This high-power photomicrograph from a section of an intervertebral disk
illustrates the dense and compact composition of the fibrocartilage. Numerous
chondrocytes in lacunae (1) are visible with dark nuclei (3). Some
chondrocytes (1) are dispersed individually in the matrix or lined up in rows (4,
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5) between the layers of dense type I collagen fibers (2) that course throughout
the fibrous portion of the disk. The lighter-staining area between the collagen
fibers (2) and the chondrocytes (1, 3, 4) is the extracellular matrix (5).

FIGURE 7.9 m Dense fibrocartilage with chondrocytes and type I collagen
fibers from a primate intervertebral disk. Stain: hematoxylin and eosin. x205.
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Chapter 7
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SECTION 1 » Cartilage

CHARACTERISTICS OF CARTILAGE

Develops from mesenchyme and consists of cells, connective tissue fibers,
and ground substance

Nonvascular, gets nutrients via diffusion through hydrated ground substance
Performs numerous supportive functions

Cells include chondroblasts and chondrocytes

Three types of cartilage are hyaline, elastic, and fibrocartilage

HYALINE CARTILAGE

e Most common cartilage in the body and serves as a skeletal model for most
bones

e In developing bones, cartilage present in epiphyseal plates allows bone
growth in length

» Replaced by bone after calcification and endochondral ossification in certain
areas

e Contains type II collagen fibrils, which are not seen in histologic sections due
to a reflective index similar to that of ground substance

e In adults, perichondrium surrounds hyaline cartilage except on bone
articulating surfaces

e Does not calcify on the articular surfaces of bones, ends of ribs (costal
cartilage), the nose, larynx, trachea, and in bronchi

ELASTIC CARTILAGE

e Contains branching elastic fibers in matrix and is highly flexible
e Found in the external ear, auditory tube, epiglottis, and part of the larynx
(cuneiform cartilage)
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FIBROCARTILAGE

e Filled with dense of type I collagen fibers, extracellular matrix, and
chondrocytes

e Provides tensile strength, bears weight, and resists compression in the
vertebral column

e Found in intervertebral disks, symphysis pubis, and certain joints

PERICHONDRIUM

Found on peripheries of hyaline and elastic cartilage

Peripheral layer is dense vascular connective tissue with type I collagen

Inner layer is chondrogenic and gives rise to chondroblasts that secrete
cartilage matrix

Articular hyaline cartilage of long bones and fibrocartilage not covered by
perichondrium

CARTILAGE MATRIX

¢ Produced and maintained by chondrocytes and chondroblasts

e Contains large proteoglycan aggregates and is highly hydrated (high water
content)

e Allows diffusion and is semirigid shock absorber

e Adhesive glycoprotein chondronectin binds cells and fibrils to the
surrounding matrix

e Elastic cartilage provides structural support and increased flexibility without
distortion

CARTILAGE CELLS

e Mesenchymal cells differentiate into chondroblasts that synthesize the matrix
e Mesenchyme also differentiates into fibroblasts in the perichondrium
e Mature cartilage cells, chondrocytes, become enclosed in lacunae
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e Main function of chondrocytes is to maintain the cartilage matrix
e Inner layer of surrounding connective tissue perichondrium is chondrogenic
e (Cartilage grows by both interstitial and appositional growth
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Review Questions: Section 1

QUESTIONS

In the following multiple choice questions, choose the letter corresponding to the
one best answer.

1. What is responsible for the high water content in cartilage?
A. Proteoglycan aggregates
B. Collagen fibers
C. Perichondrium
D. Elastic fibers
E. Blood vessels

2. Type II collagen fibers are not seen histologically in hyaline cartilage
because:

A. hyaline cartilage is devoid of any collagen fibers.

B. they are covered by chondrocytes and chondroblasts.

C. of the presence of type I collagen fibers.

D. of the increased density of the cartilage matrix.

E. their reflective index is similar to that of the ground substance.
3. What is located in the lacunae of the cartilage matrix?

A. Chondroblasts

B. Mesenchyme cells

C. Chondrocytes

D. Fibrocytes

E. Collagen fibers
4. Where are the chondrogenic cells located in a cartilage model?

A. In the cartilage matrix

B. On the inner layer of perichondrium
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C. In the isogenic chondrocyte groups
D. Adjacent to the collagen fibers of the matrix
E. Outside of the perichondrium
5. What serves as a skeletal model for most bones?
A. Elastic cartilage
B. Perichondrium
C. Epiphyseal plate
D. Hyaline cartilage
E

. Glycosaminoglycans

ANSWERS

1. Correct Answer: A. Proteoglycan aggregates. Water molecules are
attracted to the negatively charged sulfate ions in the proteoglycan
aggregates.

2. Correct Answer: E. Their reflective index is similar to that of the ground
substance of hyaline cartilage.

3. Correct Answer: C. Chondrocytes. After synthesizing the matrix,
chondroblasts become surrounded by cartilage matrix, stop dividing, and
become chondrocytes.

4. Correct Answer: B. On the inner layer of the perichondrium. This layer
contains mesenchymal cells that differentiate into chondrogenic cells,
chondroblasts, that produce the cartilage matrix.

5. Correct Answer: D. Hyaline cartilage. This cartilage produces a bone
model for most bones of the body. The hyaline cartilage in most bones
eventually calcifies and transforms into a bony structure.

ADDITIONAL HISTOLOGIC IMAGES
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FIGURE 7.10 m A peripheral section of hyaline cartilage showing the
perichondrium and the cellular contents. Stain: hematoxylin and eosin. x80.

FIGURE 7.11 m A higher magnification of the hyaline cartilage and its cellular
contents. Stain: hematoxylin and eosin. x130.
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FIGURE 7.12 m A higher magnification of a peripheral section of hyaline
cartilage with surrounding perichondrium. Stain: Mallory-Azan. x205.
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FIGURE 7.13 m A section of an elastic cartilage showing the peripheral
perichondrium and its contents. Stain: silver stain. x80.
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FIGURE 7.14 m High magnification of elastic cartilage (peripheral section).
Stain: blue stain. x205.

4 Cartilage matrix

FIGURE 7.15 m A section of fibrocartilage from an intervertebral disk
illustrating the density of the connective tissue. Stain: hematoxylin and eosin.
x205.
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FIGURE 7.16 m A section of intervertebral disk showing the fibrocartilage cut
at a different angle, the collagen fibers, and chondrocytes. Stain: blue stain.
x205.

FIGURE 7.17 m Fibrocartilage from a different region of the intervertebral disk
illustrating the dense collagen fibers and chondrocytes between the fibers. Stain:
Mallory-Azan. x205.
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SECTION 2 Bone

CHARACTERISTICS OF BONE

Similar to cartilage, bone is also a special form of connective tissue consisting of
cells, connective tissue fibers, and extracellular matrix. In contrast to
cartilage, minerals accumulate and are deposited in the cartilage matrix causing
calcification of the developing bones. Consequently, bones become hard and can
bear more weight, serve as a rigid skeleton for the body, and provide attachment
sites for muscles and organs.

Because of their strength, bones also protect the brain in the skull, the heart
and lungs in the thorax, and the urinary and reproductive organs between the
pelvic bones. In addition, adult bones with red marrow function in
hematopoiesis (blood cell formation). Bones also serve as reservoirs for
calcium, phosphate, and other essential minerals. Almost all (99%) of the
calcium in the body is stored in bones, from which the body draws its daily
calcium needs.

BONE MICROARCHITECTURE

All adult bones exhibit similar histology consisting of cells, bony matrix, and the
neurovascular bundle (blood vessels, nerves, and lymphatics). Examination of
bone in cross section shows two types: compact bone and cancellous (spongy)
bone (Fig. 7.18). In long bones, the outer cylindrical part is the dense compact
bone. The inner surface of the bone adjacent to the marrow cavity is the
cancellous (spongy, not dense) bone with numerous interconnecting areas;
however, both types of bone have a similar microscopic appearance. In
newborns, the marrow cavities of long bones are red and produce blood cells. In
adults, the marrow cavities of long bones are yellow and filled with adipose (fat)
cells.
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FIGURE 7.18 m Histology of a section of formed compact bone.

In compact bone, the collagen fibers are arranged in thin layers of bone called
lamellae that are parallel to each other in the periphery or concentrically
arranged around the blood vessels. In a long bone, the outer circumferential
lamellae are deep to the surrounding connective tissue periosteum. Inner
circamferential lamellae are located around the bone marrow cavity.
Concentric lamellae surround the canals that contain an artery, vein, nerve, and
loose connective tissue. Each concentric lamellar complex is called the osteon
(Haversian system). The space in the osteon that contains blood vessels and
nerves is the central (Haversian) canal. Most of the compact bone consists of
osteons, which are usually oriented along the long axis of the bone (see Fig.
7.18).

BONE TYPES

Distribution and orientation of the collagen fibers in the bone matrix indicate the
bone type. The compact and cancellous adult bones exhibit a consistent
structural pattern after maturation and mineralization. In contrast, woven
(immature or primary) bone shows a random arrangement of collagen fibers;
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this type of arrangement is nonlamellar. The woven bone is encountered in the
fetus during skeletal development and in repair of bone fractures. Also, the
woven bone is temporary and is replaced by lamellar or mature bone as the
individual ages.

The lamellar (secondary or mature) bone exhibits organized lamellae that
are either multiple parallel or concentric layers of calcified matrix arranged
around the central canals with the neurovascular bundle, or the osteons. Each
lamella exhibits a parallel arrangement of collagen fibers that follow a helical
course. Also, the bone cells, now called osteocytes, are in lacunae at regular
intervals between the concentric layers of lamellae and are arranged
circumferentially around the central canal. The matrix is more calcified in the
lamellar bone than in the woven bone, and, as a result, the lamellar bone is
stronger than the woven or immature bone.

All bones are lined on the internal and external surfaces by osteogenic cells.
Developing and adult bones contain four cell types: osteoprogenitor cells,
osteoblasts, osteocytes, and osteoclasts. Osteoprogenitor cells are
undifferentiated, pluripotent stem cells derived from the connective tissue
mesenchyme. Osteoprogenitor cells line the inner layer of the connective
tissue that surrounds and contacts the bone, the periosteum, and in the thin,
single layer of cells in the marrow cavities, the endosteum. Osteoprogenitor
cells also line the osteons (Haversian system) and the perforating canals with
blood vessels in the bone (see Fig. 7.18). The main functions of the
periosteum and the endosteum are to provide nutrition for the bone and a
continuous supply of new osteoblasts for growth, remodeling, and bone
repair. During bone development, osteoprogenitor cells proliferate by mitosis
and differentiate into osteoblasts, which secrete collagen fibers and the bony
matrix.

Osteoblasts, derived from osteoprogenitor cells, are present on the inner
surfaces of bone. They synthesize, secrete, and deposit osteoid, the organic
components of new bone matrix, which includes type I collagen fibers,
several glycoproteins, and proteoglycans. Osteoid is initially uncalcified and
does not contain any minerals; however, shortly after its deposition, it is
rapidly mineralized and becomes hard bone. Osteoblasts initiate and regulate
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the mineralization of osteoid by releasing matrix vesicles that contain
alkaline phosphatase, which increases phosphate ions that then combine
with calcium ions. Increased concentrations of phosphate and calcium ions
combine to form hydroxyapatite crystals and the initial centers of
calcification. Further calcification surrounds these centers and embeds the
collagen fibers and the glycoproteins.

Osteocytes are the mature osteoblasts that become surrounded by the
mineralized bone matrix. They are also smaller than osteoblasts and are the
principal cells of the bone. Like the chondrocytes in cartilage, osteocytes are
trapped by the surrounding bone matrix in their lacunae. Osteocytes in the
lacunae are very close to blood vessels. In contrast to cartilage, only one
osteocyte is found per bony lacuna. Also, because mineralized bone matrix is
harder than cartilage, nutrients and metabolites cannot diffuse through it to
the osteocytes. Consequently, bone is highly vascular and possesses a unique
system of channels or tiny canals called canaliculi, which open into the
osteons.

Osteocytes exhibit numerous cytoplasmic extensions that enter the
canaliculi and then radiate in all directions from each lacuna, and contact
neighboring osteocytes via gap junctions, thus allowing the passage of ions
and small molecules from cell to cell. The canaliculi contain extracellular
fluid, and the gap junctions allow individual osteocytes to communicate with
adjacent osteocytes and with materials in the blood vessels of the central
canal. In this manner, the canaliculi form complex connections around the
blood vessels in the osteons and constitute an efficient exchange mechanism:
nutrients are brought to the osteocytes, gaseous exchange takes place
between the blood and cells, and metabolic wastes are removed from the
osteocytes. The canaliculi system keeps the osteocytes alive, and the
osteocytes, in turn, maintain the homeostasis of the surrounding bone matrix
and blood concentrations of calcium and phosphates. When an osteocyte
dies, the surrounding bone matrix is reabsorbed by osteoclasts.

Osteoclasts are large, multinucleated cells found along bone surfaces
where resorption (removal of bone), remodeling, and repair of bone take
place. Although osteoblasts and osteocytes arise from mesenchyme
osteoprogenitor cell line, the osteoclasts are multinucleated cells that
originate by fusion of blood or hematopoietic progenitor cells of the
mononuclear macrophage—monocyte cell line of the red bone marrow.
Osteoclasts are phagocytic cells that function in bone resorption during bone
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remodeling (renewal or restructuring) and are often located on the resorbed
surfaces or in shallow depressions in the bone matrix called Howship
lacunae. Lysosomal enzymes released by osteoclasts erode these
depressions and demineralize the bony surface. During bone development,
bone deposition by osteoblasts is closely coordinated with bone remodeling
by the osteoclasts to maintain proper bone development and the bone mass.

Osteoclast activities are influenced by several hormones, including
parathyroid hormone (PTH) from the parathyroid gland and calcitonin from
the thyroid gland. Osteoblasts, activated by PTH, stimulate the development
of osteoclasts by producing a molecule called RANKL (receptor for
activation of nuclear factor-kappa B ligand). This molecule in turn binds
to RANK receptors on osteoclasts and stimulates the formation and activity
of osteoclasts. Presence of membrane-bound proteins RANKL and M-CSF
(monocyte colony-stimulating factor), produced by surrounding stromal
cells and osteoblasts, is needed for osteoclast formation. Activated
osteoclasts increase the resorption of bone matrix and increase the levels of
calcium in the blood.

BONE MATRIX

The bone matrix consists of inorganic (minerals), organic (collagen fibers)
components, living cells, and extracellular material. Due to calcification or
mineralization, the bone matrix is harder than cartilage, and no diffusion takes
place. As a result, the bone matrix is highly vascularized. Blood vessels from the
periosteum penetrate and enter the bone matrix via the perforating (Volkmann)
canals. These canals run perpendicular to and join the vessels in the central
canals of the osteon, which then supply all of the cellular components of the
bone matrix.

The organic components enable bones to resist tension, whereas the mineral
components resist compression. The major organic components of bone matrix
are the coarse type I collagen fibers, the predominant proteins. The other
organic components are sulfated glycosaminoglycans and hyaluronic acid that
form larger proteoglycan aggregates. The glycoproteins osteocalcin and
osteopontin bind tightly to calcium crystals and promote mineralization and
calcification of the bone matrix. Another matrix protein, sialoprotein, binds
osteoblasts to the extracellular matrix through the integrins of the plasma
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membrane proteins.

The inorganic component of bone matrix consists of the minerals calcium
and phosphate in the form of hydroxyapatite crystals. The association of coarse
collagen fibers with hydroxyapatite crystals provides the bone with its hardness,
durability, and strength. In addition, as the need arises, actions of parathyroid
hormone from the parathyroid gland and calcitonin from the thyroid gland on the
bone adjust and maintain a proper mineral content in the blood.

PROCESS OF BONE FORMATION
(OSSIFICATION)

Bone development begins in the embryo, the fetus, and continues after birth into
adolescence. This development occurs by two processes: endochondral
ossification and intramembranous ossification. Although the resulting bones
are produced by two different methods, they exhibit the same histologic structure
or morphology (see Fig. 7.1).

Endochondral Ossification

Most long bones, vertebrae, ribs, and the pelvis develop by endochondral
ossification through replacement of the temporary hyaline cartilage models. This
method allows the hyaline cartilage model to initially grow in length and width.
Mesenchymal cells proliferate and differentiate into chondroblasts that produce
the cartilage model for the bone. The cartilage model, surrounded by
perichondrium, grows by both interstitial and appositional means, producing
the short and long bones of the body. As the growth progresses, the
chondroblasts divide, hypertrophy (enlarge), and mature, and the hyaline
cartilage model begins to calcify. As calcification progresses, diffusion of
nutrients and gases through the calcified cartilage matrix decreases.
Consequently, chondrocytes degenerate and die, leaving a fragmented and
porous calcified matrix as scaffolding for the deposition of bony material.

As the bony material is deposited around the calcifying cartilage, the inner
perichondrial cells become osteogenic and form a thin bony collar around the
midpoint of the shaft. The connective tissue around the new bone now becomes
the periosteum, and the mesenchymal cells in the inner layer of periosteum
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differentiate into osteoprogenitor cells. Angiogenic factors produced by
chondrocytes induce the formation of new blood vessels from the vascular
periosteum. Osteoprogenitor cells and blood-forming cells invade the
degenerating cartilage model with the blood vessels and differentiate into
osteoblasts that proliferate, attach to the calcified cartilage remnants, and begin
to deposit the bone matrix. Initially, the bone matrix is a soft collagenous osteoid
that lacks minerals but is quickly mineralized into bone. The osteoblasts
eventually become surrounded by bone in the lacunae and become osteocytes
with one osteocyte per lacuna. Osteocytes establish a complex cell-to-cell
connection through the canaliculi, which eventually open into central canals with
blood vessels. In addition, osteoprogenitor cells also arise in endosteum, a single
layer of cells that lines all internal cavities in the bone.

Mesenchymal tissue, osteoblasts, blood-forming cells, and blood vessels
form the primary ossification center in the developing bone, which first
appears in the diaphysis or the shaft of the long bone. This is followed by a
secondary ossification center in the epiphysis or the articular surface of the
expanded end of the bone. In all developing long bones, cartilage in the
diaphysis and epiphysis is gradually replaced by bone, except in the epiphyseal
plate region, located between the diaphysis and epiphysis. Interstitial cartilage
growth in this region continues, lengthening the bone until bone growth stops.
Expansion of the two ossification centers eventually replaces all cartilage with
bone, including the epiphyseal plate, ending the bone growth in length. Hyaline
cartilage is not replaced by bone on the free or articulating ends of long bones,
where a layer of permanent hyaline cartilage covers the bone; this is the
articular cartilage.

Intramembranous Ossification

In intramembranous ossification, bone development is not preceded by a
hyaline cartilage model. Instead, bone develops directly from condensation of
mesenchyme cells that produce ossification centers; flat bones develop by this
method. The mesenchymal cells differentiate directly into osteoblasts that
produce the surrounding osteoid matrix, which quickly calcifies. Numerous
ossification centers are formed, anastomose, and produce a network of spongy
bone that consists of thin rods, plates, and spines called trabeculae; this bone
formation is by appositional growth. Located between the trabeculae is the
hematopoietic tissue where the mesenchyme cells transform into blood-forming
cells. In the bony matrix, osteoblasts also become surrounded by bone in the
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lacunae and become osteocytes. As in endochondral ossification, trapped
osteocytes in the lacunae establish the cell-to-cell connection through the
canaliculi.

The mandible, maxilla, clavicles, and most of the flat bones of the skull are
formed by the intramembranous ossification. In the developing skull, the
ossification centers grow radially, replace the connective tissue, and then fuse. In
newborns, the fontanelles (soft spots) in the skull represent the membranous
regions where intramembranous ossification of skull bones is still in the process
of ossification. The surrounding mesenchymal tissue that does not ossify
becomes the periosteum and endosteum of the new bones.

POint’Supple'mental micrographic images are available at
www.thePoint.com/Eroschenkol13e under Bone Development.

FIGURE 7.19 | Endochondral Ossification:
Development of Long Bone (Panoramic View,
Longitudinal Section)

During endochondral ossification, the bone is first formed as a model of
embryonic hyaline cartilage. As bone development progresses, the cartilage is
replaced by bone. The process of endochondral ossification can be followed by
examining the upper part of the illustration and proceeding downward.

In the upper part, the hyaline cartilage is surrounded by the perichondrium
(13). The zone of reserve cartilage (1) shows chondrocytes in their lacunae
distributed singly or in small groups. Below this region is the zone of
proliferating chondrocytes (2) where the chondrocytes divide and become
arranged in vertical columns. Chendrocytes in lacunae (14) increase in size in
the zone of chondrocyte hypertrophy (3) as a result of swelling of the nucleus
and cytoplasm. The hypertrophied chondrocytes degenerate, forming thin plates
of calcified cartilage matrix (15). Below this region is the zone of ossification
(4), where a bony material is deposited on the plates of calcified cartilage matrix
(15).

Blood sinusoids (20) or capillaries invade the calcifying cartilage. Lacunar
walls and the calcified cartilage (15) are eroded, and the red bone marrow
cavity (16) is formed. The connective tissue around the newly formed bone is
now called periosteum (5, 6, 17) and is now the zone of ossification (4). In this
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illustration, bone is stained dark red. Osteoprogenitor cells from the inner
periosteum (6) continue to differentiate into osteoblasts, deposit osteoid and
bone (8) around the remaining plates of calcified cartilage (15), and form the
periosteal bone collar (7).

Formation of new periosteal bone (7) keeps pace with the formation of new
endochondral bone. The bone collar (7) increases in thickness and compactness
as development proceeds. The thickest portion of the bone collar (7) is in the
central part of the developing bone called the diaphysis. The primary center of
ossification is located in the diaphysis, where the initial periosteal bone collar (7)
is formed.

Red bone marrow (16) fills the cavity of newly formed bone with
hematopoietic (blood forming) cells. Fine reticular connective tissue fibers in the
bone marrow (16) are obscured by masses of developing erythrocytes,
granulocytes, megakaryocytes (12), bony spicules (11, 22), numerous blood
sinusoids (20), capillaries, and blood vessels.

Surrounding the shaft of the developing bone are the soft tissues. The
epidermis (18) of skin is lined by stratified squamous epithelium. Below the
epidermis (18) is the subcutaneous connective tissue of the dermis (19), in
which are seen in hair follicles (9), blood vessels (10), adipose cells (21), and
sweat glands (23).
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FIGURE 7.19 m Endochondral ossification: development of a long bone
(panoramic view, longitudinal section). Stain: hematoxylin and eosin. Low
magnification.

FIGURE 7.20 | Endochondral Ossification: Zone
of Ossification

This figure shows endochondral ossification at higher magnification and in
greater detail and corresponds to the upper region of Figure 7.19.

Proliferating chondrocytes (1, 14) are arranged in distinct vertical columns.
Below is the zone of hypertrophied chondrocytes (2, 15). Chondrocytes and
lacunae undergo hypertrophy as a result of increased glycogen and lipid
accumulations in their cytoplasm and nuclear swelling. The cytoplasm of
hypertrophied chondrocytes (2, 15) becomes vacuolized (16), the nuclei become
pyknotic, and the thin cartilage plates become surrounded by calcified matrix
(5, 17).
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Osteoblasts (6, 20) line up along remaining plates of calcified cartilage (5,
17) and lay down a layer of osteoid (19) and bone. Osteoblasts trapped in the
osteoid or bone become osteocytes (9, 21). Capillaries (8, 18) from the marrow
cavity (10) invade the newly ossified area.

The developing marrow cavity (10) contains numerous megakaryocytes
(13, 24) and pluripotent stem cells that give rise to erythrocytic and granulocytic
blood cells (23). Multinucleated osteoclasts (11, 22) lie in shallow depressions
called Howship lacunae (11, 22) and are adjacent to the bone that is being
resorbed.

The left side of the illustration shows periosteal bone (7) with osteocytes (9)
in their lacunae. The new bone is added peripherally by osteoblasts (6), which
develop from osteoprogenitor cells of the inner periosteum (12). The outer
layer of connective tissues around the cartilage remains as the perichendrium
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FIGURE 7.20 m Endochondral ossification: zone of ossification. Stain:
hematoxylin and eosin. Medium magnification.

FIGURE 7.21 | Endochondral Ossification: Zone
of Ossification
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This photomicrograph illustrates the transformation of hyaline cartilage into
bone through the process of endochondral ossification. The hyaline cartilage
matrix (6) contains proliferating chondrocytes (7) and hypertrophied
chondrocytes (1) with vacuolated cytoplasm (2). Below these cells are plates
or spicules of calcified cartilage (3) surrounded by osteoblasts (4). As the
cartilage calcifies, a marrow cavity (5) is formed with blood vessels,
hematopoietic tissue (10), osteoprogenitor cells, and osteoblasts (4). The
hyaline cartilage is surrounded by the perichendrium (8). The marrow cavity in
the new bone is surrounded by the periosteum (9).
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FIGURE 7.21 m Endochondral ossification: zone of ossification. Stain:
hematoxylin and eosin. x50.

FIGURE 7.22 | Endochondral Ossification:
Formation of Secondary (Epiphyseal) Centers of
Ossification and Epiphyseal Plate in Long Bones
(Longitudinal Section, Decalcified Bone)

The hyaline cartilage in the epiphyseal ends of two developing bones is
illustrated. Both bones exhibit secondary centers of ossification (5, 11).
Although cartilage is nonvascular, numerous blood vessels (1, 6), sectioned in a
different plane, pass through the cartilage matrix to supply the osteoblasts and
osteocytes in the secondary centers of ossification (5, 11). Articular cartilage
(4, 12) covers both articulating ends of the future bone. A synovial or joint
cavity (3) separates the two cartilage models. The inner synovial membrane of
squamous cells lines the synovial cavity (3), except over the articular cartilages
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(4, 12). A synovial membrane, together with the connective tissue, may extend
into the joint cavity as synovial folds (2, 13). The synovial cavity (3) is covered
by a connective tissue capsule.

In the lower bone, an active epiphyseal plate (16) is seen between the
secondary ossification center (5) and the developing shaft of the bone. A zone of
proliferating chondrocytes (7) and a zone of chondrocyte hypertrophy and
calcification of cartilage (8) are visible in the epiphyseal plate (16). Small
spicules of calcified cartilage (9, 15) surrounded by red-stained bony material
and primitive bone marrow cavities with hematopoiesis (14, 17) are seen in
the shaft of the bone and the secondary center of ossification (5). A
megakaryocyte (18) is also visible in the lower bone marrow cavity (17).
Periosteum (19) surrounds the compact bone (10).
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FIGURE 7.22 m Endochondral ossification: formation of secondary (epiphyseal)
centers of ossification and the epiphyseal plate in a long bone (decalcified bone,
longitudinal section). Stain: hematoxylin and eosin. Low magnification.

FIGURE 7.23 | Bone Formation: Development of
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Osteons (Haversian Systems; Transverse Section,
Decalcified)

This illustration shows the primitive bone marrow (15) and developing osteons
in a compact bone. Vascular tufts of connective tissue from the periosteum or
endosteum invade and erode the bone and form primitive osteons. Bone
reconstruction or remodeling will continue as the initial osteons, and then later
ones, are broken down or eroded, followed by the formation of new osteons.

The new bone matrix (11) and bone spicule (12) of an immature compact
bone are stained deep red with eosin due to the presence of collagen fibers.
Numerous primitive osteons are visible in the transverse section, with large
central (Haversian) canals (2, 9) surrounded by a few concentric lamellae (9)
of bone and osteocytes in lacunae (10). The central (Haversian) canals (2, 9)
contain primitive osteogenic connective tissue (13) and blood vessels (2). Bone
deposition is continuing in some of the primitive osteons (2, 9), as indicated by
the presence of osteoblasts (1, 14) around the central (Haversian) canals (2, 9)
and the margin of the innermost bone lamella. In some osteons, the
multinucleated osteoclasts (6) have formed and eroded shallow depressions
called Howship lacunae (5) in the bone. Osteoclasts (6) continue to resorb and
remodel the bone as it forms.

Primitive osteogenic connective tissue (13) passes through the bone, from
which arise tufts of vascular connective tissue that give rise to new central
(Haversian) canals (2, 9). Osteoblasts (1, 14) are located along the periphery of
the developing central canals.

In the lower left corner of the figure is the primitive bone marrow (15), in
which hematopoiesis (blood cell formation) is in progress; this is the red
marrow. Also present in the bone marrow cavity (15) are developing
erythrocytes and granulocytes, megakaryocytes (4, 8), blood sinusoids
(vessels) (3, 7), and osteoclasts (6) in the eroded Howship lacunae (5). Some
megakaryocytes (4, 8) are adjacent to the blood sinusoids. Their cytoplasmic
processes protrude into these blood sinusoids, where they eventually fragment
and enter the bloodstream as platelets.
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FIGURE 7.23 m Bone formation: primitive bone marrow and development of

osteons (Haversian systems; decalcified bone, transverse section). Stain:

hematoxylin and eosin. Medium magnification.

FIGURE 7.24 | Intramembranous Ossification:
Developing  Mandible (Decalcified  Bone,
Transverse Section)

This illustration depicts a section of mandible in the process of intramembranous
ossification. External to the developing bone is the stratified squamous
keratinized epithelium of the skin (1). Inferior to the skin (1), the embryonic
mesenchyme has differentiated into the highly vascular primitive connective
tissue (2) with nerves and blood vessels (9) and a denser periosteum (3, 10).

Below the periosteum (3, 10) is the developing bone. The cells in the
periosteum (3, 10) have differentiated into osteoblasts (6, 10) and formed
anastomosing bone trabeculae (7, 11) that surround the primitive marrow
cavities (8, 15). In the marrow cavities (8, 15) are embryonic connective tissue
cells and fibers, blood vessels (4), arterioles (12), and nerves. Peripherally,

274



collagen fibers of the periosteum (3, 10) are in continuity with the fibers of the
embryonic connective tissue of adjacent marrow cavities (3) and with collagen
fibers within the trabeculae of bone (7, 11).

Osteoblasts (6, 10) deposit the bony matrix and are in linear arrangement
along the developing trabeculae of bone (7, 11). Osteoid (14), the newly
synthesized bony matrix, is seen on the margins of bony trabeculae. The
osteocytes (5) are located in lacunae of the trabeculae (7, 11). The
multinucleated osteoclasts (13) resorb and remodel bone during its formation.

Although collagen fibers in the bony matrix are obscured, the continuity with
embryonic connective tissue fibers in the marrow cavities may be seen at the
margins of numerous trabeculae (3).

Formation of new bone is not a continuous process. Inactive areas appear
where ossification has temporarily ceased. Osteoid and osteoblasts are not
present in these areas. In some primitive marrow cavities, fibroblasts
differentiate into osteoblasts (3, 10).
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FIGURE 7.24 m Intramembranous ossification: developing mandible
(decalcified bone, transverse section). Stain: Mallory-Azan. Low magnification.

FIGURE 7.25 | Intramembranous Ossification:
Developing Skull Bone

A higher-power photomicrograph illustrates the development of skull bone by
the process of intramembranous ossification. The connective tissue periosteum
(5) surrounds the developing bone and gives rise to the osteoblasts (1, 6) that
form the bone (7). Osteoblasts (1, 6) are located along the developing beny
trabeculae (3). Trapped within the formed bone (7) and the bony trabeculae (3)
are the osteocytes (2) in their lacunae. Also associated with the bony trabeculae
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(3) are the multinuclear osteoclasts (8) that remodel the developing bone. A
primitive marrow cavity (4) with blood vessels (9), blood cells (9), and
hematopoietic tissue is located between the formed bony trabeculae (3).
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FIGURE 7.25 m Intramembranous ossification: developing skull bone
(decalcified bone; transverse section). Stain: Mallory-Azan. x64.

FIGURE 7.26 | Cancellous Bone with Trabeculae
and Marrow Cavities: Sternum (Transverse
Section, Decalcified)

Cancellous bone consists of slender bony trabeculae (5) that ramify,
anastomose, and enclose irregular marrow cavities with blood vessels (4). The
periosteum (2, 7) that surrounds the trabeculae (5) of cancellous bone merges
with adjacent dense irregular connective tissue with blood vessels (1). Inferior
to the periosteum (2, 7), the bony trabeculae (5) merge with a thin layer of
compact bone (9) that contains a forming or primitive osteon (6) and a mature
osteon (Haversian system) (8) with concentric lamellae.

Except for concentric lamellae in the primitive osteon (6) and the mature
osteon (8), the bone inferior to the periosteum (2, 7) and the bony trabeculae (5)
exhibit parallel lamellae. Osteocytes (3) in lacunae are visible in trabeculae (5)
and compact bone (9).

Between bony trabeculae (5) are the marrow cavities with blood vessels (4)
and hematopoietic tissue (11) that gives rise to new blood cells. Because of the
low magnification, individual red and white blood cells are not recognizable.
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Lining the bony trabeculae (5) in the marrow cavities (4) is a thin inner layer of
cells called endosteum (10). Cells in the periosteum (2, 7) and in the endosteum
(10) give rise to bone-forming osteoblasts.
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FIGURE 7.26 m Cancellous bone with trabeculae and bone marrow cavities:
sternum (decalcified bone, transverse section). Stain: hematoxylin and eosin.
Low magnification.

FIGURE 7.27 | Cancellous Bone: Sternum
(Transverse Section, Decalcified)

This photomicrograph shows a section of cancellous bone from the sternum.
Cancellous bone is composed of numerous bony trabeculae (1) separated by the
marrow cavity (5) with blood vessels (7) and different blood cells (8). Bony
trabeculae (1) are lined by a thin inner layer of cells of the endosteum (4, 6).
Osteoprogenitor cells in the endosteum (4, 6) give rise to osteoblasts. Formed
bone matrix contains numerous osteocytes in lacunae (2). The large,
multinuclear osteoclasts (3) are eroding or remodeling the formed bone matrix.
Osteoclasts (3) erode part of the bone through enzymatic action and lie in
Howship lacunae.
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FIGURE 7.27 m Cancellous bone: sternum (decalcified bone, transverse
section). Stain: hematoxylin and eosin. x64.

Bones are dynamic structures. They are continually renewed, or remodeled,
in response to the mineral needs of the body, mechanical stress, thinning as a
result of age or disease, and fracture healing. Calcium and phosphate are
either stored in the bone matrix or released into the blood to maintain proper
levels. Maintenance of normal blood calcium levels is critical to life, because
calcium is essential for muscle contraction, blood coagulation, cell
membrane permeability, transmission of nerve impulses, and numerous other
functions.

Hormones regulate both the calcium release into the bloodstream and its
deposition in the bones. When the calcium level falls below normal,
parathyroid hormone (PTH), released from the parathyroid glands,
indirectly promotes an increase in osteoclast proliferation and osteoclast
activity by stimulating osteoblasts to produce osteoclast-stimulating
(differentiating) factors. This action induces increased breakdown of bone
matrix by the osteoclasts and release of calcium. In addition, parathyroid
hormone also increases calcium reabsorption in the kidneys and small
intestine. These hormonal effects increase and/or maintain the calcium levels
in the blood at normal levels. When the calcium level increases above
normal, a hormone called calcitonin, released by parafollicular cells or C
cells in the thyroid gland, decreases osteoclast activity, bone reabsorption,
and blood calcium levels. In addition, the kidneys increase their excretion of

278



both calcium and phosphate. These effects lower the circulating calcium
levels in the body. The actions of both thyroid and parathyroid glands and
their hormones are discussed in more detail in Chapter 19.

FIGURE 7.28 | Compact Bone, Dried (Transverse
Section)

This illustration depicts a transverse section of a dried compact bone. The bone
was ground to a thin section to show empty canals for blood vessels, lacunae for
osteocytes, and the connecting canaliculi.

The structural units of a compact bone matrix are the osteons (Haversian
systems) (3, 10). Each osteon (3, 10) consists of layers of concentric lamellae
(3b) arranged around a central (Haversian) canal (3a). Central canals are
shown in cross section (3a) and in oblique section (10, middle leader). Lamellae
are thin plates of bone that contain osteocytes in almond-shaped spaces called
lacunae (3¢, 9). Radiating from each lacuna in all directions are the canaliculi
(2). Canaliculi (2) penetrate the lamellae (3b, 8), anastomose with canaliculi (2)
from other lacunae (3c, 9), and form a network of communicating channels with
other osteocytes. Some of the canaliculi (2) open directly into central
(Haversian) canals (3a) of the osteon (3) and the marrow cavities of the bone.
The small irregular areas of bone between osteons (3, 10) are the interstitial
lamellae (5, 12) that represent the remnants of eroded or remodeled osteons.

External circumferential lamellae (7) form the external wall of a compact
bone (beneath the periosteum) and run parallel to each other and to the long axis
of the bone. The internal wall of the bone (the endosteum along the marrow
cavity) is lined by internal circumferential lamellae (1). Osteons (3, 10) are
located between the internal circumferential lamellae (1) and the external
circumferential lamellae (7).

In a living bone, the lacunae of each osteon (3c, 9) house osteocytes. The
central canals (3a) contain reticular connective tissue, blood vessels, and nerves.
The boundary between each osteon (3, 10) is outlined by a refractile line of
modified bone matrix called the cement line (4, 11). Anastomoses between
central canals (3a) are called perforating (Volkmann) canals (6).
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FIGURE 7.28 m Dry, compact bone: ground, transverse section. Low
magnification.

FIGURE 7.29 | Compact Bone, Dried
(Longitudinal Section)

This figure represents a small area of a dried compact bone, ground in a
longitudinal plane. Because central canals (1, 9) course longitudinally, each
central canal is seen as a vertical tube that shows branching. Central canals (1, 9)
are surrounded by lamellae (2, 6) with lacunae (4) and radiating canaliculi (5).
The lamellae (2, 6), lacunae (4), and the osteon boundaries, the cement lines (3,
8), course parallel to the central canals (1, 9) in the compact bone.

Other canals that extend in either a transverse or oblique direction are the
perforating (Volkmann) canals (7). Perforating canals (7) join the central
canals (1, 9) of osteons with the marrow cavity. The perforating canals (7) do not
have concentric lamellae. Instead, they penetrate directly through the lamellae
(2, 6).
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FIGURE 7.29 m Dry, compact bone: ground, longitudinal section. Low
magnification.

FIGURE 7.30 | Compact Bone, Dried: Osteon
(Transverse Section)

A higher magnification illustrates the details of one osteon and portions of
adjacent osteons. Located in the center of the osteon is the dark-staining central
(Haversian) canal (3) surrounded by the concentric lamellae (4). Between
adjacent osteons are the interstitial lamellae (5). The dark, almond-shaped
structures between the lamellae (4) are the lacunae (1, 7) that house osteocytes
in living bone.

Tiny canaliculi (2) radiate from individual lacuna (1, 7) to adjacent lacunae
and form a system of communicating canaliculi (2) throughout the bony matrix
and within the central canal (3). The canaliculi (2) contain tiny cytoplasmic
extensions of the osteocytes. In this manner, osteocytes around the osteon
communicate with each other and blood vessels in the central canals. The outer
boundary of the osteon is separated by a cement line (6).
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FIGURE 7.30 m Dry, compact bone: an osteon, transverse section. High
magnification.

Summary
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SECTION 2 * Bone

CHARACTERISTICS OF BONE

e Consists of cells, connective tissue fibers, and extracellular material

e Mineral deposits in the bone matrix produce a hard structure for protecting
various organs

e Functions in hematopoiesis and as reservoir for calcium and minerals

BONE MICROARCHITECTURE

¢ All bones exhibit similar histology; there are two types of bones

e Compact bone is the outer cylindrical part of long bone

o Inner bone adjacent to bone marrow is the cancellous (spongy) bone

¢ In newborn bones, marrow is red and hematopoietic; in adults, the marrow of
long bone is yellow and does not function in hematopoiesis

e Quter circumferential lamellae are located deep to the periosteum

e Inner circumferential lamellae are located around the bone marrow

e Concentric lamellae form osteons in compact bone and surround the central
canal

* Most osteons are oriented in the long axis of the bone

BONE TYPES

e QOrientation of collagen fibers indicates bone type

e Compact and cancellous bones show similar microscopic structure

e Woven (immature) bone has a random orientation of collagen fibers and is
nonlamellar

e Woven bone is seen during fetal bone development and bone repair

e Lamellar (mature) bone with concentric lamellae around the central canal is
in adults

e In lamellar bone, collagen fibers exhibit parallel arrangements that follow a
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helical course
e Osteocytes in lamellar bone are arranged around the central canal

BONE CELLS AND THEIR FUNCTION

Osteoprogenitor Cells

e Osteoprogenitor cells are derived from mesenchyme and are located in the
inner layer of periosteum, endosteum, osteons, and perforating canals
¢ Osteoprogenitor cells differentiate into osteoblasts

Osteablasts

¢ Osteoblasts are on the bone surfaces and synthesize the osteoid matrix with
collagen fibers and different glycoproteins

¢ QOsteoblasts release matrix vesicles that form hydroxyapatite and calcification
of osteoid

¢ Osteoblasts produce RANKL (receptor for activation of nuclear factor-kappa
B ligand)

e M-CSF (monocyte colony-stimulating factor) produced by osteoblasts is
needed for osteoclast formation

Osteocytes

e Osteocytes are mature osteoblasts, are located in lacunae, and use canaliculi
for communication and exchange of metabolic products and nutrients

e Osteocytes maintain homeostasis of bone and blood concentrations of
calcium and phosphate

Osteoclasts

e Osteoclasts are multinucleated phagocytic cells responsible for resorption,
remodeling, and bone repair

¢ Belong to the mononuclear macrophage—monocyte cell line and are found in
enzyme-eroded depressions (Howship lacunae)

¢ Activity influenced by parathyroid hormone and calcitonin
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e RANKL molecule binds to RANK receptors on osteoclasts and stimulates
osteoclast activity

BONE MATRIX

e Highly vascularized with blood vessels from periosteum to aid diffusion
through calcified matrix

e Organic components of bone resist tension, whereas mineral components
resist compression

e Major organic component is coarse type I collagen fibers

e Glycoprotein components bind to calcium crystals during mineralization

e Inorganic components are calcium and phosphate in the form of
hydroxyapatite crystals

e Hormones from the parathyroid gland (parathyroid hormone) and the thyroid
gland (calcitonin) are responsible for maintaining the proper mineral content
of blood

PROCESS OF BONE FORMATION
(OSSIFICATION)

Endochondral Ossification

e Most bones develop by this process, with a hyaline cartilage model preceding
bone

e Hyaline cartilage model grows in length and width, then calcifies, and
chondrocytes die

e Mesenchymal cells in the periosteum differentiate into osteoprogenitor cells
and form osteoblasts

e Osteoblasts synthesize the osteoid matrix, which calcifies and traps
osteoblasts in lacunae as osteocytes

» Osteocytes establish cell-to-cell communication via canaliculi that open into
blood channels

e Primary ossification center forms in the diaphysis and secondary center of
ossification in the epiphysis

o Epiphyseal plate between the diaphysis and epiphysis allows for growth in
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bone length
e Eventually, all cartilage is replaced by bone except the articular cartilage

Intramembranous Ossification

e Mesenchymal cells differentiate directly into osteoblasts

e Osteoblasts produce the osteoid matrix that quickly calcifies

e QOsteoblasts initially form spongy bone that consists of trabeculae and trap
osteocytes

e Mandible, maxilla, clavicle, and flat skull bones are formed by this process

e Fontanelles in newborn skulls represent intramembranous ossification in
progress

BONE TYPES

e In long bones, the outer part is compact bone, and the inner surface is
cancellous bone

¢ Both bone types have the same microscopic appearance

¢ In compact bones, collagen fibers arranged in lamellae

e Lamellae deep to the periosteum are outer circumferential lamellae

¢ Lamellae surrounding the bone marrow are inner circumferential lamellae

e Lamellae surrounding the blood vessels, nerves, and loose connective tissue
are osteons

e Within an osteon is the central canal, which is found in most compact bone

FUNCTIONAL CORRELATIONS OF BONE

e Continually remodeled in response to mineral needs, mechanical stress,
thinning, or disease

e Maintain normal calcium levels in blood; critical to functions of numerous
organs and life

e Parathyroid hormone increases calcium levels by indirectly stimulating
osteoclasts to resorb bone as well as reabsorb calcium in the kidney and
small intestine

e Hormones from the thyroid gland parafollicular (C) cells counteract
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parathyroid hormone
e Calcitonin inhibits osteoclasts, decreases calcium reabsorption, and increases
calcium excretion in kidneys
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Review Questions: Section 2

QUESTIONS

In the following multiple choice questions, choose the letter corresponding to the
one best answer.

1. During the process of endochondral ossification:
A. chondroblasts originate from periosteum that surrounds the model.
B. the cartilage model grows by interstitial and appositional means.
C. the cartilage bone model is supplied by newly formed blood vessels.
D. chondrocytes calcify the cartilage matrix and lacunae.
E. osteoprogenitor cells synthesize cartilage matrix.

2.  What forms between the primary and secondary centers of
ossification?

A. Epiphyseal plate
B. Bone marrow
C. Numerous blood vessels
D. Osteoprogenitor center
E. Calcified cartilage
3. In intramembranous ossification, bone cells originate from:
A. bone marrow.
B. perichondrium.
C. connective tissue mesenchyme.
D. connective tissue fibroblasts.
E. osteoid matrix.

4. Parathyroid hormone eventually affects the function and activity of
which cells?

A. Osteoblasts
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B. Osteoprogenitor cells

C. Osteocytes

D. Fibrocytes

E. Osteoclasts
5. What function does the hormone calcitonin perform?

A. It activates osteoclast activity.
It decreases bone resorption and decreases calcium levels.
It stimulates osteoid and bone matrix formation.

It increases calcium absorption and raises calcium levels.

mo 0w

It stimulates parathyroid hormone production.

1. Correct Answer: B. The cartilage model grows by interstitial and
appositional means. Because the cartilage matrix is soft, cartilage during
endochondral ossification can grow in length and width by interstitial and
appositional growth methods.

2. Correct Answer: A. Epiphyseal plate. This soft plate allows the cartilage
cells to grow and lengthen the bone.

3. Correct Answer: C. Connective tissue mesenchyme. These cells form
ossification centers where the mesenchyme cells differentiate into
osteoblasts to form the bone.

4. Correct Answer: E. Osteoclasts. Parathyroid hormone indirectly influences
osteoclasts by acting first on the osteoblasts.

5. Correct Answer: B. It decreases bone resorption and decreases calcium
levels. Calcitonin counteracts the effect of parathyroid hormone, by
decreasing osteoclast activity and calcium resorption.

ADDITIONAL HISTOLOGIC IMAGES
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matrix, calcified cartilage, and formation of the bony collar. Stain: hematoxylin
and eosin. x50.
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FIGURE 7.32 m Endochondral ossification showing calcified cartilage with
bony layers and the developing bone marrow. Stain: hematoxylin and eosin.
x165.

1 Developing
blood cells

2 Calcified
cartilage

3 Megakaryocyte

4 Blood vessel

5 Bone marrow
with blood
cells

f‘$ y ¥ -I’"‘

| d
| . _. "“
FIGURE 7.33 m A section of the calcified cartilage in endochondral 0551f1cat10n
with bone marrow cells. Stain: hematoxylin and eosin. x205.
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FIGURE 7.34 m Endochondral ossification with calcified cartilage, bone matrix,
and bone-forming cells. Stain: hematoxylin and eosin. x205.
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FIGURE 7.35 m Intramembranous ossification showing the bone-forming cells
and the developing bone marrow. Stain: Mallory-Azan. x205.
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FIGURE 7.36 m Bone trabeculae undergoing development by intramembranous
ossification. Stain: hematoxylin and eosin. x35.

trabeculae undergoing
intramembranous ossification. Stain: hematoxylin and eosin. x165.
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FIGURE 7.38 m Dry and ground compact bone illustrates its internal structures.
x30.

294



CHAPTER 8 Muscle Tissue
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SECTION 1 Skeletal Muscle

There are three types of muscle tissues in the body: skeletal muscle, cardiac
muscle, and smooth muscle. These muscles can be identified by their structure
and function, with each muscle type showing morphologic and functional
similarities as well as differences. All muscle tissues consist of elongated cells
called fibers. The cytoplasm of muscle cells is called sarcoplasm, and the
surrounding cell membrane or plasmalemma is called sarcolemma.

Skeletal muscle fibers are long, cylindrical, multinucleated cells, with
peripheral nuclei because of the fusion of numerous mesenchymal cells called
myoblasts during embryonic development. Each muscle fiber is composed of
smaller subunits called myeofibrils that extend the entire length of the fiber. The
myofibrils, in turn, are composed of tiny myofilament units formed by the
contractile thin protein actin and the thick protein myesin.

In the sarcoplasm of each skeletal muscle, the arrangement of actin and
myosin filaments is very regular, forming the distinct cross-striation patterns
seen under a light microscope as lighter-staining I bands and dark-staining A
bands. Because of these cross-striations, skeletal muscle is also called striated
muscle. Transmission electron microscopy illustrates the internal organization of
the contractile proteins in each myofibril. These high-resolution images show
that each light I band is bisected by a dense transverse Z line (disc or band).
Between the two adjacent Z lines is found the smallest structural and functional
contractile unit of the muscle, the sarcomere. Sarcomeres are the repeating
contractile units seen along the entire length of each myofibril and are highly
characteristic features of the sarcoplasm of skeletal and cardiac muscle fibers.

The center and the dark-staining part of each sarcomere contains the thick
(myosin) filaments, which form the A band. The peripheries and the light-
staining portion of the sarcomere contain the light-staining, thin actin filaments.
Actin and myosin filaments are precisely aligned and stabilized within individual
myofibrils and sarcomeres by accessory proteins. The thin actin filaments are
bound to the protein a-actinin, which binds them to the dense Z line (band,
disc). The thick myosin filaments are anchored to the Z line by the very large
protein called titin that positions and centers the myosin filaments on the Z line.
Titin acts like a spring between the end of the myosin filament and the Z line.
Another large protein, nebulin, extends the length of the thin filaments actin,
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anchors them to the Z line, and functions in regulating the length of the actin
filament. Further support is provided by the protein desmin that extends from Z
line of one myofibril to the adjacent myofibril, linking them together and
attaching them to the sarcolemma (cell membrane). This stabilizes the position
of muscle myofibrils within the sarcoplasm.

Skeletal muscles are surrounded by a dense, irregular connective tissue layer
called epimysium. From the epimysium, a less dense and thinner irregular
connective tissue layer called perimysium extends into the muscle and divides
the muscle mass into smaller bundles of muscle fibers, the fascicles, and
surrounds them. An even thinner layer of reticular connective tissue fibers,
called endomysium, invests individual muscle fibers. Located in all connective
tissue sheaths are blood vessels, nerves, and lymphatics, with a rich capillary
plexus as illustrated in Figure 8.1.
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FIGURE 8.1 m Diagrammatic representation of the microscopic appearance of
skeletal muscle.

Point Supplemental  micrographic images are available at
www.thePoint.com/Eroschenkol3e under Muscle Tissue.

FIGURE 8.2 | Longitudinal and Transverse
Sections of Skeletal (Striated) Muscles: Tongue

In the tongue, skeletal muscle fibers are arranged in bundles that course in
different directions. This image illustrates the tongue muscle fibers in both the
longitudinal (upper region) and transverse (lower region) sections.

Each skeletal muscle fiber (9, transverse section; 11, longitudinal section)
is multinucleated. The nuclei (1, 6) are situated peripherally and below the
sarcolemma of each muscle fiber. (The sarcolemma is not visible in the figure.)
Also, each skeletal muscle fiber shows cross-striations (3) that are visible as
alternating dark A bands (3a) and light I bands (3b). With higher magnification
and transmission electron microscopy, additional details of the cross-striations
are visible (see Figs. 8.5 and 8.6).

Skeletal muscle fibers are aggregated into bundles or fascicles (15),
surrounded by fibers of connective tissue (5) sheath around each muscle fascicle
(15) called the perimysium (12). From each perimysium (12), thin partitions of
connective tissue extend into each muscle fascicle (15) and invest individual
muscle fibers (9, 11) with a connective tissue layer called the endomysium (4,
7). Small blood vessels (8) and capillaries (2, 14) are present in the connective
tissue (5) around each muscle fiber (9, 11).

The skeletal muscle fibers that were sectioned longitudinally (11) show light
and dark cross-striations (3a, 3b). The muscle fibers that were sectioned
transversely (9) exhibit cross sections of myeofibrils (13) and peripheral nuclei

(6).
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FIGURE 8.2 m Longitudinal and transverse sections of skeletal (striated)
muscles of the tongue. Stain: hematoxylin and eosin. High magnification.
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FIGURE 8.3 | Skeletal (Striated) Muscles: Tongue
(Longitudinal Section and Cross Section)

A higher-magnification photomicrograph of the tongue illustrates individual
skeletal muscle fibers (3, 9) in both cross section (3) and longitudinal section
(9). In each, the muscle fibers are visible as tiny myefibrils (4). In the
longitudinal section of the muscle fiber (9), the multiple cross-striations (10) are
visible with peripheral nuclei (5, 9). Surrounding each skeletal muscle fiber (3,
9) is a thin layer of connective tissue endomysium (2, 6), seen both in cross
section (2) and in longitudinal section (6). The thicker connective tissue layer
perimysium (1, 7) surrounds a group of individual muscle fibers called
fascicles. Visible in the perimysium (7) are tiny capillaries with flattened
erythrocytes (8).

1 Perimysium 6 Endomysium

7 Perimysium

=8 Capillaries with

2 Endomysium erythrocytes

3 Muscle fibers

9 Peripheral nuclei

4 Myofibrils - in muscie fibers

5 Peripheral nuclel —

in muscle fibers 10 Cross-striations

FIGURE 8.3 m Skeletal (striated) muscles of the tongue (longitudinal and
transverse section). Stain: Masson trichrome. x130.

FIGURE 84 | Skeletal Muscle Fibers
(Longitudinal Section)

A higher-magnification illustrates greater detail of individual skeletal muscle
fibers and the cross-striations. A cell membrane, or sarcolemma (4), surrounds

each skeletal muscle fiber (2). The flattened muscle fiber nuclei (1, 10) are in
the periphery. Adjacent to the nuclei (1, 10) is the thin cytoplasm or sarcoplasm
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(5) with its organelles. Each muscle fiber (2) consists of individual myofibrils
(8) that are arranged longitudinally. Myofibrils (8) are best seen in cross sections
of the skeletal muscle fibers in Figure 8.3. Surrounding each skeletal muscle
fiber (2) is a thin connective tissue endomysium (9), with fibrocytes (3, 6), and
capillaries (7) with blood cells.

The cross-striations of skeletal muscle fibers are the light-staining I bands
and dark-staining A bands. Each A band is bisected by the lighter H band and
the darker M band. Crossing the central region of each I band is a distinct,
narrow Z line. The filamentous and cellular segments between the Z lines
represent a sarcomere, the structural and functional unit of striated muscles
(skeletal and cardiac). When the myofibrils (8) are separated from the muscle
fiber (2), the A, I, and Z lines remain visible. The close longitudinal arrangement
of parallel myofibrils gives the skeletal muscle fibers their characteristic striated
appearance. A direct comparison with the ultrastructural image of the myofibrils
is presented in the next figure.
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3 Fibrocyte in
endomysium

4 Sarcnlemma

W,

Sarcomere I band A band Zline M band

FIGURE 8.4 m Skeletal muscle fibers (longitudinal section). Stain: hematoxylin
and eosin. Plastic section. High magnification.

FIGURE 8.5 | Ultrastructure of Myofibrils in
Skeletal Muscle

To compare the light microscope illustration of Figure 8.4, an ultrastructure
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section of the skeletal muscle is shown. This transmission electron micrograph
illustrates the organization of the myofibrils and myofilaments in a partially
contracted skeletal muscle. Each myofibril consists of repeating units called
sarcomeres, the contractile elements in striated muscles. A sarcomere (5) is
located between two electron-dense Z lines. Located in each sarcomere (5) are
the light-staining thin actin and the dark-staining thick myosin myofilaments.
The thin actin filaments extend from the Z lines and form the light-staining I
bands. In the center of each sarcomere (5) is the dark-staining A band
composed mainly of the thick myosin filaments overlapping the thin actin
filaments. Each A band is bisected by a denser M band where the adjacent
myosin filaments are linked. On each side of the M band are smaller lighter H
bands (2, 3) that consist only of myosin filaments. Surrounding each sarcomere
are the tubules of the sarcoplasmic reticulum (4) and mitochondria (1). During
muscle contraction, the length of the thick and thin filaments remains
unchanged, whereas the size of each sarcomere (5) decreases (see Fig. 8.6).

| band A band Zline M band

2 H bands —— g2

2"~ 4 Sarcaplasmic
reticulum

5 Sarcomere

FIGURE 8.5 m Ultrastructure of myofibrils in skeletal muscle. Courtesy of
Carter Rowley, Ft. Collins, CO. x33,500.

FIGURE 8.6 | Ultrastructure of Sarcomeres,
Tubules, and Triads in Skeletal Muscle
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A higher magnification with the transmission electron micrograph illustrates the
sarcomeres in a contracted skeletal muscle. During muscle contraction, the
sarcomere shortens, the Z lines (2, 6) are drawn closer together, and the thick
and thin filaments slide past each other. This action narrows the I bands (7) and
H bands (8), whereas the A band (1) remains unchanged. In the middle of the
sarcomere is the dense-staining M band (4). The tubules or the cisternae of the
sarcoplasmic reticulum surround each sarcomere of every myofibril (see Fig.
8.5). At the A band (1) and I band (7) junction (A-I junctions), the sarcoplasmic
reticulum tubules expand into terminal cisternae. To allow synchronous
stimulation and contraction of all sarcomeres, tiny tubular invaginations of the
sarcolemma, called the T tubules (3), penetrate every myofibril, and are located
at the A-I junctions (1, 7). Here, one T tubule (3) is surrounded on each side by
the expanded terminal cisternae of the sarcoplasmic reticulum and forms a triad
(5). In mammalian skeletal muscles, the triads (5) are located at the A-I
junctions. The stimulus for muscle contraction, delivered via a nerve, is then
disseminated to each sarcomere of each myofibril through the T tubules (3) in
the triads (5).

5 Triads
1 Aband
6 Zline
2 Zline
3 Ttubule 7 | bands
4 M band 8 H bands

FIGURE 8.6 m Ultrastructure of sarcomeres, T tubules, and triads in skeletal
muscle. Courtesy of Carter Rowley, Ft. Collins, CO. x50,000.

FIGURE 8.7 | Skeletal Muscles, Nerves, and
Motor Endplates

A group of skeletal muscle fibers (6, 7) have been teased apart and stained to
illustrate nerve terminations or myoneural junctions on individual muscle fibers.
The characteristic cross-striations (2, 8) are visible in each muscle fiber (6, 7).
The dark-stained, stringlike structures between the separated muscle fibers (6, 7)
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are the myelinated motor nerves (3) and their branches, the axons (1, 5, 10).
The motor nerve (3) courses within the muscle, branches, and distributes its
axons (1, 5, 10) to the individual muscle fibers (6, 7). The axons (1, 5, 10)
terminate on individual muscle fibers as specialized junctional regions called
motor endplates (4, 9). The small, dark, round structures seen in each motor
endplate (4, 9) are the terminal expansion of the axons (1, 5, 10). Some axons (1)
are also seen without motor endplates as a result of tissue preparation.

l\-

1 Axon terminals

7 Skeletal muscle

2 Cross-striations ————__ fib
- ers

3 Myelinated

neve

4 Motor endplates

5 Axons

6 Skeletal muscle
fibers

FIGURE 8.7 m Skeletal muscles, nerves, axons, and motor endplates. Stain:
silver. High magnification.

Skeletal Muscle and Motor Endplates

Skeletal muscles are voluntary because the stimulation for their
contraction and relaxation is under conscious control. Large motor nerves or
axons innervate skeletal muscles. Near the skeletal muscle, the motor nerve
branches, and a smaller axon branch individually innervates a single muscle
fiber. As a result, skeletal muscle fibers contract only when stimulated by an
axon. Also, each skeletal muscle fiber exhibits a specialized site where the
axon terminates. This neuromuscular junction, or motor endplate, is the
site where the impulse from the axon is transmitted to the skeletal muscle
fiber.

The terminal end of each efferent (motor) axon contains numerous small
vesicles that contain the neurotransmitter acetylcholine. Arrival of a nerve
impulse, or action potential, at the axon terminal causes the synaptic
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vesicles to fuse with the plasma membrane of the axon and release the
acetylcholine into the synaptic cleft, a small gap between the axon terminal
and cell membrane (sarcolemma) of the muscle fiber. The neurotransmitter
then diffuses across the synaptic cleft, combines with acetylcheline
rec