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New in the fourth edition are a
greater emphasis on pathology
topics and the gB) online audiovisual
version of the histology-oriented
Concept Mappings.

The focal point of the teaching
approach is to provide medical
students with an integrated method
wherein the learning of normal
structure and pathologic conditions
can reinforce each other.

Each Concept Mapping provides a
basic framework of interconnected
concepts arranged in a hierarchi-
cal form leading to integration and
critical thinking.

PREFACE

The fourth edition of Histology and Cell Biology: An Introduction to Pathology contains revi-
sions and additions that strengthen the visual approach to learning histology within the
context of cell biology and pathology introduced in the previous editions. New in the fourth
edition are a greater emphasis on pathology topics and the online audiovisual version of the
histology-oriented Concept Mappings. The combined histology—cell biology—pathology
approach intends to prepare medical students for the forthcoming learning of pathophysiol-
ogy and clinical medicine. The practice of medicine changes relentlessly as new knowledge
becomes known. Future physicians can find in this book the basis for continuing education
to better help their patients by constantly integrating basic and clinical sciences.

The visual approach presented in this book emerged from many years of practicing pathol-
ogy and teaching cell biology, histology, and pathology to medical students. Through the
years, it became clear the need to communicate and reinforce relevant concepts of histol-
ogy and pathology to be mastered under increasing time constraints resulting from changes
in the basic science curriculum in most medical schools. The focal point of the teaching
approach is to provide medical students with an integrated method wherein the learning of
normal structure and pathologic conditions can reinforce each other. The cell biology and
pathology components, although not complete, provide the necessary foundation for further
learning and integration with medical sciences. Pathology students and residents may find
this book useful for refreshing basic concepts of histology and cell biology. Histology and pa-
thology are visually oriented sciences, and the visual cues included in this book can facilitate
interpretation opportunities in clinical practice.

Similar to the previous editions, the fourth edition consists of six parts. Part I brings
together histology, cell biology, and general pathology within the context of the basic tissues.
Chapter 3, Cell Signaling, is an uncommon section in a histology book. It serves to unify
the concept that the study of tissues and organs cannot be separated from molecular biology
and general pathology. Parts II through VI present several organ systems grouped by their
most relevant function for the purpose of integration. Instructors and students may find the
grouping of organs useful for teaching and learning. Teachers may find the material benefi-
cial for delivering a lecture using the same or a different presentation sequence. In Part VI,
Organ Systems: The Reproductive System, the chapter headings depart from the traditional
designation to emphasize prominent functions. All the information is presented in a clear,
concise, and student-friendly manner using color graphics and photographs that are meant
to be studied. In some cases the graphics reiterate the concise text; in others they add new
information complementing or extending the text. Several boxes dispersed in most of the
chapters introduce students to clinical and pathologic conditions based on recent and evolv-
ing molecular and biochemical knowledge.

Most chapters include one or more Concept Mappings. Each Concept Mapping provides
a basic framework of interconnected concepts arranged in a hierarchical form leading to
integration and critical thinking. Concept Mapping and Essential Concepts highlight key
issues to remember, correlate, and extend in forthcoming courses during medical education.
Students may find the new online audiovisual version of Concept Mappings convenient for
reviewing and integrating the material when the time of in-course and board examinations
arrives.

There are many people to be acknowledged and thanked. We are grateful for the numer-
ous suggestions, comments, and encouragements from faculty and students. All of them
provided valuable feedback to make the message clearer and more consistent. We also thank
publishers who made available to students the Chinese, French, Greek, Japanese, Portuguese,
Spanish, and Turkish editions. Our special appreciation goes to the production team of Else-
vier in the Philadelphia and St. Louis offices for their magnificent effort in making sure that
the fourth edition met high publishing standards.

Abraham L. Kierszenbaum and Laura L. Tres
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PART | | BASIC TISSUES AND INTEGRATED CELL BIOLOGY
AND GENERAL PATHOLOGY

Chapter 1 EPITHELIUM

General classification of epithelia, 1

EB Concept Mapping | Types of epithelia, 1

Epithelial cell polarity, 2

Apical differentiations, 2

Cilia, 2

Multiple motile cilia, 4

Single or primary non-motile cilium, 6

Stereocilia (stereovilli), 6

Cell adhesion molecules, 6

Cadherins, 6

Selectins, 9

Ig superfamily, 9

Integrins, 10

ADAM proteins, 11

Cell junctions, 12

Anchoring junctions, 13

Zonula adherens or belt desmosome, 13

Macula adherens or spot desmosome, 13

Hemidesmosomes, 14

Gap junctions or communicating junctions, 14

Clinical significance: Connexin mutations, 16

Basement membrane, 16

Epithelium: Highlights to remember, 18

Cytoskeleton, 19

Microfilaments, 20

Microtubules, 23

Centrosome, 24

The axoneme of cilia and flagella, 26

Clinical significance: Microtubule-targeted drugs.
Sterility, 26

Microtubules: Cargo transport and motor proteins, 27

Axonal transport, 29

Myosin family of proteins, 29

Myosin light-chain kinase, 30

Intermediate filaments, 30

Hemidesmosomes and intermediate filaments, 34

Clinical significance: Skin blistering diseases, 35

Cell nucleus, 36

Nuclear envelope and nuclear pore complex, 36

Nucleocytoplasmic transport: Ran-GTPase, 37

Chromatin, 37

Dosage compensation: X chromosome inactivation, 38

Nucleolus, 41

Localization of nucleic acids, 43

Cell cycle, 43

Autoradiography and FACS, 44

Breakdown and reassembly of the nuclear envelope, 46

Tumor-suppressor genes: The retinoblastoma model, 47

Clinical significance: Retinoblastoma tumors, 49

Telomerase, senescence, and cancer, 49

Mitosis, 49

Clinical significance: The p53 signaling pathway, 50

Mitosis, 50

Basic Concepts of Medical Genetics, 50

Chromosomal disorders, 51

Mendelian inheritance: Single gene disorders, 52

Concept Mapping | Human development and genetic
diseases, 53

Non-mendelian Inheritance, 54

Karyotyping (chromosome analysis), 55

Essential Concepts | Epithelium, 55

Concept Mapping | Epithelial Differentiation, 56

Chapter 2 EPITHELIAL GLANDS
Development of epithelial glands, 59
Classification of epithelial glands, 59

Chapter 3 CELL SIGNALING

Secretory portion: Unicellular or multicellular, 59

Shape of the secretory portion, 61

Types of secretion, 61

Mechanisms of secretion, 62

Plasma membrane and cytomembranes, 63

Plasma membrane, 63

Phospholipid bilayer, 63

Membrane proteins, 64

Freeze-fracture: Difference between a surface and a face, 65

Transporter and channel proteins, 66

Endoplasmic reticulum, 67

Rough endoplasmic reticulum, 67

Protein synthesis and sorting, 68

Golgi apparatus, 68

Functions of the Golgi apparatus, 68

Vesicle transport, 70

Sorting of clathrin-coated vesicles and COP-coated
vesicles, 70

Vesicle fusion to a target membrane: NSF and
SNARE proteins, 72

Lysosomal sorting pathway: M6P and its receptor, 72

Receptor-mediated endocytosis: Cholesterol uptake, 72

Clinical significance: Familial hypercholesterolemia, 74

Lysosomes, 74

Phagocytosis, endocytosis, and macroautophagy, 76

Clinical significance: Lysosomal storage disorders, 79

Mitochondria, 79

Mitochondria participate in apoptosis, steroidogenesis
and thermogenesis, 82

Clinical significance: Mitochondrial maternal
inheritance, 82

Peroxisomes, 83

Clinical significance: Peroxisomal disorders, 84

EB Concept Mapping | Epithelial Glands, 85

Essential Concepts | Epithelial Glands, 85

SIN3INOD

Types of cell signaling and feedback action, 89

Hormones and ligands, 89

Steroid hormones, 89

Peptide hormones and growth factors, 91

Nitric oxide, 91

Neurotransmitters, 92

Cell signaling molecules binding, 91

Cell surface receptors, 92

G protein—coupled receptors, 92

Receptor and nonreceptor tyrosine kinases, 92

Cytokine receptors, 94

Receptors linked to tyrosine phosphatases and
serine-threonine kinases, 94

Major signal transduction pathways, 95

The cAMP pathway, 95

The cGMP pathway, 96

The phospholipid—calcium pathway, 96

The calcium—calmodulin pathway, 96

The Ras, Raf, and MAP kinase pathway, 97

The JAK-STAT pathway, 98

NF-xB transcription factor pathway, 98

The integrin-actin pathway, 98

General Pathology: Specific signaling pathways, 98

General Pathology: Stem cell niches and stemness, 99

Regenerative medicine by cell reprogramming, 100

Cell culture, 101

General Pathology: Cellular senescence and cancer, 102

General Pathology: Cell and tissue injury, 103

Concept Mapping | Cell death, necrosis, and apoptosis, 104

General Pathology: Necrosis, 105

General Pathology: Apoptosis, 105

What a nematode worm told us about apoptosis, 107

Extrinsic and intrinsic signals of apoptosis, 107
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Caspases: Initiators and executioners of cell death, 108

General Pathology: Apoptosis in the immune
system, 108

General Pathology: Apoptosis in neurodegenerative
diseases, 108

General Pathology: Necroptosis, 110

General Pathology: Mitochondrial permeability
transition, 111

General Pathology: Intracellular degradation, 111

Autophagy pathway, 111

Ubiquitin—proteasome pathway, 112

Concept Mapping | Neoplasia, 113

Mitophagy signaling pathway, 114

General Pathology: Neoplasia, 114

General Pathology: Proto-oncogenes, oncogenes,
and tumor suppressor genes, 116

Concept Mapping | Oncogenes and tumor suppressor
genes, 117

Identification of oncogenes in retroviruses, 118

Essential Concepts | Cell Signaling, 119

Concept Mapping | Cell Signaling, 119

Chapter 4 CONNECTIVE TISSUE

Classification, 123

Components of connective tissue, 125

Collagen: Synthesis, secretion, and assembly, 126

Pathology: Ehlers-Danlos syndrome, 128

Elastic fibers, 128

Pathology: Marfan syndrome, 129

Macrophages, 130

Mast cells, 131

Pathology: Mast cells and allergic hypersensitivity
reactions, 132

Plasma cells, 132

Extracellular matrix, 132

Pathology: Degradation of the extracellular matrix, 135

Concept Mapping | MMPs and TIMPs, 136

Pathology: Molecular biology of tumor invasion, 136

Adipose tissue or fat, 136

Adipogenesis, 136

Lipid storage and breakdown, 138

Clinical significance: Obesity, 140

Cartilage, 140

Growth of cartilage (chondrogenesis), 140

Types of cartilage, 141

Bone, 145

Macroscopic structure of mature bone, 145

Microscopic structure of mature bone, 146

Periosteum and endosteum, 146

Bone matrix, 147

Cellular components of bone, 148

The osteoblast, 149

Pathology: Differentiation of the preosteoblast to
osteoblast to osteocyte, 151

The osteoclast, 152

Osteoclastogenesis (osteoclast differentiation), 153

Pathology: Osteoporosis, osteopetrosis, and
osteomalacia, 155

Essential Concepts | Connective Tissue, 156

Concept Mapping | Connective Tissue, 157

Chapter 5 OSTEOGENESIS

Intramembranous ossification, 161

Endochondral ossification, 163

Secondary centers of ossification, 163

Zones of endochondral ossification, 164

Growth in width of the diaphysis, 169

Hedgehog signaling: The epiphyseal growth plate
and dwarfism, 169

Conversion of a bone trabecula into an osteon, 170
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Bone remodeling, 171

General Pathology: Bone fracture and healing, 172

General Pathology: Metabolic and hereditary bone
disorders, 174

Concept Mapping | Bone disorders, 174

Joints, 176

Pathology: Rheumatoid arthritis, 177

Essential Concepts | Osteogenesis, 177

EB Concept Mapping | Osteogenesis, 178

Chapter 6 BLOOD AND HEMATOPOIESIS

Blood, 181

Plasma, 181

Red blood cells (erythrocytes), 181

Pathology: RBC cytoskeletal and hemoglobin
abnormalities, 181

Clinical significance: Hemoglobin Alc (glycated
hemoglobin) and diabetes mellitus, 183

Clinical significance: Erythroblastosis fetalis, 183

Leukocytes, 184

Granulocytes, 184

Agranulocytes, 187

Pathology: Leukemias, 188

General Pathology: Leukocyte recruitment and
inflammation, 189

Pathology: Leukocyte adhesion deficiency (LAD), 189

Pathology: Mast cell-eosinophil interaction in
asthma, 191

Pathology: Eosinophilic esophagitis, 191

Platelets, 191

Pathology: Platelets and coagulation disorders, 192

Pathology: Hemostasis and blood clotting, 194

Hematopoiesis, 194

Hematopoietic niches, 194

The vascular niche, 197

The endosteal niche, 199

Hematopoietic cell populations, 199

Clinical significance: Hematopoietic growth factors, 201

Erythroid lineage, 201

Leukopoiesis, 204

Granulocytes, 205

Agranulocytes: Lymphocytes, 208

Monocytes, 208

Pathology: Colony-stimulating factors and
interleukins, 208

Megakaryocytes and platelets, 209

Clinical significance: Thrombopoietin, 210

Pathology: Stem cell factor (also known as c-kit
ligand), 210

Pathology: Iron-overload disorders, 210

Pathology: Vitamin B,,, megaloblastic anemia, and
microcytic anemia 213

Concept Mapping | Blood and Hematopoiesis, 214

Essential Concepts | Blood and Hematopoiesis, 214

Chapter 7 MUSCLE TISSUE

Skeletal muscle, 217

Characteristics of the skeletal muscle cell or fiber, 217

The myofibril: A repeat of sarcomere units, 219

Components of the thin and thick filaments of the
sarcomere, 219

Mechanism of muscle contraction, 221

Creatine phosphate: A backup energy source, 222

A depolarization signal travels along T tubules, 222

Neuromuscular junction: Motor end plate, 223

Clinical significance: Disorders of neuromuscular
transmission, 224

Calcium controls muscle contraction, 225

Pathology: Muscular dystrophies, 225

Pathology: Satellite cells and muscle regeneration, 229



Neuromuscular spindle and Golgi tendon organ, 229 Organ of Corti, 305
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Cardiac muscle, 231 ) Molecular and mechanical aspects of the hearing (@)
Clinical significance: Transport proteins on the process, 305 Z

sarcolemma of cardiocytes, 231 Clinical significance: Deafness and balance, 308 -]
Pathology: Myocardial infarction, 232 Concept Mapping | Sensory Organs: Eye, 309 m
Smooth muscle, 234 ' Concept Mapping | Sensory Organs: Ear, 311 P
Mechanism of smooth muscle contraction, 235 Essential Concepts | Sensory Organs: Vision and =
BB Concept Mapping | Muscle Tissue, 237 Hearing, 309 %)
Essential Concepts | Muscle Tissue, 237

Chapter 8 NERVOUS TISSUE PART Il | ORGAN SYSTEMS: PROTECTION OF THE BODY

Development of the nervous system, 239
Cell types: Neurons, 241 Chapter 10 IMMUNE-LYMPHATIC SYSTEM

Types of neurons, 241

Designation of groups of neurons and axons, 242
Synaptic terminals and synapses, 242

Clinical significance: Axonal transport of rabies virus, 243
Glia: The “"connective tissue” of the CNS, 246

Components of the lymphatic system, 313
Types of immunity, 314

Properties of adaptive or acquired immunity, 315
Development and maturation of B cells in bone

marrow, 315
Astrocytes, 247 L Major histocompatibility complex (MHC) and human
Oligodendrocytes and Schwann cells: Myelinization, 247 leukocyte antigens (HLA), 316

Myelin: Protein and lipid components, 249
Pathology: Demyelinating disease, 252 CD4 and CD8 coreceptors, 317

P?thOlflei ll\lleurodegenerative disease, 254 T cell maturation in the thymus: Positive and negative
Microglial cells, 260 selection, 317

Ependyma, 262

T cell receptor complex, 317

How do helper T cells help?, 319

Chorgid P'?X‘]'Sﬁ 222 T cell subsets: TH1 and TH2 cells and cytolytic or
Cerebrospinal fluid, 262 cytotoxic T cells, 319

Clinical significance: Brain permeability barriers, 262 How do cytolytic T cells kill2, 320

Peripheral nervous system, 265 Natural killer cells. 321

Structure of a peripheral nerve, 265 '

Pathology: Schwannomas, 267

Clinical significance: Segmental demyelination and
axonal degeneration, 287

Sensory (spinal) ganglia, 267

Autonomic nervous system, 268

Neurohistochemistry, 269

Concept Mapping | Nervous Tissue, 270

Essential Concepts | Nervous Tissue, 270

Clinical significance: Acquired immunodeficiency
syndrome, 321

General Pathology: Hypersensitivity reactions, 322

General Pathology: Complement system, 325

General Pathology: Inflammation, 327

Acute inflammation, 327

Concept Mapping | Acute inflammation, 329

Concept Mapping | Acute and chronic inflammation
compared, 330

Chronic inflammation, 330

Chapter 9 SENSORY ORGANS: VISION AND HEARING Lymphoid organs, 332

Eye, %73 1 Lymph nodes, 332
Development of the eye, 273 Pathology: Lymphadenitis and lymphomas, 335
Quter tunic: Sclera and cornea, 274
Thymus, 336
chr]rélea, 27.4_ Development of the thymus, 336
Middle tunic: Uvea, 275 Structure of the thymus, 337
The three chambers of the eye, 278 Spleen, 341
Lens, 278 '

linical signifi ) Vascularization of the spleen, 342
Clinical significance: Cataracts, 282 White pulp, 344

Accommodatiop, 283 Red pulp, 345

lnpe_r laye_r: R_e_tlna, 285 . Clinical significance: Sickle cell anemia, 346

Clinical 5|gn|f|cancg: Detachment of the retina, 285 Clinical significance: Asplenia, 347

Cell layers of the retina, 285 Clinical significance: Adoptive cell transfer, 347

Photoreceptor neurons: Rods and cones, 285 Essential Concepts | Immune-Lymphatic System, 348

Condgc’qng neurons: Blpqlar and ganglion ;ells, 287 EB Concept Mapping | Immune-Lymphatic System, 350

Association neurons: Horizontal and amacrine
cells, 292 Chapter 11 INTEGUMENTARY SYSTEM

Supporting gl@al cells: Mullgr cells, 292 General organization and types of skin, 353
Fovea centralis and optic disk, 293 Epidermis, 353

The eyelids, conjunctiva, and the lacrimal gland, 294 General Pathology: Wound healing, 355

Clinical significance: The red eye, 296 Concept Mapping | Wound healing, 356
Ear, 29? Pathology: Psoriasis, 358
External ear, 297 Differentiation of a keratinocyte, 361

Middle ear, 297 ' Melanocytes, 363
Inner ear: Development of the inner ear, 298 Langerhans cells (dendritic cells), 365

Gengral structure of the inner ear, 299 Merkel cells, 366

Vestibular organ, 299 Pathology: Tumors of the epidermis, 366
Semicircular canals, 299 Dermis, 367

Otolithic organs: Utricle and saccule, 302 '
Clinical significance: Méniére's disease, 303
Cochlea, 303

Pathology: Epithelial antimicrobial proteins, 367
Blood and lymphatic supply, 368
Pathology: Vascular disorders of the skin, 369
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(o) Sensory receptors of the skin, 369 Vasa recta, 441
(@) Pathology: Leprosy, 371 Renal medullary pyramid, renal lobe, and renal lobule, 441
4 Hypodermis (superficial fascia), 371 The uriniferous tubule: Nephron and collecting duct, 442
-] Epidermal derivatives: Hair (pilosebaceous unit), 371 The renal corpuscle, 443
m Bulge stem cell pathways, 373 Glomerular filtration barrier, 443
Z Epidermal derivatives: Sebaceous glands, 374 Pathology: Defects of the GBM, 447
‘_A Epidermal derivatives: Sweat glands, 374 Clinical significance: Slit filtration diaphragm, 448
Clinical significance: Sweat glands and cystic fibrosis, 377 Mesangium, 448
Epidermal derivatives: Fingernails, 378 Pathology: Podocyte injury, 449
Essential Concepts | Integumentary System, 378 Juxtaglomerular apparatus, 452
Concept Mapping | Integumentary System, 379 Proximal convoluted tubule, 452
Pathology: Acute kidney injury, 452
Loop of Henle, 455
PART Ill | ORGAN SYSTEMS: BLOOD CIRCULATORY SYSTEMS Distal convoluted tubule, 455
Collecting tubule/duct, 457
Chapter 12 CARDIOVASCULAR SYSTEM Renal interstitium, 458
General characteristics of the cardiovascular system, 383 Excretory passages of urine, 459
Heart, 383 Regulation of water and NaCl absorption, 459
Conductive system of the heart, 383 Renin-angiotensin system (RAS), 461
Purkinje fibers, 384 Countercurrent multiplier and exchanger, 462
Arteries, 384 Clinical significance: Mechanism of action of diuretics, 464
Large elastic arteries are conducting vessels, 385 Essential Concepts | Urinary System, 464
Pathology: Aortic aneurysms, 385 (%) Concept Mapping | Urinary System, 465
Medium-sized muscular arteries are distributing
vessels, 387
Arterioles are resistance vessels, 387 PART IV | ORGAN SYSTEMS: THE ALIMENTARY SYSTEM
Capillaries are exchange vessels, 387
Types of capillaries, 388 Chapter 15 UPPER DIGESTIVE SEGMENT
Veins are capacitance, or reservoir, vessels, 390 Mouth, or oral cavity, 469
Pathology: Vasculitis, 391 Lips, 470
Lymphatic vessels, 394 Gingiva, hard, and soft palate, 471
Clinical significance: Edema, 395 Tongue, 471
Clinical significance: Hemorrhage, 396 Tooth, 473
Special capillary arrangements: Glomerulus and Tooth development, 473
portal systems, 396 Odontoblasts, 473
Endothelial cell-mediated regulation of blood flow, 396 Dental pulp, 474
Pathology: Atherosclerosis, 399 Periodontium, 476
Pathology: Vasculogenesis and angiogenesis, 399 Ameloblasts, 477
Pathology: Neovascularization and vascular co-option, 402 Pathology: Non-neoplastic and neoplastic lesions
Clinical significance: Hypertension, 402 of the oral mucosa, 478
Concept Mapping | Pathogenesis of hypertension, 403 General organization of the digestive, or alimentary
Concept Mapping | Cardiovascular pathogenesis, 404 tube, 478
Concept Mapping | Cardiovascular System, 405 Microvasculature of the digestive tube, 479
Essential Concepts | Cardiovascular System, 405 Pathology: Gastric microcirculation and gastric ulcers, 456
Nerve supply of the digestive tube, 481
Chapter 13 RESPIRATORY SYSTEM Esophagus, 482
Nasal cavities and paranasal sinuses, 409 Clinical significance: Barrett's metaplasia, 482
Nasopharynx, 410 Stomach, 484
Offactory epithelium, 410 Cardia region, 485
Larynx, 411 The gastric gland, 485
Trachea, 413 Secretion of hydrochloric acid, 489
Segmentation of the bronchial tree, 414 Pathology: Helicobacter pylori infection, 490
Pulmonary lobule and acinus, 414 Gastroenteroendocrine cells, 492
Pathology: Chronic obstructive pulmonary disease, 418 Clinical significance: Zollinger-Ellison syndrome, 493
Pathology: Asthma, 421 Pyloric glands, 493
Club cells (Clara cells), 421 Mucosa, submucosa, and muscularis of the stomach, 494
Clinical significance: Cystic fibrosis, 424 Concept Mapping | Upper Digestive Segment, 495
Respiratory portion of the lung, 427 Essential Concepts | Upper Digestive Segment, 495
The alveolus, 428
Type Il alveolar cells, 429 Chapter 16 LOWER DIGESTIVE SEGMENT
Pathology: Acute respiratory distress syndrome, 430 Small intestine, 499
Pathology: Lung cancer, 432 The peritoneum, 499
Pleura, 434 Intestinal wall, 499
Pathology: Disorders of the pleura, 434 Microcirculation of the small intestine, 501
Essential Concepts | Respiratory System, 435 Innervation and motility of the small intestine, 502
€D Concept Mapping | Respiratory System, 436 Histologic differences between the duodenum,
jejunum, and ileum, 502
Chapter 14 URINARY SYSTEM Villi and crypts of Lieberkiihn, 504
The kidneys, 439 Enterocytes: Absorptive cells, 504
Organization of the renal vascular system, 439 Trafficking of sugars and peptides in enterocytes, 504
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Trafficking of lipids and cholesterol in enterocytes, 504

Goblet cells, 507

Enteroendocrine cells, 508

Intestinal stem cells, 508

Protection of the small intestine, 508
Intestinal tight junction barrier, 509

Peyer's patches, 510

Polymeric IgA, 513

Paneth cell, 516

Pathology: Inflammatory bowel diseases, 517

Clinical significance: Malabsorption syndromes, 517

Large intestine, 519

The appendix, 519

The rectum, 521

Pathology: Hirschsprung's disease, 521
Pathology: Colorectal tumorigenesis, 523

Essential Concepts | Lower Digestive Segment, 525
EB Concept Mapping | Lower Digestive Segment, 526

Chapter 17 DIGESTIVE GLANDS

General structure of a salivary gland, 529
Saliva, 529

Parotid gland, 530

Pathology: Mumps, rabies, and tumors, 532
Submandibular (submaxillary) gland, 532
Sublingual gland, 532

Exocrine pancreas, 534

Pathology: Carcinoma of the pancreas, 535
Functions of the pancreatic acinus, 538

Pathology: Acute pancreatitis and cystic fibrosis, 513

Liver, 540

General organization of the hepatic lobule, 540

Functional view of the liver lobule, 541

Hepatocyte, 542

Peroxisomes, 548

Pathology: Liver iron-overload disorders, 520

Pathology: Alcoholism and fatty liver (alcoholic
steatohepatitis), 548

Pathology: Perisinusoidal cells, 548

Pathology: Chronic hepatitis and cirrhosis, 550

Bile: Mechanism of secretion, 551

Metabolism of bilirubin, 552

Composition of the bile, 553

Pathology: Conditions affecting bile secretion, 553

Clinical significance: Hyperbilirubinemia, 554

Gallbladder, 555

Essential Concepts | Digestive Glands, 555

Concept Mapping | Digestive Glands, 556

PARTV | ORGAN SYSTEMS: THE ENDOCRINE SYSTEM

Chapter 18 NEUROENDOCRINE SYSTEM

Hypophysis, 559

Embryologic origin of the hypophysis, 560
Hypothalamo-hypophyseal portal circulation, 560
Histology of the pars distalis (anterior lobe), 563

Hormones secreted by acidophils: Growth hormone and

prolactin, 564

Growth hormone, 564

Clinical significance: Gigantism (in children) and
acromegaly (in adults), 564

Prolactin, 565

Clinical significance: Hyperprolactinemia, 566

Hormones secreted by basophils: Gonadotropins,
TSH, and ACTH, 566

Gonadotropins: Follicle-stimulating hormone and
luteinizing hormone, 566

Clinical significance: Infertility, 567

Thyroid-stimulating hormone (thyrotropin), 568

Clinical significance: Hypothyroidism, 568
Adrenocorticotropic hormone, 568

Clinical significance: Cushing's disease, 569
Neurohypophysis, 571
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PART I

BASIC TISSUES | INTEGRATED CELL BIOLOGY AND GENERAL PATHOLOGY

1. Epithelium

Epithelia separate the internal environment from the external environment by forming sheets of polarized cells
held together by specialized junctional complexes and cell adhesion molecules. Epithelial cells participate in
embryo morphogenesis and organ development in response to intrinsic and extrinsic signaling by tailoring cell
proliferation, differentiation and cell death. We address the structural characteristics of epithelial cells within a
biochemical and molecular framework as an introduction to the transition from a normal to a pathologic status.

General classification of epithelia

The epithelium is a tightly cohesive sheet of cells
that covers or lines body surfaces (for example,
skin, intestine, secretory ducts) and forms the
functional units of secretory glands (for example,
salivary glands, liver). The main characteristics of
epithelia are summarized in Box 1-A.

The traditional classification and nomenclature
of different types of epithelia are based on two pa-
rameters:

1. The shapes of individual cells.

2. The arrangement of the cells in one or more
layers (Figure 1-1).

Individual epithelial cells can be flattened (squa-
mous cells), have equal dimensions (cuboidal cells),
and be taller than wider (columnar cells).

According to the number of cell layers, an epithe-
lium consisting of a single cell layer is classified as
simple epithelium.

Simple epithelia, in turn, are subdivided into

simple squamous epithelium, simple cuboidal epi-
thelium, and simple columnar epithelium, according
to the shape of their cell components. The specific
name endothelium is used for the simple squamous
epithelium lining the blood and lymphatic vessels.
Mesothelium is the simple squamous epithelium
lining all body cavities (peritoneum, pericardium,
and pleura). Figure 1-2 provides examples of simple
epithelia.

Stratified epithelia are composed of more than
one cell layer. Stratified epithelia are subclassified
according to the shapes of the cells at the superficial
or outer layer into stratified squamous epithelium,
stratified cuboidal epithelium, and stratified colum-
nar epithelium.

Stratified squamous is the epithelium most fre-
quently found and can be subdivided into moderately
keratinized (also known as nonkeratinizing) or highly
keratinized types (Figure 1-3). The cells of the outer
layer of a nonkeratinizing squamous epithelium retain

>
Figure 1-1. Concept mapping: Types of epithelia
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Box 1-A | Main characteristics of epithelia

2

o Epithelia derive from the ectoderm, mesoderm, and endoderm.

o Epithelia line and cover all body surfaces except the articular cartilage, the
enamel of the tooth, and the anterior surface of the iris.

* The basic functions of epithelia are protection (skin), absorption (small and
large intestine), transport of material at the surface (mediated by cilia), secre-
tion (glands), excretion (tubules of the kidneys), gas exchange (lung alveolus),
and gliding between surfaces (mesothelium).

* Most epithelial cells renew continuously by mitosis.

* Epithelia lack a direct blood and lymphatic supply. Nutrients are delivered by
diffusion.

* Epithelial cells have almost no free intercellular substances (in contrast to con-
nective tissue).

* The cohesive nature of an epithelium is maintained by cell adhesion mol-
ecules and junctional complexes.

* Epithelia are anchored to a basal lamina. The basal lamina and connective
tissue components cooperate to form the basement membrane.

* Epithelia have structural and functional polarity.

nuclei (for example, esophagus and vagina). Nuclei
are absent in the outer layer of the highly keratin-
ized stratified squamous epithelium (for example,
the epidermis of the skin). Stratified epithelia have
basal cells aligned along the basal lamina. Basal cells
are mitotically active and continuously replace the
differentiating cells of the upper layers.

Although rare, there are also stratified cuboidal
epithelia (for example, in the ovarian follicles) and
stratified cuboidal epithelia (for example, lining the
intralobular ducts of salivary glands).

Two special categories are the pseudostratified
epithelium and the urothelium. The pseudostrati-
fied epithelium consists of basal and columnar cells
resting on the basal lamina. Only the columnar cells
reach the luminal surface. Because the nuclei of the
basal and columnar cells are seen at different levels,
one has the impression of a stratified epithelial or-
ganization.

Within this category are the pseudostratified
columnar ciliated epithelium of the trachea and the
pseudostratified columnar epithelium with stereo-
cilia of the epididymis (Figure 1-4).

The epithelium of the human urinary passages, also
referred to as urothelium, has the characteristics of a
pseudostratified epithelium: it consists of basal cells,
intermediate cells and columnar dome-shaped cells,
each extending thin cytoplasmic processes reaching
the basal lamina (Figure 1-4). An important feature
of this epithelium is its transitional height that var-
ies with distention and contraction of the organ (see

Chapter 14, Urinary System).

Epithelial cell polarity

An important aspect of an epithelium is its polarity.
Polarity is essential to carry out specific functions of
the various organ systems. Polarity is determined by

| 1.EPITHELIUM | Classification

the distribution of proteins and lipids and the rear-
rangement of the cytoskeleton.

Most epithelial cells lining surfaces and cavities and
have three geometric domains (Figure 1-5):

1. The apical (uppermost) domain is exposed to
the lumen or external environment and displays apical
differentiations.

2. The lateral domain faces neighboring epithelial
cells linked to each other by cell adhesion molecules
and junctional complexes.

3. The basal domain is associated with a basal
lamina that separates the epithelium from underlying
connective tissue, representing the internal environ-
ment. The basal lamina, of epithelial cell origin, is
reinforced by components of the connective tissue.
The basal lamina—connective tissue complex is des-
ignated the basement membrane.

From the functional perspective, sealing junctions
segregate the plasma membrane of an epithelial cell
into an apical domain and a basolateral domain. This
segregation is supported by the asymmetric distribu-
tion of transporting molecules ensuring polarized
secretory and absorptive functions of an epithelium.

For example, the apical domain has structures
important for the protection of the epithelial sur-
face (such as cilia in the respiratory tract) or for the
absorption of substances (such as microvilli in the
intestinal epithelium). In contrast, the basolateral
domain facilitates directional or vectorial transport
functions prevented from trespassing the sealing
junctions.

Apical differentiations
The apical domain of some epithelial cells can display
three types of differentiation:

1. Cilia.

2. Microvilli.

3. Stereocilia.

Cilia

There are two types of cilia (singular, cilium; Figure
1-6): multiple motile cilia and a single or a primary
non-motile cilium.

Ciliogenesis, the assembly process of both types
of cilia, is initiated by the basal body, a structure
originated from a basal body precursor located in
the centrosome. The basal body precursor multi-
plies and undergoes differentiation under control
of six small, non-protein coding microRNAs that
inhibit the translation of the mRNA encoding the
centrosomal protein CP110. If the expression of
CP110 protein increases by deletion of the regulatory
microRNAs, basal bodies fail to dock to the apical
plasma membrane, disrupting ciliogenesis and giv-
ing rise to human respiratory disease and primary
ciliary dyskinesia.



Figure 1-2. Simple epithelium

Simple squamous epithelium (endothelium)

The inner lining of all blood vessels consists of a single layer of
squamous endothelial cells. The thinness of the simple squamous

Red blood cells
in the lumen

Basal lamina

Flat nucleus of

Simple cuboidal epithelium (collecting tubule, kidneys)
The inner lining of kidney tubules and thyroid follicles consists of a

single layer of cuboidal cells. Cuboidal cells are highly polarized and

Simple columnar epithelium (small intestine)

The small intestine is lined by columnar epithelial cells with the
nucleus in the medial portion of the cell. The apical domain contains
finger-like projections called microvilli forming a brush border.
Microvilli participate in the absorption of proteins, sugar, and lipids,
which are released at the basolateral domain into the blood

* |— Simple columnar epithelium

an endothelial Lumen
cell
Simple squamous
epithelium

epithelial cells reflects their primary function in rapid exchange of

substances between blood and tissue. A similar epithelium (called

mesothelium) covers the peritoneum, pleura, and pericardium.

Basal lamina
Lumen
Simple cuboidal
epithelium

participate in absorption, secretion (thyroid gland), and active ion
transport (kidneys). Similar to the endothelium, a basal lamina
attaches the cell to the subjacent connective tissue.

Brush border —

Goblet cell Basal lamina

circulation for transport to the liver.

Goblet cells are present among the columnar epithelial cells. They
can be distinguished by a dilated, goblet-like apical cytoplasm
containing a light-stained mucus material. Mucus is released into
the lumen and coats the epithelial cell surface. The lamina propria
consists of loose connective tissue located beneath the epithelium.
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Nuclei are seen

Figure 1-3. Stratified epithelium
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(esophagus)

This epithelium consists of basal cells specialized for mitotic
division. Stratified cells covering the basal layer are
differentiating cells. Cells of the outer layer are highly

differentiated: they increase their keratin content to protect the
tissue from the mechanical action of ingested food. The
outermost cells retain their nuclei. This epithelium is also
known as nonkeratinizing.

Highly keratinized cells of the
superficial layer lack nuclei

Nuclei are not
seen in the
outermost cells

Basal lamina
Basal
cell

Basal lamina

Stratified squamous epithelium with abundant keratin

(epidermis)

abundant keratin to prevent water loss and penetration of chemical
and physical insults. The outermost cells lack nuclei. This
epithelium is also known as keratinizing.

This highly keratinized epithelium also consists of basal cells
specialized for mitotic division. Stratified cells covering the basal
layer are differentiating cells. Cells of the outer layer contain
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1. EPITHELIUM

Under normal conditions, basal bodies migrate
to the apical plasma membrane and extend into
the extracellular space the axoneme, a microtubular
structure that forms the basic structure of the cilium.

Multiple motile cilia
Multiple motile cilia function to coordinate fluid or
cargo flow on the surface of an epithelium. They
are cell projections originating from basal bodies
anchored by rootlets to the apical portion of the
cytoplasm (Figure 1-6).

A basal body contains nine triplet microtubules in

| Classification

a helicoid array without a central microtubular com-
ponent. By contrast, a cilium consists of an axoneme
formed by a central pair of microtubules surrounded
by nine concentrically arranged microtubular pairs.
This assembly is known as the 9 + 2 microtubular
doublet arrangement. The axoneme is also a com-
ponent of the sperm tail, or flagellum.

The trachea and the oviduct are lined by ciliated
epithelial cells. In these epithelia, ciliary activity is
important for the local defense of the respiratory
system and for the transport of the fertilized egg to
the uterine cavity.



Figure 1-4. Pseudostratified epithelia

Goblet cell Goblet cell Columnar ciliated cell

_ Columnar

ciliated cell

Basal cell

I
Basal cell Basal lamina

* " ' L ra— il
Pseudostratified columnar ciliated epithelium (trachea) to the basal lamina. (3) Goblet cells, mucus-secreting epithelial cells.
This epithelium consists of three major cell types: (1) Columnar  Columnar ciliated and goblet cells attach to the basal lamina and
cells with cilia on their apical domain. (2) Basal cells anchored ~ reach the lumen. Basal cells do not reach the lumen.
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Pseudostratmed columnar eplthellum W|th apparatus (called principal cells). (2) Basal cells attached to the basal
stereocilia/stereovilli (epididymis) lamina. Basal and principal cells are associated with the basal lamina.

Only principal cells reach the lumen. Sperm can be visualized in the
lumen. Stereocilia is an early misnomer as they lack microtubules. An
appropriate name is stereovilli.

The epididymal epithelium contains two major cell types. (1)
Columnar cells with stereocilia and highly developed Golgi

Dome-shaped superficial cell
Plagues

Intermediate cell Dome-shaped superficial cell
Plaques Superficial
Urothelium of an empty cel
iu .
urinary bladder. Intermedate
cell
Basal cell
Urothelium of a urinary Plaques
bladder filled with urine.
(I
Y OYRNEIE0)
Urothelium (urinary bladder)
The epithelium lining the urinary passages (also called lamina. In humans, the urothelium is a pseudostratified epithelium. A
urothelium), consists of three cell types. (1) dome-shaped characteristic of the urothelium is its transitional configuration in
superficial cells (often binucleated); (3) pyriform-shaped response to distension and contraction tensional forces caused by

intermediate cells; and (2) polyhedral-shaped basal cells, all urine. Plaques of aggregated proteins (uroplakins) are found on the
of them extending cytoplasmic processes anchored to the basal ~ apical plasma membrane of the dome-shaped superficial cells.
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Figure 1-5. Domains of a polarized epithelial cell
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Single or primary non-motile cilium

Some cells have a single or primary non-motile cili-
um. The importance of a single cilium emerges from
rare recessive human disorders known as ciliopathies
caused by structural or functional abnormalities of
cilia. The structure and mechanism of assembly of a
single cilium are shown in Figure 1-6.

The significant aspects of a primary cilium are:

1. It functions as a sensor that provides the cell
with information about the surrounding external
environment.

2. It participates in the early stages of embryonic
patterning leading to organogenesis.

3. Many components of the hedgehog signaling
pathway, essential at least in early development, are
present in a single cilium.

4. The position of the single cilium, called kino-
cilium, of the hair cell of the organ of Corti in the in-
ner ear determines the correct polarity of the adjacent
actin-containing stereocilia, essential for maintaining
body balance and for hearing (see Chapter 9, Sensory
Organs: Vision and Hearing).

Microvilli

Microvilli (singular, microvillus; Figure 1-7) are
finger-like cell projections of the apical epithelial cell
surface containing a core of cross-linked microfila-
ments (a polymer of G-actin monomers).

At the cytoplasmic end of the microvillus, bundles
of actin and other proteins extend into the terminal
web, a filamentous network of cytoskeletal proteins
running parallel to the apical domain of the epithe-
lial cell.

The intestinal epithelium and portions of the
nephron in the kidney are lined by epithelial cells with
microvilli forming a brush border. In general, a brush
border indicates the absorptive function of the cell.

| Epithelial cell polarity

Stereocilia (stereovilli)

Stereocilia (singular, stereocilium; see Figure 1-7)
are long and branching finger-like projections of the
apical epithelial cell surface. Similar to microvilli,
stereocilia contain a core of cross-linked actin with
other proteins. Stereocilia (or stereovilli) do not have
axonemes. Stereocilia/stereovilli are typical of the epi-
thelial lining of the epididymis and contribute to the
process of sperm maturation occurring in this organ.

Cell adhesion molecules
A sheet of epithelial cells results from the tight attach-
ment of similar cells to each other and to the basal
lamina, a component of the extracellular matrix. Cell
adhesion molecules enable interepithelial cell contact,
and this contact is stabilized by specialized cell junc-
tions. A consequence of this arrangement is the apical
and basolateral domain polarity of an epithelial sheet.

Although cell adhesion molecules and cell junctions
are considered here within the framework of epithelia,
nonepithelial cells also can use cell adhesion molecules
and junctions to establish contact with each other, en-
abling cell-cell communication. A typical example of
nonepithelial cells connected by specialized junctions
is the cardiac muscle (see Chapter 7, Muscle Tissue).

There are two major groups of cell adhesion mol-
ecules (see Box 1-B):

1. Ca2+-dependent molecules, including cadherins
and selectins.

2. Ca2+-independent molecules, which compose
the immunoglobulin superfamily and integrins.

Many cells can use different cell adhesion mol-
ecules to mediate cell-cell atctachment. Integrins are
mainly involved in cell-extracellular matrix interac-
tions. Cadherins and integrins establish a link be-
tween the internal cytoskeleton of a cell and the ex-
terior of another cell (cadherins) or the extracellular
matrix (integrins).

Cadherins

Cadherins (Figure 1-8) are a family of Ca2+-depen-
dent molecules with a major role in cell adhesion and
morphogenesis.

The importance of cadherins in human disease
is indicated by the process known as epithelial-
mesenchymal transition (EMT). EMT is the switch-
ing of polarized epithelial cells to a fibroblast-like or
mesenchymal phenotype characterized by the loss of
intercellular adhesion and increased cell migration.

During EMT, epithelial cadherins (E-cadherins),
Crumbs (a group of apical polarity proteins) and
cytokeratins (a cytoskeletal intermediate filament
protein) are downregulated, whereas mesenchymal
markers, such as vimentin (another intermediate
filament protein), are upregulated.

A loss of E-cadherins is associated with the acquisi-



Figure 1-6. Apical differentiations of epithelial cells: Cilia and primary cilium
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Cilia develop from basal bodies located in the apical domain of the cytoplasm. Basal
body precursors derive from the centrosome, multiply, mature and dock to the apical

plasma membrane of the cell. A basal body, consisting of nine peripheral
microtubule triplets (93 [triplets] + 0) in a helicoidal arrangement, extends into the
extracellular space an axoneme, a microtubular structure surrounded by the plasma
membrane. Rootlets anchor the basal body to the cytoplasm. Central microtubules
are not present in basal bodies and centrioles. The cilium consists of a concentric
array of nine microtubule doublets surrounding a central pair of microtubules (92
[doublets] + 2).

Assembly of the cilium

The cilium is formed and maintained by the transport of tubulins along the axoneme
mediated by proteins of the intraflagellar transport (IFT) system. IFT trafficking from
the base of the cilium to the tip (anterograde transport; to the microtubule plus end)
is mediated by kinesin motor proteins mobilizing IFT protein complexes. Dynein
motor participates in retrograde transport (to the microtubule minus end; base of the
cilium). IFT proteins form a platform for transporting cargo between the base and tip
of the cilium.

Disruption of the kinesin motor or IFT proteins blocks cilia formation. Basal body
proteins influence ciliary trafficking. Among these are components of the BBSome,
which are named after their association with Bardet-Biedl syndrome (BBS).
BBSome proteins may help loading protein cargo to the ciliary axoneme.

Proteins of the hedgehog signaling pathway participate in intraciliary and
intraflagellar transport.

Primary cilium and Hedgehog signaling

Hedgehog (Hh) signaling requires primary cilia for activation. The trafficking of Hh
pathway proteins along primary cilia is a key factor in epithelial cell differentiation.
(3 In the absence of Hh secretory protein, Ptc (for patched; the receptor of Hh),
the transmembrane protein Smo (for Smoothened) is blocked from entering the
cilium. Smo is stored in vesicles near the basal body.

G Upon Hh binding, Ptc is internalized and Smo, free from blocking, moves to
the plasma membrane [EJ and activates the Hh pathway by antagonizing the
function of Sufu (suppressor of fused) (3.

(B3 The motor kinesin KIF7 transports Gli (for glioma) transcription factors to the
tip of the cilium. If Smo is not available to inactivate Sufu (because of the absence
of Hh), Gli is degraded or processed to become a repressor. If the suppressive
function of Sufu is antagonized, Gli is processed to an activator form (GliA) (.
£ Activated GIiA is then transported out of the cilium into the nucleus (by dynein
motor and IFT proteins) to activate epithelial differentiation genes.
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Figure 1-7. Apical differentiations of epithelial cells: Microvilli and stereocilia (stereovilli)
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Microvilli and stereocilia (stereovilli) have the same substructure:
Core of actin microfilaments and actin-associated proteins.

In the intestinal epithelium, actin extends into the terminal web, a
network of cytoskeletal proteins in a collar-like arrangement at the

Basal lamina —=mms

1. EPITHELIUM

AT

tion of invasive behavior by tumor cells (metastasis)
as we discuss in Chapter 4, Connective Tissue and
Chapter 17, Digestive Glands.

There are more than 40 different cadherins. E-
cadherin is found along the lateral cell surfaces and
is responsible for the maintenance of most epithelial
layers. The removal of calcium or the use of a block-
ing antibody to E-cadherin in epithelial cell cultures
breaks down cell-cell attachment, and the formation
of stabilizing junctions is disrupted. E-cadherin mol-
ecules form czs-homophilic dimers (“like-to-like”),
which bind to dimers of the same or different class
of cadherins in the opposite cell membrane (zrans-
homophilic or heterophilic [“like-to-unlike”] interac-
tion). These forms of binding require the presence of
calcium and result in a specialized zipper-like cell-cell
adhesion pattern.

N-cadherin is found in the central nervous system,

|  Apical differentiations

A ‘ & _Epididymis =
apical domain of the cytoplasm. Although microvilli have comparable length,
stereocilia/stereovilli are longer and branch, and the apical domain of the cell

contains endocytotic vesicles. The bridges connecting adjacent stereocilia (blue
arrows) are indicators of their branching.

L. t ’ = o

the lens of the eye, and in skeletal and cardiac muscle.
P-cadherin is observed in placenta (trophoblast).

The cytoplasmic domain of cadherins is linked to
actin through intermediate proteins known collec-
tively as the catenin (Latin catena, chain) complex.
The complex includes catenins (o, B, and p120)
and actin-binding proteins (ct-actinin, vinculin, and
formin-1, among others).

The catenin complex has at least three distinct roles
in the function of cadherins:

1. Catenins mediate a direct link to filamentous
actin.

2. They interact with regulatory molecules of the
actin cytoskeleton.

3. They control the adhesive state of the extracel-
lular domain of cadherins.

The association of actin to the cadherin-catenin
complex is essential for cell morphogenesis, changes
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of cadherins is
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Figure 1-8. Cadherins
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Cadherins are the main adhesion proteins holding epithelial cells together in a
sheet arrangement. The removal of calcium disrupts tissue cohesiveness. The
cytoplasmic tail interacts with actin filaments through numerous intracellular

attachment proteins,

including three catenin proteins. 3-catenin can also act as

a transcriptional cofactor.

in cell shape, and the establishment of cell polarity.

Members of the cadherin family also are present
between cytoplasmic plaques of the zonula and the
macula adherens. -catenin plays a significant role
in colorectal carcinogenesis (see Chapter 16, Lower
Digestive Segment).

Selectins
Selectins (Figure 1-9), similar to cadherins, are
Ca?*-dependent cell adhesion molecules. In contrast
to cadherins, selectins bind to carbohydrates and
belong to the family of C-type lectins (Latin lectum,
to select).

Each selectin has a carbohydrate-recognition
domain (CRD) with binding affinity to a specific

oligosaccharide attached to a protein (glycoprotein)

Box 1-B | Cell adhesion molecules: Highlights to remember

* Cell adhesion molecules can be classified as Ca*-dependent and Ca?*-

independent.

« Ca?*-dependent adhesion molecules include cadherins and selectins.

¢ Ca*-independent adhesion molecules include cell adhesion molecules of the
immunoglobulin superfamily (CAMs) and integrins.

* Cadherins and CAMs display trans-homophilic interaction across the intercel-

lular space.

* Integrins are the only cell adhesion molecules consisting of two subunits: ¢ and

* Cadherins and integrins interact with F-actin through adapters (catenins for
cadherins, and vinculin, talin, and a-actinin for integrins).

or a lipid (glycolipid). The molecular configuration
of the CRD is controlled by calcium.

Selectins participate in the movement of leuko-
cytes (Greek leukos, white, kytos, cell) circulating in
blood (neutrophils, monocytes, B and T cells) toward
tissues by extravasation. Extravasation is the essence
of homing, a mechanism that enables leukocytes to
escape from blood circulation and reach the sites of
inflammation (see Figure 1-12). Homing also permits
thymus-derived T cells to home in on peripheral
lymph nodes (see Chapter 10, Immune-Lymphatic
System).

The three major classes of cell surface selectins
are as follows:

1. P-selectin, found in platelets and activated
endothelial cells lining blood vessels.

2. E-selectin, found on activated endothelial cells.

3. L-selectin, found on leukocytes.

P-selectin is stored in cytoplasmic vesicles in en-
dothelial cells. When endothelial cells are activated
by inflammatory signaling, P-selectin appears on the
cell surface.

On their surface, leukocytes contain sialyl Lewis-
x antigen, a specific oligosaccharide ligand for P-
selectin. P-selectin binding to the antigen slows down
streaming leukocytes in blood, and they begin to roll
along the endothelial cell surfaces. P-selectins get ad-
ditional help from members of the immunoglobulin
(Ig) superfamily and integrins to stabilize leukocyte
attachment, leading to extravasation (see Figure 1-12).

Ig superfamily

N-CAM (for neural cell adhesion molecule) belongs
to the Ig superfamily and mediates homophilic and
heterophilic interactions.

In contrast to cadherins and selectins, members of
the Ig superfamily are Ca**-independent cell adhesion
molecules and are encoded by a single gene. Members
of the Ig superfamily are generated by the alternative
messenger RNA (mRNA) splicing and have differ-
ences in glycosylation.

A conserved feature shared by all members of the
Ig superfamily is an extracellular segment with one
or more folded domains characteristic of immuno-
globulins (Figure 1-10).

Of particular interest is CD4, a member of the
Ig superfamily and the receptor for the human im-
munodeficiency virus type 1 (HIV-1) in a subclass
of lymphocytes known as T cells or helper cells. We
discuss the significance of several members of the
Ig superfamily in Chapter 10, Immune-Lymphatic
System.

Other members of the Ig superfamily play impor-
tant roles in the homing process during inflammation.
Examples include intercellular adhesion molecules
1 and 2 (ICAM-1 and ICAM-2) on endothelial cell

Cell adhesion molecules | 1. EPITHELIUM | 9
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Figure 1-9. Selectins
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Selectins have three extracellular domains:
1. A carbohydrate-recognition domain (CRD) specific for a particular sugar
(galactose, mannose, N-acetylglucosamine, and others).
2. A domain homologous to a repeat found in epidermal growth factor
(EGF-like).
3. Many consensus repeats found in complement regulatory proteins.
There are three major types of selectins:
1. L-selectin, carried by lymphocytes and with binding affinity to sulfated
carbohydrates.
2. E-selectin, expressed by activated endothelial cells.
3. P-selectin, expressed by platelets and activated endothelial cells.
Selectins, together with integrins and intercellular cell adhesion molecules
(ICAMSs), play a significant role in inflammation and in the periodic migration of
lymphocytes from the circulation into lymphoid organs (homing).

Figure 1-10. Immunoglobulin superfamily
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cell adhesion molecule, or
CAM, is folded into two to six
immunoglobulin-like domains.

Because of this characteristic,
CAMs belong to the
immunoglobulin (Ig)
superfamily of proteins.

Ig superfamily molecules on
one cell can bind to identical
molecules on another cell
(trans-homophilic binding) or
to other members of the family
(trans-heterophilic binding).

ICAM and VCAM molecules
play important roles in T cell
interactions and binding of
leukocytes to activated or resting
endothelial cells.
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Cytoplasm
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Cell adhesion molecules

surfaces. ICAM-1 is expressed when an inflamma-
tion is in progress to facilitate the transendothelial
migration of leukocytes (see Chapter 6, Blood and
Hematopoiesis).

Integrins

Integrins (Figure 1-11) differ from cadherins, se-
lectins, and members of the Ig superfamily in that
integrins are heterodimers formed by two associated
o and 3 subunits encoded by different genes. There
are about 22 integrin heterodimers consisting of 17
forms of o subunits and 8 forms of § subunits.

Almost every cell expresses one or several integrins.
Similar to cadherins, the cytoplasmic domain of f
integrin subunit is linked to actin filaments through
connecting proteins (see Figure 1-11).

The extracellular domain of § integrin subunit
binds to the tripeptide RGD (Arg-Gly-Asp) sequence
present in laminin and fibronectin, two major com-
ponents of the basement membrane, a specific type
of extracellular matrix. Laminin and fibronectin
interact with various collagen types (including type
IV collagen), heparan sulfate proteoglycan perlecan,
and entactin (also called nidogen).

The integrin—extracellular matrix relationship is
critical for cell migration to precise sites during em-
bryogenesis and can be regulated when cell motility
is required. In addition to their role in cell-matrix in-
teractions, integrins also mediate cell-cell interaction.

Integrins containing {3, subunits are expressed on
the surface of leukocytes and mediate cell-cell binding
in preparation for extravasation. An example is o 3,
integrin on non-adherent leukocytes that bind to li-
gands on endothelial cell surfaces following activation
by extracellular stimulation, resulting in leukocyte
extravasation during homing (the recruitment of
leukocytes to extravascular spaces). We discuss the
mechanism of cell homing in Figure 1-12 and expand
it within the context of inflammation in Chapter 10,
Immune-Lymphatic System.

Integrins are bidirectional signaling receptors.
Integrins can be activated by proteins binding to
their extracellular and intracellular domains. When
integrins bind to extracellular matrix molecules, a
protein complex binds to the cytoskeleton and several
signaling pathways are activated.

Genetic mutations of integrins or integrin regula-
tors have been associated with Glanzmann’s thrombo-
asthenia (mutations in 3, integrin subunit), leukocyte
adhesion deficiency (type I, caused by mutations in 3,
integrin subunit; type II, resulting from the absence
of fucosyl-containing ligands for selectins due to a
hereditary defect of endogenous fucose metabolism;
and type III, determined by mutations in kindlin)
and skin diseases (mutations in kindlin, o, a, and
B, integrin subunits).



Figure 1-11. Integrins
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Integrins differ from the other cell adhesion proteins:
1. They consist of two subunits.
2. They have a dual function: they bind to the
extracellular matrix and the internal cytoskeleton.
The a subunit of an integrin has two chains linked by
a disulfide linkage and a globular head with binding
sites for divalent cations.
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ADAM proteins

The reversal of integrin-mediated cell binding to
the extracellular matrix can be disrupted by proteins
called ADAM (for a disintegrin and metalloprotease).
ADAM s have pivotal roles in fertilization, angiogen-
esis, neurogenesis, heart development, cancer and
Alzheimer’s disease (see Chapter 8, Nervous Tissue).

A typical ADAM protein (Figure 1-13) contains an
extracellular domain and an intracellular domain.
The extracellular domain consists of several portions
including a disintegrin domain and a metallopro-
tease domain.

1. A disintegrin domain binds to integrins and
competitively prevents integrin-mediated binding of
cells to laminin, fibronectin, and other extracellular
matrix proteins.

2. A metalloprotease domain degrades matrix
components and enables cell migration.

A significant function of ADAMs is protein
ectodomain shedding, consisting of the proteolytic
release of the ectodomain of a membrane protein
cleaved adjacent to the plasma membrane. ADAMs
are members of the family of sheddases.

Ectodomain shedding targets for cleavage the pro-
inflammatory cytokine tumor necrosis factor ligand
(TNFL) and all ligands of the epidermal growth
factor receptor. A released soluble ectodomain of
a cytokine or growth factor can function at a dis-
tance from the site of cleavage (paracrine signaling).
Ectodomain shedding of a receptor can inactivate

the receptor by functioning as a decoy sequestering
soluble ligands away from the plasma membrane-
bound unoccupied receptor.

A defect in TNF receptor 1 (TNFR1) shedding,
determined by a mutation in the receptor cleavage
site, causes a periodic febrile because of continuous
availability of TNFR1 for TNFL binding. Conse-
quently, recurring fever occurs by increased inflam-
matory responses.

Cell junctions

Although cell adhesion molecules are responsible for
cell-cell adhesion, cell junctions are necessary for pro-
viding stronger stability. In addition, the movement of
solutes, ions, and water through an epithelial layer oc-
curs across and between individual cell components.

The transcellular pathway is controlled by numer-
ous channels and transporters.

The paracellular pathway is regulated by a con-
tinuous intercellular contact or cell junctions. A
deficiency in the cell junctions accounts for acquired
and inherited diseases caused by inefficient epithelial
barriers.

Cell junctions are symmetrical structures formed
between two adjacent cells. There are three major
classes of symmetrical cell junctions (Figure 1-14;
see Box 1-C):

1. Tight junctions.

2. Anchoring junctions.

3. Gap or communicating junctions.

Cell adhesion molecules | 1. EPITHELIUM | 11
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Figure 1-12. Homing, a process involving selectins and integrins
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carbohydrate ligands on the leukocyte
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Most leukocytes circulate in blood without interacting with other
blood cells or endothelial cells lining the blood vessels. However, a
subset of lymphocytes participates in a continuous recirculation
process through lymphoid tissues. This homing process involves
many diverse adhesion molecules that help lymphocytes to home to
various lymphoid compartments of the body.
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Tight junctions
Tight junctions (also called occluding junctions)
(Figure 1-15) have two major functions:

1. They determine epithelial cell polarity by
separating the apical domain from the basolateral
domain and preventing the free diffusion of lipids
and proteins between them.

2. They prevent the free passage of substances
across an epithelial cell layer (paracellular pathway
barrier).

Cell membranes of two adjacent cells come to-
gether at regular intervals to seal the apical intercel-
lular space. These areas of close contact continue
around the entire surface of the cell like a belt,
forming anastomosing strips of the transmembrane

| Cell adhesion molecules

Shear forces l\
N Adhesion
Selectins Extravascular space

B Integrin receptors for endothelial
ICAM-1 and VCAM-1 ligands are
rapidly activated on the leukocyte
surface during rolling. Chemical
mediators in the sites of inflammation
stimulate the activation of integrins 34
and (2. Integrins strengthen leukocyte
binding to endothelial cell surfaces.

ﬂ Transendothelial
migration is mediated
by integrins interacting
with ligands on
endothelial cell
surfaces. F-actin
dynamics participate in
this process.

The lymphocyte-endothelial cell interaction requires two types of
cell adhesion proteins: selectins and integrins. Neutrophils use a
similar mechanism to escape from blood vessels, primarily
postcapillary venules, into inflammatory sites. The migration of
leukocytes from the bloodstream to the tissue occurs in several steps
as illustrated.

proteins occludin and claudin. Occludin and claudin
belong to the family of tetraspanins with four trans-
membrane domains, two outer loops, and two short
cytoplasmic tails.

Occludin interacts with four major zonula occlu-
din (ZO) proteins: ZO-1, ZO-2, ZO-3, and afadin.
Claudin (Latin claudere, to close), a family of 16
proteins forming linear fibrils in the tight junctions,
confers barrier properties on the paracellular pathway.
A mutation in the gene encoding claudin 16 is the
cause of a rare human renal magnesium wasting
syndrome characterized by hypomagnesemia and
seizures.

Two members of the Ig superfamily, nectins and
junctional adhesion molecules (JAMs), are pres-



Figure 1-13. ADAM protein, a sheddase
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membrane-anchored metalloproteases. The proteolytic activity of
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The disintegrin domain has high sequence
similarity to snake-venom disintegrins. On
shedding, the disintegrin domain, which
contains the RGD tripeptide (Arg-Gly-Asp),
binds to the platelet glycoprotein gplib/llla,
preventing platelet aggregation.

Disintegrin

Metalloprotease

Transmembrane
protein

The metalloprotease degrades
components of the extracellular matrix
during cell migration. It also
participates in the cleavage of a
membrane protein at the plasma
membrane level, which results in the
release of its soluble ectodomain. This
process is known as ectodomain
shedding.

Ectodomain shedding targets a
number of molecules, including the
pro-inflammatory cytokine tumor
necrosis factor ligand and all
epidermal growth factor receptor
ligands.

Ectodomain
shedding

Plasma
membrane

ent in tight junctions. Both form homodimers (cZs
homodimers) and then #7275 homodimers across the
intercellular space. Nectins are connected to actin
filaments through the protein afadin. The targeted
deletion of the afadin gene in mice results in em-
bryonic lethality. A mutation in the nectin-1 gene
is responsible for cleft lip/palate and ectodermal
dysplasia (CLEPD1) of skin, hairs, nails, and teeth
in humans. Nectin-2—deficient male mice are sterile.

Tight junctions can be visualized by freeze-frac-
turing a network of branching and anastomosing
sealing strands. We discuss in Chapter 2, Epithelial
Glands, the procedure of freeze-fracturing for the
study of cell membranes.

Anchoring junctions

Anchoring junctions are found below the tight junc-
tions, usually near the apical surface of an epithelium.
There are three classes of anchoring junctions (see
Figures 1-14, 1-16, 1-18, and 1-19):

Ectodomain shedding
Soluble ectodomain

Ectodomain shedding allows membrane-anchored
growth factors or cytokines to participate in
paracrine signaling (at a distance from the site of
cleavage) or to enter the bloodstream. Shedding
also can generate a soluble decoy receptor that
could sequester a ligand.

1. The zonula adherens or belt desmosome
2. The macula adherens or spot desmosome
3. The hemidesmosome

Zonula adherens or belt desmosome

Similar to the tight junctions, the zonula adherens
is a beltlike junction. The zonula adherens (Figure
1-16) is associated with actin microfilaments. This as-
sociation is mediated by the interaction of cadherins
(desmocollins and desmogleins) with catenins (ct, 3,
and p120). The main desmogleins expressed in the
epidermis of the skin are desmoglein 1 and desmoglein

3 (Figure 1-17).

Macula adherens or spot desmosome

The macula adherens (also called desmosome) is a
spotlike junction associated with keratin intermediate
filaments (also known as tonofilaments) extending
from one spot to another on the lateral and basal cell
surfaces of epithelial cells (Figure 1-18). Spot desmo-
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Tight junctions
They define cell polarity and control the passage of
substances between adjacent cells. Tight junctions have

Figure 1-14. Anchoring and communicating junctions
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somes provide strength and rigidity to an epithelial
cell layer. Spot desmosomes are also present in the in-
tercalated disks linking adjacent cardiocytes in heart
(see Chapter 7, Muscle Tissue) and in the meninges
lining the outer surfaces of the brain and spinal cord.

In contrast to occluding junctions, adjacent cell
membranes linked by zonula and macula adherens
are separated by a relatively wide intercellular space.
This space is occupied by the glycosylated portion
of proteins of the cadherin family, desmogleins and
desmocollins, anchored to cytoplasmic plaques con-
taining desmoplakin, plakoglobin, and plakophilin.

The cytoplasmic plaques are attached to the cyto-
solic face of the plasma membrane. The interlocking
of similar cadherins binds two cells together by Ca®*-
dependent homophilic or heterophilic interaction, as
we have already seen. Inherited disorders of some
of the desmosomal components are indicated in
Figure 1-18.

The human desmosomal cadherins genes include
four desmogleins and three desmocollins. Their
cytoplasmic regions interact with plakoglobin and
plakophilin.

Desmoplakin interacts with the intermediate
filaments keratin in epidermis, desmin in the inter-
calated disks, and vimentin in the meninges. Desmo-
glein 1 and desmoglein 3 maintain the cohesiveness
of the epidermis, a stratified squamous epithelium.
Autoantibodies to desmoglein 1 cause a blistering
disease (disruption of cell adhesion) of the skin called
pemphigus foliaceus (see Figure 1-17).

| Cell junctions

3

Gap or communicating junctions -
They connect functionally two adjacent cells.

A gap junction is formed by connexons,
channel-like structures that enable the passage
of small molecules (~1.2 kd) between cells.

Zonula ﬁ@' :
I ‘#

Macula
| adherens ™

Hemidesmosomes

Hemidesmosomes are asymmetrical structures an-
choring the basal domain of an epithelial cell to the
underlying basal lamina (Figure 1-19).

Hemidesmosomes have a different organization
compared with a macula adherens or a desmosome.
A hemidesmosome consists of:

1. An inner cytoplasmic plate associated with
intermediate filaments (also called keratins or tono-
filaments)

2. An outer membrane plaque linking the
hemidesmosome to the basal lamina by anchoring
filaments (composed of laminin 5) and integrin o 3,

Although hemidesmosomes look like half-desmo-
somes, none of the biochemical components present
in the desmosome is found in hemidesmosomes.
Hemidesmosomes increase the overall stability of
epithelial tissues by linking intermediate filaments of
the cytoskeleton with components of the basal lamina.

We consider additional details of the hemidesmo-
somes and their role in autoimmune diseases of the
skin when we discuss the structure of intermediate
filaments in the cytoskeleton section.

Gap junctions or communicating junctions
Gap junctions are symmetrical communicating
junctions formed by integral membrane proteins
called connexins.

Six connexin monomers associate to form a con-
nexon, a hollow cylindrical structure that spans the
plasma membrane. The end-to-end alignment of



Figure 1-15. Molecular organization of tight junctions

Tight junctions are circumferential

k ’ Afadin-nectin complex is anchored to ZO-1. Junctional adhesion molecules (JAMs) are
belts at the apical domain of Nectins form cis-homodimers, which interact ~ associated to afadin and ZO-1. JAMs cis-homodimers
epithelial cells and linking adjacent with each other (trans-homo interaction) interact with each other (rans-homo interaction) and
endothelial cells. Tight junctions through the extracellular region. determine the formation of cell polarity.
seal the space between epithelial
cells and regulate the passage of
water and flux of ions between Afadin Nectin JANS

adjacent epithelial cells
(paracellular pathway). Molecules
across the cell follow a
transcellular pathway.

Zonula occludens proteins
(Z0-1,20-2, and Z0-3)
facilitate the reciprocal
interaction of occludin, claudins,
F-actin and JAMs with F-actin.
Z0-1
Z0-2
Z0-3

Occludin and claudins are the molecular basis | Qgcludin
for the formation of tight junction strands seen Claudin
in freeze-fracture preparations. |

Paracellular pathway

Transcellular pathway

Nectins and JAMs are members of the immunoglobulin subfamily. Occludin and claudins are members of the tetraspanin family of
Their structure is characterized by immunoglobulin loops, each proteins, containing four transmembrane domains, two loops,
stabilized by disulfide bonds. Nectins and JAMs cis-homodimers and two cytoplasmic tails.

mediate trans-homo cell-cell adhesion.

Lumen Actin microfilaments ~ Zonula adherens  Plasma membrane

B s i
u In freeze-fracture preparations, tight junctions appear as
branching and interconnected sealing ridges forming a network
near the apical domain of the cell. The ridges represent the
transmembrane proteins occludin and claudins associated with
the fractured protoplasmic face (PF).

a In thin sections, the intercellular space is occluded by occludin,
claudins, JAMs, and nectins. The zonula adherens or belt desmosome is
usually found below tight junctions.

connexons in adjacent cells provides a direct chan-  cyclic adenosine monophosphate [cAMP]) between
nel of communication (1.5 to 2 nm in diameter) cells). The connexon axial channels close when the
between the cytoplasm of two adjacent cells (Figure  concentration of Ca®* is high. This junction is re-
1-20). Connexons have a clustering tendency and  sponsible for the chemical and electrical “coupling”
can form patches about 0.3 mm in diameter. between adjacent cells. A typical example is cardiac

These junctions facilitate the movement of mol-  muscle cells connected by gap junctions to enable
ecules 1.2 nm in diameter (for example, Ca®* and  the transmission of electrical signals.
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Afadin-nectin

I
Cadherins Plasma Actin
(desmocollins m

desmogleins)
Plaque: Desmoplakin, plakoglobin, and plakophilin

Basement membrane

nents (Figure 1-21):
complex

and proteoglycans.

and embrane filaments & .

" with the connective tissue.
et The basal and reticular laminae can be distin-

The basement membrane consists of two compo-

1. The basal lamina, a sheetlike extracellular
matrix in direct contact with epithelial cell surfaces.
The basal lamina results from the self-assembly of
laminin molecules with type IV collagen, entactin,

2. A reticular lamina, formed by type III collagen

fibers, supports the basal lamina and is continuous

guished by electron microscopy. Under the light
microscope, the combined basal and reticular laminae

Clinical significance: Connexin mutations receive the name of basement membrane, which can
Several diseases occur when genes encoding con- be recognized by the periodic acid-Schiff (PAS) stain

nexins are mutated. Mutations in the connexin 26  (see Figure 1-21; see Box 1-D).

(Cx26) gene, highly expressed in cells of the cochlea, The PAS stain enables the pathologist to determine

are associated with deafness.

whether an epithelial malignant tumor has invaded

Mutations in the connexin 32 (Cx32) gene are the subjacent connective tissue by cancerous cells
found in X-linked Charcot-Marie-Tooth demy- breaking through the basement membrane.
elinating neuropathy resulting in progressive degen- The basal lamina has specific functions in different
eration of peripheral nerves, characterized by distal ~ tissues. The double basal lamina of the renal corpuscle
muscle weakness and atrophy and impairment of ~ constitutes the most important element of the glo-

deep tendon reflexes. merular filtration barrier during the initial step in the
Connexin 32 (Cx32) protein is expressed in formation of urine (see Chapter 14, Urinary System).
Schwann cells, which are involved in the produc- In skeletal muscle, the basal lamina maintains the

tion of rolled myelin tubes around the axons in the  integrity of the tissue, and its disruption gives rise to
peripheral nervous system (see Chapter 8, Nervous muscular dystrophies (see Chapter 7, Muscle Tissue).
Tissue). Gap junctions couple different parts of the Laminin (Figure 1-22) is a cross-shaped protein
rolled myelin tubes of the same Schwann cell, rather ~ consisting of three chains: the o chain, the B chain,
than different cells. A loss of the functional axial chan- ~ and they chain. Laminin molecules can associate with
nels in myelin leads to the demyelinating disorder. cach other to form a meshlike polymer. Laminin and

Mutations in the connexin 50 (Cx50) gene are asso- ~ tYP€ IV collagen are the major components of the
ciated with congenital cataracts, leading to blindness. basal lamina, and both are synthesized by epithelial

Bone cells (osteoblasts/osteocytes) are connected cells resting on the lamina.

by gap junctions and express connexin 43 (Cx43) Lan.linin has binding si.tes for. nidogen (also called
and connexin 45 (Cx45) proteins. A deletion of the entactin), proteoglycans (in particular, heparan sulfate
Cx43 gene determines skeletal defects and delays in perlecan), a-dystroglycan (sce Chapter 7, Muscle

mineralization. Tissue), and integrins.

Figure 1-17. Desmogleins in skin disease: Pemphigus foliaceus

basale and spinosum.

Layers of the epidermis

Stratum corneum
Stratum granulosum

Pemphigus foliaceus is an |
Stratum spinosum autoantibody-mediated blistering Basal lamina
— Stratum basale disease in which antibodies against
desmoglein 1 cause a loss of
adhesion of keratinocytes in the
superficial layers of the epidermis.

Basal lamina

| Cell junctions

Intercellular deposits of
immunoglobulins throughout the
upper layers of the epidermis in
contrast with the basal layers.

Immunofluorescence image from Weedon D: Skin Pathology.
2nd edition. London, Churchill Livingstone, 2002.

Superficial
layers of the
epidermis



Figure 1-18. Macula adherens (spot desmosome)
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Fibronectin (see Figure 1-22) consists of two
protein chains cross-linked by disulfide bonds.
Fibronectin is the main adhesion molecule of the
extracellular matrix of the connective tissue and is
produced by fibroblasts. Fibronectin has binding sites
for heparin present in proteoglycans, several types of
collagens (types I, IL, 111, and V), and fibrin (derived
from fibrinogen during blood coagulation).

Fibronectin circulating in blood is synthesized in
the liver by hepatocytes. It differs from fibronectin

Inherited disorders affecting the skin and heart

Keratin
Cadherin — Quter dense— Inner dense Vimentin
plaque plaque Desmin
m

Plasma membrane

Plakoglobin and plakophilins (types1-4). Plakoglobin
interacts directly with the intracellular region of
cadherins and also binds to desmoplakin and
plakophilins. Plakophilins participate in the recruitment
of proteins to the plasma membrane.

Plakoglobin gene mutation: Naxos disease
(arrhythmogenic right ventricular cardiomyopathy
[ARVC], woolly hair and palmoplantar
keratoderma).

Fat cells replace cardiocytes.

Desmoplakins (types I-Il). Desmoplakins bridge the intracellular
region of cadherins to intermediate filaments keratin, vimentin, |
or desmin).

Desmoplakin gene mutation: ARVC. Woolly hair.

produced by fibroblasts in that it lacks one or two
repeats (designated EDA and EDB for extra domain
A and extra domain B) as a result of alternative mRNA
splicing. Circulating fibronectin binds to fibrin, a
component of the blood clot formed at the site of
blood vessel damage. The RGD domain of immobi-
lized fibronectin binds to integrin expressed on the
surface of activated platelets, and the blood clot en-
larges. We return to the topic of blood coagulation or
hemostasis in Chapter 6, Blood and Hematopoiesis.

Figure 1-19. Hemidesmosome
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Figure 1-20. Gap junctions

Clusters of intercellular
channels are known as gap
junctions because of the
narrow extracellular gap that
separates the apposed plasma
membranes.

The intercellular channel is an axial
channel that allows the direct
passage of small signaling |
molecules between adjacent cells
to coordinate cell responses.

Connexin

Gap (2-4 nm)

Six connexin monomers assemble to form a hexameric connexon, a
cylinder with a central open channel. Connexons in the plasma membrane
of one cell align with connexons of an adjacent cell, forming a hydrophilic
intercellular channel connecting the cytoplasm of the apposed cells.

Box 1-C | Cell junctions: Highlights to remember

18 | 1.EPITHELIUM |

e Cell junctions can be classified as symmetrical and asymmetrical. Sym-
metrical junctions include tight junctions, belt desmosome (zonula adherens),
desmosomes (macula adherens), and gap junctions. The hemidesmosome is an
asymmetrical junction
* Tight junctions contain occludin and claudin, belonging to the protein family
of tetraspanins because four segments of each protein span the plasma mem-
brane. An additional component is the afadin-nectin protein complex.

Junctional adhesion molecules (JAMs), zonula occludens (ZO) proteins ZO-1,
Z0-2, and ZO-3 and F-actin are additional protein components. Tight junctions

form a circumferential gasket that controls the paracellular pathway of molecules.

e Zonula adherens (belt desmosome) consists of a plaque that contains
desmoplakin, plakoglobin, and plakophilin. Cadherins, mainly desmocollins and
desmogleins dimers, and the afadin-nectin complex extend from the plaque to
the extracellular space. A catenin complex links actin filaments to the plaque.
Similar to tight junctions, the belt desmosome forms a circumferential gasket at
the apical region of epithelial cells.

e Macula adherens (spot desmosome) are structurally comparable with the
zonula adherens except that the afadin-nectin and catenin complexes are absent
and intermediate filaments (tonofilaments), instead of actin filaments, are at-
tached to the plaque.

¢ Hemidesmosomes consist of an inner membrane plate, to which tonofila-
ments attach, and an outer membrane plaque, linked by integrin o534 and
laminin 5 to the basal lamina.

¢ Tight junctions, belt desmosomes, spot desmosomes, and hemidesmosomes
are anchoring junctions. Gap junctions are not anchoring junctions. Instead,
gap junctions are communicating junctions connecting adjacent cells. The basic
unit of a gap junction is the connexon, formed by 6 connexin molecules encir-
cling a central channel.

Cell junctions

Epithelium: Highlights to remember
Figure 1-23 presents the highlights of cell adhesion
molecules and cell junctions.

1. An epithelium is a continuous sheet of polarized
cells supported by a basement membrane.

2. The polarized nature of an epithelium depends
on the tight junctions that separate the polarized cells
into apical and basolateral regions.

3. Tight junctions control the paracellular pathway
of solutes, ions, and water. Tight junctions form a belt
around the circumference of each cell.

4. Endothelial cells, the constituents of a simple
squamous epithelium, are linked by tight and spot
desmosomes tightly regulated to maintain the in-
tegrity of the endothelium and protect the vessels
from unregulated permeability, inflammation, and
reactions leading to blood coagulation in the lumen
(see Chapter 12, Cardiovascular System).

5. Leukocytes reach the site of infection by attach-
ing to endothelial cell surfaces and migrate across
the endothelium into the underlying tissues by a
mechanism called diapedesis. Leukocytes find their
way through endothelial cell-cell junctions after
docking to activated or resting endothelial cells by
the endothelial cell adhesion molecules ICAM-1 and
VCAM-1 (see Figure 1-10). ICAM-1 and VCAM-1
bind to §, and B, integrin subunits in leukocytes
(see Figure 1-12).

6. The cohesive nature of the epithelium de-
pends on three factors: cell junctions, cell adhesive
molecules and the interaction of integrins with the
extracellular matrix, produced to a large extent by
fibroblasts.

7. The basal lamina is essential for the differentia-
tion of epithelial cells during embryogenesis.

Note in Figure 1-23 that:

1. The basal domain of epithelial cells interacts
with the basal lamina through hemidesmosomes
and integrins. Hemidesmosomes, so called because
of their appearance as half-desmosomes in electron
micrographs, are anchored to the basal lamina ouside
the cell and to a network of keratin intermediate fila-
ments inside the cell through a plate-plaque complex.
Mutations in hemidesmosome components cause
severe skin blistering as a result of a rupture of the
anchoring molecular integrity.

2. Integrins interact directly with laminin and
fibronectin, in particular the RGD domain to which
integrins bind. Inside the cell, integrins interact with
actin microfilaments. Integrins connect the extra-
cellular environment to the intracellular space. We
have seen that some ADAM proteins can use their
disintegrin domain to prevent integrin binding to
extracellular matrix ligands.

3. Collagens and proteoglycans do not interact
directly with the basal domain of epithelial cells.



Figure 1-21. Basement membrane

Epithelial cell

LTight junction

— Basolateral domain

\

reagent technique.

defined by two layers or laminae:

Nucleus collagen, heparan sulfate proteoglycans, and nidogen (also called
entactin).
2. A reticular lamina, which contains type Il collagen (reticular
fibers)
Basal domain The components of these two laminae are glycoproteins. They are
L | J PAS positive.
Basal lamina Under light microscopy, both laminae are resolved as

Reticular lamina

PAS technique.

Each lamina can be resolved as a separate entity by electron microscopy.

The basement membrane, an extracellular component in direct

contact with the basal domain of epithelial cells, is visible under the

light microscope after staining with the periodic acid-Schiff (PAS)
At the electron microscopic level, the basement membrane is

1. A basal lamina, which contains laminin, fibronectin, type IV

a single basement membrane after staining with the

rP'(ld:ey (cor ex) \)

Basal lamina  Reticular lamina

Instead, this interaction is mediated by laminin and
fibronectin, which contain specific binding sites for
collagens, the proteoglycan perlecan, and nidogen.
4. The lateral domains of adjacent epithelial cells
communicate by gap junctions (not shown in Figure
1-23). In contrast to tight junctions and belt and spot
desmosomes, gap junctions are not anchoring devices.
They consist of intercellular channels connecting the

Box 1-D | Periodic acid-Schiff (PAS) reaction

* PAS is a widely used histochemical technique to show 1,2-glycol or 1,2-amino-

alcohol groups, such

as those present in glycogen, mucus, and glycoproteins.

¢ Periodic acid, an oxidant, converts these groups to aldehydes. The Schiff
reagent, a colorless fuchsin, reacts with the aldehydes to form a characteristic
red-purple (magenta) product.

* Some important PAS-positive structures are the basement membrane,
glycocalyx, mucus produced by goblet cells, stored glycoprotein hormones in
cells of the pituitary gland, and collagens.

~ Nucleus of a fibroblast producing
components of the reticular lamina

cytoplasm of adjacent cells. They are communicating
junctions.

5. Cadherins and the afadin-nectin complex are
present in tight junctions and zonula adherens. Actin
microfilaments are associated with these two junctions
but there is a difference: catenins are present in zonula
adherens but not in tight junctions.

Cytoskeleton

Cytoskeleton is a three-dimensional network of
proteins distributed throughout the cytoplasm of
eukaryotic cells.

The cytoskeleton has roles in:

1. Cell movement (crawling of blood cells along
blood-vessel walls, migration of fibroblasts during
wound healing, and movement of cells during em-
bryonic development)

2. Support and strength for the cell

Cell junctions | 1. EPITHELIUM
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Figure 1-22. Laminin and fibronectin

Laminin
: Laminin is the major component
o chain of the basal lamina. It consists of
B chain y chain three disulfide-linked polypeptide
. chains designated o, 3, and y
Collagen Nidogen chains. Variants for each chain
b|n$|ng (entactin) give rise to several laminin
site - isoforms with different structure
Cell binding and function
site (RGD) for o s
— integrins Laminins have binding sites for
Integrin o T cell surface receptors
grin g1 , A ?'”ﬂ'ng S't‘j (integrins), type IV collagen,
% orheparin/ - ang other adhesion proteins
& m P
Proteodl W heparan sulfate (¢ . nidogen, also known as
glyean and entactin)
a-dystroglycan | aminin monomers
self-associate to form a network
that is part of the basal lamina.
Fibronectin
Fibrin Collagen Fibronectin is a glycoprotein formed
C-terminal by two identical chains joined by
Ie na —— disulfidg linkages close to the
C-terminal.
11 There are two forms of fibronectin:

Proteoglycans
(heparan
sulfate)
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1. Plasma fibronectin, produced
by hepatocytes and secreted into
the bloodstream.

2. Cellular fibronectin, produced
by fibroblasts, forms part of the
extracellular matrix.

Fibronectin has binding sites for
integrins, collagen, heparan
sulfate, and fibrin.

Integrin (ou534)
binding sites

3. Phagocytosis

4. Cytokinesis

5. Cell-cell and cell-extracellular matrix adher-
ence

6. Changes in cell shape

The components of the cytoskeleton were origi-
nally identified by electron microscopy. These early
studies described a system of cytoplasmic “cables” that
fell into three size groups, as follows:

1. Microfilaments (7 nm thick)

2. Intermediate filaments (10 nm thick)

3. Microtubules (25 nm in diameter)

Biochemical studies, involving the extraction of
cytoskeletal proteins from cells with detergents and
salts and in vitro translation of specific mRNA,
showed that each class of filaments has a unique pro-
tein organization. When cytoskeletal proteins were
purified, they were used as antigens for the produc-
tion of antibodies. Antibodies are used as tools for
the localization of the various cytoskeletal proteins
in the cell. The immunocytochemical localization

| Cell junctions

of cytoskeletal proteins (Figure 1-24) and cell treat-
ment with various chemical agents disrupting the
normal organization of the cytoskeleton have been
instrumental in understanding the organization and
function of the cytoskeleton.

Microfilaments

The main component of microfilaments is actin.
Actin filaments are composed of globular monomers
(G-actin, 42 kd), which polymerize to form long
helical filaments intertwined in a helix (F-actin).

Actin is a versatile and abundant cytoskeletal
component forming static and contractile bundles
and filamentous networks specified by actin-binding
proteins and their distinctive location and function
inacell. F-actin bundles are present in the microvilli
of the intestinal (Figure 1-25) and renal epithelial
cells (brush border) and the stereocilia from the hair
cells of the inner ear.

We have already seen that the intracellular portion
of the cell adhesion molecules cadherins and integrin
B, interacts with F-actin through linker proteins
(see Figures 1-8 and 1-11). As discussed in Chapter
6, Blood and Hematopoiesis, actin, together with
spectrin, forms a filamentous network on the inner
face of the red blood cell membrane that is crucial
for maintaining the shape and integrity of red blood
cells. Spectrin is a tetramer consisting of two distinct
polypeptide chains (o and f).

Actin filaments are polar. Growth of actin fila-
ments may occur at both ends; however, one end
(the “barbed end” or plus end) grows faster than the
other end (the “pointed end” or minus end). The
names correspond to the arrowhead appearance of
myosin head bound at an angle to actin.

Actin filaments can branch in the leading edge
(lamellipodia) of cells involved in either motility or
interaction with other cell types. F-actin branching
is initiated from the side of a preexisting actin fila-
ment by Arp2/3 (for actin-related protein), an actin
nucleating complex of seven proteins (Figure 1-26).
Formin regulates the assembly of unbranched actin
in cell protrusions such as the intestinal microvilli
(see Figure 1-25).

Actin monomers have a binding site for adenos-
ine triphosphate (ATP), which is hydrolyzed to
adenosine diphosphate (ADP) as polymerization
proceeds. Actin polymerization is ATP-dependent
(see Box 1-E).

The kinetics of actin polymerization involves a
mechanism known as treadmilling: G-actin mono-
mers assembled at one end of the filament concur-
rently disassemble at the other end (see Figure 1-26).
Four types of proteins control treadmilling (see Figure
1-26), as follows:

1. Thymosin sequesters pools of G-actin mono-
mers within cells.



Figure 1-23. Summary of cell junctions and cell adhesion molecules

. o)
Immunoglobulin superfamily
Cell adhesion molecules belong
to the immunoglobulin
superfamily because they
contain domains similar to
immunoglobulins. CAMs do not
require Ca2+ to maintain
homophilic adhesive
interactions.

Selectin

Selectins are
Ca2+-dependent molecules
with binding affinity for
sugars. Selectins have an
important role in the homing
process.

,
Zonula adherens (belt desmosome)

dense plaques.

Catenin
complex

Claudin
Actin

' Tight junctions (occluding junctions)
Consist of the transmembrane proteins
occludin and claudins, associated with
Z0-1, Z0-2, Z0-3, and the afadin-nectin
complex at the intracellular side. Occludin
and claudins seal the intercellular space.

Occludin
Afadin-nectin complex
Z0-1,Z0-2, and Z0-3

~

Afadin-nectin complex

- Cadherins

Hemidesmosomes
Hemidesmosomes consist of
an inner plate, the anchoring
site of the intermediate
filament keratin and an outer
plaque, attached to the basal
lamina by two major
components: anchoring
filaments (laminin 5) and

integrin ogP4.

71

T
W7,

. . W
Fibronectin %“\/\“"%,/Z/@ J
Proteoglycans Collagens

Proteoglycans (mainly
heparan sulfate perlecan)
interact directly with
fibronectin and laminin.

2. Profilin suppresses nucleation of G-actin and

Type IV collagen

Nidogen
(entactin)

It consists of a dense plaque associated with the catenin complex (o.-catenin, 3-catenin and p120),
a-actinin, vinculin and formin-1. Actin filaments are attached to the catenin complex. The
intercellular space is bridged by cadherins and the afadin-nectin complex connecting the opposite

Macula adherens (spot
desmosome)
Desmosomes are
symmetrical structures
consisting of: (1) plaques
containing desmoplakins,
plakoglobin and
plakophilins (2) linking
cadherins (mainly
desmocollins and
desmogleins) and (3)
keratin filaments attached
to the plaques.

rlntegrins

On the extracellular side,
integrins interact directly
with fibronectin and
laminin. On the
intracellular side, the
subunits of integrin

interact with actin through
intermediate proteins
(including ai-actinin,
vinculin, and talin).

Laminin

Laminin consists of three
polypeptide chains (c, 8,
and y) with binding sites
for type IV collagen,
proteoglycan perlecan,

integrin, and nidogen.

In the core of the intestinal microvilli, the as-

promotes F-actin growth at the barbed end. Profilin
can favor the assembly of monomeric G-actin into
filaments by facilitating the exchange of bound
ADP for ATP. Only ATP-actin monomers can be
assembled into filaments.

3. Cofilin (also known as actin depolymerizing fac-
tor) triggers depolymerization of ADP-bound actin
at the pointed end. Similar to profilin and thymosin,
cofilin forms a dimeric complex with G-actin.

4. Gelsolin has a dual role: it is a capping protein
and prevents the loss and addition of actin mono-
mers, and it is a severing protein. In the presence of
Ca*, gelsolin fragments actin filaments and remains
bound to the barbed end, forming a cap that prevents
further filament growth.

sembly of G-actin monomers into filaments and the
organization of these filaments into thick bundles are
controlled by various types of actin-binding or actin-
related proteins. A bundle of parallel nonbranching
actin filaments, forming the core of the microvillus,
is held together by actin-linking proteins, villin and
fimbrin. Side arms of myosin-I and the Ca**-binding
protein calmodulin anchor the bundle to the plasma
membrane (see Figure 1-25).

Arp2/3 and additional regulatory proteins form a
nucleation complex for the assembly of branching
actin filaments.

Branching actin filaments assemble at the lead-
ing edge of a cell during cell motility. In microvilli,
formins (proteins with highly conserved formin-

Cell junctions | 1. EPITHELIUM
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Figure 1-24. Immunocytochemistry

Two techniques are generally used: direct with a detergent, so that antibody
and indirect immunocytochemistry. molecules (immunoglobulins) can enter a
Immunocytochemistry requires that cells cell and bind to an antigen.

under study are made permeable, usually

Direct immunofluorescence Direct immunocytochemistry involves Indirect immunofluorescence
a specific antibody or some agent with
specific binding affinity to an antigen Antigen ) )
The immunoglobulin After detergent tagged with a visible marker. Visible Second immunoglobulin
molecule cannot enter treatment the markers attached to the immunoglobulin with a fluorescent tag
into an intact cell immunoglobulin molecule can be a fluorescent dye such '
molecule enters the cell @ fluorescein (green fluorescence) or First immunoglobulin
and binds to the antigen  Fhodamine (red fluorescence). When without a fluorescent tag
) examined with a fluorescence bound to the antiden
Antigen microscope, only labeled components 9
K Iﬁ are visible as bright, fluorescent
structures. Direct immunofluorescence
@ involves a single incubation step and Indirect immunocytochemistry involves a
—_ Q provides a simple detection system. second antibody tagged with a visible marker.
Gold particles (electron-dense) attached This second antibody binds to a nontagged first
to immunoglobulin molecules are antibody specific for an antigen. The indirect
convenient markers for method requires two separate incubations (one
immunocytochemistry at the electron each for the first and second antibodies) and is
microscopic level. more specific for the identification of antigens.

Figure 1-25. F-actin bundles form the core of intestinal microvilli homology domains, FH1 and FH2), instead of the
Arp2/3 complex, seem to regulate the elongation of

nonbranching actin filaments, while remaining at-
tached to the barbed end (see Box 1-E).
Formins are located at the tip of the microvillus,

Brush border, formed by a
closely packed layer of microvilli,
at the apical domain of the
intestinal columnar epithelial
cells. The brush border is also
seen in cuboidal epithelial cells
of the proximal convoluted
tubule (nephron).

the cap region (see Figure 1-25).

Male patients with defects in proteins that activate
the Arp2/3 complex, in particular a protein of the
Wiskott-Aldrich syndrome protein (WASP) family,
display recurrent respiratory infections because of he-
reditary immunodeficiency, thrombocytopenia (low
platelet count) present from birth on and eczema of

. o Formin, a protein of the cap and the skin after the first month of life (see Box 1-F).
Intestinal microvillus interacting with the fast-growing The mutation is inherited from the mother, a healthy
J_‘GWCOCa'YX barbed ends of F-actin, promotes the carrier of the defective gene.
elongation of unbranched F-actin. Microvilli and stereocilia are comparable struc-
Cap ' | . [~ Glycocalyx tures, although they differ in length and the number
Factin of actin filaments:
Actin 1. Intestinal microvilli are 1 to 2 um long, 0.1 um
Membrane-linking cross-linking wide, and consist of 20 to 30 bundled actin filaments.
Actin proteins proteins 2. Stereocilia in hair cells of the inner ear have a
bundie ; Myosin | — Villin tapered shape at their base, the length range is 1.5 to
Calmodulin —— Fimbrin 5.5 um, and each actin bundle contains up to 900
Actin actin filaments.
filament Hair cells are extremely sensitive to mechanical
rootlets displacement, and a slight movement of the stereo-
cilium is amplified into changes in electric potential
| | Terminal transmitted to the brain.
| we We study hair cells of the inner ear in Chapter 9,
Spectriq iso?or.m Intermediatg filaments Sensory Organs: Vision and Hearing,
connecting fibrils (keratins)
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Figure 1-26. Role of actin binding proteins in the assembly and disassembly of F-actin

Sequestering/
regulating proteins
Thymosin sequesters
G-actin into a reserve
pool; profilin binds to
G-actin and regulates
filament assembly.
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Profilin

Barbed end Polymerization

An ATP cap is formed

G-actin carries
an ATP

molecule (one
per monomer).

Barbed end
~ Polymerizing end of a
growing actin filament

Barbed end

F-actin inhibitors

Cytochalasins bind to
the fast-growing end
(plus end), preventing
further addition of
G-actin. A cytochalasin
cap is formed.

| to facilitate further Cytochalasins are
addition of G-actin. lkaloi
ATP is hydrolyzed. faun;io'ds produced by
N G-actin contains '
A bound ADP.
Gelsolin severs actin Phalloidin binds to
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newly formed plus end, | | ; tina thei
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polymerization (capping). Fluorescent-labeled
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Q
Arp2/3, a complex of g~ Severed actin filament stain actin filaments in
seven proteins, initiates . cells. Ehalloidin is an
™M the growth of F-actin Capped barbed end @ @ alkaloid produced‘ by the
“ from the sides of a (. mushroom Amanita
preexisting filament. Gelsolin, a severing/ o phalloides
Y capping protein Pointed o
Pointed end Depolymerization end Latrunculins disrupt

Profilin regulates filament assembly by
catalyzing the exchange of G-actin bound
ADP for ATP and promotes the transfer of
actin monomers from thymosin to the
barbed end of the actin filament.

<QATP ”ADP

Pointed end
Depolymerizing end of a
grown actin filament

Cofilin, an actin
depolymerizing factor,
stimulates the dissociation
of ADP-bound G-actin.

P

G-actin carrying
bound ADP

actin filaments by
binding to G-actin and
inducing directly F-actin
depolymerization.
Latrunculins derive
from the Red Sea
sponge Latrunculla
magnifica.

Treadmilling is the dynamic balance between the polymerizing and
depolymerizing ends to maintain the length of an actin filament.

A treadmilling actin filament contains ATP-bound G-actin monomers at
the barbed end, whereas the ones at the pointed end are ADP-bound.

Microtubules
Microtubules are composed of tubulin dimers (Fig-
ure 1-27; see Box 1-G). Each tubulin dimer consists

Box 1-E | Microfilaments: Highlights to remember

* Microfilaments consist of G-actin, globular monomers, which polymerize

in the presence of ATP into a long intertwined in a helix filamentous polymer,
F-actin, that is 7 nm thick.

¢ F-actin has a distinct polarity: a barbed or polymerization end, and a pointed
or depolymerizing end. Profilin has two roles: it severs F-actin and regulates
F-actin assembly by catalyzing the exchange of G-actin bound ADP for ATP.
Cofilin is a depolymerizing factor. The Arp2/3 complex initiates the branching of
F-actin.

* Treadmilling is the dynamic balance between the polymerizing and depoly-
merizing ends of F-actin.

of two tightly bound tubulin molecules: a-tubulin
and B-tubulin. Tubulin subunits are arranged in
longitudinal rows called protofilaments. Thirteen
protofilaments associate side by side with each other
to form a cylinder of microtubules with a hollow core.
The diameter of a microtubule is 25 nm.

Similar to actin filaments, microtubules are struc-
turally polarized. Microtubules have a plus end,
which grows more rapidly than the minus end (see
Figure 1-27).

In contrast to actin filaments, most individual
microtubules seem to undergo alternate phases of
slow growth and rapid depolymerization. This
process, called dynamic instability, consists of three
major steps:

1. A polymerization phase, in which GTP-tubulin
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Figure 1-27. Assembly of a microtubule
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end (the plus end), and
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Most individual microtubules
undergo alternate phases of
slow growth and rapid
depolymerization, a process
known as dynamic

instability. other end (the minus end).

Dynamic instability results Polarity is essential for the
from the hydrolysis of dynamics of microtubule
GTP-tubulin dimers, release growth and the directional
of hydrolyzed phosphate, movement of organelles

along microtubules and
separation of chromosomes
during cell division.

and subsequent release of
GDP-tubulin subunits.
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Minus end
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array of tubulin units o and
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25 nm in diameter

subunits add to the plus end of the microtubule and
a GTP cap is assembled to facilitate further growth.
2. The release of hydrolyzed phosphate (Pi) from

tubulin-bound GTP.
3. A depolymerization phase, in which GDP-

Box 1-F | Wiskott-Aldrich syndrome

24 |

* The Arp2/3 complex is necessary for nucleating the assembly of branched
networks of actin filaments. The function of phagocytic cells and platelets
depends on a functional actin cytoskeleton.

* Numerous proteins activate the Arp2/3 complex. Without these proteins, the
Arp2/3 complex is inactive.

* Two major proteins that bind and activate the Arp2/3 complex include the
Wiskott-Aldrich syndrome protein (WASP) family, which consists of several
members (WASP, neuronal WASP [N-WASP] and SCAR/WAVE1-3 [suppressor
of cAMP receptor/WASP family verprolin-homologous protein 1-3]). Additional
members belong to the cortactin family, which includes cortactin and hemato-
poietic-specific protein.

* Mutations in the WASP gene, present in the X chromosome, are character-
ized by recurrent respiratory infections (defective function of T and B cells), a
reduction in the number of platelets (thrombocytopenia) leading to increased
susceptibility to bleeding, and eczema of the skin. Males but not females are
affected by the Wiskott-Aldrich syndrome.
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tubulin subunits are released from the minus end at
a fast rate.

The polymerization-to-depolymerization transition
frequency is known as catastrophe; the depolymeriza-
tion-to-polymerization transition frequency is known
as rescue.

The stability of microtubules can be modified by
microtubule-associated proteins (MAPs). MADs are
classified into two groups:

1. Classical MAPs, such as MAP1A, MAP1B,
MAP2, and tau.

2. Nonclassical MAPs, including Lis1 and DCX
family members. MAPs stabilize microtubules by
phosphorylation/dephosphorylation.

In Chapter 7, Nervous Tissue, we discuss the sig-
nificance of tau phosphorylation and dephosphory-
lation in Alzheimer’s disease. A lack of expression
of Lis1 causes a sever brain developmental disorder

called lissencephaly.

Centrosome

The centrosome, the major microtubule-organizing
center in cells, consist of a pair of centrioles sur-
rounded by the pericentriolar material, an amor-
phous, electron-dense substance rich in proteins such
as pericentrin and y-tubulin.

The centrosome has four major functions:

1. It nucleates the polymerization of tubulin sub-
units into microtubules.

2. It organizes microtubules into functional units,
for example, the mitotic spindle.

3. It duplicates once every cell cycle in preparation
for cell division.

4. Tt gives rise to basal body precursors, the origina-
tors of multiple or single cilia.

Centrosome abnormalities, in particular an increase
in their number, are frequent in human tumors and
correlate with advanced tumor grade and metastasis.
Therefore, centrosome amplification has a lethal
effect by preventing cells to assemble normal mi-
totic spindles but also enhancing the potential of
tumorigenesis.

Centrosomes are part of the mitotic center, which,
together with the mitotic spindle, constitutes the
mitotic (or meiotic) apparatus (Figure 1-28).
centriole is a small cylinder (0.2 um wide and 0.4
um long) composed of nine microtubule triplets
in a helicoid array. In contrast to most cytoplasmic
microtubules, which display dynamic instability, the
centriolar microtubules are very stable.

During interphase, centrioles are oriented at right
angles to each other. Before mitosis, centrioles repli-
cate and form two pairs. During mitosis, each pair
can be found at opposite poles of the cell, where they
direct the formation of the mitotic or meiotic spindle.

There are three types of microtubules extending



Figure 1-28. Mitotic apparatus

The mitotic (or meiotic) apparatus
consists of two components:

1.The mitotic center.

2. The mitotic spindle.

The three components of the mitotic
center are the microtubule
organizing center surrounding a pair
of centrioles and radiating
microtubules (also called astral
microtubules) anchoring the mitotic
center to the plasma membrane.

The mitotic spindle consists of two
major classes of microtubules
originating in the mitotic center: the
kinetochore microtubules, anchored
to the centromeres of the metaphase
chromosomes, and the polar
microtubules, which overlap with
each other in the center of the cell
and are not attached to
chromosomes.

Radiating microtubules

Microtubule organizing
center
Centrioles

Mitotic center

Motor proteins (dynein/dynactin) move

arrow, at the kinetochore by the loss of
GDP-tubulin

from the centrosomes:

1. Radiating or astral microtubules, anchoring
each centrosome to the plasma membrane.

2. Kinetochore microtubules, attaching the chro-
mosome-associated kinetochore to the centrosomes.

3. Polar microtubules, extending from the two
poles of the spindle where opposite centrosomes are
located (see Figure 1-28).

Figure 1-29. Axoneme

One of the principal functions of the inner sheath and radial spokes is
the stabilization of axonemal bending. Tektins are filamentous proteins
extending along the microtubules. Together with nexin links, tektins may
provide a scaffold to microtubules or have a role in the assembly of
axoneme-associated structures.
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Kinetochores are formed by several proteins as-
sembled on centromeric DNA during mitosis and
meiosis. The centromere is the chromosomal site
where the kinetochore assembles. If kinetochores fail
to assemble, chromosomes cannot segregate properly
(see Box 1-H).

The pericentriolar material contains the y-tubulin
ring complex and numerous proteins, including peri-
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Figure 1-30. Agents that prevent microtubular function

Colchicine binding to tubulin dimers
[-tubulin 46 prevents their assembly into microtubules.
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‘, antitumor therapy, also inhibit tubulin
‘) polymerization. Nocodazole is another

protein inhibitor of tubulin polymerization.
Plus end

Tubulin-colchicine complex

Taxol binds to microtubules preventing
their depolymerization. Taxol disrupts
mitosis by affecting the dynamic assembly
and disassembly of the mitotic spindle
required for the separation of
chromosomes into daughter cells.

Antimitotic drugs are potent inhibitors of the
polymerization and depolymerization of
microtubules of the mitotic spindle.
Antimitotic drugs bind to diverse sites on
tubulin, and their combination can be
therapeutically more efficient.

Minus end

centrin. Each y-tubulin ring complex is the nucle-
ation site or template for the assembly and growth of
one microtubule. The centrioles do not have a direct
role in the nucleation of microtubules in the centro-
some. Tubulin dimers associate to the y-tubulin ring
by the a-tubulin subunit. Consequently, the minus
end of each microtubule points to the centrosome;
the plus end, the growing end, is oriented outward,
free in the cytoplasm.

The axoneme of cilia and flagella

Early in this chapter, we indicate that centrosomes

give rise to precursor basal bodies, which are the

outgrowth origin of cilia (see Figure 1-6) and flagella.
Motile cilia and flagella are cytoplasmic extensions

Box 1-G | Microtubules: Highlights to remember

* Microtubules are structures consisting of tubulin dimers, o and 8, which
polymerize in the presence of GTP into longitudinal rows of protofilaments. Each
tubulin monomer binds one GTP molecule. Thirteen parallel protofilaments form
a cylinder or microtubule 25 nm in diameter.

e Similar to F-actin, microtubules have a distinct polarity: a plus or polymerizing
end and a minus or depolymerizing end.

* Microtubules undergo alternate phases of slow growth and rapid depolymer-
ization, a process known as dynamic instability.

* Centrioles, basal bodies, and axonemes of cilia and flagella contain a precise
array of microtubules.

* Kinesin and cytoplasmic dynein, two molecular motor proteins, use microtu-
bules as tracks for the transport of vesicle and nonvesicle cargos.
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containing a core of microtubules, the axoneme (Fig-
ure 1-29). The axoneme consists of nine peripheral
microtubule doublets surrounding a central pair of
microtubules. This arrangement is known as the 9 + 2
configuration.

Each peripheral doublet consists of a complete
microtubule (called an A tubule, with 13 proto-
filaments), sharing its wall with a second, partially
completed microtubule (called a B tubule, with 10
to 11 protofilaments). Extending inward from the A
tubule are radial spokes that insert into an amorphous
inner sheath surrounding the central microtubule
pair. Adjacent peripheral doublets are linked by the
protein nexin (see Box 1-I).

Projecting from the sides of the A tubule are sets
of protein arms: the inner and outer arms of dynein,
a microtubule-associated adenosine triphosphatase
(ATPase). In the presence of ATD, the sliding of
peripheral doublets relative to each other bends cilia
and flagella. Sliding and bending of microtubules are
the basic events of their motility.

Ciliopathies can occur when defects occur during:

1. The multiplication and docking of the centro-
some-derived precursor basal bodies. An example is
the enhanced expression of the protein CP110 that
prevents the attachment of basal bodies to the plasma
membrane, leading to primary ciliary dyskinesia.

2. The transport of proteins during the assembly
of cilia and flagella, resulting in the Bardet-Biedl
syndrome (see Box 1-J; see Figure 1-6).

Clinical significance: Microtubule-targeted drugs.
Sterility
Two groups of antimitotic drugs act on microtubules:

1. Microtubule-destabilizing agents, which inhibit
microtubule polymerization.

2. Microtubule-stabilizing agents, which affect
microtubule function by suppressing dynamic in-
stability.

The first group includes colchicine, colcemid,
vincristine, and vinblastine, which bind to tubulin
and inhibit microtubule polymerization, blocking
mitosis. Colchicine is used clinically in the treatment
of gout. Vincristine and vinblastine, from Vinca alka-
loids isolated from the leaves of the periwinkle plant,
have been successfully used in childhood hematologic
malignancies (leukemias). Neurotoxicity, resulting
from the disruption of the microtubule-dependent
axonal flow (loss of microtubules and binding of mo-
tor proteins to microtubules), and myelosuppression
are two side effects of microtubule-targeted drugs.

The second group includes taxol (isolated from
the bark of the yew tree) with an opposite effect: It
stabilizes microtubules instead of inhibiting their as-
sembly (Figure 1-30). Paclitaxel (taxol) has been used
widely to treat breast and ovarian cancers. Similar to
Vinca alkaloids, its main side effects are neurotoxicity



Figure 1-31. Intraciliary and axonal cargo transport
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and suppression of hematopoiesis.

Kartagener’s syndrome is an autosomal reces-
sive ciliary dyskinesia frequently associated with
bronchiectasis (permanent dilation of bronchi and
bronchioles) and sterility in men.

Kartagener’s syndrome is the result of structural
abnormalities in the axoneme (defective or absent
dynein) that prevent mucociliary clearance in the
airways (leading to persistent infections) and reduce
sperm motility and egg transport in the oviduct
(leading to sterility).

Box 1-H | Differences between centromeres and kinetochores

* The terms centromere and kinetochore are often used synonymously, but do
not mean the same thing.

* The centromere (not the centrosome) is the chromosomal site associated with
microtubules of the spindle. Centromeres can be recognized cytologically as a nar-
row chromatin region on metaphase chromosomes known as primary constriction
where centromeric DNA is present.

¢ The kinetochore consists of proteins assembled on the centromeric chromatin
on sister chromatids. The assembly of the kinetochore depends exclusively on the
presence of centromeric DNA sequences. The centromere and the kinetochore
mediate attachment of the kinetochore microtubules of the spindle.

Microtubules: Cargo transport and motor proteins
The transport of vesicles and nonvesicle cargos occurs
along microtubules and F-actin.

Specific molecular motors associate to microtubules
and F-actin to mobilize cargos to specific intracel-
lular sites.

Microtubule-based molecular motors include
kinesin and cytoplasmic dynein for the long-range
transport of cargos.

F-actin-based molecular motors include uncon-
ventional myosin Va and VIla for the short-range
transport of cargos. We discuss additional aspects of
the F-actin—based cargo transport mechanism dur-
ing the transport of melanosomes in Chapter 11,
Integumentary System.

Three examples of microtubule-based cargo
transport in mammalian systems are as follows (see
Box 1-K):

1. Axonemal transport, including flagella (intrafla-
gellar transport) and cilia (intraciliary transport)
(Figure 1-31). During axonemal transport, particles
are mobilized by kinesin and cytoplasmic dynein
along the microtubule doublets of the axoneme.

Defective axonemal transport results in the abnor-

Cytoskeleton | 1.EPITHELIUM | 27



Figure 1-32. Classes of myosin molecules and how they work
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mal assembly of cilia and flagella, including polycystic
kidney disease, retinal degeneration, respiratory cili-
ary dysfunction, and lack of sperm tail development.
As indicated before (see Box 1-]), the Bardet-Biedl
syndrome is a disorder caused by basal body/ciliary
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dysfunction secondary to a defective microtubule-
based transport function.

2. Axonal transport, along the axon of neurons
(see Figure 1-31).

3. Intramanchette transport, along microtubules



Box 1-1 | Major components of the ciliary and flagellar axonemes

¢ Microtubules: Major component of the axoneme. Motor proteins use microtu-
bules of the axoneme as tracks for intraciliary or intraflagellar cargo transport.
Microtubule-based axonal transport also depends on motor proteins.

* Tektins: Intermediate filament-like proteins extending along the length of
axonemal microtubules and, presumably, adding mechanical strength to the

axoneme.

* Dynein arms: ATPase responsible for ciliary and flagellar movement. The
heads are in contact with the adjacent outer microtubules at a periodic distance
and move along them.

o Nexin links: A beltlike arrangement stabilizing the nine outer concentric pairs

of microtubules.

* Radial spokes: Project from each of the nine outer microtubule doublets to the
inner sheath surrounding the central pair.

¢ Inner sheath: A structure surrounding the central pair of microtubules, in
contact with the globular end of the radial spokes.

of the manchette, a transient structure assembled
during the elongation of the spermatid head (see
Chapter 20, Spermatogenesis).

Microtubules: Axonal transport

Axons are cytoplasmic extensions of neurons respon-
sible for the conduction of neuronal impulses. Mem-
brane-bound vesicles containing neurotransmitters
produced in the cell body of the neuron travel to the
terminal portion of the axon, where the content of
the vesicle is released at the synapse.

Bundles of microtubules form tracks within the
axon to carry these vesicles. Vesicles are transported
by two motor proteins (see Figure 1-31):

1. Kinesin

2. Cytoplasmic dynein

Kinesins and cytoplasmic dyneins participate in
two types of intracellular transport movements:

1. Saltatory movement, defined by the continuous
and random movement of mitochondria and vesicles.

2. Axonal transport, a more direct intracellular
movement of membrane-bound structures.

Kinesins and cytoplasmic dyneins have two
ATP-binding heads and a tail. Energy derives from
continuous ATP hydrolysis by AT Pases present in the
heads. The head domains interact with microtubules,
and the tail binds to specific receptor binding sites

Box 1-J | Bardet-Biedl syndrome

* Bardet-Biedl syndrome (BBS) is a pleiotropic (multisystemic) disorder that
includes age-related retinal dystrophy, obesity, polydactyly, renal dysplasia,
reproductive tract abnormalities, and learning disabilities.

* BBS is a disorder of basal bodies and cilia resulting from a defective
microtubule-based transport function (intraciliary transport) required for the
assembly, maintenance, and function of basal bodies, cilia, and flagella
(intraflagellar transport).

* Eight BBS genes (BBS1-8) have been identified. The degree of clinical vari-
ability in BBS is not fully explained.

on the surface of vesicles and organelles.

Kinesin uses energy from ATP hydrolysis to move
vesicles from the cell body of the neuron toward the
end portion of the axon (anterograde transport).
Cytoplasmic dynein also uses ATP to move vesicles in
the opposite direction (retrograde transport).

Myosin family of proteins

Members of the myosin family of proteins bind and
hydrolyze ATP to provide energy for their movement
along actin filaments from the pointed (minus) end
to the barbed (plus) end. Myosin I and myosin II
are the predominant members of the myosin family
(Figure 1-32; see Box 1-L).

Myosin I, regarded as an unconventional myosin, is
found in all cell types and has only one head domain
and a tail. The head is associated with a single light
chain. The head interacts with actin filaments and
contains ATPase, which enables myosin I to move
along the filaments by binding, detaching, and re-
binding. The tail binds to vesicles or organelles. When
myosin I moves along an actin filament, the vesicle
or organelle is transported. Myosin I molecules are
smaller than myosin II molecules, lack a long tail, and
do not form dimers.

Myosin II, a conventional myosin, is present in
muscle and nonmuscle cells. Myosin II consists of a
pair of identical molecules. Each molecule consists
of an ATPase-containing head domain and a long
rodlike tail. The tails of the dimer link to each other
along their entire length to form a two-stranded
coiled rod. The tail of myosin II self-assembles into
dimers, tetramers, and a bipolar filament with the
heads pointing away from the midline.

The two heads, linked together but pointing in
opposite directions, bind to adjacent actin filaments
of opposite polarity. Each myosin head bound to F-
actin moves toward the barbed (positive) end. Con-
sequently, the two actin filaments are moved against
each other, and contraction occurs (see Figure 1-32).

Heads and tails of myosin II can be cleaved by
enzymes (trypsin or papain) into light meromyosin
(LMM) and heavy meromyosin (HMM). LMM
forms filaments, but lacks ATPase activity and does
not bind to actin. HMM binds to actin, is capable of
ATP hydrolysis, and does not form filaments. HMM
is responsible for generating force during muscle
contraction. HMM can be cleaved further into two
subfragments called S1. Each S1 fragment contains
ATPase and light chains and binds actin.

Myosin V, an unconventional myosin, is double-
headed with a coiled double tail. The head region
binds to F-actin; the distal globular ends of the tails
bind to Rab27a, a receptor on vesicle membranes.
Myosin Va mediates vesicular transport along F-actin
tracks. A specific example is the transport of melano-
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Box 1-K | Microtubule-based cargo transport by molecular motors

* Microtubules participate in the intracellular traffic of vesicles and nonvesicle
materials or cargos.

* Molecular motor proteins, such as kinesin and cytoplasmic dynein, mediate
the long-range transport of cargos, whereas short-range transport occurs on
actin filaments.

*There are specific microtubule-based transport systems:

(1) Intraflagellar transport (IFT) , including intraciliary transport.

(2) Axonal transport.

(3) Intramanchette transport (IMT).

* IFT transport is essential for the delivery of tubulin dimers and other
molecules to the distal polymerization end of microtubules of cilia and flagella.
Axonemes originate from basal bodies, centriole-derived, microtubule-contain-
ing structures.

* Axonal transport is required for the traffic of neurotransmitter-containing
vesicles and mitochondria to neuronal synapses.

* IMT transport has similar mechanistic characteristics and common boundar-
ies with IFT. The manchette is a transient microtubule-containing structure that
organizes during the elongation of the spermatid head and then disassembles.
IMT interfaces with the classical IFT pathway for sperm tail assembly during
spermiogenesis (sperm development).

somes from melanocytes to keratinocytes, first along
microtubules and later along F-actin (see Chapter 11,
Integumentary System).

Mutations in the Rab27a and myosin Va genes
disrupt the F-actin transport of melanosomes. An
example in humans is Griscelli syndrome, a rare au-
tosomal recessive disorder characterized by pigment
dilution of the hair caused by defects in melanosome
transport and associated with disrupted T cell cyto-
toxic activity and neurologic complications.

Figure 1-33 summarizes the relevant structural and

functional characteristics of motor proteins.

Box 1-L | The myosin family
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* Myosins are members of a large family of motor proteins that generate move-
ment along actin filaments using energy from the hydrolysis of ATP.

* Two groups of myosins exist: conventional myosin (myosin Il), which

drives muscle contraction and contractile processes in nonmuscle cells, and
unconventional (nonmuscle) myosins (myosin | and myosin V among others),
involved in the movement of vesicle cargos inside cells.

* Myosin | is single-headed and has a tail shorter than myosin Il. Myosin | is
involved in vesicle transport along F-actin.

* Myosin Il consists of two polypeptides, each displaying a globular head at-
tached to a tail coiled around the tail of its partner. The tails can self-assemble
into bipolar filaments. Each head, which also contains a light chain, has an
actin-binding site with ATPase activity stimulated by actin binding and regulated
by the light chain.

* MyosinV is double-headed with coiled double tails. The heads contain ATP
and actin binding sites. The distal end of the tails is recruited by vesicles. The
recruitment is mediated by the vesicle receptor Rab27a.

* Myosin V-Rab27a interaction plays a role in the transfer of melanosomes from
melanocytes to keratinocytes. Defective transfer of melanosome from melano-
cytes to keratinocytes of the hair shaft by a mutation of Rab27a or myosin Va
genes is the cause of Griscelli syndrome type | and Il. Patients with Griscelli
syndrome have silvery hair, partial albinism, occasional neurologic defects, and
immunodeficiency.

Cytoskeleton

Myosin light-chain kinase

The self-assembly of myosin II and interaction
with actin filaments in nonmuscle cells takes place
in certain sites according to functional needs. These
events are controlled by the enzyme myosin light-
chain kinase (MLCK), which phosphorylates one
of the myosin light chains (called the regulatory
light chain) present on the myosin head. The activity
of MLCK is regulated by the Caz+—binding protein
calmodulin (Figure 1-34).

MLCK has a catalytic domain and a regulatory
domain. When calmodulin and Ca®* bind to the
regulatory domain, the catalytic activity of the kinase
is released. The MLCK—calmodulin—Ca®* complex
catalyzes the transfer of a phosphate group from ATP
to the myosin light chain, and myosin cycles along
F-actin to generate force and muscle contraction.

Phosphorylation of one of the myosin light chains
results in two effects:

1. It exposes the actin-binding site on the myosin
head. This step is essential for an interaction of the
myosin head with the F-actin bundle.

2. It releases the myosin tail from its sticky at-
tachment site near the myosin head. This step also
is critical because only myosin II stretched tails can
self-assemble and generate bipolar filaments, a re-
quirement for muscle contraction (see Figure 1-33).

In smooth muscle cells, a phosphatase removes the
phosphate group from myosin light chains. Skeletal
muscle contraction does not require phosphorylation
of the myosin light chains. We discuss additional de-
tails of muscle contraction when we study the muscle
tissue (see Chapter 7, Muscle Tissue).

Intermediate filaments

Intermediate filaments (Figure 1-35) represent a
heterogeneous group of structures so named because
their diameter (10 nm) is intermediate between
those of microtubules (25 nm) and microfilaments
(7 nm). Intermediate filaments are the most stable
cytoskeletal structures.

Detergent and salt treatments extract microfilament
and microtubule components and leave intermediate
filaments insoluble. The structure of the intermedi-
ate filament does not fluctuate between assembly
and disassembly states similar to microtubules and
microfilaments. Note that in contrast to micro-
tubules and actin filaments, which are assembled
from globular proteins with nucleotide-binding and
hydrolyzing activity, intermediate filaments consists
of filamentous monomers lacking enzymatic activity.
In contrast to actin and tubulin, the assembly and
disassembly of intermediate filament monomers are
regulated by phosphorylation and dephosphoryla-
tion, respectively.

Intermediate filament protein monomers consist of



Figure 1-33. Compatison of motor proteins
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three domains (see Figure 1-35): A central a-helical
rod domain is flanked by a nonhelical N-terminal
head domain and a C-terminal tail domain.

The assembly of intermediate filaments occurs in
four steps:

1. A pair of filamentous monomers of variable
length and amino acid sequence of the head and tail
domains, form a parallel dimer through their central
rod domain coiled around each other.

2. A tetrameric unit is then assembled by two
antiparallel half staggered coiled dimers. Therefore,
in contrast to microtubules and actin filaments, the
antiparallel alignment of the initial tetramers deter-
mines a lack of structural polarity of intermediate
filament (absence of plus and minus ends). One end

of an intermediate filament cannot be distinguished
from another. If molecular motors associate to an
intermediate filament, they would find it difficult to
identify one direction from another.

3. Eight tetramers associate laterally to form a 16
nm-thick unit length filament (ULF).

4. Individual ULFs join end-to-end to form a short
filaments that continue growing longitudinally by
annealing to other ULFs and existing intermediate
filaments. The elongation of the filament is followed
by internal compaction to achieve the 10 nm-thick
intermediate filament.

The tight association of dimers, tetramers and
ULFs provide intermediate filaments with high tensile
strength and resistance to stretching, compression,
twisting and bending forces.

Intermediate filaments provide structural strength
or scaffolding for the attachment of other structures.
Intermediate filaments form extensive cytoplasmic
networks extending from cage-like perinuclear ar-
rangements to the cell surface.

Intermediate filaments of different molecular
classes are characteristic of particular tissues or states
of differentiation (for example, in the epidermis of
skin). Five major types of intermediate filament pro-
teins have been identified on the basis of sequence
similarities in the o-helical rod domain. They are
referred to as types I through V (see Box 1-M).
About 50 intermediate filament proteins have been
reported so far.

Figure 1-34. Light-chain phosphorylation of myosin Il in nonmuscle cells
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Figure 1-35. Assembly of intermediate filaments and electron microscopy of the major components of the cytoskeleton
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Type 1 (acidic keratins) and type II (neutral
to basic keratins). This class of proteins forms the
intermediate filament cytoskeleton of epithelial cells
(called cytokeratins to distinguish them from the
keratins of hair and nails). Equal amounts of acidic
(40 to 60 kd) and neutral-basic (50 to 70 kd) cyto-

keratins combine to form this type of intermediate

Box 1-M | Intermediate filament proteins: Highlights to remember
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* Type | (acidic) and type Il (basic)
Keratins (40-70 kd): Keratins assemble as type | and type Il heteropolymers.
Different keratin types are coexpressed in epithelial cells, hair, and nails. Kera-
tin gene mutations occur in several skin diseases (blistering and epidermolysis
diseases).

¢ Type lll (can self-assemble as homopolymers)
Vimentin (54 kd): Present in mesenchymal-derived cells.
Desmin (53 kd): A component of Z disks of striated muscle and smooth
muscle cells.
Glial fibrillary acidic protein (GFAP 51 kd): Present in astrocytes.
Peripherin (57 kd): A component of axons in the peripheral nervous system.

e Type IV
Neurofilaments (NF): Three forms coexpressed and forming heteropolymers
in neurons: NF-L (light, 60 to 70 kd), NF-M (medium, 105 to 110 kd) and NF-H
(heavy, 135 to 150 kd).
a-Internexin (66 kd): A component of developing neurons.

e TypeV
Lamin A and lamin B (60 to 70 kd, 63-68 kd): Present in the nuclear lamina as-
sociated to the inner layer of the nuclear envelope. Maintain the integrity of the
nuclear envelope. A group of human diseases, laminopathies, is associated
with lamin A gene (LMNA) mutations (see Box 1-N).
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filament protein. Type I and type II intermediate
filament keratins form tonofilaments associated
with molecules present in the cytoplasmic plaques
of desmosomes and hemidesmosomes (see Figures
1-18 and 1-19). We come back to intermediate fila-
ment-binding proteins, such as filaggrins, when we
discuss the differentiation of keratinocytes in the
epidermis of the skin (Chapter 11, Integumentary
System), and plectin, when we analyze the cytoskeletal
protective network of skeletal muscle cells (Chapter
7, Muscle Tissue).

In the epidermis, the basal cells express keratins
K5 and K14. The upper differentiating cells express
keratins K1 and K10. In some regions of the epider-
mis, such as in the palmoplantar region, keratin K9 is
found. Mutations in K5 and K14 cause hereditary
blistering skin diseases belonging to the clinical type
epidermolysis bullosa simplex (see later, Clinical
significance: Intermediate filaments and skin blister-
ing diseases).

Type II1. This group includes the following inter-
mediate filament proteins:

Vimentin (54 kd) is generally found in cells of
mesenchymal origin.

Desmin (53 kd) is a component of skeletal muscle
cells and is localized to the Z disk of the sarcomere
(see Chapter 7, Muscle Tissue). This intermediate
filament protein keeps individual contractile elements
of the sarcomeres attached to the Z disk and plays a
role in coordinating muscle cell contraction. Desmin



Box 1-N | Clinical features of laminopathies

* Classified into three distinct categories: muscular dystrophy, partial lipodystro-
phy, and neuropathy. Caused by lamin A or C mutations affecting skeletal and
cardiac muscle and fat distribution.

* Emery-Dreifuss muscular dystrophy (phenotype inherited by autosomal
dominant, recessive and X-linked mechanisms, the latter caused by mutations in
emerin gene): Achilles tendon contractures, slow and progressive muscle weak-
ness and wasting, cardiomyopathy with conduction defects.

e Limb girdle muscular dystrophy: Progressive muscle weakness of hip girdle
and proximal arm and muscle of the leg. Dilated cardiomyopathy.

o Charcot-Marie-Tooth disorder type 2B1: Motor and sensory deficit neuropathy
distal in the upper limbs and proximal and distal in the lower limbs. Note: X-linked
Charcot-Marie-Tooth type 1 disease also displays motor and sensory neuropa-
thies of the peripheral nervous system, but is caused by a mutation in the con-
nexin32 (Cx32) gene expressed in Schwann cells. It affects myelin.

* Dunnigan-type familial partial lipodystrophy: Becomes evident at puberty with a
loss of subcutaneous fat from the trunk and limbs and accumulation of fat in the
face and neck.

is also found in smooth muscle cells.

dendrites of neurons. Three types of proteins can
be found in a neurofilament: NF-L (60 to 70 kd),
NF-M (105 to 110 kd), and NF-H (135 to 150 kd),
for low-molecular-weight, middle-molecular-weight,
and high-molecular-weight neurofilaments. Abnor-
mal accumulations of neurofilaments (neurofibrillary
tangles) are a characteristic feature of a number of
neuropathologic conditions.

o-Internexin (66 kd) is found predominantly in
the central nervous system (particularly in the spinal
cord and optic nerve).

Type V. Proteins of this group, the nuclear lamins,
are encoded by three genes: LMNA, LMNBI, and
LMNRB2.

Lamin A and lamin C arise from the alternative
splicing of transcripts encoded by the LMNA gene.
The LMNBI gene encodes lamin B1 expressed in all
somatic cells. The LMNB2 gene encodes lamin B2,
expressed in all somatic cells, and lamin B3, that is

Glial fibrillary acidic protein (GFAP) (51 kd) is
observed in astrocytes and some Schwann cells (see
Chapter 8, Nervous Tissue).

Peripherin (57 kd) is a component of neurons of
the peripheral nervous system and is coexpressed
with neurofilament proteins (see Chapter 8, Nervous
Tissue).

Type IV. This group includes neurofilaments,
nestin, syncoilin and a-internexin. Neurofilaments
are the main components.

Neurofilaments (NFs) are found in axons and

specific for spermatogenic cells.

Nuclear lamins (60 to 75 kd) differ from the other
intermediate filament proteins in that they organize
an orthogonal meshwork, the nuclear lamina, in
association with the inner membrane of the nuclear
envelope.

Lamins provide mechanical support for the nuclear
envelope and bind chromatin. Because of their clini-
cal relevance, we come back to nuclear lamins and
associated proteins when we discuss the organization
of the nuclear envelope.

Figure 1-36. Structure and composition of a hemidesmosome
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Figure 1-37. Pathogenesis of bullous pemphigoid, an autoimmune disease
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A group of human diseases, known as laminopa-
thies, are linked to defects in proteins of the nuclear
envelope, including lamins (see Box 1-N). Numerous
laminopathies affect cardiac and skeletal muscle,
adipose tissue (lipodystrophies), and motor and
sensory peripheral nerves.

Two hypotheses concerning the pathogenic mecha-
nism of laminopathies have been considered:

1. The gene expression hypothesis regards lamin A

and lamin C as essential for the correct tissue-specific
expression of certain genes.

2. The mechanical stress hypothesis proposes that a
defect in lamin A and lamin C weakens the structural
integrity of the nuclear envelope.

During mitosis, the phosphorylation of lamin
serine residues causes a transient disassembly of the
meshwork, followed by a breakdown of the nuclear
envelope into small fragments. At the end of mi-
tosis, lamins are dephosphorylated, and the lamin
meshwork and the nuclear envelope reorganize. See
the cell nucleus section concerning the mechanism
of phosphorylation and dephosphorylation of lamins
during the cell cycle.

Hemidesmosomes and intermediate filaments
Hemidesmosomes are specialized junctions observed
in basal cells of the stratified squamous epithelium
attaching to the basement membrane (Figure 1-306).
Inside the cell, the proteins BPAG1 (for bullous
pemphigoid antigen 1) and plectin (members of the
plakin family of cross-linker proteins) are associated
to intermediate filaments (also called tonofilaments).
Plectin connects intermediate filaments to the inte-
grin subunit f3,.

On the extracellular side, integrin o f3,, BPAG2
(for bullous pemphigoid antigen 2) and laminin
5, a protein present in specialized structures called
anchoring filaments, link hemidesmosomes to the
basal lamina.

Figure 1-38. Examples of skin diseases caused by mutated intermediate filament keratins
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Epidermolysis bullosa simplex (EBS)

Mutation of keratins 5 and 14

Blisters develop soon after birth at sites subject
to pressure or rubbing. Blisters can be seen on
the fingers of an infant.

1. EPITHELIUM |  Cytoskeleton

Epidermolytic hyperkeratosis (EH)

Mutation of keratins 1 and 10
Excessive keratinization causes a
breakdown of the epidermis.

Epidermis

Epidermolytic plantopalmar
keratoderma (EPPK)

Mutation of keratin 9

This disorder is restricted to the
epidermis of the palms and
soles.



Figure 1-39. Nuclear envelope and nuclear pore complex
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The plakin-related protein BPAG1 associates to
BPAG2, a transmembrane protein with an extracel-
lular collagenous domain.

Putting all things together, BPAG1 constitutes a
bridge between the transmembrane protein BPAG2
and intermediate filaments. If this bridge is disrupted,
as in bullous pemphigoid, the epidermis becomes de-
tached from the basal lamina anchoring sites. BPAG1
and BPAG2 were discovered in patients with bullous
pemphigoid, an autoimmune disease.

Lamina-associated
polypeptide 1C (LAP1C) polypeptide 23 (LAP2p)

Nuclear pores

Freeze fracture | top view

Lamins

Lamins bind to inner nuclear membrane proteins
lamin B receptor (LBR), emerin, lamina-
associated polypeptides 1C (LAP1C) and 2f3
(LAP2p). Sun 1 dimer protein links lamins to
nesprins inserted in the outer nuclear membrane.
Nesprin-1/2 associates with F-actin and nesprin-3
binds to plectin, which in turn associates with
intermediate filament proteins.

Mutations of emerin, which binds to both lamins
A and B, and lamin B receptor, which binds to
lamin B, give rise to Emery-Dreifuss muscular
dystrophy and Pelger-Huet anomaly in blood
granulocytes (incomplete differentiation).

Homozygous mutation in lamin B receptor causes
Greenberg skeletal dysplasia, an embryonic
lethal chondrodystrophy.

Clinical significance: Skin blistering diseases
Bullous pemphigoid is an autoimmune blistering
disease similar to pemphigus vulgaris (called “pem-
phigoid”, similar to pemphigus). Blisters or bullae
develop at the epidermis-dermis junction when
circulating immunoglobulin G (IgG) cross-reacts
with bullous pemphigoid antigen 1 or 2. IgG-antigen
complexes lead to the formation of complement com-
plexes (C3, C5b, and C9), which damage the attach-
ment of hemidesmosomes and perturb the synthesis
1. EPITHELIUM
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Box 1-O | Nuclear lamina: Highlights to remember

Intermediate filaments strengthen the cellular
cytoskeleton. The expression of mutant keratin

* Lamins, type V intermediate filament proteins, are the main components of the
nuclear lamina.

* Lamins bind to proteins of the inner nuclear membrane, including emerin (with
eight transmembrane spans), lamin B receptor, lamina-associated polypeptides
1 and 2(3, and nesprin-1a., a protein with several spectrin-like repeats that binds
lamin A and emerin (see Figure 1-39).

* Lamins and their associated proteins have roles in chromatin organization,
spacing of nuclear pore complexes, and reassembly of the nucleus after cell
division.

* Mutations of lamins and lamin-binding proteins cause various diseases (called
laminopathies) (see Box 1-N). Hutchinson-Gilford progeria syndrome (prema-
ture aging) is caused by a mutation in lamin A.

of anchoring proteins by basal cells (Figure 1-37).

genes results in the abnormal assembly of keratin
filaments, which weakens the mechanical strength
of cells and causes inherited skin diseases, as shown
in Figure 1-38:

1. Epidermolysis bullosa simplex (EBS), charac-
terized by skin blisters after minor trauma. EBS is
determined by keratin 5 and 14 mutant genes.

2. Epidermolytic hyperkeratosis (EH), in which
patients have excessive keratinization of the epidermis
owing to mutations of keratin 1 and 10 genes.

3. Epidermolytic plantopalmar keratoderma
(EPPK), a skin disease producing fragmentation of
the epidermis of the palms and soles, caused by a
mutation of the keratin 9 gene.

The production of local toxins causes the de-

granulation of mast cells and release of chemotactic
factors attracting eosinophils. Enzymes released by

eosinophils cause blisters or bullae.

Cell nucleus
Nuclear envelope and nuclear pore complex
The cell nucleus consists of three major components:

Figure 1-40. Ran GTPase directs nucleocytoplasmic transport

Basic concepits: (1) Ran exists in GTP- and GDP-bound forms that interact
differently with proteins. (2) A gradient in Ran-GTP/Ran-GDP concentration across
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Figure 1-41. Structure of the chromatin fiber: the nucleosome
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1. The nuclear envelope.

2. Chromatin.

3. The nucleolus.

The nuclear envelope consists of two concentric
membranes separated by a perinuclear space. The in-
ner nuclear membrane is associated with the nuclear
lamina (see Box 1-O), chromatin, and ribonucleo-
proteins. The outer nuclear membrane is continuous
with the membranes of the endoplasmic reticulum
and can be associated with ribosomes.

The nuclear pore complex has a tripartite struc-
ture, composed of a central cylindrical body placed
between inner and outer octagonal rings, each con-
sisting of eight protein particles. The central cylinder
consists of a central plug and eight radiating spokes
(Figure 1-39). The exact role of individual nuclear
pore complex proteins in nucleocytoplasmic traf-
ficking is unclear.

Figure 1-42. X chromosome inactivation
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The inactive X chromosome remains condensed during most of the interphase

of the cell cycle.

It is visualized as a densely stained chromatin mass (Barr body or X
chromatin) in a variable number of nuclei (about 30%-80%) of a normal female.
A small drumstick is observed in 1% to 10% of neutrophils in the female.

The inactivation of one of the X chromosomes is random (paternal or
maternal X chromosome).

If a cell has more than two X chromosomes, the extra ones are inactivated
and the maximum number of Barr bodies per nucleus will be one less than the
total number of X chromosomes in the karyotype.

Nuclear pore complexes embedded in the nuclear
envelope establish bidirectional communication gates
for the trafficking of macromolecules between the
cytoplasm and the nucleus. Small molecules (less
than 40 to 60 kd) can diffuse passively through the
nuclear pore complex. Proteins of any size, containing
a nuclear localization amino acid sequence (NLS,
Pro-Lys-Lys-Lys-Arg-Lys-Val), can be imported
into the nucleus, however, by an energy-dependent
mechanism (requiring ATP and GTP).

Nucleocytoplasmic transport: Ran-GTPase

Protein nuclear import/export is controlled by Ran
(for Ras-like nuclear GTPase), a small GTPase of
the Ras superfamily that dictates the directionality
of nucleocytoplasmic transport.

Ran shuttles across the nuclear pores and accu-
mulates inside the nucleus by an active transport
mechanism (Figure 1-40).

1. In the nucleus, a high concentration of Ran-
GTP is achieved by RCC1, a GDP-GTP exchanger
protein bound to chromatin. Ran-GTP determines
the dissociation of imported proteins containing NLS
by binding to importin {3, the transporter receptor
protein.

2. In the opposite direction, from the nucleus to
the cytoplasm, binding of Ran-GTP to the carrier
protein exportin/Crm1 facilitates the assembly of
complexes containing proteins with nuclear export
sequence (NES).

3. In the cytoplasm, Ran-GTP is converted to
Ran-GDP by Ran-GTPase, which is activated by
two cooperating proteins: Ran-GAP (Ran-GTPase-
activating protein) and RanBP (Ran-GTP binding
protein). Consequently, the exported protein is disso-
ciated from its transporter receptor protein exportin/
Crml and Ran-GTP. Importin and exportins are
recycled by transport back across the nuclear pore
complex.

Chromatin

Chromatin is defined as particles or “beads” (called
nucleosomes) on a double- stranded DNA string
(Figure 1-41). Each nucleosome consists of a histone
octamer core and about two turns of DNA wound
around the histone core. The histone octamer con-
tains two molecules each of H2A, H2B, H3, and H4
histones. H1 histone cross-links the DNA molecule
wrapped around the octamer.

Chromatin is packed in separate chromosomes that
can be visualized during mitosis (or meiosis). During
interphase (phases G, S, and G, of the cell cycle),
individual chromosomes cannot be identified as such,
but are present in a diffuse or noncondensed state.

Diffuse chromatin, called euchromatin (“good
chromatin”), is transcriptionally (RNA synthesis)
active and represents about 10% of total chromatin.
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Figure 1-43. Components of the nucleus and nucleolus

The nucleus of eukaryotic cells is separated from the
cytoplasm by the nuclear envelope, a double concentric
membrane derived from the endoplasmic reticulum.

The nuclear envelope is interrupted at random intervals
by nuclear pore complexes, nucleoporin-containing
structures that regulate the passage of molecules
between the nuclear and cytoplasmic compartments.
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In response to cell stress, cell entry into S phase (DNA
synthesis) of the cell cycle can be blocked by nucleostemin
and nucleolin binding and inactivation of p53 (which cannot
be recruited to DNA). Nucleolin forms a complex with RPA
(required for initiation of DNA synthesis), which binds to p53.

Euchromatin is the site of synthesis on nonribosomal
RNAs, including mRNA and transfer RNA (tRNA)
precursors.

Condensed chromatin, called heterochromatin
(“different chromatin”), is transcriptionally inac-
tive and represents about 90% of total chromatin
(Figure 1-42).

Dosage compensation: X chromosome inactivation
X chromosome inactivation, known as dosage
compensation, starts early in embryonic stem cell
differentiation and is characterized by four features:

1. All but one of the X chromosomes undergoes
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Nuclear envelope

Granular Dense fibrillar Fibrillar centers
component component
inactivation.

2. The choice of the inactivated X chromosome
is random. Either the paternal or the maternal X
chromosome is inactivated.

3. The inactivation processes is heritable through
subsequent rounds of cell division. The choice re-
mains nonrandom for all subsequent cell descendants.

4. Both X chromosomes in oocytes remain active.

The transcriptional inactivation of one of the two X
chromosomes is observed in the trophoblast on day
12 after fertilization and on day 16 in the embryo.

In humans, the inactivated X chromosome is
recognized by the presence of the Barr body, a



Figure 1-44. Processing of ribosomal RNA
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heterochromatin mass observed adjacent to the to the understanding of tumor-suppressor inactiva-
nuclear envelope or in the form of a drumstick in  tion and oncogene inactivation when a single active
polymorphonuclear leukocytes (see Figure 1-42). If  copy of an X-linked genes is affected. Some genes
a cell has more than two X chromosomes, the extra  located on the inactivated X chromosome escape
X chromosomes are inactivated, and more than one  inactivation in normal cells and several of these genes,
Barr body is visualized. most of which encode growth factors, are implicated

The concept of dosage compensation is relevant  in human cancer. For example, the gene encoding
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Figure 1-45. Localization of nucleic acids using light microscopy
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Box 1-P | Nucleolus: Highlights to remember

* The nucleolus is the site of synthesis, processing, and modification of pre-
rBNA and initial preribosomal assembly. It also houses proteins unrelated to
ribosome synthesis and shuttling between the nucleolus and the nucleoplasm
to serve specific functions.

* The nucleolus consists of three components: (1) fibrillar centers; (2) a dense
fibrillar component surrounding the fibrillar centers; and (3) a granular compo-
nent. Pre-rRNA synthesis occurs at the interface between the fibrillar centers
and the surrounding dense fibrillar component. Nascent pre-rRNA transcripts
extend into the dense fibrillar component and migrate to the granular compo-
nent where processing, modification, and preribosomal assembly occur.

* The fibrillar centers contain chromatin and transcription factors, including
RNA polymerase . The dense fibrillar component, the site of initial pre-rRNA
processing, contains small ribonucleoproteins involved in RNA modification.
The granular component accounts for about 75% of the nucleolar mass; the
granules correspond to preribosomes.

* The nucleolus disappears during mitotic prophase and reassembles at the
end of telophase at specific chromosomal regions named nucleolar-organizer
regions (NORs).

gastrin-releasing peptide receptor is associated with
an increased risk in lung cancer in women. We come
back to X-linked dominant and recessive inheritance
at the end of this chapter.

Nucleolus

The nucleolus is the site of synthesis and process-
ing of ribosomal RNA (rRNA) and assembly of
ribosomal subunits. The 7RNA genes are arranged
in an array of multiple copies transcribed by RNA
polymerase I.

The nucleolus houses several proteins, including
fibrillarin and nucleolin, required for pre-rRNA
processing. In addition, the nucleolus contains nucle-
ostemin, a protein unrelated to ribosomal biogenesis.
Nucleolin and nucleostemin are shuttling proteins;

Box 1-Q | PAS and Feulgen reactions

* Both reactions use the Schiff reagent.

* In the PAS reaction, periodic acid forms aldehyde groups in sugars of glyco-
proteins by an oxidation process.

* In the Feulgen reaction, hydrochloric acid forms aldehyde groups in deoxy-
ribose by hydrolysis.

Box 1-R | Basophilia and acidophilia

Many cytologic stains use acidic and basic dyes.

* Basic or cationic dyes have positively charged color radicals forming elec-
trostatic linkages with acidic groups (e.g., phosphate groups in nucleic acids).
Toluidine blue is a cationic dye that binds to phosphate groups in DNA and
RNA to give a blue color. DNA and RNA are considered to be basophilic (having
binding affinity for a basic dye).

* Acidic or anionic dyes have negatively charged color radicals establishing
electrostatic linkages with basic groups. Eosin is an anionic dye that stains many
basic proteins. Basic proteins are considered to be acidophilic (having affinity
for an acidic dye).

they relocalize from the nucleolus to the nucleoplasm
where they interact with protein p53, a protector
of DNA damage by preventing DNA replication in
response to genomic stress. We come back to p53
later (see Figure 1-52).

Essentially, the nucleolus is a multifunctional
nuclear structure consisting of stable proteins in-
volved in ribosomal synthesis and molecules shuttling
between the nucleolus and nucleoplasm to fulfill
non-nucleolar functions.

Structurally, the nucleolus consists of three major
components (Figure 1-43; see Box 1-P):

1. A fibrillar center (corresponding to chromatin
containing repeated rRNA genes and the presence of
RNA polymerase I and signal recognition particle
[SRP] RNA).

2. A dense fibrillar component (where nascent
rRNA is present and undergoing some of its pro-
cessing). Fibrillarin and nucleolin are found in the
fibrillar dense component.

3. A granular component (where the assembly of
ribosomal subunits, containing 18S rRNA  [small
subunit] and 28S rRNA [large subunit], is complet-
ed). Nucleostemin, a protein unrelated to ribosomal
biogenesis, coexists with the granular components.

Nucleoli are typically surrounded by a shell of
heterochromatin, mostly from centromeric and
pericentromeric chromosomal regions.

The nucleolus dissociates during mitosis, then reap-
pears at the beginning of the G, phase. More than
one nucleolar mass, each representing the product of
a chromosome with a nucleolar organizing region
(NOR), can be observed in the nucleus. In some
cells with an extended interphase, such as neurons,
a single large nucleolus is organized by the fusion of
several nucleolar masses.

The active process of rRNA synthesis can be visual-
ized at the electron microscopic level (Figure 1-44)
by spreading the contents of nuclei of cells with
hundreds of nucleoli (e.g., amphibian oocytes). rRNA
genes can be seen as repeating gene units along the
chromatin axis, like “Christmas trees,” pointing in
the same direction and separated by nontranscribed
spacers. The entire rRNA gene region is covered by
more than 100 RNA polymerase I molecules syn-
thesizing an equivalent number of fibrils, each with
a terminal granule.

Each fibril represents an rRNA precursor (45S)
ribonucleoprotein molecule oriented perpendicu-
larly to the chromatin axis similar to the branches of
a tree. The 45S rRNA precursor is detached from
the chromatin axis and cleaved into 28S, 18S, and
5.8S rRNAs.

The 18S rRNA and associated proteins form the
small ribosomal subunit. The 28S and 5.8S, together
with 5S rRNA made outside the nucleolus, and as-
sociated proteins form the large ribosomal subunit.
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Box 1-S | Cytochemistry and histochemistry procedures used in Histology and Pathology

Acid fuchsin

Alcian blue

Azure A

Basic fuchsin

Cresyl violet

Feulgen reaction

Giemsa stain

Gomori techniques

Hematoxylin and eosin

Mallory stain

Masson trichrome stain

Metachromasia

Orcein (resorcinol)

Periodic acid-Schiff reaction (PAS)

Sudan IlI, IV and Sudan black

Toluidine blue

van Gieson stain

Vital dyes

Wright blood stain

Sulfonated red derivative of basic fuchsin which binds to collagen and to many cytoplasmic components

A dye of uncertain chemical nature, often combined with PAS (see below) and used as a differential
stain for acidic glycoproteins (mucins), which appear blue

A basic dye, such as methylene blue and thionin, which stains nucleic acids. It is a component of many
blood stains. It stains cartilage, mast cell granules metachromatically (purple to red)

A mixture of closely related basic triphenylmethane dyes, each a propeller-shaped molecule with three
nitrogen attached in p-position to each benzene ring

A basic dye which is used to stain nucleoproteins, Nissl bodies, and others. It has metachromatic
properties for glycoproteins and mast cell granules

Specific for the demonstration of DNA. Hydrolysis with HCI forms aldehyde groups on the DNA sugar
(deoxyribose) but not on RNA sugar (ribose). Aldehydes react with reduced basic fuchsin (Schiff’s
reagent) to form a purple color. Robert Feulgen (German, 1884-1955).

Combined blood stain consisting of methylene blue, azure and eosin. The staining results are similar
to those of Wright's stain. Gustav Giemsa (German, 1867-1948).

A group of different histochemical techniques named after George Gomori (Hungarian, 1904-1957).
Used for: acid and alkaline phosphatases, a silver method for reticular fibers, a stain for pancreatic
cells, elastic fibers and glycoproteins, and a reaction to demonstrate iron pigments.

A routine staining combination. Hematoxylin is used in combination with metal ions (aluminum or iron)
to form colored chelate complexes. These act as cations and bind preferentially to acidic (anionic)
groups. Hematoxylin stains nuclei blue; eosin stains the cytoplasm pink.

Used for connective tissue. It contains aniline blue, orange G and azocarmine (or acid fuchsin). Con-
nective tissue collagen bundles, in general, stain blue; muscle stains red; epithelium appears red due
to red nuclei; red blood cells are orange-red. Frank Burr Mallory (American, 1862-1941).

A combination of acid fuchsin, orange G and light green. Nuclei appear black, cytoplasm red. Collagen
fibers and glycoproteins are green; red blood cells are yellow to orange; muscle stains red. Claude
Laurent Masson (French, 1880-1959).

The property of certain biological compounds to change the color of such dyes as toluidine blue or
thionine. For example, glycoproteins found in cartilage and mast cell granules will stain red or violet
instead of blue with toluidine blue (Greek meta, after; chroma, color).

A natural dye obtained from lichens. Stains elastic fibers dark brown.

Used to demonstrate 1,2-aminoalcohol groups in glycogen and glycoproteins. Periodic acid converts
these groups to aldehydes. Schiff’s reagent (a leucofuchsin) reacts in turn with the aldehydes to form
a characteristic red-purple product. Ugo Schiff (German, 1834-1915).

Fat soluble substances used to stain fat in frozen sections. These azo dyes are soluble in non-aqueous,
lipid phases and are preferentially concentrated by solution in fat droplets. Sudanophilia is the affinity
for Sudan stain.

A basic stain which binds to nucleic acids. Also stains mast cell granules, glycoproteins and cartilage
metachromatically (see Metachromasia).

It consists of picric acid and basic fuchsin. It is used to stain connective tissue. It stains collagen fibers
red and elastic fibers and muscle yellow. Combined with hematoxylin, it stains nuclei blue brown. Ira
van Gieson (American, 1865-1913).

Non-toxic dyes administered to a living organism and taken up by phagocytosis. Trypan blue is used
for vital staining. Carbon particles can also be used to demonstrate phagocytosis. Supravital dyes are
added to the culture medium of cells.

It uses eosin and methylene blue to differentiate blood cell types and malarial parasites. James Homer
Wright (American, 1869-1928).
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Figure 1-46. Phases of the cell cycle
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Localization of nucleic acids

Cytochemistry and autoradiography (Figure 1-45)
provide information about the cellular distribution
and synthesis of nucleic acids. The Feulgen reaction
is specific for the localization of DNA (see Box 1-Q).

Box 1-T | Cell cycle: Highlights to remember

* Cell division requires the coordination of three cycles: cytoplasmic cycle, nuclear
cycle, and centrosome cycle. The centrosome cycle plays a role in regulating the
cytoplasmic and nuclear cycles.

* The cytoplasmic cycle depends on the availability of cyclins activated and de-
activated by cyclin-dependent kinases (Cdks). Cdk inhibitors inactivate Cdk-cyclin
complexes. Cdk inhibitors are up-regulated at the transcriptional level to arrest, if
necessary, the cytoplasmic and nuclear cycle.

* The nuclear cycle involves DNA duplication and chromosomal condensation.
Cdk2 phosphorylation of a protein complex bound to the origin of DNA replication
recruits DNA polymerase to initiate and complete DNA synthesis in S-phase. Cdk1
phosphorylation triggers chromosomal condensation (mediated by histone H3
phosphorylation) and breakdown of the nuclear envelope (determined by nuclear
lamin phosphorylation).

* During the centrosome cycle, the two centrioles of a centrosome duplicate dur-
ing S-phase after phosphorylation of centrosome substrates by Cdk2. Daughter
centrioles derive from each centriole.

* Cdks are involved in the coordination of the cytoplasmic, nuclear, and centrosome
cycles.

* Cdk2 activity is required to initiate DNA replication and centriolar duplication.

protein complement

Mitotic
spindle

Cytokinesis

The cell cycle is divided into four phases: G4 (gap
1), S, Gy (gap 2), and mitosis. Mitosis is followed in
most cases by cytokinesis. DNA replication occurs
during the S phase and can be detected by
autoradiography using [3H]thymidine as a labeled
precursor.

The duration of the phases of the cell cycle
varies. The mitotic phase is the shortest (about 1
hour for a total cycle time of 24 hours). The G
phase is the longest (about 11 hours). The S phase
is completed within 8 hours; G, in about 4 hours.

Some cells stop cell division or divide
occasionally to replace cells lost by injury or cell
death. These cells leave the G4 phase of the cell
cycle and become quiescent by entering the
so-called Gy phase. Although Gy cells are
metabolically active, they have lost their
proliferation potential unless appropriate
extracellular signals enable their reentry to the cell
cycle.

During Gy, a cell has one centrosome
consisting of two centrioles (a mother
centriole and a daughter centriole)
surrounded by pericentriolar material

Basic dyes, such as toluidine blue, stain DNA and
RNA (see Box 1-R). Pretreatment with deoxyribo-
nuclease (DNAse) and ribonuclease (RNAse) defines
the distribution sites of DNA and RNA by selective
removal of one of the nucleic acids.

Box 1-S provides basic information about the most
frequently cytochemical techniques used in Histology
and Pathology.

Autoradiography and radiolabeled precursors for
one of the nucleic acids can determine the timing of
their synthesis. In this technique, a radioactive precur-
sor of DNA ([’H]thymidine) or RNA ([?H]uridine)
is exposed to living cells. As a result of exposure to the
radiolabel, any synthesized DNA or RNA contains
the precursor. The radioactivity is detected by coating
the cells with a thin layer of a photographic emulsion.
Silver-containing crystals of the emulsion are exposed
to structures of the cell containing radioactive DNA
or RNA. After development of the emulsion, silver
grains indicate the location of the labeled structures.
This approach has been used extensively for determin-
ing the duration of several phases of the cell cycle.

Cell cycle
The cell cycle is defined as the interval between two
successive mitotic divisions resulting in the produc-
tion of two daughter cells (Figure 1-46).

The cell cycle is traditionally divided into two
major phases:
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Figure 1-47. Regulation of the cell cycle

4 | Go/Mitosis transition: cyclin A/Cdk1 activity
is required for the initiation of prophase. Cdk1
deletion leads to early embryonic lethality.

EJ Initiation of S phase: cyclin A
binds to Cdk2 and phosphorylates
proteins involved in DNA replication.

B3 Late Gq: Cdk2 is activated by
binding to cyclin E. The
phosphorylation of Rb protein is
completed leading to further activation
of E2F-mediated transcription. Cdk2
and its regulation are also essential for
meiosis.

Checkpoint 1

€3 Early G1: Cdk4 and/or Cdk6 are activated
by cyclin D and initiate the phosphorylation of
retinoblastoma (Rb) protein. This determines
the release of E2F transcription factors
activating cyclin E and cyclin A genes.

Cyclin E@

1. Interphase.

2. Mitosis (also known as the M phase).

The most relevant event of interphase is the S
phase, when the DNA in the nucleus is replicated. S
phase is preceded by an interval or gap called the G,
phase. The beginning of mitosis is preceded by the
G, phase, a phase in which the cell ensures that DNA
replication is completed before starting the M phase.

Essentially, G, and G, phases provide time for cell
growth before and after DNA synthesis. Cell growth
is required for doubling the cell mass in preparation
for cell division.

Cells in G, can make a commitment to DNA repli-
cation and enter the S phase or stop their progression
into the following S phase. If a cell does not enter
the S phase, it remains in a resting state known as
G,, where it can remain for days, months, or years
before reentering the cell cycle.

In a more contemporary view, the cycle is regarded
as the coordinated progression and completion of
three separate cycles:

1. A cytoplasmic cycle, consisting of the sequential
activation of cyclin-dependent protein kinases in the
presence of cyclins.

2. A nuclear cycle, in which DNA is replicated
and chromosomes condense in preparation for cell
division.

3. A centrosome cycle, consisting of the dupli-
cation of the two centrioles, called mother and
daughter centrioles, and assembly of pericentriolar
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Checkpoint 2

Cyclin A@ -----

B witosis: cyclin B/Cdk1
complexes actively
participate and complete
mitosis.

---Cyclin B

----- Cyclin D
---- Cdk4/Cdk6

Cell cycle events occur by
complex combinations of
cyclin-dependent kinases

Phosphorylated (Cdks) and cyclins in
Rb protein different phases of the cell
| cycle, which in turn provide
Release of E2F additional control to the cell

transcription factors cycle machinery.

proteins in preparation for the organization of the
mitotic spindle curing mitosis or meiosis (see Figure
1-46). Recall from our previous discussion on the
centrosome as a microtubule organizing center that
y-tubulin ring complexes are microtubule-nucleating
complexes interacting with the protein pericentrin
in the pericentriolar material. If this interaction is
disrupted, the cell cycle is arrested during the G,-M
phase transition, and the cell undergoes programmed
cell death or apoptosis. Basal bodies, the origin site
of cilia and flagella, derive from centrosomes.

The activities of cyclin-dependent protein kinases—
cyclin complexes coordinate the timed progression
of the nuclear and centrosome cycles. Figure 1-47
provides additional details.

Autoradiography and FACS

The various phases of the cell cycle can be studied
by autoradiography. Cells in the S phase can be
recognized by detecting the synthesis of DNA using
[’H]thymidine as a radiolabeled precursor. Cells can
be stained through the developed emulsion layer to
determine the precise localization sites of the overlap-
ping silver grains.

The time progression of cells through the differ-
ent phases of the cell cycle can be estimated using
both brief and prolonged [*H]thymidine pulses.
The number of cells radiolabeled during interphase
(generally about 30%) represent the labeling index of
the S phase. The fraction of radiolabeled cells seen in



Figure 1-48. Assembly and disassembly of the nuclear envelope
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Sequential events during the reassembly of the nuclear envelope

a During anaphase, soluble proteins of the nuclear pore complex
(nucleoporins) bind to the surface of chromatin.

B During late anaphase, lamina-associated polypeptide 2p (LAP2), lamin
B receptor (LBR), and emerin, transmembrane proteins of the inner nuclear
membrane, appear on the surface of chromatin.

[ 6 | During late telophase, cisternae of the endoplasmic reticulum anchor to
LAP2p, LBR, and emerin, and the reconstitution of the nuclear envelope starts.

Before cytokinesis, lamin B becomes dephosphorylated by protein
phosphatase 1 and, together with lamins C and A, initiates the formation of
the nuclear lamina. The formation of the nuclear lamina starts on completion
of the reconstruction of the nuclear envelope.

ll During interphase, the nuclear lamina, a network of lamins
A, B, and C, associates with chromatin and the inner membrane
of the nuclear envelope.
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€3 At mitosis, first protein kinase C and then cyclin A-activated
Cdk1 kinase phosphorylate lamins, causing the filaments to
dissociate into free lamin dimers.
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B3 As the nuclear lamina dissociates, the nuclear envelope
undergoes breakdown. Lamin A, lamin B, and lamin C remain
phosphorylated and dispersed. The components of the nuclear
pore complex disassemble and disperse. Cisternae of the
endoplasmic reticulum are a reservoir of the future nuclear

envelope.
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Figure 1-49. Rb protein, an inhibitor of cell cycle progression
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Phosphorylated Rb protein, by the
action of the cyclin D-Cdk4 complex,
facilitates the passage through the
restriction point. Phosphorylated RB
protein is inactive.

Unphosphorylated Rb protein
prevents progression of the cell
cycle past the restriction point in G4

mitosis (mitotic index) indicates that the radiolabeled
precursor, which entered the cell during the S phase,
progressed through the G, phase into M phase.

An alternative to autoradiography is the measure-

ment of DNA content (C value 1.5 pg per haploid

Figure 1-50. Dephosphorylated Rb protein, a gene suppressor
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& Rb protein in its dephosphorylated form binds to a group of transcription
factors and represses gene transcription of normally activated target genes.
B3 When Rb protein is phosphorylated by the Cdk4—cyclin D complex,
transcription factors dissociate from Rb protein during late Gy.

EJ Free transcription factors stimulate the expression of genes required for
DNA synthesis and cell cycle progression.

1. EPITHELIUM |  Retinoblastoma

cell) using a fluorescence-activated cell sorter (FACS).
Cells are stained with a fluorescent dye, which binds
to DNA. The amount of fluorescence detected by
the FACS is equivalent to the amount of DNA in
each cell (for example, 2C in G ; 4C at the end of S
phase; 4C during G,).

Breakdown and reassembly of the nuclear
envelope

The disassembly of the nuclear envelope occurs at
the end of the mitotic and meiotic prophase. It in-
volves the fragmentation of the nuclear envelope, the
dissociation of the nuclear pore complexes, and the
depolymerization of the nuclear lamina (Figure 1-48).

The nuclear lamina is composed of type V inter-
mediate filament proteins, lamins A, B, and C, which
associate with each other to form the nuclear lamina.

Phosphorylation of lamins, catalyzed first by
protein kinase C and later by cyclin A-activated
Cdk1 kinase, results in the disassembly of the nuclear
lamina. In addition, the components of the nuclear
pore complex, the nucleoporins, and the membranous
cisternae of the endoplasmic reticulum also disperse.
The endoplasmic reticulum is the nuclear membrane
reservoir for nuclear envelope reassembly.

During anaphase, nucleoporins and three trans-
membrane protein components of the inner nuclear
membrane, lamina-associated polypeptide 23, lamin
B receptor, and emerin, attach to the surface of the
chromosomes (chromatin). Then, cisternae of the
endoplasmic reticulum are recruited by nucleoporins
and inner nuclear membrane proteins, and the nuclear
envelope is rebuilt by the end of telophase.

A final step in the reconstruction of the nuclear
envelope is the dephosphorylation of lamin B by
protein phosphatase 1. Dephosphorylated lamin B
associates with lamins A and C to form the nuclear
lamina before cytokinesis.

This sequence of events stresses the impact of
gene mutations affecting the expression of lamin A
or lamin-binding proteins (see Box 1-N) as causes of
laminopathies.

Tumor-suppressor genes: The retinoblastoma
model

Not only Cdk-cyclin complexes control the progress-
sion and completion of the cell cycle. Tissues use two
strategies to restrict cell proliferation:

1. By limiting mitogenic factors, such as platelet-
derived growth factor (PDGF) and fibroblast-growth
factor (FGF), which stimulate cell growth.

2. By regulatory genes that actively suppress prolif-
eration. These genes, called suppressor genes, control
normal cell proliferation.

The retinoblastoma model provides important
clues on how suppressor genes work (Figure 1-49).
Each cell has duplicate copies of the retinoblastoma



Figure 1-51. The telomerase complex

Human telomeres consist of many kilobases of TTAGGG repeats, with a G-rich
leading stand and a C-rich lagging strand. The G-strand extends into the 3’
direction, forming the G-overhang.
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@3 The telomerase complex is assembled in Cajal bodies in the nucleus and
is shuttled to the telomeres by the accessory protein TCAB1.

B3 The ATPases pontin and reptin activate the telomeric complex at the
chromosome ends and initiate nucleotide addition. By this mechanism, the
telomeric complex compensates for the shortening of telomeres, maintaining
telomere length and stability. Telomere stability is essential for the highly
proliferative stem cells. A complex of six proteins, called shelterin, regulates
the length of the telomere (not shown).

(Rb) gene as a safety backup. When the two copies
of the Rb gene are mutated, an abnormal Rb protein
induces cancerous growth of retinal cells.

When a single copy of the Rb gene pair is mutated,
the remaining Rb gene copy functions normally
and suppresses unregulated cell proliferation unless
a second mutation occurs. In children with only a
single intact R gene copy, all cells of the develop-
ing embryo grow normally. Late in gestation, retinal
cells may lose the normal copy of the Rb gene, and a
retinoblastoma develops.

The Rb gene specifies a nuclear protein involved
in regulating the activity of a group of proteins, tran-
scription factors, involved in DNA synthesis and cell
cycle progression. When Rb protein is dephosphory-
lated, it binds to transcription factors. Although the
Rb protein—transcription factor complex can bind to
target genes, the activity of the transcription factors
is repressed.

When Rb protein is phosphorylated by the Cdk4—
cyclin D complex, it dissociates from the transcrip-
tion factor complex, which activates specific gene
expression (Figure 1-50). Phosphorylated Rb protein
switches transcription factors from suppression to
activation required for DNA synthesis and progres-
sion of the cell cycle.

Figure 1-52. The p53 pathway

How p53 tumor suppression activity works ~ E3 ubiquitin ligase MDM2 modulates the stability of p53

(—‘ —— Cytoplasm

Cofactor p53  Stable p53 stimulates Reactivation of function in the
- — tective response wild-type p53 (or mutant p53)
Transcription factor ——xsBoonos o DA : i
fanscription factor DNA  to DNA damage are attractive therapeutic

strategies leading to tumor

MDM2 S ‘ regression.
Genotoxic  Normal cells ,  (E3 ubiquit T S
quitin umor
stress e | ligase) —] ng sta;ble suppression by
inhibition andactive apoptosis
Cancer cells (ubi M:)N'lz ) 0 Lack of tumor (ubi Mtdmlz )
ubiquitin ligase - ubiquitin ligase p53 stable
active P53 degraded e inhibition and active
The p53 pathway is gctivated in response to “_ p53 —— Cytoplasm @ Alternatively,
a number of stress signals resulting in the mutant p53 lost
coordination of transcription activities leading _I_ its ability to bind
to tumor suppression. A loss of p53 function Degraded p53 to DNA or
(mutant p53) or disruptions in the p53 B0t DNA prevents a SN ROC* DNA transcription
pathway (for example, unregulated MDM2 protective response factors
activity) is a common aspect in a large to DNA damage

number of human cancers.
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Figure 1-53. Phases of mitosis

MoC Centrosome (mitotic center)

Nuclear envelope breakdown

Prophase
Centromere P

(kinetochore region) 1. Opposite centrosomes (each consisting of a pair of centrioles embedded in proteins of the

microtubular organizing center, MOC) initiate the assembly of the mitotic spindle.

2.The nuclear envelope breaks down when lamins phosphorylate.

3. Replicated chromosomes condense. Each chromosome consists of two identical
chromatids (called sister chromatids) held together at the centromere or primary
constriction of the chromosome. A chromatin-binding protein, called cohesin, links sister
chromatids to each other. Condensin at the periphery of the chromatids compacts chromatin.

Chromatid
Cohesin
Condensin

Kinetochore microtubule
Radiating

] Mitotic spindle
microtubule

Polar microtubule

Metaphase

1.The kinetochore develops at the centromeric region. The kinetochore is a structural
specialization of the surface of the chromosome into which microtubules insert. Microtubules
extending from the centrosome to the kinetochore are kinetochore microtubules.

Equatorial plate

Anaphase- 2. Chromosomes align at the equatorial plate (also called the metaphase plate).
promoting 3. Microtubules extending from one cell pole to the other are polar microtubules. Radiating
complex microtubules project from the centrosome. They are not attached to the kinetochore.

(APC) 4. During the metaphase, two opposing but balanced forces maintain the chromosomes at the
equatorial plate. Kinetochore microtubules pull chromosomes toward one of the poles;
radiating microtubules stabilize the centrosome by anchoring to the plasma membrane.

5. The anaphase-promoting complex (APC), disassembles when the attachment of
kinetochore microtubules to the kinetochore is correct. If the kinetochore is not attached to the
Topoisomerase microtubules, the APC arrests the mitotic cycle at the metaphase by delaying cyclin activity.
Anaphase
1. Sister chromatids separate by the synchronous detachment of the centromeres.
2. Topoisomerase, an enzyme present in the kinetochore region, frees entangled chromatin
fibers to facilitate the separation of the sister chromatids.
Polar microtubules

3. Chromatids are pulled to opposite poles by two independent but coincidental processes: (1)
The kinetochore microtubules shorten and chromatids move away from the equatorial plane
toward their respective poles. This step is usually referred to as anaphase A. (2) The cell poles
separate by the elongation of the polar microtubules. This step is known as anaphase B.

4. Aneuploidy (abnormal chromosomal number) can result from improper allocation of the two
chromatids of a chromosome to the two daughter cells. Failure of the kinetochore microtubules
to attach to the kinetochore can block the onset of anaphase. A checkpoint mechanism
operates at the kinetochore to prevent aneuploidy.

grow in length

Kinetochore
microtubules
shorten

Telophase

1. The nuclear envelope gradually reforms; lamins dephosphorylate and assemble the
nuclear lamina.

2. Chromosomes decondense.

3. Atransient contractile ring, composed of actin and myosin, develops during cytokinesis
around the equatorial region and contracts to separate the two daughter cells by a process
called abscission (from Latin abscindo, to cut away from).

4. Residual microtubules can be found in the core of the contractile ring. They form a structure
known as the midbody.

5. Radiating, kinetochore, and polar microtubules disappear.

Contractile ring

Midbody
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Box 1-U | p53: Highlights to remember

* The tumor-suppressor protein p53 protects the integrity of DNA in response to
harmful stress, called genotoxic stress.

* The protective function depends on the ability of p53 to induce programmed cell
death or apoptosis or arrest cell cycle activities, when a cell undergoes genotoxic
stress.

* How does p53 work? As a transcription factor, p53 controls the transcriptional
activation of proapoptotic genes and the inactivation of antiapoptotic genes. By
this mechanism, a cell affected by genotoxic stress is eliminated.

* What can go wrong? A loss of p53 function may occur by a mutation of the TP53
gene, which encodes p53, or by an abnormal signaling pathway controlling p53
function (see Figure 1-52).

 Why is p53 important? Cancer cells are highly sensitive to apoptotic signals, but
can survive if there is a loss of p53 function.

Clinical significance: Retinoblastoma tumors
Retinoblastoma, a tumor that occurs early in life,
arises as a consequence of mutations in RbI gene,
which encodes the retinoblastoma tumour-suppressor
protein Rb.

Children with the familial form of retinoblastoma
usually have multiple tumor sites growing in both
eyes.

A second type of retinoblastoma, the sporadic
form, is seen in children whose parents have no histo-
ry of the disease. Once cured, these patients, as adults,
do not transmit the disease to the next generation.
Children with the sporadic retinoblastoma are geneti-
cally normal at fertilization, but during embryonic
development two somatic mutations occur in a cell
lineage, giving rise to the cone photoreceptor precur-
sor of the retina. The resulting double-mutated R
genes induce cone photoreceptor precursor cells to
proliferate into a retinoblastoma.

In familial retinoblastoma, the fertilized egg already
carries a single mutant Rb gene, acquired from the
sperm or egg. All cells derived from the zygote carry
this mutation, including the cells of the retina. The
remaining normal R gene must undergo a mutation
to reach the double-mutated condition required for
tumor formation.

Retinoblastoma is only one of several tumors that
arise through loss or inactivation of critical genes.

Wilms™ tumor of the kidney is caused by the loss of

Box 1-V | Li-Fraumeni syndrome

¢ Li-Fraumeni syndrome (LFS) is an autosomal dominant condition characterized
by a predisposition to cancer.

o Several types of cancer develop in a young individual (younger than 45 years
old): brain tumors, breast tumors (40% of the tumors in females), acute leukemia,
and soft tissue and bone sarcomas.

* LFS syndrome is caused by a mutation of the tumor-suppressor gene encoding
p53, a transcription factor with a cell cycle regulatory function.

* The incidence of LFS is low. Although the initial cancer can be successfully treated
in affected children, there is a significant risk in the subsequent development of a
second primary malignant tumor.

a growth-regulating gene, called W7-1. Similar to
the Rb gene, both copies must be mutated before a
cell begins to grow out of control.

One suppressor gene that does not fit easily into
this model is p53, the most frequently mutated gene
in human tumors (leukemias, lymphomas, brain
tumors, and breast cancer, among others). The p53
gene encodes the p53 protein, a tetramer that binds
to a specific sequence of DNA involved in the tran-
scriptional control of certain genes.

A mutation that affects one of the four subunits of
p53 may compromise the function of the remaining
three subunits. In contrast to the mutations that af-
fect most other suppressor genes by knocking out gene
function completely, the p53 mutations can result in
either mild or aggressive growth. We discuss below
details of p53 functional regulation.

In Chapter 16, Lower Digestive Segment, we
study the tumor-suppressor adenomatous polyposis
coli (APC) gene responsible for a hereditary form
of colon cancer (familial adenomatous polyposis)
derived from the malignant transformation of some
of the many polyps (benign tumors) observed in
individuals affected by this condition.

Telomerase: Aging, senescence, and cancer
Somatic cells can undergo a limited number of cell
divisions, after which they enter a state of senescence.
In contrast, tumor cells have an unlimited life span
required for the formation of a tumor. In vitro stud-
ies using cultured cells have provided a model for the
study of the biological clock of normal somatic cells.

The loss of telomeres represent a sort of molecu-
lar clock that appears to drive aging. The telomeres
are the ends of chromosomes formed by a stretch
of repeated nucleotide sequences (see Figure 1-51).
Telomeres are responsible for maintaining chromo-
somal integrity and represent the cellular biological
clock. When DNA polymerases fail to copy the
chromosomal ends, telomeres decrease in size with
every cell division. Cellular senescence occurs when
the telomeres shorten to a point at which the integrity
of a chromosome cannot be maintained.

The length of the telomeres in male and female
germinal cells and hematopoietic stem cells is pro-
tected by the enzyme telomerase, a ribonucleoprotein
with reverse transcriptase activity that uses an RNA
template to maintain the length of the telomeres.
Telomerase is not present in somatic cells.

Most tumor cells express high levels of telomerase.
The telomerase complex (see Figure 1-51) consists
of the catalytic telomerase reverse transcriptase
(TERT), the RNA subunit telomerase template RNA
(TR), which provides the template for repeat syn-
thesis of chromosome ends, and dyskerin (DKC1),
an auxiliary protein. This complex is assembled in
Cajal bodies in the nucleus and is transported to
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the telomeres by an accessory protein, telomerase
Cajal protein 1 (TCAB1). Two ATPases, pontin
and reptin, activate the telomerase complex at the
chromosomal end and initiate nucleotide addition.

Telomere dysfunction has been directly implicated
in two diseases: dyskeratosis congenita and idio-
pathic pulmonary fibrosis. Dyskeratosis congenita
is characterized by bone marrow failure, abnormal
skin pigmentation, nail dystrophy, and leukoplakia
(patches of keratosis on the tongue and the inside of
the cheeks). Idiopathic pulmonary fibrosis leads to
the progressive destruction of the lung tissue with a
fatal outcome. Short telomeres are observed in both
diseases.

Senescence appears to be triggered by more than a
single mechanism. The accumulation of damage and
stress in cells is the consequence of additive factors de-
rived from shorter telomeres, reactive oxygen species
and mitochondrial dysfunction. The dysfunction of
the tumor suppressive retinoblastoma pathway, that
we have already discussed, and the tumor suppressive
p53 signaling pathway, that we are describing below,
added to an unstable telomerase pathway, may push
cells towards senescence or malignancy.

Clinical significance: The p53 signaling pathway
p53 isa critical transcriptional activator of numerous
target genes (see Box 1-U). Its role, as a cellular stress
sensor, is to respond to DNA damage, oxidative stress
and ischemia by controlling apoptosis through tran-
scription-dependent and transcription independent
(mitochondrial dysfunction) mechanisms leading to
cell cycle arrest or limit cell damage.

Autophagy, necrosis and apoptosis are three distinct
forms of cell death following acute cell injury (for
example, ischemia/reperfusion injury and oxidative
damage occurring in cerebral stroke and myocardial
infarction).

Under low levels of genotoxic stress, p53 induces
the expression of antioxidants, thereby supporting cell
survival. Increasing levels of DNA damage stimulate
the generation of increased reactive oxygen species
(ROS) levels to eliminate cells that are not fit to
survive or sustain too much damage.

Loss of p53 function by mutations in p53 or by a
disruption of the p53 signaling pathway is frequently
associated with human cancers. This observation
underscores the significant importance of p53 in
tumor suppression.

As tumor suppressor, the function of p53 is con-
trolled by sequestration and inhibition of its negative
regulator, the E3 ubiquitin ligase MDM2 (Figure
1-52). When MDM2 is inhibited, p53 remain stable
and active to operate within the context of DNA
damage or tumor suppression leading to apoptosis or

cell cycle arrest. IFMDM2 is active, p53 is degraded
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and the tumor suppression effect is lost.

Mutations of the T7P53 gene, which encodes the
p53 protein, are observed in 50% of human cancers.
The loss of 7P53 gene expression by an autosomal
dominant mutation is responsible for a multicancer
phenotype known as Li-Fraumeni syndrome (see
Box 1-V).

The inactivation of p53 tumor suppression role has
important therapeutic implications in cancer patients
receiving chemotherapy with a potential genotoxic
effect. A negative side effect of chemotherapy is the
p53-driven apoptosis in sensitive tissues (for example,
stem cells in bone marrow and intestinal epithelium)
thus compromising effective tumor suppressor func-
tion. Efforts are directed towards understanding the
molecular mechanisms by which p53 can discriminate
between acute DNA damage (genotoxic insult) and
tumor suppression (oncogenic signaling). The goal is
to block p53-dependent side effects of chemotherapy
without the risk of compromising p53 tumor sup-
pression function.

Pharmacologic agents binding to MDM2 could
stabilize and increase the levels of p53 in cancer cells
to exert a tumor-suppressor activity through its death-
inducing functions.

Mitosis

Mitosis is preceded by the duplication of a pair of
centrioles during the S phase of the cell cycle to form
two centrosomes. Centrioles are embedded in pro-
teins of the microtubule-organizing center (MOC).
Each centrosome moves toward opposite sites of the
nucleus.

The primary function of the centrosome is the
formation and maintenance of the mitotic spindle
consisting of microtubules. About 1000 new micro-
tubules can be generated per minute on each centro-
some using a pool of tubulin dimers derived from
disassembled cytoplasmic microtubules.

Mitosis is divided into four substages: prophase,
metaphase, anaphase, and telophase. The highlights

of mitosis are summarized in Figure 1-53.

Basic Concepts of Medical Genetics

Medical genetics studies human biological variations
related to health and disease. Figure 1-54 provides a
Concept Mapping to help you integrate the relevant
aspects of human development and genetics diseases
described below. Box 1-W illustrates the standard
genetic symbols used for pedigree analysis.

Genetic diseases can be caused by:

1. Chromosomal disorders: chromosome nu-
merical abnormalities and chromosome structural
abnormalities.

2. Mendelian inheritance: Single gene defects

3. Non-mendelian inheritance: Multifactorial



disorders, somatic cell genetics disorders, and mi-
tochondrial disorders.

We start this section by defining basic aspects
of human development, with particular reference
to teratogens, and by describing specific aspects of
congenital disease, congenital malformations and
congenital deformations.

Human development is divided into an embryonic
period and a fetal period. The embryonic period
starts at fertilization and ends 10 weeks later, when
the age of the embryo is 8 weeks. At this time, all the
precursor organs are formed. During the embryonic
period, the embryo is susceptible to birth defects
caused by teratogens (Greek teras, monster; gen,
producing), including:

1. Alcohol (fetal alcohol syndrome).

2. Maternal infections (rubella, toxoplasmosis,
cytomegalovirus or herpes simplex virus).

3. Radiation (x-ray exposure or radiation therapy).

4. Nutritional deficiencies (such as spina bifida,
caused by a folate deficiency).

After 8 weeks, the developing organism is called
fetus and continues its development, completed by
week 40.

A congenital disease is present at birth but may
not be apparent after a few years (for example, an
abnormality in heart development such as an atrial
or ventricular septum defect).

A congenital malformation occurs during embry-
onic development and is caused by a genetic defect.
Congenital malformations include:

1. Agenesis: an organ fails to develop.

2. Hypoplasia (Greek Aypo, under; plasis, y mold-
ing): an organ fails to achieve complete development.

3. Dysplasia (Prefix Greek dys, difficuly; plasis, a
molding): the organization of a tissue is abnormal.

4. Dysraphism (dys; rhaphe, suture): a failure
during embryonic fusion (for example, a myelome-
ningocele, known as spina bifida).

5. Atresia (Prefix Greek a, not; tresis, a hole): the
lumen of an organ is not formed.

6. Ectopia (Greek ektopos, out of place): an organ or
tissue failing to reach a normal location (for example,
testicular maldescent or crytorchid).

7. Lack of involution by apoptosis of a temporary
embryological structure (for example, persistent
thyroglossal duct).

A congenital deformation, such as hip dislocation
or clubfoot, is the result of maternal mechanical
factors affecting fetal development (for example, a
distorted uterus due to leiomyomas, benign tumors
of the smooth muscle cell wall).

Chromosomal disorders

Chromosomal disorders can be in the number of
individual chromosomes or structural abnormalities
of individual chromosome.

Regarding chromosome numerical abnormalities:

1. Normal human somatic cells contain 46 chro-
mosomes, the diploid number.

2. Normal human gamete cells, sperm and egg,
contain 22 autosome chromosomes and 1 sex chro-
mosome (X or Y in males and X in females), the
haploid number.

3. Polyploidy is the condition whereby the chromo-
some number exceeds the diploid number and this
number is an exact multiple of the haploid number.
Tetraploidy is four times the haploid number (92
chromosomes). Tetraploid hepatocytes are observed
during liver regeneration. Megakaryocytes are
normally polyploid cells (they have 8-16 times the
haploid number).

4. Aneuploidy (Greek an, without; ex, good; ploidy,
condition) arises from non-disjunction of paired
sister chromatids (during first meiotic division) or
chromosomes (during second meiotic division).
An aneuploidy individual has fewer or more than
the normal diploid number of chromosomes. This
condition is usually deleterious, in particular when
it affects the number of autosomes.

A lack of an X chromosome in female cells has
severe effects; but females with supernumerary X
chromosomes are usually normal or nearly normal
because of X chromosome inactivation, a mechanism
that balances the dosage of X-linked genes with that
of XY males.

Chromosome structural abnormalities are the re-
sult of chromosomal breakage observed by exposure to
ionizing radiations and in inherited conditions (such
as in ataxia telangiectasia and Fanconi syndrome):

1. Translocation is the transfer of broken chromo-
somal material between chromosomes.

There are three forms of translocation: recipro-
cal translocation, when there is reciprocal breaking
and rejoining of any pair of chromosomes without
overall gain or loss of genetic material; centric fusion
(Robertsonian translocation), when two acrocentric
chromosomes break close or at the centromere and
rejoin into a single chromosome with two centromeres
(dicentric chromosome) and a fragment with no cen-
tromere (acentric) that will be lost at the subsequent
cell division; and insertional translocation, involving
three breaks in one or two chromosomes, resulting in
an interstitial deletion of a segment of one chromo-
some, that is inserted into the gap of the other.

2. Deletion: a chromosomal segment breaks and
is lost.

3. Inversion: a broken chromosome segment is
reinserted in the same chromosome but in an inverted
orientation.

4. Ring chromosome: the terminal ends of the arms
of a chromosome are lost and the two proximal ends
rejoin to form a closed circle.
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5. Duplications, when an additional copy of a chro-
mosome is present. Duplications are more frequent
than deletions and less harmful.

6. Isochromosome: a chromosome with a deletion
of one arm with a duplication of the other.

Other chromosomal variants are:

1. Mosaic: an individual with two or more cell lines
derived from a single zygote. For example, in female
mammalian somatic tissues, one X chromosome is
active and the other is transcriptionally inactive (an
indication of dosage compensation, as you know).
These tissues are regarded mosaic (whether the ma-
ternal or paternal X chromosome is active in cells of
the somatic tissues).

2. Chimera: an individual with two or more cell
lines derived from two separate zygotes.

Mendelian inheritance: Single gene disorders

In human, there are 44 autosomes consisting of 22
homologous pairs, with genes present in pairs (one of
paternal origin and the other from maternal origin)
and located in a specific site, or locus, within each
chromosome. Alternative forms of a gene are called
alleles (Greek allelon, reciprocally).

If both pairs of genes are identical, the individual
is homozygous; if different, the individual is het-
erozygous.

Any gene determines a characteristic, or trait. A

Box 1-W | Pedigree analysis: Highlights to remember

* The pedigree is a common tool used in medical genetics. It is constructed like
a tree using standard genetic symbols to show inheritance patterns for specific
phenotypic characteristics. A human pedigree starts with a family member, called
the propositus, that attracts the attention of the geneticist as a means to trace
back the progression of the phenotype through the family.

* The following symbols are used:

D Normal male
O Normal female

<> Unspecified sex
Consanguineous marriage
D:O (beween close relatives)

Dizygotic
(nonidentical twins)

Aoty

I D——O Parents and children; | and ‘Monozygotic
Il indicate generations (identical twins)
I (?I:’% Two girls and one boy in
order of birth indicated by
T 2 3 numbers Propositus (starting point)

' d
P Numbers of children 3 " .
@ ——— O Carrier of sex-linked recessive

H O Affected individuals T 5 oead

Autosomal ‘ Abortion or stillbirth
I:’ O heterozygous recessive (unspecified sex)

52 | 1.EPITHELIUM | Medical genetics

trait expressed in the heterozygote is dominant, and,
if only expressed in the homozygote, it is recessive.
Genetic diseases can be caused by defects in a single
gene or a group of genes. The defects are expressed
as dominant or recessive (mendelian inheritance).
or require a coexisting environmental factor before
a disease is produced (polygenic or multifactorial
inheritance), with partial contribution of genetic
factors.

Single gene defect disorders can be:

1. Autosomal chromosome-linked or sex chromo-
some-linked (mainly X chromosome-linked, affecting
males devoid of dosage compensation as in females).

As we have seen, one of the X chromosomes in
XX female cells undergoes inactivation. A structural
representation of X chromosome inactivation is a
condense chromatin structure at the nuclear periphery
of female cells, known as Barr body. X chromosome
inactivation silences most of the genes encoded on this
chromosome, a condition called functional unisomy.

Unisomy is the condition of an individual or cell
carrying only one member of a pair of homologous
chromosomes. For example, male cells have only
one X chromosome, a situation known as genetic
unisomy.

2. Homozygous, when the defective gene is present
on both members of a chromosomal pair.

3. Heterozygous, when the defective gene is present
on only one member of a chromosomal pair.

The mendelian inheritance patterns of a single
gene defect are the following:

1. Autosomal dominant inheritance: expressed
in heterozygotes; on the average half of offspring
is affected.

For example, familial hypercholesterolemia is
caused by a single mutant gene on the short arm of
chromosome 19, encoding a receptor for low density
lipoprotein (LDL). Defect in the receptor results in
defective clearance of circulating LDL, including
cholesterol. Males and females are affected, each
is a heterozygote and can transmit the condition
if each has married an affected person (a normal
homozygote). The expected proportion of affected
individuals is 50%.

2. Autosomal recessive inheritance: expressed in
homozygotes; low risk to offspring.

For example, sickle cell disease is produced by
sickled-shaped red blood cells that may occlude blood
vessels, causing recurrent infarctions of the lung and
spleen (see Chapter 6, Blood and Hematopoiesis).

The disease results from defective hemoglobin S
(HbS) caused by a substitution of valine for glutamic
acid. The predominant hemoglobin in normal indi-
viduals is HbA. A parent with sickle cell anemia that
marries to a homozygous normal person (HbA/HbA)
will produce unaffected heterozygous (HbA/HbS). If



Figure 1-54. Concept Mapping: Human development and genetic diseases
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a HbS/HbS individual marries a heterozygote, there is
one in two chance on the average that each child may
be affected. If both parents have sickle cell disease,
all children will have sickle cell disease.

3. Sex-linked recessive inheritance. Male-to-
female X chromosome trait transmission will result
in all daughter carriers (female-to-female transmis-
sion, 50% of the daughters are carriers). There is no
male-to-male transmission of a gene defect.

An example is muscular dystrophy (Duchenne
muscular dystrophy), a condition that causes progres-
sive muscular weakness with significant elevation of
creatine kinase and other muscle enzymes in blood.
Heterozygous females are carriers (clinically unaf-
fected) but transmit the condition. When a carrier

female that marries a normal male, one-half of the
daughters will be carriers and one-half of the sons
will be affected.

4. Sex-linked dominant inheritance. X chromo-
some disorders are observed in the heterozygous
female and in the heterozygous male (with a mutant
allele on his single X chromosome). An affected male
transmits the trait to all his daughters but none of
his sons. Direct male-to male transmission cannot
take place.

Vitamin D-resistant rickets (even the dietary in-
take of vitamin D is normal) and the X-linked form
of Charcot-Marie-Tooth disease (hereditary motor
and sensory neuropathy) are X chromosome-linked
dominant conditions.
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Figure 1-55. Nomenclature of human chromosomes and abnormal karyotype
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Similarly, in Y chromosome-linked dominant
inheritance, only males are affected when the male
transmits a Y-linked trait.

Non-mendelian Inheritance

Polygenic diseases arise from the participation of dis-
persed genes, each contributing to the characteristics
of the disease lacking a distinct phenotype.

Multifactorial disorders arise on a conditioning
genetic background (predisposition to a disease)
that will only occur when triggering environmental
factors are present.

Multifactorial traits may be discontinuous (dis-
tinct phenotypes) or continuous (a lack of distinct
phenotypes). Cleft lip and palate, congenital heart
disease, neural tube defect and pyloric stenosis are
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ii H

Submetacentric

” Short arm (p for petite)

Long arm (q)

v

L Primary

Metacentric constriction or
centromeric
region
47 XY, +17p+

Male with an extra
chromosome 17
and an increase in
the length of its
short arm

Down syndrome

Cause: Non-disjunction at the first meiotic
division (80%). Mother contributes the extra
chromosome (85%)

Facial appearance is characteristic: small
nose and flat facial profile.

Mental handicap is the most serious
complication.

Cardiac malformations increase the death
rate during infancy.

_._

congenital malformation inherited as a discontinu-
ous multifactorial traits. Examples of continuous
multifactorial traits are height, weight, skin color,
and blood pressure..

In contrast to mendelian inheritance disorders,
pedigree analysis is not applicable and twin concor-
dance and family correlations studies are required.

Twins may be genetically identical (monozygotic)
or non-identical (dizygotic). Monozygotic twins arise
from a single zygote which splits into two embryos.
Dizygotic twins result from two eggs each fertilized
by a sperm, have two amniotic sacs and two placentas,
each with separate circulation. Most monozygotic
twins have a single placenta with common blood
circulation.

Twins are concordant if they show a discontinu-



ous trait (such as height) and discordant if only one
shows the trait. Monozygotic twins have identical
genotypes; dizygotic twins are like siblings (brothers
and sisters). If there is a chromosomal disorder or a
specific single gene trait, the monozygotic concor-
dance rate will be 100%. For discontinuous multi-
factorial traits of genetic and environmental nature,
the monozygotic concordance rate will be less than
100% but higher than in the dizygotic twins. This
range tells us about the increasing importance of the
genetic contribution and heritability to a chromo-
somal disorder or a specific single gene trait when
monozygotic concordance is higher.

Relatives share a proportion of their genes and
family correlations studies can provide support for
multifactorial inheritance of a trait.

Most cancers are regarded as somatic cell genetic
disorders. Some familial cancers have germline muta-
tions; others display somatic cell mutations leading
to malignancy. A mutation in a fertilized egg that
occurs after the first cell division, may affect the
gonadal cells (gonadal mosaic) or the somatic cells
(somatic mosaic).

Mitochondrial disorders caused by mutations in
DNA mitochondrial are transmitted to all children
of an affected mother but not to the offspring of an
affected father. We discuss further the patterns of
maternal inheritance of mitochondrial disorders in

Chapter 2, Epithelial Glands.

Karyotyping (chromosome analysis)

Cytogenetics is the analysis of the structure of normal
and abnormal chromosomes (Greek chromos, colored,;
soma, body).

A karyotype (or chromosome analysis) is a de-
scription of the number and structure of the chro-
mosomes. A standard karyotype is based on the use
of metaphase cells from any population of dividing

cells (Figure 1-55). Lymphocytes in peripheral blood
are the most frequently used cells, but bone marrow
cells, cultured fibroblasts or cells from amniotic fluid
or chorionic villi can also be used.

Cells are cultured in the presence of a mitogen
(for example, phytohemagglutinin) for 3-4 days and
treated with colcemid to disrupt mitotic spindles
to enrich the sample in metaphase cells. Cells are
collected and treated with an hypotonic solution to
swell the cells and disperse chromosomes on a micro-
scope before fixation and staining. Giemsa staining
is generally used to produce G-banding, alternate
light and dark band patterns characteristic for each
chromosome pair.

There are 22 pairs of autosomes and one pair of
sex chromosomes (XX or XY) in the human. Chro-
mosomes can be classified according to the length
and position of the centromere.

In the notation of human cytogenetics, the total
number of chromosomes (46) is followed by the
total number of sex chromosomes (see Figure 1-55).
A normal male is identified as 46,XY (46 chromo-
somes, including the XY chromosomal pair) and a
female as 46,XX (46 chromosomes, including the
XX chromosomal pair).

Extra autosomes are indicated by placing the
number of the extra chromosomes after the sex
chromosomes with a plus (+) sign. 47,XY+21 is
the karyotype of a male with trisomy 21 (Down
syndrome, see Figure 1-55).

A male with an extra X chromosome is symbolized
as 47,XXY. A plus or minus sign is placed following
a chromosome symbol to indicate the increase or
decrease in arm length. The letter p symbolizes the
short arm and q the long arm. 47,XY,+17p+ identi-
fies a male with 47 chromosomes, including an
additional chromosome 17, with an increase in the
length of its short arm.

Essential concepts

Epithelium

with the basal lamina, but not all of them

* Epithelium is one of the four basic tissues.
The three additional basic tissues are connec-
tive tissue, muscle tissue, and nervous tissue.

Epithelia can be classified into three major
groups based on:

(1) The number of cell layers (one layer:
simple epithelium; more than one layer: strati-
fied epithelium).

(2) The shape of the cells (squamous
epithelium, cuboidal epithelium, and columnar
epithelium).

(3) The shape of the cells at the outermost
layer (stratified squamous epithelium, stratified
cuboidal epithelium, and stratified columnar
epithelium).

The stratified squamous epithelium can be
subdivided into moderately keratinized (usually
called nonkeratinized) and highly keratinized

types. The name endothelium identifies the
simple squamous epithelium lining blood and
lymphatic vessels. The name mesothelium

is used to describe the simple squamous or
cuboidal lining of serosa (peritoneum, pleura,
and pericardium). Tumors originating in the
mesothelium are called mesotheliomas.

« An important cytoskeletal component of
epithelial cells are keratin proteins (cytokera-
tins). The pathologist looks for the presence
of keratins to determine the epithelial origin
of a tumor (called carcinoma, in contrast

to connective tissue—derived tumors called
sarcomas).

« An intermediate type is the pseudostratified
epithelium, in which all the cells are in contact

reach the lumen. The transitional epithelium,
or urothelium, lining the urinary passages, can
be regarded as a pseudostratified epithelium,
although it has the appearance of a stratified
squamous epithelium. The outermost cells

of the urothelium of the urinary bladder have
the property of changing their geometry and
surface configuration in response to tensional
forces exerted by urine.

« A refinement in the classification of selected
epithelia relies on apical differentiations, such
as cilia, microvilli, and stereocilia. A pseudo-
stratified epithelium with cilia is seen along
the respiratory tract and the oviduct. Simple
cuboidal epithelium of specific segments

of the nephron and the simple columnar
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epithelium of the small intestine contain mi-
crovilli forming a brush border along the apical
domain. Stereocilia are seen in the epithelial
lining of the epididymis and hair cells of the
inner ear.

Epithelial cells organize layers of cells that are
closely linked by specialized plasma mem-
brane—associated structures, such as tight
junctions, anchoring junctions (belt and spot
desmosomes and hemidesmosomes), and
gap junctions.

- Epithelial cells are highly polarized. They have
an apical domain and a basolateral domain.
The boundaries of the domains are defined

by the distribution of junctions and their com-
ponents, the polarized distribution of the actin
cytoskeleton, and the presence of a basement
membrane at the basal surface.

« The apical domain of some epithelial cells
displays differentiations projecting into the lu-
men. The apical differentiations can be motile
(multiple cilia) and nonmotile (primary cilium,
microvilli and stereocilia/stereovilli).

There are multiple motile cilia, that coordi-
nate fluid or cargo flow on the surface of an
epithelium and a single or primary non-motile
cilium, a mechanosensor that houses compo-
nents of the hedgehog signaling system.

Cilia contain an axoneme, formed by a
concentric array of nine microtubule doublets
surrounding a central pair. Cilia originate from
a basal body precursor—a centrosome deriva-
tive—inserted in the apical plasma membrane.

In contrast to the axoneme, the basal body
and the centriole are formed by nine microtu-
bule triplets in a helicoid arrangement. There
are no central microtubules in basal bodies
and centrioles. The nonmotile microvilli and
stereocilia contain an actin microfilament core.
Microvilli have a uniform length. Stereocilia
are longer, their length is variable, and, in the
epididymal epithelium, they have a tendency
to branch.

« The position and stability of the epithelial

cell layer are maintained by cell adhesion
molecules and cell junctions.

« Cell adhesion molecules can be classified as:

(1) Ca*-dependent.

(2) Ca**-independent.

Cadherins and selectins are Ca**-dependent.
Cell adhesion molecules (CAMs) of the
immunoglobulin-like family and integrins are
Ca**-independent. In contrast to cadherins,
selectins, and CAMs, integrins consist of two
subunits, o and B, forming a heterodimer.

Cadherins constitute homophilic cis-homodi-
mers (like-to-like), which interact through the
extracellular domain with similar or different
dimers present in the adjacent epithelial cell
(forming trans-homodimers or trans-heterodi-
mers [like to unlike]). The intracellular domain
of cadherins interacts with the catenin complex
consisting of catenins o and B and p120. The
catenin complex interacts with filamentous
actin through adapter proteins (a-actinin,
formin-1, and vinculin).

Selectins bind carbohydrate ligands through
their carbohydrate recognition domain.
Selectins play an important role in homing,
the transendothelial migration of neutrophils,
lymphocytes, and macrophages during inflam-
mation and the deposit of fatty streaks in the
subendothelial space of blood vessels during
early atherosclerotic lesions.

The extracellular immunoglobulin-like
domain of CAMs binds to identical (homotypic
binding) or different molecules (heterotypic
binding) on another adjacent cell. The CAM
CD4 is the receptor of HIV-1 in T cells (helper
cells).

Integrins are heterodimers formed by two
associated subunits, o, and B. The extracellular
domain of the integrin subunit B binds to lam-
inin and fibronectin, two components of the
basal lamina. Proteoglycans and collagens bind
to laminin and fibronectin to form the reticular
lamina. The intracellular domain of integrin
subunit B binds to filamentous actin through
the adapter proteins, including a-actinin,
vinculin, kindlin, and talin. Integrins establish a

link between the extracellular matrix and the
internal cytoskeleton.

« The basement membrane is a PAS-positive
(periodic acid-Schiff staining) structure present
at the basal domain of epithelial cells. It con-
sists of a basal lamina and a reticular lamina,
which can be defined by electron micros-
copy. The pathologist looks for the integrity

of the basal lamina to determine if growing
malignant epithelial cells are restricted to the
epithelial layer (carcinoma in situ) or have in-
vaded the underlying connective tissue where
blood and lymphatic vessels are present.

- Related to the function of integrins are the
ADAM proteins. The disintegrin domain of
selected ADAMSs can block integrin-binding
affinities. The metalloprotease domain of
ADAMs can participate in the shedding of the
extracellular domain of plasma membrane—
anchored growth factors, cytokines, and
receptors. ADAMSs have roles in angiogenesis,
apoptosis, neurogenesis, and cancer.

« Cell junctions not only maintain the me-
chanical integrity of the epithelium but also
can function as signaling structures reporting
cell position and are able to modulate cell
growth or programmed cell death (apoptosis).
Intercellular junctions can be:

(1) Symmetrical, such as tight junctions,
belt desmosomes (zonula adherens), spot
desmosomes (macula adherens) and gap
junctions.

(2) Asymmetrical, such as hemidesmo-
somes.

« Tight junctions consist of two transmem-
brane proteins—the tetraspanins occludin

and claudin—and two immunoglobulin-like
proteins—junctional adhesion molecules
(JAMs) and nectins. Nectins are associated to
the protein afadin forming the afadin-nectin
complex. JAMs and nectins form dimers
(called cis-dimers) and dimers inserted in
the opposing plasma membrane interact with
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each other (trans-dimers).

The adapter proteins zonula occludens ZO-1,
Z0-2, and Z0-3 link occludin, claudins, JAMs,
and the afadin-nectin complex to actin micro-
filaments. Claudins constitute the backbone of
tight junction strands visualized on freeze-
fracture electron micrographs.

Tight junctions constitute a circumferential
fence separating the apical domain from the
basolateral domain. Materials can cross epi-
thelial and endothelial cellular sheets by two
distinct pathways: the transcellular pathway
and the paracellular pathway. Tight junctions
regulate the paracellular transport of ions and
molecules in a charge-dependent and size-
dependent fashion.

Similar to tight junctions, zonula adherens
(belt desmosome) also have a circumferen-
tial distribution and interact with filamentous
actin. A distinctive feature is the presence of a
plague containing desmoplakin, plakoglobins
and plakophilins. Cadherins (desmocollins and
desmogleins) and the afadin-nectin complex
link the plasma membranes of adjacent
epithelial cells. The intracellular region of cad-
herins interacts with actin through the catenin
complex.

Macula adherens (spot desmosome) pro-
vides strength and rigidity to the epithelial cell
layer, particularly in the stratified squamous ep-
ithelium, and links adjacent cardiocytes (fascia
adherens and desmosome) as a component
of the intercalated disk. In contrast to the belt
desmosome, spot desmosomes are spotlike.
The plague—which contains desmoplakin,
plakoglobins, and plakophilins—is the insertion
site of intermediate filament keratins (called
tonofilaments) or desmin (intercalated disk).
The intermediate filament-binding protein
in the plaque is desmoplakin. The catenin
complex is not present. Desmocollins and
desmogleins are the predominant cadherins.

Hemidesmosomes are asymmetrical
anchoring junctions found at the basal region
of epithelial cells. Hemidesmosomes consist
of two components: an inner plate, associated
to intermediate filaments, and an outer plaque
anchoring the hemidesmosome to the basal
lamina by anchoring filaments (laminin 5).

Gap junctions are symmetrical com-
municating junctions (instead of anchoring
junctions). Gap junctions consist of clusters
of intercellular channels connecting the
cytoplasm of adjacent cells. There are more
than 20 connexin monomers, each identified
by the assigned molecular mass. Six connexin
monomers form a connexon inserted into the
plasma membrane. Connexons pair with their
counterparts in the plasma membrane of an
adjacent cell and form an axial intercellular
channel allowing the cell-to-cell diffusion of
ions and small molecules. A mutation in con-
nexin32 (Cx32) gene in the myelin-producing
Schwann cell is the cause of the X-chromo-
some-linked Charcot-Marie-Tooth disease,
a demyelinating disorder of the peripheral
nervous system.

« The basement membrane consists of two
components:

(1) A basal lamina, in direct contact with the
epithelial basal cell surface.

(2) A reticular lamina, formed by fibronectin
and collagen fibers and continuous with the
connective tissue.

The basal lamina consists of laminin, type
IV collagen, entactin, and proteoglycans. The
basal lamina is an important component of the
glomerular filtration barrier in the kidneys. A
basal lamina covers the surface of muscle cells
and contributes to maintaining the integrity of
the skeletal muscle fiber during contraction. A
disruption of the basal lamina—cell muscle re-
lationship gives rise to muscular dystrophies.
The basement membrane can be recognized
by light microscopy by the PAS stain.

« The cytoskeleton consists of:

(1) Microfilaments (7 nm thick).

(2) Microtubules (25 nm in diameter).

(3) Intermediate filaments (10 nm in diam-
eter).

The basic unit of a microfilaments is the
G-actin monomer. The ATP-dependent po-
lymerization of monomers forms a 7-nm-thick
F-actin filament. Monomers added on the
barbed end of the filament move, or treadmill,
along the filament until they detach by depoly-
merization at the pointed end.

Motor proteins, such as myosin Va, transport
vesicle cargos along F-actin. Defective myosin
Va is the cause of Griscelli syndrome, a
disorder in the transport of melanosomes from
melanocytes to keratinocytes in the epidermis.
Patients with Griscelli syndrome have silvery
hair, partial albinism, occasional neurologic
defects, and immunodeficiency.

F-actin associated with myosin Il forms the
contractile structures of skeletal and cardiac
muscle cells. They represent the myofilament
components of myofibrils. Myofibrils, consist-
ing of a linear chain of sarcomeres, are the
basic contractile unit found in the cytoplasm of
striated muscle cells.

Microtubules are composed of o and B
tubulin dimers. Tubulin dimers arranged
longitudinally form protofilaments. Thirteen
protofilaments associate side-by-side with each
other to form a microtubule. Microtubules
undergo alternate phases of slow growth and
rapid depolymerization, a process called dy-
namic instability. The polymerization of tubulin
subunits is GTP-dependent.

The centrosome consists of a pair of cen-
trioles surrounded by a pericentriolar protein
matrix. Each centriole consists of nine triplets
of microtubules arranged in a helicoid manner.
Centrioles duplicate during the cell cycle in
preparation for the assembly of the mitotic
spindle during cell division. A basal body
precursor is produced inside the centrosome,
multiplies, differentiates into basal a basal
body and docks to the plasma membrane to
develop a cilium.

The mitotic apparatus consists of two op-
posite mitotic centers bridged by the mitotic
spindle. Each mitotic center is represented
by the centrosome (a pair of centrioles
embedded in a protein matrix, the microtu-
bular organizing center, MOC) and radiating

microtubules. The mitotic spindle consists of
kinetochore microtubules and polar microtu-
bules. Kinetochore microtubules attach to the
kinetochore, a cluster of proteins associated
with the centromere, the primary constriction
of a chromosome. Centrosome and centro-
mere sound alike words but they represent
two different structures.

Microtubules are a target of cancer che-
motherapy with the purpose of blocking
cell division of tumor cells by destabilizing or
stabilizing dynamic instability. Derivatives of
Vinca alkaloids and taxol have been widely
used.

The axoneme consists of nine microtubule
doublets in a concentric array, surround-
ing a central pair of microtubules. Each
doublet consists of a tubule A, formed by
13 protofilaments and closely attached to
tubule B, formed by 10 to 11 protofilaments.
Axonemes are present in cilia and flagella of
the sperm tail. Dynein arms, an ATPase, are
linked to tubule A. ATPase hydrolyzes ATP to
use energy for the sliding of microtubules, the
basis for ciliary and flagellar movement.

Microtubules provide tracks for motor pro-
tein transporting vesicle and nonvesicle cargos
within the cell. Molecular motors, such as
kinesin and cytoplasmic dynein, mediate the
transport of cargos.

There are three specific microtubule-based
transport systems:

(1) Axonemal transport, which includes
intraciliary and intraflagellar transport.

(2) Axonal transport.

(3) Intramanchette transport. Manchette is
a transient microtubular structure involved in
sperm development.

Bardet-Biedl syndrome, a disorder of
basal bodies and cilia resulting from defective
intraciliary transport, is characterized by retinal
dystrophy, obesity, polydactyly, renal dysplasia,
reproductive tract abnormalities, and learning
disabilities.

Kartagener's syndrome, characterized by
defective or absent dynein arms, is associated
with bronchiectasis and infertility (reduced
sperm motility and egg transport in the
oviduct).

Intermediate filaments are formed by
monomers displaying a central coiled-coil
flanked by globular regions. A pair of mono-
mers form a parallel dimer. A tetramer is
assembled by two antiparallel half staggered
dimers. Eight tetramers associate side-by-side
to form a unit length filament (ULF). ULFs join
end-to-end and continue extending longitu-
dinally by adding ULFs to form 10 nm-thick
intermediate filaments.

In contrast to F-actin and microtubules, the
assembly of intermediate filaments is regu-
lated by phosphorylation-dephosphorylation.

There are several types of intermediate fila-
ments, including:

(1) Type I and Type Il keratins (markers of
epithelial cells).

(2) Type lll: Vimentin (present in mesen-
chymal-derived cells), desmin (abundant in
muscle cells), and glial fribrillary acidic protein
(a marker of glial cells).
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(3) Type IV: Neurofilaments (found in
neurons).

(4) Type V: Lamins (forming the nuclear
lamina associated to the inner layer of the
nuclear envelope).

Disorders of keratins cause blistering
diseases of the skin. Defective gene expres-
sion of lamins causes a group of diseases
called laminopathies affecting muscle tissue
(e.g., Emery-Dreifuss muscular dystrophy),
nervous tissue (e.g, Charcot-Marie-Tooth
disease type 2B1), and adipose tissue (e.g,
Dunnigan-type familial lipodystrophy).

« The cell nucleus consists of the nuclear
envelope, chromatin, and the nucleolus.

The nuclear envelope has nuclear pores, a
tripartite structure consisting of inner and outer
octagonal rings and a central cylindrical body.
Nuclear pores contain several proteins called
nucleoporins. Ran-GTPase regulates nucleo-
cytoplasmic transport across nuclear pores

by enabling the passage of proteins with a
nuclear import sequence bound to a protein
complex of importins o and p and Ran-GDP.
In the nucleus, Ran-GDP is converted to
Ran-GTP by RCCl, a GDP-GTP exchanger and
the importin-imported protein complex is
dissociated. Ran-GTP associates with exportins,
and proteins with a nuclear export sequence
are transported to the cytoplasm. Ran-GTP
interacts with Ran-GBP1, and is converted to
Ran-GDP by hydrolysis stimulated by Ran-GAP.
The cargo is discharged, and Ran-GDP is ready
to initiate another transport cycle.

Two forms of chromatin exist: heterochro-
matin (transcriptionally inactive) and euchro-
matin (transcriptionally active). One of the
two X chromosomes in every female somatic
cell remains condensed, a process known
as dosage compensation. The condensed X
chromosome can be visualized as a mass of
heterochromatin adjacent to the nuclear enve-
lope (called Barr body) and in the form of a
drumstick in polymorphonuclear leukocytes.

The nucleolus consists of a fibrillar center
(chromatin containing repeat rRNA genes,
RNA polymerase |, and SRP); a dense fibrillar
component (containing the proteins fibrillarin
and nucleolin); and a granular component
(the assembly sites of ribosomal subunits).

« Staining techniques and autoradiography
can determine the localization of nucleic acids
in cells. The Feulgen reaction detects DNA.
Basic dyes can localize DNA and RNA. RNAse
and DNAse cell pretreatment can define the
identity of the basophilic staining. Autoradi-
ography is based on the administration of a
radiolabeled precursor to living cells. Radioac-
tive sites can be traced using a photographic
emulsion, which after developing and fixation,
produces silver grain in sites where the radiola-
beled precursor is localized. This procedure
enables the study of the cell cycle and the
detection of sites involved in protein synthesis,
glycosylation, and transport. Fluorescence-
activated cell sorting enables the identification
and separation of cell types using cell surface
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markers, and the study of the cell cycle based
on the content of DNA.

« Cell cycle is defined as the interval between
two successive cell divisions resulting in the
production of two daughter cells. Traditionally,
the cell cycle consists of two major phases:

(1) Interphase.

(2) Mitosis.

Interphase includes the S phase (DNA
synthesis), preceded by the G1 phase and
followed by the G2 phase. The phases of
mitosis are:

(1) Prophase: the centrosomes organize the
mitotic spindle; lamins phosphorylate and the
nuclear envelope breaks down; each chromo-
some consists of sister chromatids held to-
gether at the centromere; the protein cohesin
holds together the noncentromeric regions;
condensin compacts the chromatin.

(2) Metaphase: kinetochore microtubules
attach to the kinetochore present in each chro-
mosome; chromosomes align at the equatorial
plate; the anaphase-promoting complex disas-
sembles if the attachment of the kinetochore
microtubules is correct.

(3) Anaphase: topoisomerase frees en-
tangled chromatin fibers; chromatids separate
from each other and move closer to their
respective poles—anaphase A—and cell poles
separated by the action of polar microtu-
bules—anaphase B.

(4) Telophase: lamins dephosphorylate
and the nuclear envelope reassembles;
chromosomes decondense; a contractile ring
(actin-myosin) develops during cytokinesis;
microtubules of the spindle disappear.

In a more contemporary view, the cell cycle
consists of three distinct cycles:

(1) Cytoplasmic cycle (sequential activation
of cyclin-dependent protein kinases.

(2) Nuclear cycle (DNA replication and chro-
mosome condensation).

(3) Centrosome cycle (duplication of the two
centrioles—mother and daughter centrioles—
in preparation for assembly of the mitotic
apparatus).

» Cyclin-dependent protein kinases control the
progression and completion of the cell cycle.
Tumor-suppressor proteins control cell cycle
progression. Dephosphorylated Rb protein, a
tumor-suppressor, binds to transcription factors
and represses gene activity. Transcription fac-
tors dissociate from phosphorylated Rb protein
and stimulate cell cycle progression. Retino-
blastoma, a malignant tumor of the eye, is
observed when the Rb gene is mutated.
Another tumor-suppressor protein is p53, a
transcription factor with a cell cycle regulatory
function. Mutations of the p53 gene are seen
in patients with leukemias, lymphomas, and
brain tumors. p53 has a protective cell func-
tion: it can induce apoptosis or arrest the cell
cycle when the cell undergoes harmful stress
(called genotoxic stress). Mutations of the
p53 gene prevent this protective function.
Li-Fraumeni syndrome is caused by a muta-
tion of the p53 gene. Young patients have a

predisposition to cancer (e.g., brain tumors,
breast tumors, acute leukemia, and soft tissue
and bone sarcomas).

« Breakdown of the nuclear envelope oc-

curs at the end of prophase. It involves

the fragmentation of the nuclear envelope,
dissociation of nuclear pore complexes, and
phosphorylation of lamins (depolymerization).
Reassembly of the nuclear envelope involves
the dephosphorylation of lamins by a protein
phosphatase.

Telomeres at the end regions of chromo-
somes are formed by a stretch of repeated
nucleotide sequences. When DNA poly-
merase fails to copy the chromosomal ends,
telomeres decrease in length with every cell
division until the integrity of the chromosome
cannot be maintained. Male and female
germinal cells can protect the telomeres by
the enzyme telomerase, which is not present
in somatic cells. Most tumor cells express
telomerase.

« Genetic diseases can be caused by:

(1) Chromosomal disorders (numerical
[polyploidy, tetraploidy and aneuploidy] and
structural [translocation, deletion, inversion,
ring chromosome, duplication and isochromo-
some] abnormalities).

(2) Mendelian inheritance (autosomal or sex
chromosome-linked dominant and recessive
single gene defects that can be homozygous
or heterozygous).

(3) Non-mendelian inheritance (including
multifactorial disorders [discontinuous or con-
tinuous], somatic cell genetic disorders [can-
cer] and mitochondrial disorders [determined
by mutations in mitochondrial DNA transmit-
ted to all children of an affected mother but
not to the offspring of an affected father]).

Human development is divided into an
embryonic period (from fertilization to the
8-week embryo) and a fetal period (after
week 8 to week 40). Birth defects caused by
teratogens predominate during the embryonic
period. Teratogens include alcohol (fetal alco-
hol syndrome), maternal infections, exposure
to radiations, nutritional deficiencies (spina
bifida caused by a folate deficiency).

Congenital diseases are present at birth but
not fully apparent after a few years. Con-
genital malformations (including agenesis,
hypoplasia, dysplasia, dysraphism, atresia,
ectopia and lack of involution by apoptosis)
take place during embryonic development
and are caused by genetic defects. Congeni-
tal deformations occur in utero by mechanical
factors.

Karyotyping is the structural and numeri-
cal analysis of metaphase chromosomes. A
normal male has a chromosomal comple-
ment 46,XY (46 chromosomes, including the
XY chromosomal pair). A normal female has
46,XX (46 chromosomes, including the XX
chromosomal pair). Depending on the posi-
tion of the centromere or primary constriction,
chromosomes are classified as metacentric,
submetacentric, and acrocentric.



2. Epithelial Glands I

There are two types of epithelial glands: exocrine glands and endocrine glands. Exocrine glands secrete their
product onto body surfaces through a duct; endocrine glands are ductless and secrete their products, hormones,
into the interstitial spaces before entering the blood circulation. Exocrine glands are classified as simple and
branched or compound glands. Secretory cells of exocrine glands discharge their products in three different
mechanisms: a merocrine mechanism, utilizing membrane-bound secretory vesicles; an apocrine mechanism,
by releasing a secretory product surrounded by a rim of cytosol; and a holocrine mechanism, involving the
release of a disintegrating cell that becomes the secretory product. This chapter integrates the structure and
function of exocrine glands with basic concepts of cell and molecular biology.

Development of epithelial glands

Most glands develop as epithelial outgrowths into
the underlying connective tissue (Figure 2-1). Exo-
crine glands remain connected to the surface of the
epithelium by an excretory duct that transports the
secretory product to the outside. Endocrine glands
lack an excretory duct, and their product is released
into the blood circulation.

Figure 2-1. Development of exocrine and endocrine glands
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Endocrine glands are surrounded by fenestrated
capillaries and commonly store the secretions they
synthesize and release after stimulation by chemical
or electrical signals. Exocrine and endocrine glands
can be found together (for example, in the pancreas),
as separate structures in endocrine organs (thyroid
and parathyroid glands), or as single cells (enteroen-
docrine cells). Endocrine glands will be studied later
in Chapter 18, Neuroendocrine System, and Chapter
19, Endocrine System.

Classification of epithelial glands

Glands are classified according to the type of excretory
duct into simple and branched (also called com-
pound) glands. The gland can be simple (Figure 2-2)
when the excretory duct is unbranched. The gland
can be branched when the excretory duct subdivides
(Figure 2-3).

Secretory portion: Unicellular and multicellular

An exocrine gland has two components: a secretory
portion and an excretory duct. The secretory portion
of a gland may be composed of one cell type (unicel-
lular, for example, goblet cells in the respiratory epi-
thelium and intestine) or many cells (multicellular).

Figure 2-2. Simple glands
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Figure 2-3. Glands with branched ducts
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General organization of a branched (compound) gland

A branched gland is surrounded by a connective tissue capsule tubuloacinar. The secretion drains into excretory ducts located
that sends partitions or septa ([l inside the gland to organize between lobules (interlobular ducts ). Within a lobule,
large units called lobes (interlobar septa; not shown). intercalated ducts £}, smaller than the diameter of an acinus,

Lobes are subdivided by connective tissue interlobular septa into connect acini with striated ducts ({). Striated ducts, present only
small subunits called lobules [E3. in salivary glands but not in pancreas, drain into interlobular ducts.

A branched gland consists of a varying number of secretory units Interlobular ducts converge to form lobar ducts (not shown). See
classified according to their morphology as tubular, acinar [EJ), or Figure 2-4, and Chapter 17, Digestive Glands, for additional

information.
According to the shape of the secretory portion Simple tubular glands are found in the small and

(see Figures 2-2 and 2-3), glands can be tubular, large intestine. The sweat glands of the skin are typi-
coiled, or alveolar (Latin alveolus, small hollow sac;  cal coiled glands. The sebaceous gland of the skin is
plural alveoli), also called acinar (Latin acinus, grape;  an example of an alveolar gland. The gastric mucosa
plural acini). and endometrium have branched secretory units.
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Figure 2-4. Histologic overview of a compound salivary gland
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Adapted and modified from Leson TS, Leson CR, Paparo AA: Text/Atlas of Histology. Philadelphia, WB Saunders, 1988.

All branched exocrine glands contain epithelial components
(secretory acini and ducts) called parenchyma, and supporting
connective tissue, including blood and lymphatic vessels and
nerves, called the stroma.

The gland is enclosed by a connective tissue capsule that
branches inside the gland forming septa (singular septum) that
subdivide the parenchyma.

In large branched glands, the parenchyma is anatomically
subdivided into lobes. Adjacent lobes are separated by interlobar
septa. A lobe is formed by lobules, separated from each other by

a thin interlobular septa.

Septa support the major branches of the excretory duct, blood
and lymphatic vessels, and nerves. Interlobular ducts extend
along interlobular septa; lobar ducts extend along interlobar
septa. Intercalated and striated ducts lie within lobules and are
surrounded by little connective tissue.

Intercalated and striated ducts are lined by a simple
cuboidal-to-simple columnar epithelium, whereas the epithelial
lining of interlobular ducts is pseudostratified columnar. Lobar
ducts are lined by a stratified columnar epithelium.

Shape of the secretory portion
Glands can be classified as simple tubular or simple
alveolar (or acinar) according to the shape of the
secretory portion. In addition, tubular and alveolar
secretory portions can coexist with branching ex-
cretory ducts; the gland is called a branched (or
compound) tubulo-alveolar (or acinar) gland (for
example, the salivary glands). The mammary gland
is an example of a branched alveolar gland.

A branched gland (Figure 2-4) is surrounded by
a connective tissue capsule. Septa or trabeculae
extend from the capsule into the glandular tissue.
Large interlobar septa divide the gland into a num-
ber of lobes. Branches from the interlobar septa,
interlobular septa, subdivide the lobes into smaller
compartments called lobules.

Organization of epithelial glands

During development, a main excretory duct gives
rise to branches that lie between lobes, inside the
interlobar septa. Small branches derived from each
of these ducts generate small subdivisions. These
branches can be found first between lobules (in
interlobular septa) and within lobules (intercalated
and striated ducts). Additional details are presented
in Chapter 17, Digestive Glands.

Types of secretion

Based on the type of secretion, exocrine glands can
be classified as mucous glands, when their products
are rich in glycoproteins and water; serous glands,
with secretions enriched with proteins and water;
and mixed glands, which contain both mucous and
serous cells (Figure 2-5).
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Figure 2-5. Histologic differences between submandibular, sublingual, and parotid glands
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Mechanisms of secretion

Exocrine glands can also be classified on the basis of

how the secretory product is released (Figure 2-6).
In merocrine secretion (Greek meros, part; krinein,

to separate), the product is released by exocytosis.

Secretory granules are enclosed by a membrane

Organization of epithelial glands

Mixed secretory portion

(submandibular or submacxillary gland)

The submandibular gland contains both serous and
mucous secretory portions and they produce a
seromucous secretion delivered into the same lumen.
Mixed secretory units are made up of mucous cells and a
small cap of serous cells on one side. The cap is called
the serous demilune because of its crescent moon
shape. Surrounding each secretory unit and the initial
portion of the excretory duct are the myoepithelial cells.
Myoepithelial cells are placed between the secretory
cells and the basal lamina and their long and branched
cytoplasmic processes form a loose basket. Their
function is to contract and squeeze the secretion out of
the secretory portion and along the duct system.

Mucous secretory portion (sublingual gland)

The sublingual gland contains mucous secretory
portions that appear pale because of the high content
of mucus-containing secretory vesicles. The nuclei
generally lie flattened against the basal portion of the
secretory cells. The secretory content can be
demonstrated by the PAS reaction, which stains
glycoproteins. Myoepithelial cells are also present
around the mucous secretory portions.

Mucous acinar cell

Mucus product Irregularly

shaped and
basally located
nucleus

Serous secretory portion (parotid gland)

The parotid gland contains serous secretory portions.
The serous-secreting cells have a large spherical
nucleus, a basal region in which the rough endoplasmic
reticulum predominates, and an apical region with red-
stained zymogen granules. Zymogen granules
represent secretory vesicles containing enzyme
precursors.

Serous acinar cell
Zymogen granule

Golgi
apparatus
Rough
endoplasmic
reticulum

that fuses with the apical plasma membrane during
discharge or exocytosis. An example is the secretion
of zymogen granules by the pancreas.

In apocrine secretion (Greek apoknino, to separate),
the release of the secretory product involves partial
loss of the apical portion of the cell. An example is



Figure 2-6. Mechanisms of glandular secretion
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The secretory vesicle approaches the apical
domain of an epithelial cell. The vesicular

Sebum

membrane fuses with the plasma membrane Apocrine secretion Holocrine secretion

to release its contents into the extracellular Some of the apical cytoplasm is pinched off ~ The cell produces and accumulates a

space. with the contained secretions. secretory product in the cytoplasm, such as
The fused plasma membrane can be taken Mammary glands secrete milk lipids by sebum in sebaceous glands, and then

back into the cell by endocytosis and apocrine secretion and the milk protein disintegrates to release the secretory

recycled for further use by secretory vesicles. casein by merocrine secretion. material.

the secretion of lipids by epithelial cells of the mam-
mary gland. Proteins secreted by epithelial cells of
the mammary gland follow the merocrine pathway
(exocytosis).

In holocrine secretion (Greek holos, all), the se-
cretory product constitutes the entire cell and its
product. An example is the sebaceous glands of the
skin, which produce a secretion called sebum.

Plasma membrane and cytomembranes

A review of major concepts of cell membranes and
organelles and their clinical relevance are presented
in this chapter. Epithelial glands are a convenient
topic for this integration. We initiate the review by
addressing the structural and biochemical characteris-
tics of the plasma membrane. Additional information
related to plasma membrane—mediated cell signaling
is presented in Chapter 3, Cell Signaling.

The plasma membrane determines the structural
and functional boundaries of a cell. Intracellular
membranes, called cytomembranes, separate diverse
cellular processes into compartments known as or-
ganelles. The nucleus, mitochondria, peroxisomes,
and lysosomes are membrane-bound organelles;
lipids and glycogen are not membrane-bound and
are known as inclusions.

Plasma membrane

The plasma membrane consists of lipids and pro-
teins. The phospholipid bilayer is the fundamental
structure of the membrane and forms a bilayer barrier
between two aqueous compartments: the extracel-
lular and intracellular compartments. Proteins are

Organization of epithelial glands | 2. EPITHELIAL GLANDS

embedded within the phospholipid bilayer and carry
out specific functions of the plasma membrane such
as cell-cell recognition and selective transport of
molecules (see Box 2-A).

Phospholipid bilayer
Membrane lipids have three general functions:

1. Cell membranes consist of polar lipids with a
hydrophobic portion that self-associates, and a hydro-
philic portion, that interacts with water—containing
molecules. This amphipathic property enables cells
and organelles to establish an internal setting sepa-
rated from the external environment.

2. Lipids enable some intramembranous proteins
to aggregate and others to disperse.

Phospholipids, ceramide and cholesterol are syn-
thesized in the endoplasmic reticulum. Sphingolipids
synthesis takes place in the Golgi apparatus.

3. Lipids can participate in cell signaling (for
example, phosphatidylinositol and diacylglycerol).

The four major phospholipids of plasma mem-
branes are phosphatidylcholine, phosphatidyletha-
nolamine, phosphatidylserine and sphingomyelin
(Figure 2-7). They represent more than one half
the lipid of most membranes. A fifth phospholipid,
phosphatidylinositol, is localized to the inner leaflet
of the plasma membrane.

In addition to phospholipids, the plasma mem-
brane of animal cells contains glycolipids and cho-
lesterol. Glycolipids, a minor membrane component,
are found in the outer leaflet, with the carbohydrate
moieties exposed on the cell surface.

Cholesterol, a major membrane constituent, is
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Box 2-A | Lipid rafts

* Alipid raft is a region of the plasma membrane enriched in cholesterol and
sphingolipids. Although the classic lipid raft lacks structural proteins, others
are enriched in a particular structural protein that modifies the composition and
function of the lipid raft.

e Caveolin proteins are components of lipid rafts participating in the traffic of
vesicles or caveolae (see Figure 7-22 in Chapter 7, Muscle Tissue). Caveolae
are found in several cell types, particularly in fibroblasts, adipocytes, endothelial
cells, type | alveolar cells, epithelial cells, and smooth and striated muscle cells.
* Other protein families, in addition to the caveolin protein family (caveolin-1,
-2, and -3), can modify the structure and function of lipid rafts. These proteins in-
clude flotillins, glycosphingolipid-linked proteins, and Src tyrosine kinases.
* Lipid rafts can participate in cell signaling by concentrating or separating
specific membrane-associated proteins in unique lipid domains.

present in about the same amounts as are phospho-
lipids. Cholesterol, a rigid ring structure, is inserted
into the phospholipid bilayer to modulate membrane
fluidity by restricting the movement of phospholipid
fatty acid chains at high temperatures. Cholesterol is
not present in bacteria.

Two general aspects of the phospholipid bilayer
are important to remember:

1. The structure of phospholipids accounts for
the function of membranes as barriers between two
aqueous compartments. The hydrophobic fatty acid
chains in the interior of the phospholipid bilayer are
responsible for the membranes being impermeable
to water-soluble molecules.

Figure 2-7. Structure of the plasma
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2. The phospholipid bilayer is a viscous fluid. The
long hydrocarbon chains of the fatty acids of most
phospholipids are loosely packed and can move in
the interior of the membrane. Therefore, phospho-
lipids and proteins can diffuse laterally within the
membrane to perform critical membrane functions.

Membrane proteins
Most plasma membranes consist of about 50% lipid
and 50% protein. The carbohydrate component of
glycolipids and glycoproteins represents 5% to 10%
of the membrane mass. The surface of a plasma
membrane is coated by a glycocalyx (see Box 2-B).
According to the fluid mosaic model of the mem-
brane structure, membranes are two-dimensional
fluids in which proteins are inserted into lipid bilayers.
It is difficult for membrane proteins and phospholip-
ids to switch back and forth between the inner and
outer leaflets of the membrane. However, because
they exist in a fluid environment, both proteins and
lipids are able to diffuse laterally through the plane of
the membrane. However, not all proteins can diffuse
freely; the mobility of membrane proteins is limited
by their association with the cytoskeleton.
Restrictions in the mobility of membrane proteins
are responsible for the polarized nature of epithelial
cells, divided into distinct apical and basolateral
domains that differ in protein composition and func-
tion. Tight junctions between adjacent epithelial cells

membrane

Cholesterol is a major membrane component but it does
not form the membrane by itself. Cholesterol has an effect
on membrane fluidity by modulating the movement of the
fatty acid chains of phospholipids in a temperature-
dependent manner.

The outer leaflet consists mainly of phosphatidylcholine,
sphingomyelin, and phosphatidylethanolamine.
Glycolipids are found only in the outer leaflet, with their

Outer leaflet —— carbohydrate portion exposed to the extracellular space.

The inner leaflet consists mainly of phosphatidylserine,
phosphatidylinositol, and phosphatidylethanolamine.
The head groups of phosphatidylserine and
phosphatidylinositol are negatively charged, so the

Inner leaflet cytosolic face of the plasma membrane has a net negative

charge. Phosphatidylinositol plays a significant role in
signaling (see Chapter 3, Cell Signaling).
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Box 2-B | Glycocalyx

* The extracellular domain of a plasma membrane is generally glycosylated by the
carbohydrate portions of glycolipids and transmembrane glycoproteins. The surface
of the cell is, therefore, covered by a carbohydrate coat, known as the glycocalyx.
* The glycocalyx protects the cell surface and facilitates cell-cell interactions. An
appropriate example is the mechanism of homing, a process allowing leukocytes
to leave blood vessels and mediate inflammatory responses. As you recall, the
initial step in adhesion between endothelial cells and leukocytes is mediated by
selectins, a family of transmembrane proteins which recognize specific sugars
on the cell surface.

(discussed in Chapter 1, Epithelium) not only seal
the space between cells but also serve as barriers to
the diffusion of proteins and lipids between the apical
and basolateral domains of the plasma membrane.

Two major classes of membrane-associated proteins
are recognized (Figure 2-8):

1. Peripheral proteins.

2. Integral membrane proteins.

Peripheral membrane proteins are not inserted
into the hydrophobic interior of the membrane but
are, instead, indirectly associated with membranes
through protein-protein ionic bond interactions,
which are disrupted by solutions of high salt con-
centration or extreme pH.

Portions of integral membrane proteins are inserted
into the lipid bilayer. They can only be released
by solubilization using detergents. Detergents are
chemical agents that contain both hydrophobic and
hydrophilic groups. The hydrophobic groups of the
detergent penetrate the membrane lipids and bind to
the membrane-inserted hydrophobic portion of the

protein. The hydrophilic groups combine with the
protein, forming aqueous-soluble detergent-protein
complexes.

Numerous integral proteins are transmembrane
proteins, spanning the lipid bilayer, with segments
exposed on both sides of the membrane. Trans-
membrane proteins can be visualized by the freeze-
fracture technique.

Freeze-fracture: Differences between a surface
and a face

The freeze-fracture technique is valuable for the
visualization of intramembranous proteins with the
electron microscope. This technique provided the
first evidence for the presence of transmembrane pro-
teins in the plasma membrane and cytomembranes.

Specimens are frozen at liquid nitrogen tem-
perature (—196°C) and “spli¢” with a knife (under
high vacuum) along the hydrophobic core of the
membrane. As a result, two complementary halves,
corresponding to each membrane bilayer, are pro-
duced. Each membrane half has a surface and a face.
The face is artificially produced during membrane
splitting.

A replica of the specimen is generated by evapo-
rating a very thin layer of a heavy metal (generally
platinum with a thickness of 1.0 to 1.5 nm) at a 45°
angle to produce a contrasting shadowing effect.
The platinum replica is then detached from the real
specimen by floating it on a water surface, mounted
on a metal grid, and examined under the electron
microscope.

Figure 2-9 indicates the nomenclature for the

Figure 2-8. Peripheral and integral proteins of the plasma membrane
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Figure 2-9. Freeze-fracture: Differences between surface and face

Freeze-fracture of a cell membrane splits the bilayer into two leaflets. Each
leaflet has a surface and a face. The surface of each leaflet faces either the
extracellular surface (ES) or intracellular or protoplasmic surface (PS). The
extracellular and protoplasmic faces (EF and PF) are artificially produced by
splitting the membrane bilayer along its hydrophobic core. After membrane
fracture, membrane proteins remain associated to the protoplasmic membrane
leaflet and appear as particles in the PF replica. The region once occupied by
the protein shows a complementary pit in the EF replica.

Extracellular face (EF) Extracellular surface (ES)
Plasma membrane

Transmembrane protein
(particle)

Protoplasmic face (PF)

Cytoskeletal protein
Protoplasmic surface (PS)

identification of surfaces and faces in electron mi-
crographs of freeze-fracture preparations.

The surface of the plasma membrane exposed to
the extracellular space is labeled ES, for extracel-
lular surface. The surface of the plasma membrane
exposed to the cytoplasm (also called protoplasm) is
labeled PS, for protoplasmic surface.

The face of the membrane leaflet looking to the
extracellular space (the exocytoplasmic leaflet in the
illustration) is labeled EF, for extracellular face. Simi-
larly, the face of the leaflet facing the protoplasmic
space (identified as a protoplasmic leaflet) is PF, for
protoplasmic face.

Now that we have an understanding of what
surface and face represent, remember that faces are
chemically hydrophobic and surfaces are chemically
hydrophilic. One last point: Note that a transmem-
brane protein stays with the protoplasmic leaflet,
leaving a complementary pit in the opposite exo-
cytoplasmic leaflet. Why? Cytoskeletal components
may be directly or indirectly attached to the tip of
the protein exposed to the cytoplasmic side and will
not let go.

Transporter and channel proteins
Most biological molecules cannot diffuse through
the phospholipid bilayer. Specific transport pro-
teins, such as carrier proteins and channel proteins,
mediate the selective passage of molecules across
the membrane, thus allowing the cell to control its
internal composition.

Molecules (such as oxygen and carbon dioxide)
can cross the plasma membrane down their concen-
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tration gradient by dissolving first in the phospholipid
bilayer and then in the aqueous environment at the
cytosolic or extracellular side of the membrane. This
mechanism, known as passive diffusion, does not
involve membrane proteins. Lipid substances can
also cross the bilayer.

Other biological molecules (such as glucose,
charged molecules, and small ions H*, Na*, K* and
CI") are unable to dissolve in the hydrophobic interior
of the phospholipid bilayer. They require the help of
specific transport proteins (Figure 2-10) and chan-
nel proteins, which facilitate the diffusion of most
biological molecules.

Similar to passive diffusion, facilitated diffusion of
biological molecules is determined by concentration
and electrical gradients across the membrane. How-
ever, facilitated diffusion requires one of the following:

1. Carrier proteins, which can bind specific mol-
ecules to be transported.

2. Channel proteins, forming open gates through
the membrane.

Carrier proteins transport sugars, amino acids
and nucleosides.

Channel proteins are ion channels involved in the
rapid transport of ions (faster transport than carrier
proteins), are highly selective of molecular size and
electrical charge, and are not continuously open.

Some channels open “gates” in response to the
binding of a signaling molecule and are called ligand-
gated channels.

Other channels open in response to changes in
electric potential across the membrane and are called
voltage-gated channels.



Figure 2-10. Transporters
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Endoplasmic reticulum

The endoplasmic reticulum is an interconnected
network of membrane-bound channels within the
cytoplasm, part of the cytomembrane system and
distinct from the plasma membrane.

The endoplasmic reticulum system, consisting of
cisternae (flat sacs), tubules, and vesicles, divides the
cytoplasm into two compartments:

1. The luminal or endoplasmic compartment.

2. The cytoplasmic or cytosolic compartment.

Smooth endoplasmic reticulum

The smooth endoplasmic reticulum lacks ribosomes
and is generally in proximity to deposits of glycogen
and lipids in the cytoplasm. The smooth endoplasmic
reticulum has an important role in detoxification
reactions required for the conversion of harmful

gure 2-11. Intracellular compartments
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lipid-soluble or water-insoluble substances into wa-
ter-soluble compounds more convenient for discharge
by the kidneys. It also participates in steroidogenesis
(see Chapter 19, Endocrine System).

Products released into the luminal compartment
of the endoplasmic reticulum are transported to the
Golgi apparatus by a transporting vesicle and eventu-
ally to the exterior of the cell by exocytosis.

One can visualize the sequence in which the lu-
men of the cytomembrane system is interconnected
and remains as such in an imaginary stage; you can
visualize that the luminal compartment of a secre-
tory cell is continuous with the exterior of the cell
(Figure 2-11). The surrounding space is the cytosolic
compartment in which soluble proteins, cytoskeletal
components, and organelles are present.

Now, let us visualize the membrane of each com-
ponent of the cytomembrane system as consisting of
two leaflets (Figure 2-12):

1. The exocytoplasmic leaflet (facing the extracel-
lular space).

2. The protoplasmic leaflet (facing the cytosolic
compartment).

Let us imagine that exocytoplasmic and protoplas-
mic leaflets form a continuum. During the freeze-
fracturing process, the knife fractures the membrane
as it jumps from one fracture plane to the other across
the hydrophobic core and splits membranes into two
leaflets. The knife cannot stay with a single membrane
because cytomembrane-bound organelles occupy
different levels and have random orientations within
the cell. This randomness will be apparent during the
examination of the replica.

The sample may contain a combination of exocy-
toplasmic and protoplasmic leaflets which, in turn,
can expose surfaces and faces. As you already know,
membrane proteins tend to remain associated with
the protoplasmic leaflet and appear as particles on
the PF (protoplasmic face). A shallow complemen-
tary pit is visualized in the EF (extracellular face).

Rough endoplasmic reticulum
The rough endoplasmic reticulum is recognized
under the light microscope as a diffuse basophilic
cytoplasmic structure called ergastoplasm.

The rough endoplasmic reticulum is involved in
the synthesis of proteins, carried out by their attached
ribosomes (Figure 2-13). In contrast, the membranes
of the smooth endoplasmic reticulum lack attached
ribosomes (see Figure 2-13). Most proteins exit the
rough endoplasmic reticulum in vesicles transported
to the cis portion of the Golgi apparatus (see Figures
2-16 and 2-17). Other proteins are retained by the
rough endoplasmic reticulum to participate in the
initial steps of protein synthesis (see Figure 2-15).
The retained proteins contain the targeting sequence

Transport proteins | 2. EPITHELIAL GLANDS
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Figure 2-12. Leaflets of cytomembranes and plasma membrane
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compartment

Lys-Asp-Glu-Leu (KDEL) at the C-terminal. A lack
of the KDEL sequence marks proteins for transport
to the Golgi apparatus.

Protein synthesis and sorting

The role of the endoplasmic reticulum in protein
synthesis and sorting was demonstrated by incubat-
ing pancreatic acinar cells in a medium containing
radiolabeled amino acids and localizing radiolabeled
proteins by autoradiography.

The secretory pathway taken by secretory proteins
includes the following sequence: rough endoplasmic
reticulum, to Golgi apparatus, to secretory vesicles, to
the extracellular space or lumen (Figure 2-14). Plasma
membrane and lysosomal proteins also follow the
sequence of rough endoplasmic reticulum to Golgi
apparatus but are retained within the cell.

Proteins targeted to the nucleus, mitochondria, or
peroxisomes are synthesized on free ribosomes and
then released into the cytosol. In contrast, proteins for
secretion or targeted to the endoplasmic reticulum,
Golgi apparatus, lysosomes, or plasma membrane are
synthesized by membrane-bound ribosomes and then
transferred to the endoplasmic reticulum as protein
synthesis progresses.

Ribosomes attach to the endoplasmic reticulum
under the guidance of the amino acid sequence of
the polypeptide chain being synthesized. Ribosomes
synthesizing proteins for secretion are directed to the
endoplasmic reticulum by a signal sequence at the
growing end of the polypeptide chain.

The mechanism by which secretory proteins are
directed to the endoplasmic reticulum is explained
by the signal hypothesis (Figure 2-15).

Golgi apparatus

The Golgi apparatus consists of a cluster of flattened
stacks of sacs called cisternae (Figures 2-16 and 2-17)

| Endoplasmic reticulum

stabilized by golgins, a family of coiled-coil proteins.
Each Golgi stack has:

1. An entry, or cis, face, adjacent to the endoplas-
mic reticulum.

2. An exit, or trans, face, continuous with the
trans-Golgi network (TGN), pointing toward the
plasma membrane or the nucleus.

Cisternae of the medial-Golgi are interposed be-
tween the ¢is-Golgi and the #rans-Golgi.

Cargos derived from the endoplasmic reticulum
transport soluble proteins and membrane to the cis-
Golgi. Cargo designates newly synthesized membrane
and proteins destined to be stored within a cell com-
partment or secreted to the cell exterior.

The material travels through the cisternae by means
of transport vesicles that bud off from one cisterna
and tether and fuse with the next in the presence of
golgins. Golgins form an appendicular network on
the ¢/s-Golgi, around the rims of the sacs and on the
trans-Golgi, with roles in Golgi structure stabilization
and vesicle trafficking.

Finally, vesicle cargos translocate from the zrans-
Golgi to the TGN, the tubular-vesicular distribution
center of cargos to the cell surface or to another cel-
lular compartment (for example, lysosomes).

The Golgi apparatus undergoes a permanent
turnover. It disassembles during mitosis/meiosis and
reassembles in interphase.

Functions of the Golgi apparatus
Three specific functions are carried by the Golgi
apparatus:

1. Modification of carbohydrates attached to
glycoproteins and proteoglycans received from the
endoplasmic reticulum. This process is called glyco-
sylation. A characteristic glycosylation event within
the Golgi is the modification of /V-linked oligosac-
charides on glycoproteins. More than 200 enzymes
participate in the biosynthesis of glycoproteins and
glycolipids in the Golgi apparatus. The enzymes
called glycosyltransferases add specific sugar residues;
the enzymes called glycosidases remove specific sugar
residues.

2. Sorting of cargos to several destinations within
the cell. We discuss in another section of this chapter
how the Golgi apparatus marks specific proteins for
sorting to lysosomes.

3. The synthesis of sphingomyelin and glyco-
sphingolipids.

Once processed, cargos bud off from the Golgi
apparatus and are either sorted to the secretory of
lysosomal sorting pathway (anterograde traffic)
or back to the endoplasmic reticulum (retrograde
traffic) (see Figure 2-16).

Certain classes of cargos are stored into secretory
granules for later release in response to an extracel-



Figure 2-13. The endoplasmic reticulum

Region of the Lysosome Area of the rough Ribosome attached to the ([ The lumen or cisterna

Golgi apparatus endoplasmic reticulum membrane of the rough  of the rough endoplasmic
endoplasmic reticulum reticulum contains

Nucleus glycosylated polypeptides

The endoplasmic reticulum

P The rough endoplasmic reticulum consists
of stacks of interconnected flattened cisternae.
Ribosomes are present in a linear array attached to
the membranes.

B3 The cisternae of the smooth endoplasmic
reticulum lack attached ribosomes.

Area of the smooth
endoplasmic reticulum

Mitochondrium  Rough endoplasmic reticulum

lular signal. This mechanism is called facultative or  plasma membrane or proteins to be released outside
regulated secretion. Other cargos can be secreted  the cell such as proteins of the extracellular matrix or
continuously without a need of a stimulus. This immunoglobulins during immune reactions.

mechanism is called constitutive secretion; it sup- Cargo sorting occurs along microtubules or actin
plies newly synthesized lipids and proteins to the filaments with the help of motor proteins. The pres-
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Pancreatic acinar cells secrete newly synthesized
proteins into the digestive tract.

When cells were labeled with a radioactive amino
acid to trace the intracellular pathway of the secreted
proteins, it was found by autoradiography that, after a
3-minute labeling, newly synthesized proteins were
localized in the rough endoplasmic reticulum (.

Later on, the radiolabeled proteins were found to
translocate to the Golgi apparatus €3 and then, within
secretory vesicles as zymogen granules B3 othe
plasma membrane and the extracellular space [£J.
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Pancreatic acinus (light microscopy)

Figure 2-14. Protein synthesis, transport, and secretion by exocrine pancreatic cells

ence of specific lipids domains in the membrane of
avesicle cargo recruit coating proteins and tethering
golgins to sort the cargo in the direction of an accep-
tor membrane site. Essentially, the sorting and trans-
port of cargos depend on specialized coats preparing
the cargo to be moved along the cytoskeleton by mo-
lecular motor proteins. Tethering golgins (coiled-coil
proteins) attach the cargo to the cytoskeleton. When
the vesicle cargo reaches an acceptor membrane, it

fuses with the help of fusion proteins.

Vesicle transport
Vesicle transport involves the mobilization of proteins
and membrane between cytomembrane compart-
ments. The exocytosis or secretory pathway starts
in the endoplasmic reticulum, continues through the
Golgi apparatus, and ends on the cell surface. The
endocytic pathway consists in the internalization
and degradation of extracellular material from the
plasma membrane, through endosomes to lysosomes.
These two events depend on distinctive proteins
coating the cytosolic side of the membrane of the
transport vesicle that becomes a coated vesicle. The
coat helps the recruitment of molecules for transport.
Before fusion with the acceptor membrane, the vesicle
sheds its coat, allowing the membranes to interact
directly and fuse.
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Pancreatic acinar cells (electron microscopy)

Zymogen granules within
secretory vesicles

Lumen of the acinus

Transport vesicles are coated by the protein clathrin.
Clathrin-coated vesicles are seen in the exocytosis/
secretory and endocytosis pathway.

In the endocytosis pathway (Figure 2-18), vesicles
start at the plasma membrane as clathrin-coated pits.
Clathrin molecules assemble in a basket-like arrange-
ment on the cytosolic face of the plasma membrane
and the pit shape changes into a vesicle.

Dynamin, a small GTP-binding protein, surrounds
the neck of the invaginated coated pit, causing the
neck of the vesicle to pinch off from the plasma
membrane. A second class of coat proteins are the
adaptins. Adaptins stabilize the clathrin coat to the
vesicle membrane and assist in the selection of cargos
for transport by binding to cargo receptors on the
vesicle membrane. When the cargo reaches the target
acceptor membrane, the coat proteins are shed and
the membranes can fuse.

Sorting of clathrin-coated vesicles and COP-coated
vesicles

A continual process of budding and fusion of trans-
port vesicles mobilizes products from the endoplasmic
reticulum to the Golgi apparatus (anterograde traffic),
between membranous stacks of the Golgi apparatus,
and from the Golgi apparatus to the endoplasmic
reticulum (retrograde traffic) (see Figure 2-16).



Figure 2-15. Protein synthesis: Signal hypothesis
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After protein synthesis,
transmembrane proteins
remain anchored to the
membrane of the endoplasmic
reticulum cisterna by one or
more hydrophobic
transmembrane segments as a
consequence of stop-transfer
signals. These signals prevent
the complete translocation of a
protein across the membrane.

n The synthesis of a protein starts with a leading signal peptide. A
signal recognition particle (SRP) binds to the ribosome and stops
further growth of the protein. The complex is anchored to the cytoplasmic
side of the endoplasmic reticulum cisterna where SRP binds to the SRP

Signal recognition
particle receptor

Signal peptidase

Lumen of the
endoplasmic
reticulum cisterna
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u A sugar chain linked to the lipid carrier dolichol phosphate
is attached to the asparagine residue (N-glycosylation).

B The synthesized protein is released. Glucose and one
mannose are removed from the previously attached

receptor. After binding, SRP is removed from the complex.

a The protein reinitiates its growth and the leading peptide crosses the
lipid bilayer into the lumen of the rough endoplasmic reticulum.

B Signal peptidase removes the leading peptide and protein
elongation continues.

The vesicular transport mechanism involves two
types of coated vesicles (Figure 2-19):

1. Clathrin-coated vesicles, transporting products
from the Golgi apparatus to lysosomes, and carrying
products from the exterior of the cell to lysosomes
(for example, cholesterol; see Figure 2-18).

2. COP-coated vesicles (COP stands for coat
protein), transporting products between stacks of the
Golgi apparatus (COPI-coated vesicles), and from
the endoplasmic reticulum to the Golgi apparatus
(COPII-coated vesicles).

We have already seen that adaptins mediate the
binding of clathrin to the vesicular membrane as well
as select specific molecules to be trapped in a vesicle.

oligosaccharide.

B Ribosome subunits disassemble at the 3'-end of the mRNA.

What about COP-coated vesicles?

A guanosine triphosphate (GTP)-binding protein
called ARF (for adenosine diphosphate [ADP]-
ribosylation factor), is required for the assembly of
COPI and COPII molecules to form a protein coat
called a coatomer on the cytosolic side of a transport-
ing vesicle.

When GTP is converted to guanosine diphosphate
(GDP) by hydrolysis, the coatomer dissociates from
the vesicle just before the vesicle fuses with a target
membrane. ARF is related to Ras proteins, a group
of oncogene proteins also regulated by the alternate
binding of GTP and GDP (see the MAP kinase
pathway in Chapter 3, Cell Signaling).
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Figure 2-16. Secretory and lysosomal sorting pathways
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The Golgi apparatus

The cisterna closest to the endoplasmic reticulum is the cis-Golgi, whereas
the cisterna closest to the apical domain of the cell is the trans-Golgi.
Cisterna of the medial-Golgi are in between the cis-Golgi and the
trans-Golgi. The trans-Golgi network (TGN) is the sorting site of vesicles or
cargos. Transporting vesicles bud from one stack and fuse with the next in an
anterograde traffic (endoplasmic reticulum to Golgi) or retrograde traffic
(Golgi to endoplasmic reticulum). Golgins stabilize cisternae and vesicles.

Vesicle fusion to a target membrane: NSF and
SNARE proteins
The fusion of a transporting vesicle to a target mem-
brane (Figure 2-20) requires the recognition of the
specific target membrane so the vesicle and target
membranes can fuse to deliver the transported cargo.
Vesicle fusion is mediated by two interacting cyto-
solic proteins: NSF (for N-ethylmaleimide-sensitive
fusion) and SNAPs (for soluble NSF attachment
proteins). NSF and SNAP bind to specific mem-
brane receptors called SNARE (for SNAP receptors).
SNARE:s are present on the transporting vesicle
(v-SNARE) and target membranes (--SNARE) and
represent docking proteins. Following docking, the
SNARE complex recruits NSF and SNAPs to produce
the fusion of the vesicle and target membranes.

Lysosomal sorting pathway: M6P and its receptor
Lysosomal hydrolases are synthesized in the endo-
plasmic reticulum, transported to the ¢is-Golgi, and
finally sorted to lysosomes. This sorting mechanism
involves two important steps (Figure 2-21):

1. The insertion in the cis-Golgi of mannose-
6-phosphate (M6P) into oligosaccharides attached
to glycoproteins destined to lysosomes.

2. The presence in the TGN of the transmembrane
MGP receptor protein in the sorting vesicle.

72 |

2. EPITHELIAL GLANDS |  Lysosomes

e

NE
T 1
b

. Wi

% Al

Multiple Golgi apparatus sites in the cytoplasm of neurons

First described in 1898 by Camillo Golgi (ltalian, 1843-1926.
Nobel Prize in Physiology-Medicine 1906) in neurons
impregnated with silver salts (Golgi stain).

By this mechanism, MG6P-containing lysosomal
enzymes are separated from other glycoproteins in
vesicles with the M6P receptor. After being trans-
ported to a clathrin-coated transporting vesicle,
lysosomal enzymes dissociate from the M6P receptor
and become surrounded by a membrane to form a
lysosome. Membranes containing free M6P receptor
are returned to the Golgi apparatus for recycling.

Receptor-mediated endocytosis: Cholesterol
uptake
Receptor-mediated endocytosis increases the capac-
ity of the cell to internalize specific macromolecules
with great efficiency and in large amount. A classic
example is the uptake of cholesterol used to make new
cell membranes. As you recall from your biochemistry
course, cholesterol is highly insoluble and is mobilized
in the bloodstream bound to protein as low-density
lipoprotein (LDL) particles. LDL carries about 75%
of the cholesterol and circulates in blood for about
2 to 3 days. Approximately 70% of LDL is cleared
from blood by cells containing LDL receptors; the
remainder is removed by a scavenger pathway using
a receptor-independent mechanism.

The internalization of a ligand (such as LDL, trans-
ferrin, polypeptide hormones, or growth factors) by a
cell requires a specific membrane receptor. The LDL



Endoplasmic reticulum export domain

The Golgi apparatus is visualized under the electron microscope
as a series of curved flattened saccules or cisternae stacked upon
one another. The ends of the saccules are dilated and can form
spherical vesicles. The saccules and vesicles contain proteins being
glycosylated for further secretion or sorting.

The Golgi apparatus consists of four major functionally distinct

compartments:

Golgi apparatus

medial-Golgi

1.The cis-Golgi is the entry site to the Golgi apparatus of
products derived from the endoplasmic reticulum.

2.The trans-Golgi is the exit site of cargos.

3.The medial-Golgi is interposed between the cis-Golgi and
the trans-Golgi.

4.The trans-Golgi network (TGN) is the sorting site of cargos

receptor-LDL complex is internalized by receptor-
mediated endocytosis. We have seen that this process
involves the assembly of the protein clathrin on the
cytosolic side of the plasma membrane, which forms
a coated pit (see Figure 2-18).

The function of clathrin, together with adaptin, is
to concentrate receptor-ligand complexes in a small
surface area of the plasma membrane. Receptors with
their bound ligands move by lateral diffusion in the

for transport to lysosomes or secretion (exocytosis).

plane of the lipid bilayer. The coated pit invaginates
to form a coated vesicle, which pinches off from
the plasma membrane to transport receptor-ligand
complexes to a specific intracellular pathway, usually
an endosome. Recall that dynamin assembles around
the neck of the budding coated vesicle to pinch off
the vesicle from the plasma membrane with the help
of other proteins recruited to the neck site.

After internalization, clathrin of the coated vesicle
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Figure 2-18. Endocytosis pathway: Cholesterol uptake

Uptake of LDL by receptor-mediated endocytosis

n Cargo-receptor complex in a coated pit

a Internalization of the cargo-receptor complex
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Primary lysosome —' {

Endosome O
@/~
| -
(B3 A primary lysosome fuses with the B
endosome containing

The free receptor is
recycled back to the
plasma membrane

cargo-receptor complexes. Early
and late endosomes are formed

is removed and the uncoated vesicle fuses with the
endosome, with an internal low pH. In this acidic
environment, LDL detaches from the receptor and
is delivered to an inactive primary lysosome, which
changes into a secondary lysosome engaged in sub-
strate degradation. LDL is broken down by lysosomal
hydrolytic enzymes and is released into the cytosol
as free cholesterol, where it can be used for new
membrane synthesis.

The LDL receptor, in turn, is continuously recycled
back to the plasma membrane to be used again. The
LDL receptor can recycle every 10 minutes and can
make several hundred cycles in its 20-hour life span.

Cholesterol is required for the synthesis of steroid
hormones, the production of bile acids in liver hepa-
tocytes, and the synthesis of cell membranes.

Box 2-C | Macroautophagy and autophagy

* There are different types of autophagy. Macroautophagy (commonly referred
to autophagy) is non-selective and consists in the random sequestration, degra-
dation and recycling of intracellular components into double-membraned autopha-
gosomes. Autophagy is a selective process defined by the type of material being
delivered across the lysosomal membrane (chaperone-mediated autophagy).

* Non-selective macroautophagy and selective autophagy use proteins encoded
by autophagy-related (Atg) genes to form autophagosomes that fuse with lyso-
somes to become degradative autolysosomes.

* Tumor cells induce autophagy in response to starvation or damaging stress

to promote cell survival. This particular aspect suggests that inhibition of the
mechanism of autophagy could be useful to improve cancer therapy. Alternatively,
defective chronic autophagy may lead to a damaging tissue inflammatory state
conducive to tumor development, an important aspect of cancer prevention.

Lysosomes
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Clinical significance: Familial hypercholesterolemia
The mechanism of cholesterol uptake is disrupted
in familial hypercholesterolemia, characterized by
an elevation of LDL, the predominant cholesterol
transport protein in the plasma. The primary defect is
a mutation in the gene encoding the LDL receptor,
required for the internalization of dietary cholesterol
by most cells. High levels of LDL cholesterol in
blood plasma lead to the formation of atherosclerotic
plaques in the coronary vessels, a common cause of
myocardial infarction.

Patients with familial hypercholesterolemia have
three types of defective receptors:

1. LDL receptors incapable of binding LDL.

2. LDL receptors that bind LDL but at a reduced
capacity.

3. LDL receptors that can bind LDL normally but
are incapable of internalization.

Lysosomes

Lysosomes are membrane-bound organelles of hetero-
geneous size and morphology that contain acid hydro-
lases. Lysosomes are regarded as the end degradation
compartment of the endocytic pathway and also
participate in the digestion of intracellular material
during the non-selective process of macroautophagy,
commonly referred to autophagy (see Box 2-C). In
addition, lysosomes function as secretory organelles
in response to external stimulation (see Box 2-D)

Two types of lysosomes are recognized:

1. Primary lysosomes (Figure 2-22), defined as the



Figure 2-19. Clathrin- and COP-mediated vesicle transport
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Vesicular transport consists of:

1.The formation of a vesicle by budding from a membrane.

2.The assembly of a protein coat on the cytosolic surface of
transport vesicles.

There are two types of coated vesicles:

1. Clathrin-coated, found in endocytic vesicles and vesicles
sorted from the frans-Golgi network to a lysosome.

2. COP-coated vesicles (COP stands for coat protein),
observed in transporting vesicles between stacks of the Golgi
apparatus (COPI-coated vesicles) or from the endoplasmic
reticulum to the Golgi apparatus (COPII-coated vesicles).

COP-coated vesicle
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COP assembly is regulated by two different mechanisms:

1. Clathrin binding to a vesicle is mediated by adaptins.

2. COP binding to a vesicle is mediated by GTP-bound ARF.
The coatomer sheds when GTP hydrolysis changes ARF-GTP
bound to ARF-GDP-bound. Then, the vesicle fuses with the
acceptor or target membrane.

ARF is a member of the Ras protein family (involved as
oncogenes in cancer; see the MAP kinase pathway in Chapter 3,
Cell Signaling).

Ras-related proteins (called Rab proteins) are also involved in
vesicular transport.

primary storage site of lysosomal hydrolases.

2. Secondary lysosomes (corresponding to
phagolysosomes and autolysosomes), regarded as
lysosomes engaged in a substrate degradation process.

As discussed, the plasma membrane can internal-
ize extracellular particles and fluids using vesicles
resulting from the invagination of the membrane by
a process called endocytosis. Endocytosis has two
important goals: to bring material into the cell, and
to recycle the plasma membrane. The reverse process,

called exocytosis, is the transport outside the cell of
products processed or synthesized by the cell.

Endocytosis involves three major types of vesicles:

1. Clathrin-free phagosomes, used to internalize
large particles (for example, virus, bacteria, or cell
debris).

2. Clathrin-coated vesicles, to take in small mac-
romolecules.

3. Pinocytosis (cellular drinking), to internalize
fluids in a vesicle called caveola coated by caveolin.
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Figure 2-20. Vesicle fusion

Recognition Fusion
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vesicle
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B v-SNARE
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Vesicle fusion involves two steps: Target membrane recognition and fusion

€D The recognition of the appropriate target membrane by a receptor on
the vesicle (v-SNARE) and a receptor on the target membrane
(t-SNARE).
) The fusion of the vesicle and target membranes. Fusion involves two
proteins:

1. NSF (for N-ethylmaleimide-sensitive fusion);

2. SNAPs (for soluble NSF attachment proteins). NSF and SNAP are
recruited by SNAREs (for SNAP receptors) to induce fusion of vesicle and
target membranes.

Most cells take in fluid by pinocytosis but phago-
cytosis is the function of specialized cells, including
macrophages. We study them in Chapter 4, Con-
nective Tissue (macrophages), Chapter 6, Blood
and Hematopoiesis (white blood cells), and Chapter

Figure 2-21. Golgi apparatus: Lysosomal sorting pathways
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10, Immune-Lymphatic System (macrophages and
antigen-presenting cells). Phagocytic cells scavenge
cell remnants during apoptosis and aging blood cells
in spleen.

In addition to hydrolytic enzymes, the lysosome
has membrane-bound transporters that allow di-
gested products, such as amino acids, sugars, and
nucleotides, to reach the cytosol for reuse or excretion.
The lysosomal membrane also contains an ATP-
dependent pump that provides H" into the lysosome
to maintain an acidic environment (see Figure 2-22).

We now review the lysosomal sorting pathway (see
Figure 2-21) to highlight important steps:

1. Lysosomal enzymes and lysosomal membrane
proteins are synthesized in the endoplasmic reticu-
lum and transported through the Golgi apparatus
to the TGN.

2. An important event in the cis-Golgi is the tagging
of lysosomal enzymes with a specific phosphorylated
sugar group, M6D, that is recognized in membranes of
the trans-Golgi region by the corresponding receptor,
MOGP receptor.

3. The tagging enables enzymes to be sorted and
packaged into transport vesicles that leave the TGN
network toward the lysosomes.

There is a coordinated genetic control of lysosomal
biogenesis. The transcription factor TFEB (for tran-
scription factor EB) regulates the expression of several
lysosomal genes and also coordinates the formation
of autophagosomes and their fusion with lysosomes.
Overexpression of TFEB increases the formation of
new lysosomes during starvation and autophagy.

Phagocytosis, endocytosis, and macroautophagy
The different endocytic pathways of various materials
to lysosomes are illustrated in Figure 2-22. Note some
important events and corresponding terminology:

1. Lysosomes can fuse with endosomes, autopha-
gosomes and phagosomes to form a hybrid organelle
(a secondary lysosome) by mixing their contents so
the bulk of the endocytic cargo can be degraded.

2. Endocytic vesicles fuse with early endosomes
and late endosomes before cargo delivery to a lyso-
some. Endosomes lack M6P receptor, a distinction
from lysosomes.

3. The fusion of late endosomes with lysosomes
results in a depletion of lysosomes. Lysosomes are
recovered from the hybrid organelle by the removal
of late endosome constituents. Small vesicular struc-
tures with lysosomal protease content in the presence
of proton-pumping ATPase and Ca** bud off from
hybrid organelles.

4. Phagocytosis is essential for specialized cells to
take up invading pathogens, fragments of apoptotic
cells and other foreign material into the phagosome.
Lysosomes fuse with phagosomes to form a hybrid



Figure 2-22. Types of lysosomes
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Lysosomes

Lysosomes are organelles, which contain about 40 types of
hydrolytic enzymes active in an acidic environment (pH ~5.0). Their
function is to degrade proteins, nucleic acids, oligosaccharides,
and phospholipids.

The surrounding membrane has three characteristics:

1. It separates hydrolytic enzymes from the cytosol.

2. It harbors transport proteins (LIMPs, LAMPs, and NPC1) that
translocate hydrolases into the lysosome (LIMPs and LAMPs) and
with a role in lysosomal cholesterol efflux (NPC1).

3. It contains an ATP-dependent H* pump to maintain an acidic
intralysosomal environment.

There are three major pathways for the intracellular degradation
of materials. Extracellular particles can be taken up by
phagocytosis and endocytosis. Aged intracellular components are
degraded by macroautophagy, a non-selective process.

P Phagocytosis: The material that is phagocytosed is enclosed
within a phagosome, which then fuses with a lysosome to form a
phagolysosome. Abundant phagosomes are observed in
macrophages.

€3 Endocytosis: The material that is endocytosed is delivered to an
early endosome and then to a late endosome. The membrane of a
late endosome contains the H+ pump, the early endosome does not.
A lysosome fuses with the late endosome (hybrid organelle) to begin
its catalytic function. Endocytosis is characteristic of receptor-
mediated endocytosis of polypeptide hormones and growth factors. A
residual body is a structure containing partially digested material.
B Macroautophagy: Macroautophagy starts with the endoplasmic
reticulum enclosing an aged cell component to form an
autophagosome, which then fuses with a lysosome to form a hybrid
autolysosome and its content is digested.
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Figure 2-23. Lysosomal storage disorders: Tay-Sachs disease
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Lysosomal storage disorders
The hydrolytic enzymes within lysosomes are involved in the The deficient breakdown of sphingolipids is the cause of:
breakdown of sphingolipids, glycoproteins, and glycoproteins into 1. Gaucher's disease, characterized by defective activity of a
soluble products. These molecular complexes can derive from the glucocerebrosidase, resulting in the accumulation of
turnover of intracellular organelles or enter the cell by phagocytosis. glucocerebrosides in the spleen and central nervous system.
2. Niemann-Pick disease, defined by a defective

A number of genetic diseases lacking lysosomal enzymes result in sphingomyelinase, leading to the accumulation of sphingomyelin
the progressive accumulation within the cell of partially degraded and cholesterol in the spleen and central nervous system.
insoluble products. This condition leads to clinical conditions known 3. Tay-Sachs disease, characterized by a deficiency of
as lysosomal storage disorders (LSDs). [3-N-acetylhexosaminidase, resulting in the accumulation of

gangliosides in the central nervous system.

These disorders include broad categories depending on the major The diagnosis of these three lysosomal storage disorders is
accumulating insoluble product and the substrate for the defective based on the detection of enzymatic activity in leukocytes and
lysosomal enzyme. cultured fibroblasts of the patients.

Gaucher’s disease

(or glucosylceramide lipidosis) is

characterized by three forms: One of the many

Type 1 does not have a neurologic macrophages (Gaucher

component and occurs in late childhood  cells) with cytoplasmic

or adolescence. It affects bone, liver, accumulation of lipid

spleen (see histologic image) and lungs.  material and eccentric

Type 2 occurs early one, at 2 to 3 nucleus

months of age, is associated with
neurologic symptoms and death usually
occurs by 2 years of age.

Type 3 is seen in the adult, is
associated with hepatosplenomegaly Red pulp —| |
and has a neurologic component. Death '
occurs by the fourth decade.

phagolysosome where cargo degradation occurs. material is degraded into small molecules transported

5. Macroautophagy involves the degradation of across the lysosomal membrane to the cytosol for
cytoplasmic components of the cell itself enclosed  reuse (for example, the production of new proteins).
in an autophagosome that fuses with a lysosome to  Autophagy is essential for cell survival and cell homeo-

form a hybrid autolysosome. stasis. We discuss molecular aspects of authophagy in
Note that autophagosomes are structures with Chapter 3, Cell Signaling,
a double membrane. The sequestered cytoplasmic 6. Exocytosis of lysosomal contents can take place
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by lysosomal membrane fusion with the plasma
membrane in the presence of SNAREs. Some of the

cells types with “secretory” lysosomes are included
in Box 2-D.

Clinical significance: Lysosomal storage disorders
Lysosomal storage disorders or diseases (LSDs) are
caused by the progressive accumulation of cell mem-
brane components within cells because of a hereditary
deficiency of enzymes required for their breakdown.

Loss of function mutations in proteins critical for
lysosomal function (such as lysosomal enzymes, lyso-
somal integral membrane proteins, proteins involved
in post-translational modifications and trafficking of
lysosomal proteins) cause substrate accumulation and
lysosomal storage defects.

Two-thirds of LSDs lead to neuronal dysfunction
and neurodegeneration. Many affected individuals
are clinically normal at birth, an indication that im-
paired lysosomal function does not affect neuronal
function during early brain development.

You may like to focus again on Figure 2-21 and
Figure 2-22 to review the pathway followed by
hydrolytic enzymes to reach the lysosome and the
highlights of the sequence steps of endocytosis,
phagocytosis and macroautophagy. These cellular
trafficking pathways are the bases for understanding
the clinical value of substrate reduction therapy
(SRT; using inhibitors to block substrate synthesis),
and enzyme replacement therapy (ERT; utilizing the
membrane-associated M6P receptor for the uptake
of lysosomal enzymes into cells after intravenous
administration).

An important pathologic concept to grasp is that
defective lysosomal enzyme carriers, rather than the
lysosomal storage material itself, can account for
the cellular pathologies in LSDs. Essentially, not all
lysosomal diseases are storage disorders.

For example, a deficiency in the lysosomal integral

Box 2-D | Secretory lysosomes

» Some cell types can store and secrete lysosomal hydrolytic enzymes. An
example is the osteoclast, a cell involved in bone resorption following the re-
lease of the enzyme cathepsin K from a lysosomal compartment into the acidic
environment created by an H-ATPase pump within the Howship’s lacuna (see
Chapter 4, Connective Tissue).

* Secretory lysosomes are found in cells of the immune system. CD8* cytolytic
T cells and natural killer cells secrete the pore-forming protein perforin by
means of secretory lysosomes to destroy target cells (see Chapter 10, Immune-
Lymphatic System).

* Melanocytes have melanosomes, lysosomal-related organelles transporting
melanin to keratinocytes to produce skin and hair pigmentation (see Chapter
11, Integumentary System).

* A number of autosomal human genetic diseases give rise to immune dysfunc-
tion and defects in pigmentation (for example, Chediak-Higashi syndrome and
Griscelli syndrome 1 (see Chapter 11, Integumentary System).

membrane protein type 2 (LIMP-2), with binding
affinity to the lysosomal enzyme 3-glucocerebrosidase
(B-Glc) in the endoplasmic reticulum and involved in
the transport of 3-Glc to the lysosome, is deficient in
Gaucher disease. Consequently, LIMP-2 mutations
determine a reduction in lysosomal B-Glc activity.

Furthermore, the microscopic analysis of biopsied
tissues and biochemical evaluation of accumulated
cellular substrates can determine the underlying
enzymatic defects of lysosomal storage material. For
example, deficiencies in the proteins Niemann-Pick
disease type C1 and C3 (NPC1 and NPC2), required
for the release of cholesterol from the lysosome,
causes cholesterol accumulation in Niemann-Pick
disease. In other words, although the precise transport
mechanism is sometimes not entirely clear, a cellular
storage defect can often offer clues for SRT and ERT
clinical strategies.

Additional details on the mechanism leading to
Tay-Sachs disease (GM2 gangliosidosis), character-
ized by an increased in brain weight due to gliosis
(proliferation of glial cells in response to damage
of the central nervous system), neuronal atrophy
(caused by abnormal whorled lysosomes displacing
the nucleus) and axonal defects abnormalities in
myelin), are presented in Figure 2-23.

Mitochondria

The mitochondrion (Greek mito, thread; chondrion,
granule) is a highly compartmentalized organelle. The
primary function of mitochondria is to house the
enzymatic machinery for oxidative phosphorylation
resulting in the production of adenosine triphosphate
(ATP) and the release of energy from the metabolism
of molecules.

A mitochondrion consists of an outer mito-
chondrial membrane and an inner mitochondrial
membrane creating an intermembrane space be-
tween them (Figure 2-24). The inner mitochondrial
membrane surrounds a large compartment called the
matrix. The matrix is partitioned by infoldings of
the inner mitochondrial membrane known as cristae.
Cristae amplify the inner mitochondrial membrane
on which ATP synthesis takes place.

Mitochondria contain DNA and RNA, including
ribosomes to synthesize some of their own proteins
in the matrix. Only 1% of mitochondrial proteins
are encoded by mitochondrial DNA. Most of mi-
tochondrial proteins are encoded by nuclear genes,
synthesized in cytosol ribosomes and imported into
mitochondria by targeting signals that are recognized
by the translocase of the outer mitochondrial mem-
brane complex (TOM) on the outer mitochondrial
membrane. TOM is the most common entry route
of imported mitochondrial proteins. Targeting poly-
peptide signals and chaperones (Hsp60 and Hsp70)
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Figure 2-24. Mitochondria
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D Pyruvate and fatty acids are transported from the cytosol to the
mitochondria across the outer mitochondrial membrane and
converted in the mitochondrial matrix into acetyl coenzyme A (acetyl
CoA) by enzymes of the citric acid cycle. CO, is released from the
cell as waste metabolic product. Porins are permeable aqueous
channels located along the outer mitochondrial membrane.

3 The citric acid cycle generates high-energy electrons carried by
nicotinamide adenine dinucleotide (NADH) and flavin adenine
dinucleotide (FADH,). These carriers donate their high-energy
electrons to the electron-transport chain located in the inner
mitochondrial membrane. High-energy electrons produced during the
citric acid cycle are utilized by the electron-transport chain
complexes (1, II, 1, and IV) to produce adenosine triphosphate (ATP).

3 The electrons pass along the chain to molecular oxygen (O,) to
form water (H,0). Four electrons and four H+ added to each molecule
of O, for two molecules of H,0.

@ As electrons travel through the chain, energy in the form of protons
(H+) is released across the inner membrane into the intermembrane
space. The resulting H+ gradient drives ATP synthesis by ATP
synthase (V) utilizing adenosine diphosphate (ADP) and Pi coming
from the cytosol. ATP produced in the mitochondrial matrix is
released into the cytosol.

B Translocase of the outer mitochondrial membrane (TOM) is the
common entry gate of precursor proteins encoded by the cell nucleus.
After passing through the TOM complex, the precursos use different
mitochondrial pathways.

enable proteins to reach the matrix (Figure 2-25).

The outer mitochondrial membrane is perme-
able. It contains porins, proteins that form aqueous
channels permeable to water-soluble molecules with
a reduced molecular mass (less than 5 kd), such as
sugars, amino acids and ions. The inner mitochon-
drial membrane is impermeable to the passage of
ions and small molecules.

The inner mitochondrial membrane is the site of
electron-transport and proton (H*) pumping and
contains the ATP synthase. Most of the proteins
embedded in the inner mitochondrial membrane

Mitochondria
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are components of the electron-transport chain,
involved in oxidative phosphorylation.

The mechanism of ATP synthesis is called oxida-
tive phosphorylation. It consists in the addition of
a phosphate group to adenosine diphosphate (ADP)
to form ATP and the utilization of O,. It is also
called chemiosmotic because it involves a chemical
component (the synthesis of ATP) and an osmotic
component (the electron-transport and H" pump-
ing process).

The mitochondrial matrix contains pyruvate (de-
rived from carbohydrates) and fatty acids (derived



Figure 2-25. Types of mitochondria and protein import
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from fat). These two small molecules are selectively
transported across the inner mitochondrial mem-
brane and then converted to acetyl coenzyme A
(acetyl CoA) in the matrix.

NADH and FADH, donate high-energy electrons
to the electron-transport chain lodged in the inner
mitochondrial membrane and become oxidized to
NAD™ and FAD. The electrons travel rapidly along

The citric acid cycle converts acetyl CoA to CO,
(released from the cell as waste metabolic product)
and high-energy electrons, carried by nicotinamide
adenine dinucleotide (NADH)—and flavin adenine
dinucleotide (FADH,)—activated carrier molecules.

the transport chain to O, to form water (H,0).
As the high-energy electrons travel along the
electron-transport chain, energy is released by pro-
ton pumps as H* across the inner mitochondrial
membrane into the intermembrane space. The H*

Mitochondria | 2. EPITHELIAL GLANDS | 81




82 |

gradient then drives the synthesis of ATP.

Note that:

1. The inner mitochondrial membrane converts
the energy derived from the high-energy electrons
of NADH into a different type of energy: the high-
energy phosphate bond of ATD.

2. The electron-transport chain (or respiratory
chain) contributes to the consumption of O, as a
phosphate group is added to ADP to form ATP.

The components of the electron-transport chain
are present in many copies embedded in the lipid
bilayer of the inner mitochondrial membrane. They
are grouped into three large respiratory enzyme
complexes in the receiving order of electrons:

1. The NADH dehydrogenase complex.

2. The cytochrome b-c; complex.

3. The cytochrome oxidase complex.

Each complex is a system that pumps H* across the
inner mitochondrial membrane into the intermem-
brane space as electrons travel through the complex.
If this mechanism did not exist, the energy released
during electron transfer would produce heat.

Cyanide and azide are poisons that bind to cyto-
chrome oxidase complexes to stop electron transport,
thereby blocking ATP production.

Cytochrome c is a small protein that shuttles
electrons between the cytochrome b-¢; complex and
the cytochrome oxidase complex.

When the cytochrome oxidase complex receives
electrons from cytochrome c, it becomes oxidized
and donates electrons to O, to form H,O. Four
electrons from cytochrome c and four H* from the
aqueous environment are added to each molecule of
02 to form ZHzo

The H" gradient across the inner mitochondrial
membrane is used to steer ATP synthesis. ATP
synthase is a large enzyme embedded in the inner
mitochondrial membrane involved in ATP synthesis.

H* flow back across the inner mitochondrial mem-
brane down the electrochemical gradient through
a hydrophilic route within ATP synthase to drive
the reaction between ADP and Pi to produce ATP.

This reaction takes place in the enzymatic
component of ATP synthase projecting into the
mitochondrial matrix like a lollipop head. About
100 molecules of ATP are produced per second.
About three H* cross the ATP synthase to form
each molecule of ATP. ADP molecules produced by
ATP hydrolysis in the cytosol are drawn back into
mitochondria for recharging to ATP. ATP molecules
produced in the mitochondrial matrix are released
into the cytosol for their use.

Mitochondria participate in apoptosis, steroidogen-
esis, and thermogenesis

Mitochondria participate in three significant func-
tions:
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1. Programmed cell death or apoptosis.

2. Steroidogenesis (production of steroid hor-
mones).

3. Thermogenesis.

Concerning apoptosis, mitochondria contain
procaspases-2, -3, and -9 (precursors of proteolytic
enzymes), apoptosis initiation factor (AIF), and cyto-
chrome c. The release of these proteins in the cytosol
initiates apoptosis. We come back to mitochondria
and apoptosis in Chapter 3, Cell Signaling.

With regard to steroidogenesis, mitochondrial
membranes contain enzymes involved in the synthesis
of the steroids aldosterone, cortisol, and androgens.
We discuss the participation of mitochondria in ste-
roid production in Chapter 19, Endocrine System,
and Chapter 20, Spermatogenesis.

Concerning thermogenesis, most of the en-
ergy from oxidation is dissipated as heat rather than
converted to ATP.  Uncoupling proteins (UCPs),
members of the superfamily of mitochondrial anion-
carrier proteins present in the mitochondrial inner
membrane, mediate the regulated discharge of H*
(called proton leak), resulting in the release of heat.
Proton leak across the mitochondrial inner membrane
is mediated by UCP-1.

UCP-1 is present in the mitochondrial inner
membrane of brown adipocytes. Its role is to me-
diate regulated thermogenesis in response to cold
exposure (see section on adipose tissue in Chapter 4,
Connective Tissue).

Clinical significance: Mitochondrial maternal
inheritance

Mitochondrial DNA (mtDNA) is transmitted by
the mother (maternal inheritance). Both males and
females can be affected by mitochondrial diseases, but
males seem unable to transmit the disorder to the off-
spring. Maternal inheritance of mtDNA is regarded
as an evolutionary advantageous event because of
the potential damage of mtDNA by reactive oxygen
species (ROS) involved in fertilization.

Motile sperm reaching the oviduct for fertilization
eliminate their mcDNA before fertilization, leaving
vacuolar mitochondria. Yet, residual me¢DNA in the
fertilizing sperm can be unevenly distributed in the
zygote during early embryo development. Conse-
quently, paternal mtDNA inheritance effects cannot
be disregarded.

Myocdlonic epilepsy with ragged red fibers (MERRF)
is characterized by generalized muscle weakness,
loss of coordination (ataxia), and multiple seizures.
The major complications are respiratory and cardiac
failure because the respiratory and cardiac muscles
are affected. Muscle cells and neurons are the most
affected because of their need for significant amounts
of ATP to function.



Figure 2-26. Peroxisome
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the group of peroxisome biogenesis disorders, is a fatal H,0.
condition caused by the defective assembly of peroxisomes Catalase is a tetramer of apocatalase molecules assembled within the
due to mutations in genes encoding PEX1, PEX2, PEXS, peroxisome.

PEX5, PEX6, and PEX12.

Newly synthesized peroxisomal enzymes remain in the
cytosol and eventually are degraded. Cells in patients with
Zellweger syndrome contain empty peroxisomes.

Heme is added to each monomer to prevent it from moving back into the
cytosol across the peroxisomal membrane.
Peroxisomes are abundant in the liver (hepatocytes).

Histologic preparations of muscle biopsies of indi-
viduals with MERREF display a peripheral red-stained
material corresponding to aggregates of abnormal
mitochondria, giving a ragged appearance to red
muscle fibers. MERRF is caused by a point mutation
in a mitochondrial DNA gene encoding tRNA for
lysine. An abnormal tRNA causes a deficiency in the
synthesis of proteins required for electron transport
and ATP production.

Three maternally inherited mitochondrial diseases
affect males more severely than females:

1. About 85% of individuals affected by Leber’s
hereditary optic neuropathy (LHON) are male.
The disease is confined to the eye. Individuals suf-
fer a sudden loss of vision in the second and third
decades of life.

2. Pearson marrow-pancreas syndrome (anemia
and mitochondrial myopathy observed in childhood).

3. Male infertility. Almost all the energy for sperm
motility derives from mitochondria.

Peroxisomes
Peroxisomes, organelles present in all mammalian

cells except erythrocytes, contain at least one oxidase
and one catalase for the p-oxidation of very long
chain fatty acids (VLCFA) as well as to the a-oxida-
tion of branched-chain fatty acids. In addition, several
of the peroxisomal pathways are conducive to the
production of hydrogen peroxide, and its subsequent
breakdown by catalase.

Peroxisomes are bound by single membranes
enclosing a dense matrix containing metabolic en-
zymes, substrates and cofactors forming crystalloid
cores (Figure 2-26). The peroxisomal membrane is a
lipid bilayer with embedded peroxisomal membrane
proteins synthesized on free ribosomes in the cytosol
and then imported into peroxisomes.

Peroxisome biogenesis can take place through two
pathways:

1. De novo generation pathway: Peroxisomes can
be formed from pre-peroxisomal vesicles budding
off from the endoplasmic reticulum and fusing with
each other to form mature peroxisomes.

2. Fission generation pathway: Pre-existing per-
oxisomes can generate new peroxisomes by growth
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and fission (mediated by PEX11, dynamin-related
proteins and a fission protein), using new proteins
and lipids derived from vesicles originated in the
endoplasmic reticulum.

Peroxisomes contain different peroxisomal pro-
teins, including peroxins (PEX), involved in peroxi-
somal biogenesis. PEX are receptor proteins shuttling
between the cytosol and the peroxisome after binding
to the peroxisome targeting signal (PTS) of the
protein to be imported. PEX uncouple from the PTS
before the protein is imported (see Figure 2-26). PEX
are encoded by PEX genes, some of them associated
with peroxisome biogenesis disorders. To date, 15
human PEX genes have been identified.

Peroxisome biogenesis involves the targeting and
import into pre-existing peroxisomes of matrix pro-
teins and peroxisomal membrane proteins.

Matrix proteins are targeted to peroxisomes from
the cytosol by the PTS recognized in the cytosol by
the shuttling receptor PEX5. The import process
consists of three consecutive steps (see Figure 2-26):

1. PEXS5 interacts with PEX14 at the peroxisomal
membrane forming a transport pore or channel.

2. Matrix proteins dock and translocate inside the
peroxisome across the transport pore.

3. The importing pore disassembles and PEX5
recycles back to the cytosol for another import round.

Peroxisomal membrane proteins are targeted to
peroxisomal membranes through the interaction
of the PTS with the shuttling receptor PEX19 in
the cytosol and then the docking of this complex
to PEX16 bound to the peroxisomal membrane.
Peroxisomal membrane proteins can also be targeted
to peroxisomes by insertion into the membrane of
the sendoplasmic reticulum followed by vesicular
transport to peroxisomes.

Catalase (peroxidase), a major peroxisome en-
zyme, decomposes hydrogen peroxide into water or
is utilized to oxidize other organic compounds (uric
acid, amino acids, and fatty acids). Peroxisomes, like
mitochondria, degrade fatty acids. The oxidation of
fatty acids by mitochondria and peroxisomes provides
metabolic energy.

Peroxisomes participate in the biosynthesis of
lipids. Cholesterol and dolichol are synthesized in
both peroxisomes and endoplasmic reticulum. In the
human liver, peroxisomes are involved in the synthesis
of bile acids (derived from cholesterol).

Peroxisomes contain enzymes involved in the syn-
thesis of plasmalogens, phospholipids in which one
of the hydrocarbon chains is linked to glycerol by an
ether bond (instead of an ester bond). Plasmalogens
contribute more than 80% of the phospholipid
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content of myelin in brain and are involved in the
protection of cells from ROS reduced damage.

Clinical significance: Peroxisomal disorders

The significant role that peroxisomes play in human
metabolism is highlighted by devastating disorders
attributed to defects in peroxisome biogenesis and
function.

There are two types of peroxisomal disorders:

1. Single peroxisomal enzyme deficiencies, caused
by mutations of genes encoding peroxisomal enzymes.

2. Peroxisomal biogenesis disorders (PBDs),
determined by mutations of PEX genes, involved
in peroxisome biogenesis and function. Most PBDs
consist of severe neurologic dysfunction due to central
nervous system malformations, myelin abnormalities,
and neuronal degeneration.

PBDs include four diseases: infantile Refsum
disease (IRD), neonatal adrenoleukodystrophy
(NALD), rhizomelic chondrodysplasia, and the
cerebrohepatorenal Zellweger syndrome (ZS).

All peroxisomal disorders, except X-linked NALD,
are autosomal recessive. A defect in the transport of
VLCFA across the peroxisomal membrane is the
cause of NALD. Accumulation of VLCFA in the
adrenal cortex causes adrenal atrophy. Incorporation
of VLCFA in myelin disrupts its structure.

IRD, NALD and ZS are caused by mutations of
PEX genes. Therefore, they share a common patho-
genic feature: deficient peroxisomal assembly.

ZS (see Figure 2-26) is the most severe within the
group of PBDs. It is fatal within the first year of life.
The primary defect is the mutation of the PEX],
PEX2, PEX3, PEX5, PEX6 AND PEX12 genes encod-
ing proteins necessary for the import of membrane
and matrix proteins.

The clinical characteristics of ZS include:

1. Dysmorphic facial features (prominent fore-
head, broad nasal bridge, large fontanelles and flat
supraorbital ridges).

2. Hepatomegalia (enlargement of the liver; hepatic
fibrosis and cirrhosis). Hepatocellular peroxisomes are
absent or severely decreased.

3. Neurologic abnormalities (defective neuronal
migration). Affected children may show at birth
muscle hypotonicity, an inability to move, and a
failure to suck or swallow.

We have seen than peroxisomes are the sites for
oxidation of VLCFA. So increased level of this mol-
ecule in blood plasma is an indication of ZS. Prenatal
analysis for VLCFA and plasmalogen are used from
amniotic tests and absence of peroxisomes in liver
biopsy is another indicator of ZS.
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Essential concepts

Epithelial Glands

« There are two types of glands:

(1) Exocrine glands, that secrete their prod-
ucts through ducts onto an internal or external
space.

(2) Endocrine glands, that lack ducts and
secrete their products into the blood.

- There are different types of exocrine glands:
(1) Unicellular (a single cell, for example,
the goblet cell of the intestinal or respiratory
epithelium).
(2) Multicellular glands. Multicellular glands
form the parenchyma of organs such as the
pancreas and the prostate.

« Exocrine glands have two structural compo-
nents:
(1) The secretory units, whose cells synthe-
size and secrete a product called secretion.
(2) The excretory ducts, that transport the
secretion to an epithelial surface.

« Glands with a single unbranched duct are
called simple glands. Larger glands have a
branched duct system and are called branched
or compound glands. Branched glands are sur-
rounded by a connective tissue capsule that

sends partitions or septa (together with blood
vessels and nerve fibers) into the mass of the
gland, which becomes partitioned into lobes.
Thinner septa divide lobes into smaller units
called lobules. Duct branches are present in
the interlobar, interlobular, and intralobular
connective tissue septa as interlobar ducts, in-
terlobular ducts, and intercalated/striated ducts
connected to the secretory units (acini).

« A simple gland can be straight, coiled, or
branched (the term “"branched” refers to the
secretory unit, but not to the excretory duct).
The gland is called simple tubular, simple
coiled, or simple branched tubular.

A gland with a secretory unit with a rounded
form is called simple acinar or alveolar gland.
The secretory unit can be tubular and the
gland is called simple tubular.

« In a branched acinar gland, the acini are lined
by secretory cells surrounding a narrow lumen.
The acini and alveoli of the salivary glands and
the mammary glands contain contractile bas-
ket-like myoepithelial cells. The acinar cellular
organization can be part of the wall of short
tubular ducts and also form their endings. The
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gland is then called branched tubuloacinar
gland (for example, mammary gland).

+ Glands can secrete:

(1) Mucus (mucous glands).

(2) Proteins (serous glands).

(3) A combination of mucus and proteins
(mixed glands). Mixed glands contain both
mucous and serous cells, the latter forming
a crescentic or half-moon—shaped region
(serous demilunes) capping the acini.

+ When a gland releases its product by exocy-
tosis, it is called merocrine gland (such as the
pancreas). A gland in which the apical region
of a cell is pinched off and released into the
lumen is called apocrine gland (an example
is the mammary gland). When the whole cell
is released and is part of the secretion, the
gland is called holocrine gland (such as the
sebaceous glands of the skin).

Cytomembranes and the plasma mem-
brane. Intracellular membranes, called
cytomembranes, separate diverse cellular
processes into compartments. Cytomem-
branes are components of the endoplasmic
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reticulum and Golgi apparatus. The nucleus,
mitochondria, lysosomes, and peroxisomes
are bound by cytomembranes and are called
organelles. The nucleus and mitochondria

are surrounded by a double membrane; lyso-
somes and peroxisomes are surrounded by a
single membrane. Lipids and glycogen are not
membrane-bound and are called inclusions.

« The plasma membrane is the structural and
functional boundary of a cell. It separates the
intracellular environment from the extracellular
space.

The plasma membrane consists of lipids and
proteins. Phospholipids (phosphatidylcholine,
phosphatidylethanolamine, phosphatidylserine
and sphingomyelin) form a bilayer consisting
of outer and inner leaflets. Phosphatidylinositol
is another phospholipid, with an important
role in cell signaling, localized to the inner
leaflet of the plasma membrane. Cholesterol
is inserted into the phospholipid bilayer and
modulates membrane fluidity.

Integral membrane proteins are trans-
membrane proteins spanning the lipid
bilayer through a-helical regions. Peripheral
membrane proteins are indirectly linked to
the plasma membrane by protein-protein
interactions. Peripheral membrane proteins
exposed to the cytosol interact with cytoskel-
etal components. The extracellular portion of
integral and peripheral membrane proteins is
generally glycosylated. A glycocalyx coats the
surface of most epithelial cells.

« Freeze-fracture combined with electron
microscopy enables the visualization of intra-
membranous proteins. A frozen and fractured
specimen is used to produce a thin metal
replica of the two surfaces of a membrane
and its two artificial faces.

The lipid bilayer membranes are frozen at
liquid nitrogen temperature (—196°C) and
“split” along the middle of the hydrophobic
core. As a result, two complementary halves of
a membrane are produced and the hydropho-
bic face exposed.

Each half or monolayer of the membrane has
a surface and a face. The original monolayer
facing the extracellular environment exhibits a
surface designated extracellular surface (ES);
the corresponding area facing the hydrophobic
core of the membrane becomes the extracel-
lular face (EF) and was created artificially
after “splitting” the membrane. The original
monolayer facing the intracellular or proto-
plasmic environment has a surface called the
protoplasmic surface (PS); the corresponding
area facing the hydrophobic core is the proto-
plasmic face (PF).

Membrane proteins tend to remain associ-
ated to the cytoplasmic or protoplasmic leaflet
and appear as particles on the P fracture face
(PF). Pits complementary to the particles and
representing the space once occupied by the
protein, are present on the E fracture face

(EP).

« Transporters include carrier proteins and
channel proteins. They mediate the selective
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passage of molecules across the cell mem-
brane. Gases (such as oxygen and carbon
dioxide) can cross membranes by passive
diffusion. Glucose, electrically charged
molecules, and small ions require transport
proteins and channel proteins for facilitated
diffusion across a membrane.

Channel proteins can be ligand-gated
channels (gates which open upon ligand
binding) or voltage-gated channels (which
open in response to changes in electrical
potential across the membrane).

« Cytomembranes, represented in part by the
endoplasmic reticulum and Golgi apparatus,
establish a continuum between intracellular
compartments and the extracellular space.
The lumen of cisternae, tubules, and vesicles
is continuous with the extracellular space.
The membranous wall separates the luminal
compartment from the cytosolic compart-
ment. Products released into the lumen of
the endoplasmic reticulum are transported
to the Golgi apparatus by transporting
vesicles and eventually to the cell exterior by
exocytosis.

Imagine that there is a continuum in
this secretory sequence and that all the
luminal spaces are virtually interconnected
and continuous with the cell exterior. The
freeze-fracture technique takes advantage of
this virtual arrangement if you consider that
the membrane splitting knife can jump from
the exocytoplasmic leaflet of a membrane-
bound vesicle to the exocytoplasmic leaflet
of the plasma membrane exposed to the
environment.

* The cytomembranes of the endoplasmic
reticulum can be associated with ribosomes
(rough endoplasmic reticulum) or lack ribo-
somes (smooth endoplasmic reticulum). The
rough endoplasmic reticulum participates in
protein synthesis and transport to the Golgi
apparatus.

The smooth endoplasmic reticulum has a
significant role in cell detoxification reactions
required for converting harmful lipid-soluble
substances into water-insoluble material.
The smooth endoplasmic reticulum is gener-
ally adjacent to glycogen deposits and lipid
droplets (nonmembrane-bound inclusions).

Proteins targeted to the nucleus, mito-
chondria, or peroxisomes and cytoskeletal
proteins are synthesized on free ribosomes
(polyribosomes) and released in the cytosol.

* The Golgi apparatus is involved in the
attachment of oligosaccharides to proteins
and lipids involving glycosyltransferases. It
consists of four compartments:

(1) A cis-Golgi, the receiving site from the
endoplasmic reticulum.

(2) A medial-Golgi, interposed between the
cis-Golgi and trans-Golgi.

(3) A trans-Golgi, the exit site.

(4) A trans-Golgi network (TGN), a sorting
site.

Golgins, a family of coiled-coil proteins,
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stabilize the flattened stacks of sacs of the Golgi
apparatus.

Clathrin-coated vesicles are observed during
lysosomal sorting and endocytosis. COP- (for
coat proteins) coated vesicles are seen traffick-
ing between Golgi stacks (COPI) and from the
endoplasmic reticulum to the Golgi (COPII).

Golgi-derived products can be released from
the cell by exocytosis or sorted to lysosomes.

Exocytosis can be continuous and does not
require a triggering signal. This form of secre-
tion is called constitutive secretion.

Certain classes of Golgi-derived cargos are
stored into secretory granules and released
by exocytosis under control of a chemical or
electrical signal. This mechanism is called
facultative or regulated secretion.

The sorting mechanism of lysosomes involves
two steps:

(1) The insertion of mannose-6-phosphate
(M6P) into glycoproteins destined to lyso-
somes.

(2) The presence of the transmembrane
M6P receptor protein in the membrane of the
transporting vesicle. This mechanism separates
M6P-containing lysosomal enzymes from other
glycoproteins.

* Lysosomes are organelles surrounded by a
single membrane. Two types of lysosomes are
recognized:

(1) Primary lysosomes (inactive), the primary
storage of lysosomal enzymes.

(2) Secondary lysosomes (autolysosomes),
engaged in a catalytic process.

Lysosomes target internalized extracellular
material for degradation through the activity of
lysosomal hydrolytic enzymes operating at an
acidic pH (5.0).

There are three major pathways involved in
intracellular degradation of materials:

(1) Phagocytosis (the pagocytosed material
is enclosed within a phagosome that fuses with
a lysosome to form a phagolysosome).

(2) Endocytosis (the endocytosed material is
delivered to an early endosome and then to a
late endosome that fuses with a lysosome).

(3) Macroautophagy (the endoplasmic
reticulum encloses an aged cell component to
form an autophagosome that fuses with a lyso-
some to form an autolysosome).

Specific cells have secretory lysosomes
(hydrolytic enzymes are secreted). Examples
include:

(1) The osteoclast, involved in bone resorp-
tion.

(2) Cytolytic T cells and natural killer cells,
engaged in the destruction of target cells.

(3) Melanocytes, releasing melanin derived
from melanosomes (lysosome-related organ-
elles) to produce skin and hair pigmentation.

Lysosomal storage disorders occur when
hereditary deficiency in lysosomal enzymes
prevents the normal breakdown of cell compo-
nents that accumulate progressively in cells.. Ex-
amples are Tay-Sachs disease (accumulation
of ganglioside GM, in the brain), Gaucher's
disease (accumulation of glucocerebrosides



in the spleen and central nervous system),
and Niemann-Pick disease (accumulation
of sphingomyelin in the spleen and central
nervous system).

Internalization of material occurs by the
process of endocytosis. The reverse process
is called exocytosis. Endocytosis involves the
internalization of virus or bacteria by phagocy-
tosis using clathrin-independent vesicles and
the uptake of small macromolecules utilizing
clathin-coated vesicles.

Receptor-mediated endocytosis of a ligand
requires a plasma membrane receptor. The
ligand-receptor complex is internalized by the
process of receptor-mediated endocytosis.

This process involves:

(1) The formation of a clathrin-coated pit (to
concentrate ligand-receptor complexes in a
small surface area).

(2) The invagination of the coated pit to
form a coated vesicle.

(3) The pinching off of the coated vesicle
from the plasma membrane.

(4) Transport of the vesicle to an endosome.

(5) Removal of the clathrin coat before fu-
sion of the vesicle with the endosome.

(6) Recycling back of the receptor-containing
vesicle to the plasma membrane.

This transport mechanism is defective in
familial hypercholesterolemia because of a
mutation in the gene encoding the receptor
for the ligand low-density lipoprotein (LDL).

High levels of cholesterol in blood plasma
result in the formation of atheromas in the
intima of blood vessels.

« The fusion of a vesicle to a target membrane
requires:

(1) Recognition of a specific target mem-
brane site.

(2) Vesicle-membrane fusion.

Vesicle-membrane fusion is mediated by two
interacting cytosolic proteins:

(1) NSF (for N-ethylmaleimide—sensitive
fusion.

(2) SNAP (for soluble NSF attachment
protein).

NSF and SNAP bind to specific membrane
receptors called SNARE (for SNAP receptors).

SNARE ligands on the membrane of the
transporting vesicle (vesicle-SNARE, v-SNARE)
and the target membrane receptor (target-
SNARE, t-SNARE) are responsible for docking
the vesicle to the target membrane. Follow-
ing docking, NSF and SNAP are recruited to
produce fusion.

« Mitochondria are organelles surrounded by
a double membrane. The outer mitochondrial
membrane is separated by an intermembrane
space from the inner mitochondrial mem-
brane. The inner membrane folds into cristae
extending into the mitochondrial matrix.

The inner mitochondrial membrane harbors
the electron-transport chain and adenosine
triphosphate (ATP) synthase.

The mitochondrial matrix contains most of
the enzymes of the citric acid cycle. Mitochon-
dria participate in apoptosis (programmed cell
death), steroidogenesis, and thermogenesis in
brown fat.

Mitochondria are transmitted by the mother
(maternal inheritance). Males do not transmit
mitochondria at fertilization. Both males and
females can be affected by mitochondrial
disease, but males never transmit the disorder.

Myoclonic epilepsy with ragged red fibers
(MERRF) manifests with muscle weakness,
loss of coordination (ataxia), and multiple
sizures. MERRF is caused by a mutation in a

mitochondrial DNA gene encoding lysine tRNA.

Maternally inherited mitochondrial diseases
affecting males more severely than females
are Leber's hereditary optic neuropathy
(LHON), Pearson marrow-pancreas syn-
drome, and male infertility.

- Peroxisomes are organelles surrounded by

a single membrane. Peroxisomes contain crys-
taloid cores containing oxidases and catalases,
enzymes that oxidize organic compounds and
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decompose hydrogen peroxide into water.
Peroxisomes are involved in the synthesis of
bile acids and biosynthesis of lipids.

Peroxisome biogenesis involve two path-
ways:

(1) De novo generation pathway, consisting
in pre-peroxisomal vesicles budding off from
the endoplasmic reticulum and fusing to form
mature peroxisomes.

(2) The fission generation pathway, derived
from the fission and growth of a pre-existing
peroxisome.

Peroxisomes contain peroxins, receptor
proteins shuttling between the cytosol and the
peroxisome, matrix proteins, and peroxisomal
membrane proteins.

How do peroxins work? Peroxins bind to
the peroxisome targeting signal of the matrix
proteins to be imported across transporting
pores or channels.

In fact, peroxisomal membrane proteins
build the pores serving as transporting gates
for proteins that need to gain access inside
the peroxisome.

Thus, mutations in the peroxin encoding
genes (about 15 genes in human) determine
peroxisome biogenesis disorders (PBDs).

There are two types of PBDs:

(1) Single peroxisomal enzyme deficiencies.

(2) PBDs caused by mutations of peroxin
genes.

Neurologic dysfunction—caused by mal-
formations of the central nervous system,
myelinization abnormalities and neuronal
defective migration—characterize PBDs.

Zellweger syndrome, a severe and fatal
cerebrohepatorenal disorder, is determined
by the failure of peroxisomal enzymes to be
imported from the cytosol into the peroxi-
some. Deficient peroxisomal assembly in
hepatocytes is associated with fibrosis and
cirrhosis.

Additional PBDs include infantile Refsum
disease, neonatal adrenoleukodystrophy and
rhizomelic chondrodysplasia.
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3. Cell Signaling

Cells respond to extracellular signals produced by other cells or by themselves. This mechanism, called cell signal-
ing, allows cell-cell communication and is necessary for the functional regulation and integration of multicellular
organisms. Our discussion in this chapter not only provides the basis for understanding cell signaling pathways
but serves also as an introduction to General Pathology, including aging, cell senescence and neoplasia and
the role of cell injury in human disease, including necrosis, apoptosis and necroptosis and the mechanisms of
autophagy, ubiquitin-proteasome proteolysis and mitophagy.

Signaling molecules can transmit information by
acting as ligands binding to receptors expressed by
their target cells. Some signaling molecules can act on
the cell surface after binding to cell surface receptors;
others can cross the plasma membrane and bind to
intracellular receptors in the cytoplasm and nucleus.

An understanding of the molecular aspects of cell
signaling is clinically relevant to uncover potential
targets of novel therapeutics for the treatment of
metabolic dysfunctions and diseases.

Types of cell signaling and feedback action
Signaling molecules use different routes to reach their
targets (Figure 3-1):

1. Endocrine cell signaling involves a signaling
molecule, a hormone, secreted by an endocrine
cell and transported through the circulation to act
on distant target cells. An example is the steroid
hormone testosterone produced in the testes, that
stimulates the development and maintenance of the
male reproductive tract using the vascular route.
Neuroendocrine cell signaling is a specific form of
endocrine signaling involving a product secreted
by a nerve cell into the bloodstream and acting on
distant cells.

2. Paracrine cell signaling is mediated by a mol-
ecule acting locally to regulate the behavior of a
nearby cell. A paracrine molecule diffuses over small
distances to reach a target cell.

Neurotransmitter or synaptic cell signaling is
a specialized form of paracrine signaling. Neurons
secrete neurotransmitters that diffuse short distances
and bind to receptors on target cells.

Juxtacrine cell signaling is contact-dependent sig-
naling. It requires the contact of proteins of adjacent
plasma membranes for signaling to occur. An example
is the immunologic synapse, a combination of cell-
cell adhesion and signaling that takes place when the
plasma membranes of an antigen-presenting cells and
aT cell are in contact with each other.

3. Autocrine cell signaling is defined by cells
responding to signaling molecules that they them-
selves produce. A classic example is the response of

cells of the immune system to foreign antigens or
growth factors that trigger their own proliferation and
differentiation. Abnormal autocrine signaling leads
to the unregulated growth of cancer cells.

Cell signaling mechanisms require a feedback ac-
tion. In general, after a signaling molecule binds to
its receptor, the target cells exerts either a negative or
positive feedback action to regulate the release of the
targeting hormone (Figure 3-2).

Hormones and ligands
Binding of a hormone or ligand to its receptor initi-
ates a cascade of intracellular reactions (called signal
transduction) to regulate critical functions such as
embryonic and fetal development, cell prolifera-
tion and differentiation, movement, metabolism,
and behavior.

Ligands include:

1. Steroid hormones.

2. Peptide hormones, neuropeptides and growth
factors.

3. Nitric oxide.

4. Neurotransmitters.

5. Eicosanoids.

Steroid hormones
Steroid hormones (Box 3-A) are lipid-soluble mol-
ecules that diffuse across the phospholipid bilayer of
the plasma membrane of target cells, bind to intra-
cellular receptors in the cytoplasm, enter the nucleus
as steroid hormone-receptor complexes and bind
to specific receptor sites on chromatin (specifically
hormone-response elements at the DNA) to activate
or repress gene expression (Figure 3-3). Steroid recep-
tors are members of the steroid receptor superfamily.
Steroid hormones are synthesized from cholesterol
and include testosterone, estrogen, progesterone and
corticosteroids. Steroid hormones are usually secreted
as they are synthesized and are transported in the
bloodstream bound to protein carriers.
Testosterone, estrogen, and progesterone are sex
steroids and are produced predominantly by the go-
nads. In the androgen insensitivity syndrome (also
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\— Membrane receptor

known as the testicular feminization syndrome,
Tfm), there is a mutation in the gene expressing
the testosterone receptor such that the receptor
cannot bind the hormone, and hence the cells do
not respond to the hormone. Although genetically
male, the individual develops the secondary sexual
characteristics of a female. We discuss the androgen

Signaling mechanisms

Cytosol
receptor

Distant target
cell

Endocrine signaling

Endocrine cells secrete a polypeptide or steroid
hormone into a blood vessel. The hormone is then
carried to a target cell, which may be located at a
considerable distance from the secreting cell.

An example of a polypeptide hormone is
thyrotrophic hormone, secreted by the hypophysis
and acting on the thyroid gland. An example of a
steroid hormone is estradiol, produced by the
ovaries and acting on the endometrium.

Neuroendocrine signaling

In response to a neural signal, neuroendocrine
cells secrete a hormone into the blood to travel to
a target organ. An example is norepinephrine
acting on hepatocytes or adipocytes.

Paracrine signaling

Paracrine cells secrete hormones or growth factors
that act on an adjacent cell.

Examples are glucagon and somatostatin acting
on adjacent cells of the islets of Langerhans that
secrete insulin.

Neurotransmitter signaling

In response to a neural signal, neurons secrete
neurotransmitters from the axon terminals to
activate adjacent neurons.

Juxtacrine signaling

In an immunologic synapse, an antigen-presenting
celland aT cell are in contact with each other. A
ligand secreted by one cell binds to the receptor of
the other cell to trigger a response.

Autocrine signaling

Some hormones, growth factors and cytokines can
act on the originating cell and exert an autocrine
control.

insensitivity syndrome in Chapter 21, Sperm Trans-
port and Maturation. We discuss their functional
roles in Chapter 20, Spermatogenesis, and Chapter
22, Follicle Development and The Menstrual Cycle.

Corticosteroids are synthesized in the cortex of
the adrenal gland and include two major classes:
glucocorticoids, which stimulate the production of



Box 3-A | Steroid hormones

* They derive from cholesterol.

* They bind mainly to intracellular receptors in the cytosol and nucleus.

* They circulate in blood bound to a protein.

* They are nonpolar molecules.

* Steroid hormones are not stored in the producing endocrine cell.

* Steroid hormones can be administered orally and are readily absorbed in the
gastrointestinal tract.

Figure 3-2. Positive and negative feedback
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senses a decrease in the blood
levels of a hormone produced by
the target cell or tissue.

Target cells

glucose, and mineralocorticoids, which act on the
kidneys to regulate water and salt balance. We address
structural and functional aspects of corticosteroids in
Chapter 19, Endocrine System.

There are types of cell signaling molecules structur-
ally and functionally distinct from steroids but act
on target cells by binding to intracellular receptors
after entering the cell by diffusion across the plasma
membrane. They include thyroid hormones (pro-
duced in the thyroid gland to regulate development

Figure 3-3. Mechanism of action of steroid hormones
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and metabolism), vitamin D3 (regulates calcium me-
tabolism and bone growth; see Chapter 19, Endocrine
System), and retinoids (synthesized from vitamin A
to regulate development, wound healing and epider-
mal differentiation; see Chapter 11, Integumentary
System). The synthetic pathway of thyroid hormones
and some of their actions are presented in Chapter
19, Endocrine System.

Peptide hormones and growth factors

A large variety of signaling molecules bind to cell
surface receptors. Unlike intracellular steroid recep-
tors, membrane bound receptors of peptide/protein
ligands affect cellular function by transduction signal-
ing. Several groups are recognized:

1. Peptide hormones (sce Box 3-B): This group
includes insulin, glucagon and hormones secreted
by the hypophysis and peptides secreted by neurons
(enkephalins and endorphins), that decrease pain
responses in the central nervous system. See Chapter
18, Neuroendocrine System, and Chapter 19, En-
docrine System, for a detailed discussion of peptide
hormones and neuropeptides.

2. Growth factors: This group of peptides controls
cell growth and differentiation (nerve growth factor,
NGF; epidermal growth factor, EGF; platelet-
derived growth factor, PDGF).

NGEF is a member of a family of peptides called
neurotrophins, which regulate the development and
viability of neurons. EGF stimulates cell proliferation
and is essential during embryonic development and
in the adult. PDGF is stored in blood platelets and
released during clotting.

Nitric oxide

Nitric oxide is a simple gas synthesized from the
amino acid arginine by the enzyme nitric oxide
synthase. Itactsas a paracrine signaling molecule in
the nervous, immune, and circulatory systems. Like
steroid hormones, nitric oxide can diffuse across the
plasma membrane of its target cells. Unlike steroids,
nitric oxide does not bind to an intracellular recep-
tor to regulate transcription. Instead, it regulates the
activity of intracellular target enzymes.

The following are relevant characteristics of nitric
oxide:

1. Itis an unstable molecule with a limited half-life
(seconds).

2. It has local effects.

3. A well-defined function of nitric oxide signal-
ing is the dilation of blood vessels. For example,
the release of the neurotransmitter acetylcholine
from nerve cell endings in the blood vessel muscle
cell wall stimulates the release of nitric oxide from
endothelial cells.

Nitric oxide increases the activity of the second
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Box 3-B | Peptide hormones

* They are synthesized as precursor molecules (prohormones).
* They are stored in membrane-bound secretory vesicles.

* They are generally water soluble (polar).

* They circulate in blood as unbound molecules.

* Peptide hormones cannot be administered orally.

* They usually bind to cell surface receptors.

messenger cyclic guanosine monophosphate (cGMP)
in smooth muscle cells, which then causes cell muscle
relaxation and blood vessel dilation (see Chapter 21,
Sperm Transport and Maturation).

Nitroglycerin, a pharmacologic agent used in the
treatment of heart disease, is converted to nitric oxide,
which increases heart blood flow by dilation of the
coronary blood vessels.

Neurotransmitters

These cell signaling molecules are released by neurons
and act on cell surface receptors present in neurons
or other type of target cells (such as muscle cells).

This group includes acetylcholine, dopamine,
epinephrine (adrenaline), serotonin, histamine,
glutamate, and y-aminobutyric acid (GABA). The
release of neurotransmitters from neurons is triggered
by an action potential. Released neurotransmitters
diffuse across the synaptic cleft and bind to surface
receptors on the target cells.

There are differences that distinguish the mecha-
nism of action of neurotransmitters. For example,
acetylcholine is a ligand-gated ion channel. It
induces a change in conformation of ion channels
to control ion flow across the plasma membrane in
target cells.

Neurotransmitter receptors can be associated
to G proteins (see below), a class of signaling mol-
ecules linking cell surface receptors to intracellular
responses.

Some neurotransmitters have a dual function.
For example, epinephrine (noradrenaline; produced
in the medulla of the adrenal gland) can act as a
neurotransmitter and as a hormone to induce the
breakdown of glycogen in muscle cells.

Eicosanoids
Eicosanoids are lipid-containing inflammatory me-
diators produced in leukocytes and other cells of the

Box 3-C | Eicosanoids

* They derive from polyunsaturated fatty acids with 18, 20, and 22 carbons.
* Arachidonic acid is the main precursor.
* This group includes prostaglandins, leukotrienes, thromboxanes, and

prostacyclin.

* They have primary autocrine and paracrine actions.
* The synthesis of eicosanoids is regulated by hormones.
* They usually bind to cell surface receptors.
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Cell surface receptors

immune system that, in contrast to steroids, bind to
cell surface receptors (Box 3-C).

Prostaglandins, prostacyclin, thromboxanes, and
leukotrienes are members of this group of molecules.
They stimulate blood platelet aggregation, inflam-
matory responses, and smooth muscle contraction.

Leukotrienes (Greek leukos, white; Chemistry
triene, a compound containing three double bonds)
are synthesized by the oxidation of arachidonic acid
by the enzyme arachidonate lipoxygenase.

During the synthesis of prostaglandins, arachidonic
acid is converted to prostaglandin H, by the enzyme
prostaglandin synthase. This enzyme is inhibited by
aspirin and anti-inflammatory drugs. Inhibition
of prostaglandin synthase by aspirin reduces pain,
inflammation, platelet aggregation, and blood clot-
ting (prevention of strokes).

Cell surface receptors

Most ligands responsible for cell signaling and signal-
ing transduction bind to receptors on the surface of
target cells.

Ligand binding to hormone and growth factor
receptors activates a series of intracellular targets
located downstream of the receptor, in particular
the activity of intracellular proteins, or, like neu-
rotransmitter receptors, controlling the flow of water
(aquaporins) and electrolytes across ligand-gated ion
channels located on the plasma membrane.

Several functional aspects of specific cell surface
receptors are relevant:

1. G protein—coupled receptors.

2. Receptor and nonreceptor tyrosine kinases.

3. Cytokine receptors.

4. Tyrosine phosphatases and serine—threonine
kinases.

G protein—coupled receptors

Members of a large family of G proteins (more than
1000 guanine nucleotide—binding proteins) are
present at the inner leaflet of the plasma membrane
(Figure 3-4).

When a signaling molecule or receptor ligand
binds to the extracellular portion of a cell surface
receptor, its cytosolic domain undergoes a confor-
mational change that enables binding of the receptor
to the G protein complex. This contact activates G
protein, which then dissociates from the receptor and
triggers an intracellular signal to an enzyme or ion
channel. We return to G protein when we discuss the
cyclic adenosine monophosphate ((AMP) pathway.

Receptor and nonreceptor tyrosine kinases
There are two main classes of tyrosine kinases:

1. Receptor tyrosine kinases are transmembrane
proteins with a ligand-binding extracellular domain
and an intracellular kinase domain (Figure 3-5).



Figure 3-4. G protein-coupled receptors
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2. Nonreceptor tyrosine kinases are located in
the cytosol, nucleus and inner side of the plasma
membrane.

Receptor tyrosine kinases (see Figure 3-5), in
contrast with G protein—coupled receptors, are
enzymes that phosphorylate substrate proteins on
tyrosine residues. EGE NGE PDGE insulin and
several growth factors are receptor tyrosine kinases.

Most of the receptor tyrosine kinases consist of
single polypeptides, although the insulin receptor

and other growth factors consist of a pair of poly-
peptide chains.

Binding of a ligand (such as a growth factor) to
the extracellular domain of these receptors induces
receptor dimerization that results in receptor auto-
phosphorylation (the two polypeptide chains phos-
phorylate one another). The autophosphorylation of
the receptors determines the binding of downstream
signaling molecules to the tyrosine kinase domain.

Downstream signaling molecules bind to phos-
photyrosine residues through SH2 domains (for Src
homology 2). Src (for sarcoma) is a gene present in
the tumor-producing Rous sarcoma virus and encodes
a protein that functions as a tyrosine kinase.

The subfamily of nonreceptor tyrosine kinases
includes the Src family, the Fujinami poultry sar-
coma/feline sarcoma (Fps/Fes), and Fes-related
(Fer) subfamily.

How do receptor and nonreceptor tyrosine kinases
differ functionally from each other? In the absence of a
ligand, receptor tyrosine kinases are unphosphorylated
and monomeric, whereas nonreceptor tyrosine kinase
is maintained in an inactive state by cellular inhibi-
tor proteins. Activation occurs when the inhibitors
are dissociated or by recruitment to transmembrane
receptors that trigger autophosphorylation. Tyrosine
kinase activity terminates when tyrosine phosphatases
hydrolyze tyrosyl phosphates and by induction of
inhibitory molecules.

The activity of tyrosine kinases in cancer cells can
be affected by unregulated autophosphorylation in the
absence of a ligand, by disrupting autoregulation of
the tyrosine kinase, or by overexpression of receptor
tyrosine kinase and/or its ligand. Abnormal activation
of tyrosine kinases can stimulate the proliferation and
anticancer drug resistance of malignant cells.

Tyrosine kinase activity can be inhibited by ima-

Figure 3-5. Tyrosine kinases
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receptor dimerization and
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polypeptide chains phosphorylate each
other).

Downstream signaling molecules, with
an SH2 domain, bind to phosphotyrosine-
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Imatinib mesylate binds to the
adenosine triphosphate (ATP)-binding
domain and prevents downstream
signaling. Imatinib is used in the treatment
of hematologic malignancies associated
with tyrosine kinase dysregulation.
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tinib mesylate, a molecule that binds to the adenosine
triphosphate (ATP)-binding domain of the tyrosine
kinase catalytic domain (see Figure 3-5). Imatinib
can induce hematologic remission in patients with
chronic myeloid leukemia and tumors caused by
activated receptor tyrosine kinase PDGF receptor
(chronic myelomonocytic leukemia) and c-kit
(systemic mastocytosis and mast cell leukemias).
Imatinib has been successfully used in the treatment
of gastrointestinal solid tumors.

Cytokine receptors

This family of receptors consists of several subfamilies
classified on their differing structure and activities.
They include:

1. Type I cytokine receptors (to which interleukin
ligands bind) and type II cytokine receptors (mainly
for interferon ligands).

2. Chemokine receptors and chemokine ligands
(CC, CXC, CX3C and CXCRI; the spacing between
cysteins (C) determines the bound type of chemokine
ligand).

3. Tumor necrosis factor receptor superfamily.

4. Transforming growth factor-f3 (TGFp) recep-
tors.

All cytokine receptors are associated with one or
more members of the JAK-STAT pathway. Cytokines
and cytokine receptors regulate hematopoiesis, im-
mune responses, inflammation and tissue healing
through the JAK-STAT pathway that, consequently,
represents a potential therapeutic target. We discuss
below details of the JAK-STAT pathway (see Figure
3-9).

Note that tyrosine kinases are not intrinsic com-
ponents of the cytokine receptors but instead they
are noncovalently linked. Upon ligand binding to
the cytokine receptor, the activity of intracellular
tyrosine kinases is stimulated. A ligand induces
the dimerization and cross-phosphorylation of the
associated JAK tyrosine kinases. Activated kinases
phosphorylate tyrosine residues on the receptors,
providing binding sites for downstream signaling
molecules that contain the SH2 domain.

Hyperactivation mutations of the type I cytokine
receptor signaling pathway are associated with myelo-
proliferative diseases and other hematologic defects.
Abnormal activation of type I cytokine receptor cor-
relates with leukemias and lymphomas. Defective
type II cytokine receptor signaling are associated with
immune deficiencies and inflammatory conditions.

The chemokine receptor consists of seven trans-
membrane domains with extracellular loops (deter-
mining ligand specificity) and G-coupled proteins
at the intracellular domain (to enable downstream
signaling). Chemokine ligands (CC, CXC, CX3C
and CXCR1) are 8 kd to 14 kd in size. Binding of
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chemokine ligands to chemokine receptors induce
chemotaxis (cell migration during homing) of target
inflammatory cells. Migrating cells are attracted
to sites with higher concentrations of chemokines
(concentration gradient). We discuss homing and in-
flammation in Chapter 6, Blood and Hematopoiesis.

The tumor necrosis factor receptor (TNFR) su-
perfamily (death receptors) belongs to the cytokine
receptor group. The receptors and ligands (TNFL) of
this family participate in signaling pathways for cell
proliferation, survival, and differentiation. TNFR/
TNFL participate in chronic inflammatory condi-
tions such as rheumatoid arthritis (see Chapter 5,
Osteogenesis) and inflammatory bowel disease (see
Chapter 16, Lower Digestive Segment).

TNEFR are active as self-assembling noncovalent
trimers. The cytoplasmic domain of TNFR is the
docking site of signaling molecules, such as the
cytoplasmic adaptor protein TRAF (TNF receptor—
associated factors) and Dead Domain (DD). From
a functional perspective, adaptor proteins allow the
regulatory flexibility of the dead receptors. As we
discuss in the Apoptosis section of this chapter (see
Figure 3-15), the Fas receptor has a DD domain that
binds to the Fas-associated DD (FADD) protein
adaptor that ultimately recruits and activates caspase
8 to cause cell death.

Finally, RANKL (for transmembrane receptor
for activation of nuclear factor kappa B ligand), a
member of the TNF superfamily with binding af-
finity to RANK receptor, has a significant tole in the
development of osteoclasts from monocyte precursors
(see Chapter 4, Connective Tissue). RANK/RANKL
signaling regulates the differentiation of mammary
gland alveolar buds into tubulo-alveolar structures
in preparation for lactation.

Members of the TGF-f family are protein kinases
that phosphorylate serine and threonine residues
(rather than tyrosine). TGF- inhibits the prolif-
eration of their target cells. Like tyrosine kinase and
cytokine receptors, binding of ligand to the TGF-f3
receptor induces receptor dimerization and the
cytosolic serine or threonine kinase domain cross-

phosphorylates the polypeptide chains of the receptor.

Receptors linked to tyrosine phosphatases and
serine-threonine kinases

So far, we have seen that receptors with enzymatic
activity stimulate protein phosphorylation at tyro-
sine residues. However other receptors have other
enzymatic activities.

Some receptors associate with tyrosine phospha-
tases to remove phosphate groups from phosphoty-
rosine residues. Therefore, they regulate the effect
of tyrosine kinases by arresting signals initiated by
tyrosine phosphorylation.
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Major signal transduction pathways

Upon ligand binding, most cell surface receptors
stimulate intracellular target enzymes to transmit
and amplify a signal. An amplified signal can be
propagated to the nucleus to regulate gene expression
in response to an external cell stimulus.

The major intracellular signaling pathways include:

1. The cAMP pathway.

2. The cGMP pathway.

3. The phospholipid—Ca2+ pathway.

4. The Ca2+-calmodulin pathway.

5.The Ras (for rat sarcoma virus), Raf (for rapidly
accelerated fibrosarcoma) and MAP (for mitogen-
activated protein) kinase pathway.

6. The JAK-STAT (for Janus kinase-signal trans-
ducers and activators of transcription) pathway.

7. The NF-xB (for nuclear factor involved in the
transcription of the K light chain gene in B lympho-
cytes) transcription factor pathway.

8. The integrin-actin pathway.

The cAMP pathway

The intracellular signaling pathway mediated by
cAMP was discovered in 1958 by Earl Sutherland
while studying the action of epinephrine, a hormone
that breaks down glycogen into glucose before muscle
contraction.

cAMP signaling pathway

u A ligand binds to a cell receptor.

B3 Adenylyl cyclase, activated by the guanosine
triphosphate (GTP)-bound G protein subunit o, forms
cAMP from ATP

B cAMP, the second messenger, binds to the
regulatory subunits of cAMP-dependent protein
kinase (protein kinase A) and releases the
catalytic subunits.

3 cAMP is degraded by a cAMP-dependent
phosphodiesterase.

B The activated catalytic subunit translocates into
the nucleus and phosphorylates the transcription
factor CREB (CRE-binding protein) bound to the
cAMP response element (CRE).

3 Specific gene expression of inducible genes
oceurs.

When epinephrine binds to its receptor, there is an
increase in the intracellular concentration of cAMP.
cAMP is formed from adenosine triphosphate (ATT)
by the action of the enzyme adenylyl cyclase and de-
graded to adenosine monophosphate (AMP) by the
enzyme cAMP phosphodiesterase. This mechanism
led to the concept of a first messenger (epinephrine)
mediating a cell-signaling effect by a second mes-
senger, cAMP. The epinephrine receptor is linked
to adenylyl cyclase by G protein, which stimulates
cyclase activity upon epinephrine binding.

The intracellular signaling effects of cAAMP (Figure
3-6) are mediated by the enzyme cAMP-dependent
protein kinase (or protein kinase A). In its inactive
form, protein kinase A is a tetramer composed of
two regulatory subunits (to which cAMP binds) and
two catalytic subunits. Binding of cAMP results in
the dissociation of the catalytic subunits. Free cata-
lytic subunits can phosphorylate serine residues on
target proteins.

In the epinephrine-dependent regulation of gly-
cogen metabolism, protein kinase A phosphorylates
two enzymes:

1. Phosphorylase kinase, which in turn phosphory-
lates glycogen phosphorylase to break down glycogen
into glucose-1-phosphate.
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Figure 3-7. Phospholipids-calcium pathway which activates cAMP-inducible genes.
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2. Glycogen synthase, which is involved in the
synthesis of glycogen. Phosphorylation of glycogen
synthase prevents the synthesis of glycogen.

Note that an elevation of cAMP results in two
distinct events: the breakdown of glycogen and,
at the same time, a blockage of further glycogen
synthesis. Also note that the binding of epinephrine
to a single receptor leads to a signal amplification
mechanism during intracellular signaling mediated
by many molecules of cAMP. cAMP signal amplifica-
tion is further enhanced by the phosphorylation of
many molecules of phosphorylase kinase and gly-
cogen synthase by the catalytic subunits dissociated
from protein kinase A. It is important to realize that
protein phosphorylation can be rapidly reversed by
protein phosphatases present in the cytosol and as
transmembrane proteins. These protein phosphatases
can terminate responses initiated by the activation of
kinases by removing phosphorylated residues.

cAMP also has an effect on the transcription of spe-
cific target genes that contain a regulatory sequence
called the cAMP response element (CRE). Catalytic
subunits of protein kinase A enter the nucleus after
dissociation from the regulatory subunits. Within the
nucleus, catalytic subunits phosphorylate a transcrip-
tion factor called CRE-binding protein (CREB),
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c¢GMP is also a second messenger. It is produced
from guanosine triphosphate (GTP) by guanylate
cyclase and degraded to GMP by a phosphodiesterase.
Guanylate cyclases are activated by nitric oxide and
peptide signaling molecules.

The best characterized role of cGMP is in photo-
receptor rod cells of the retina, where it converts light
signals to nerve impulses. Chapter 9, Sensory Organs:
Vision and Hearing, in the eye section, provides a
detailed description of this cell signaling process.

The phospholipid—calcium pathway

Another second messenger involved in intracellular
signaling derives from the phospholipid phosphati-
dylinositol 4,5-bisphosphate (PIP2) present in the
inner leaflet of the plasma membrane (Figure 3-7).

The hydrolysis of PIP2 by the enzyme phospholi-
pase C (PLC), stimulated by a number of hormones
and growth factors, produces two second messengers:
diacylglycerol and inositol 1,4,5-trisphosphate
(IP3). These two messengers stimulate two down-
stream signaling pathway cascades: protein kinase C
and Ca2+ mobilization.

Two forms of PLC exist: PLC-f and PLC-y.
PLC-f is activated by G protein. PLC-Y contains
SH2 domains that enable association with receptor
tyrosine kinases. Tyrosine phosphorylation increases
PLC-Y activity, which in turn stimulates the break-
down of PIP2.

Diacylglycerol, derived from PIP2 hydrolysis,
activates members of the protein kinase C family
(protein serine and threonine kinases).

Phorbol esters are tumor growth—promoting agents
acting, like diacylglycerol, by stimulation of protein
kinase C activities. Protein kinase C activates other
intracellular targets such as protein kinases of the
MAP kinase pathway to phosphorylate transcription
factors leading to changes in gene expression and cell
proliferation.

The calcium-calmodulin pathway
Although the second messenger diacylglycerol re-



Figure 3-8. MAP kinase pathway
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¥ Ligand binding to a growth factor receptor activates the small
GTP-binding protein Ras (rat sarcoma virus), which interacts with Raf protein
kinase.

B3 Raf phosphorylates and activates MEK (MAP kinase or ERK kinase),
which then activates ERK (extracellular signal-regulated kinase) by
phosphorylation of tyrosine and threonine residues.

[EJ Activated ERK translocates into the nucleus where it phosphorylates the
transcription factor Elk-1.

Activated Elk-1 binds to SRE (serum response element) forming a
complex with SRF (serum response factor).

B Gene induction occurs.

mains associated with the plasma membrane, the
other second messenger IP3, derived from PIP2,
is released into the cytosol to activate ion pumps
and free Ca2+ from intracellular storage sites. High
cytosolic Ca2+ concentrations (from a basal level of
0.1 uM to an increased 1.0 uM concentration after
cytosolic release) activate several Ca2+-dependent
protein kinases and phosphatases.

Calmodulin is a CaZ+-dependent protein that is ac-
tivated when the Ca2+ concentration increases to 0.5
uM. Ca2+-calmodulin complexes bind to a number
of cytosolic target proteins to regulate cell responses.

Note that Ca2+is an important second messen-
ger and that its intracellular concentration can be
increased not only by its release from intracellular
storage sites but also by increasing the entry of Ca2+
into the cell from the extracellular space. The regu-
lation of myosin light chain kinase activity by the

calcium-calmodulin pathway is described in Chapter
1, Epithelium.

The Ras, Raf, and MAP kinase pathway

This pathway involves evolutionarily conserved
protein kinases (yeast to humans) with roles in cell
growth and differentiation. MAP kinases are protein
serine and threonine kinases activated by growth
factors and other signaling molecules (Figure 3-8).

A well-characterized form of MAP kinase is the
ERK family. Members of the ERK (for extracellular
signal-regulated kinase) family act through either
protein tyrosine kinase or G protein—associated
receptors. Both cAMP and Ca2+-dependent path-
ways can stimulate or inhibit the ERK pathway in
different cell types.

The activation of ERK is mediated by two protein
kinases: Raf, a protein serine or threonine kinase,
which, in turn, activates a second kinase called MEK
(for MAP kinase or ERK kinase). Stimulation of a
growth factor receptor leads to the activation of the
GTP-binding protein Ras (for rat sarcoma virus),
which interacts with Raf. Raf phosphorylates and
activates MEK, which then activates ERK by phos-
phorylation of serine and threonine residues. ERK
then phosphorylates nuclear and cytosolic target
proteins.

In the nucleus, activated ERK phosphorylates the
transcription factors Elk-1 (for E-26-like protein 1)
and serum response factor (SRF), which recognize
the regulatory sequence called serum response ele-
ment (SRE).

In addition to ERK, mammalian cells contain two
other MAP kinases called JNK and p38 MAP kinases.
Cytokines, heat shock and ultraviolet irradiation
stimulate JNK and p38 MAP kinase activation medi-
ated by small GTP-binding proteins different from
Ras. These kinases are not activated by MEK but by
a distinct dual kinase called MKK (for MAP kinase
kinase). JNK kinases have been associated with the
development of insulin restistance.

A key element in the ERK pathway are the Ras
proteins, a group of oncogenic proteins of tumor
viruses that cause sarcomas in rats. Mutations in the
Ras gene have been linked to human cancer. Ras
proteins are guanine nucleotide-binding protein
with functional properties similar to the G protein
o subunits (activated by GTP and inactivated by
guanosine diphosphate [GDP]).

A difference with G protein is that Ras proteins
do not associate with By subunits. Ras is activated
by guanine nucleotide exchange factors to facilitate
the release of GDP in exchange for GTP. The activ-
ity of the Ras-GTP complex is terminated by GTP
hydrolysis, which is stimulated by GTPase-activating
proteins.

In human cancers, mutation of Ras genes results
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Figure 3-9. JAK-STAT pathway
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in a breakdown failure of GTP and, therefore, the
mutated Ras protein remains continuously in the
active GTP-bound form.

The JAK-STAT pathway

The preceding MAP kinase pathway links the cell
surface to the nucleus signaling mediated by a protein
kinase cascade leading to the phosphorylation of tran-
scription factors. The development of the erythroid
lineage (red blood cell formation) in bone marrow
stimulated by erythropoietin involves the JAK-STAT
pathway (see Chapter 6, Blood and Hematopoiesis).

The JAK-STAT pathway provides a close connec-
tion between protein tyrosine kinases and transcrip-
tion factors by directly affecting transcription factors
(Figure 3-9).

STAT (for signal transducers and activators of
transcription) proteins are transcription factors
with an SH2 domain. STAT proteins are present in
the cytoplasm in an inactive state. Stimulation of a
receptor by ligand binding recruits STAT proteins,
which bind to the cytoplasmic portion of receptor-
associated JAK protein tyrosine kinase through
their SH2 domain and become phosphorylated.
Phosphorylated STAT proteins then dimerize and
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translocate into the nucleus, where they activate the
transcription of target genes.

NF-xB transcription factor pathway

NEF-kB (for nuclear factor involved in the transcrip-
tion of the ¥ light chain gene in B lymphocytes) is
a transcription factor involved in immune responses
in several cells. NF-kB is activated by protein kinase
C (Figure 3-10).

In its inactive state, the NF-kB protein het-
erodimer is bound to the inhibitory subunit I-kB
and the complex is retained in the cytoplasm. The
phosphorylation of I-kB, triggered by protein kinase
C, leads to the destruction of 1-kB by the 26S pro-
teasome and the release of NF-kB. The free NF-xB
heterodimer translocates into the nucleus to activate
gene transcription in response to immunologic and
inflammatory signaling.

The integrin-actin pathway

As discussed in Chapter 1, Epithelium, integrin
heterodimers are cell surface receptors that interact
with the extracellular matrix (ECM) and the actin
cytoskeleton through intermediary proteins. Cell
adhesion to the ECM is essential for embryonic de-
velopment, tissue stability, homing and homeostasis.

Actin relationship to integrins enables not only a
mechanical role of F-actin in cell adhesion buy also
the transmission of chemical signals inside the cell
initiated at the ECM. Although integrin subunits
a and  do not have an intrinsic kinase domain,
they utilize associated proteins to transmit signals.
Integrin-mediated interaction between the ECM and
the actin cytoskeleton generally takes place at focal
adhesion sites on the cell surface where integrins
aggregate.

As shown in Figure 1-11 in Chapter 1, Epithelium,
talin binds to the cytoplasmic domain of f subunit
of integrin. Vinculin does not interact directly with
[ subunit tails, but interacts with talin and ot-actinin;
the latter interacts with F-actin. Focal adhesion kinase
(FAK), which interacts with talin, phosphorylates
their associated proteins, including paxillin. These
interactions determine a conformational change that
enables the extracellular domain of integrins to in-
crease their binding affinity for extracellular ligands.
As you recall, the f§ subunit of integrin binds to the
RGD (arginine-glycine-aspartic acid) domain pres-
ent in laminin and fibronectin, two ligands present

in the ECM.

General Pathology: Specific signaling pathways

There are additional signaling pathways with impor-
tant roles in embryonic and fetal development, body
axis patterning, cell migration and cell proliferation.
All of them contain numerous components subject
to diverse regulatory steps and crosstalk mechanisms.



Figure 3-10. NF-xB transcription factor pathway
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Some of them use different downstream effectors
activated by specific transcription factors.

Box 3-D presents the basic elements of:

1. Hedgehog (HH) signaling.

2. Wingless (Wnt)/p-catenin signaling.

3. Notch signaling pathways.

Box 3-E provides relevant features of:

4. Transforming growth factor-f (TGF-B) sig-
naling.

5. Bone morphogenetic protein (BMP) signaling,
a member of the TGF-f superfamily.

6. Fibroblast growth factor (FGF) signaling.

The clinical relevance and multifunctional nature
of these pathways are represented by mutations lead-
ing to a number of diseases. We will refer to these
pathways in several chaprers.

General Pathology: Stem cell niches and stemness
Cells in the body show a remarkable range in ability
to divide and grow. Some cells (for example, nerve
cells and erythrocytes) reach a mature, differentiated
state and usually do not divide. Such cells are referred
to as postmitotic cells.

Other cells, called stem cells, show continuous
division throughout life (for example, epithelial cells
lining the intestine and stem cells that give rise to
the various blood cell types). Many other cells are
intermediate between these two extremes and remain
quiescent most of the time but can be triggered to
divide by appropriate signals. Liver cells are an ex-
ample. If the liver is damaged, cell division can be

@— Cap

ubiquitin. Ubiquitinized proteins are taken up
by the 26S proteasome and degraded in the
chamber of the barrel component.

triggered to compensate for the lost cells.

Stem cells have three properties (Figure 3-11):

1. Self-renewal.

2. Proliferation.

3. Differentiation.

These properties depend in part on the specific
microenvironment where they reside, called stem
cell niche. The stem cell niche provides stem cells the
appropriate signals to remain into a quiescent state,
preventing their progression towards final differentia-
tion, or to become activated.

The interplay between the stem cell niche and the
cellular state of a stem cell is governed by stemness.
Stemness is the characteristic gene expression profile
of different stem cells not observed in ordinary, non-
stem cells. Stemness genes (enriched in stem cells)
include Nanog, Oct4, Myc, Sox2 and Kif% (Kriipel-like
factor 4). The concept of stemness is relevant to the
pursuit of reprogramming other cells into stem cells,
the realm of regenerative medicine.

Stem cells have the potential to generate a large
number of mature cells continuously throughout
life. When stem cells divide by mitosis, some of
the progeny differentiates into a specific cell type.
Other progeny remains as stem cells within the stem
cell niche.

The intestinal epithelium, the epidermis of the skin,
the hematopoietic system, and spermatogenic cells of
the seminiferous epithelium share this property. We
discuss in detail the significance of stem cells in each
of these tissues in the appropriate chapters.
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Box 3-D | Cell signaling pathways: Hedgehog signaling, Wingless (Wnt)/f-catenin signaling and Notch signaling

Hedgehog (HH) signaling

Patched homologue 1 Hedhehog (HH)

(PTCH1)

Smoothened (SMO)

Ly .—Suppressor
G|I3 of fused

(Sufu)

Cleaved transcription
factor Gli3 (Glioma)
repressor

Gli
O
Full-length

To the nucleus activated Gli2a

Wingless (Wnt)/{3-catenin signaling

Whnt protein
Lipoprotein receptor-related
protein 5 (LRP5) or LRP6

1 L Phosphatidylinositol
{3-catenin G-protein

Frizzled (FZD)

Key functions: Involved in switching Gli factors from transcriptional repressors into
activators in the cytoplasm to allow HH-specific transcriptional events.

Pathway: HH proteins bind to the receptor PTCH1 and then signal through SMO,
a transmembrane protein, to regulate gene transcription by repressing or activating
Gli3, a transcription factor. If SMO is not present, Sufu permits the truncated Gli3
repressor to block HH-specific gene expression. If SMO is present, activated
full-length Gli2a translocates to the cell nucleus to regulate HH-specific gene
expression (the expression of cyclin D, cyclin E, Myc and Patched).

HH ligands: Sonic (Shh), Indian (Ihh) and Desert (Dhh).

Pathogenesis: Gorlin syndrome, basal cell carcinoma (skin), medulloblastoma.

Key functions: Regulation of stem cell differentiation during development through
B-catenin-dependent or B-catenin-independent pathways. This pathway integrates
signals from other signaling pathways (FGF, TGF-g and BMP).

Pathway: In the p-catenin-dependent pathway, Wnt secretory glycoprotein
binds to FZD receptor and coreceptors LRP5/LRP6 to stabilize p-catenin in the
cytoplasm. Then, p-catenin translocates to the nucleus and stimulates the
transcription of Wnt target genes by interacting with the coactivators LEF1
(Iymphoid enhancer-binding factor 1) and TCF (T cell factor) 1, TCF3 and TCF4

B (not shown). In the p-catenin independent pathway, Wnt protein induces G

Protein kinase Cd (PKCd)

protein-coupled phosphatidylinositol to activate PKCs.

Pathogenesis: Point mutations of B-catenin in human colorectal tumors prevent

To the nucleus

Notch signaling

phosphorylation of the kinase GSK-3p (see Chapter 16, Lower Digestive Segment).

Key functions: The Notch signaling pathway mediated cell-cell communication

(juxtacrine cellular signaling) by direct cell-cell contact.

Notch ligand (Jagged [JAG1, JAG2]

or Deltarlike [DLL1, DLL2 and DLL4]) ,_ Nﬁ;f:hrfcﬁfgh "

Pathway: Following ligand binding (JAG1, JAG2, DLL1, DDL3 and DLL4), Notch
receptors (1 to 4) undergo proteolytic cleavage catalyzed by the y-secretase

complex that includes presenilin 1 (PS1) or PS2. The intracellular domain (NICD)

y-secretase cleaves the
intracellular domain of
Notch receptor in the
presence of PS1 or PS2

—
Presenilin 1 (PS1 or PS2)
Notch intracellular domain (NICD) -
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of Notch receptor is released from the plasma membrane and translocates to the
nucleus. In the nucleus, NICD interacts with the transcription factor CSL and
activates the transcription of target genes (such as HES and HEY family of
transcription factors, not shown) to regulate the expression of other genes.
Pathogenesis: The nuclear accumulation of NICD is obsereved in acute

lymphoblastic leukemia and lymphoma. Non-functional Notch receptor and

To the nucleus [ CSL Transcription factor

Regenerative medicine by cell reprogramming
Following stress and injury, other tissues, such as the
liver, muscle, and the nervous system, can regenerate
mature cells. For example, bone marrow stem cells
can produce muscle tissue as well as hematopoietic
tissue in an appropriate host system (see Chapter 7,
Muscle Tissue). Cultured stem cells of the central
nervous system are capable of hematopoiesis in
transplanted irradiated mouse recipients.

Recall that embryonic stem cells, forming the
inner cell mass (embryoblast) of the early embryo
(the blastocyst), have the potential to differentiate
into almost all tissues and organs except the placenta.

Patient-derived pluripotent embryonic stem cells,
matching genetically the own cells of a patient,
provide an experimental source of medically useful
differentiating tissues (such as pancreatic islets for the
treatment of diabetes, skin for the treatment of burns
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ligands are implicated in the autosomal dominant form of cerebral arteriopathy.

and wounds, regenerating cartilage for the treatment
of arthritis, and endothelial cells for the repair of
blood vessels affected by arteriosclerosis) and reduce
the risk of rejection by the immune system.

Three cell reprogramming methods have been used
in culture to produce patient-derived pluripotent
embryonic stem cells:

1. To induce programmed stem cells (iPS) from
mature cells grown in the presence of a transcription
factor cocktail.

2. By somatic cell nuclear transfer (SCNT), or
cloning, consisting in the removal of the nucleus from
an egg and replaced with the nucleus of a mature
donor somatic cell. As the embryo develops, nuclear
transfer embryonic cells (NT ES) are removed from
the inner cell mass. Note that NT ES are genetically
matched to the donor cell.

3. By collecting blastocysts from the inner cell



Box 3-E | Cell signaling pathways: Transforming growth factor-g (TGF-3)BMP and Fibroblast growth factor (FGF) signaling

Transforming growth factor-f3 (TGF-3) signaling
Bone morphogenetic protein (BMP) signaling

Heterotetramer of type | and
type Il Ser/Thr kinase receptors [

Tl

'GF-p — SMAD2, SMAD3
SMAD1, SMAD5 or SMAD8
I

BMP/TGF- ligands

P P
SMAD1, SMADS5 or SMAD8

3MP SMAD4 SMAD
complex
To the nucleus formation

Fibroblast growth factor (FGF) signaling

Fibroblast growth receptors Fibroblast growth factor (FGF)

(FGFR1 to FGFR4)

PIP2 Raf
| PLCy
i) PKCO  MEK
DAG
MAPK/ERK

To the nucleus =

mass of embryos derived from in vitro fertilization
(IVF) to generate unprogrammed embryonic stem
cells IVF ES).

Although human pluripotent stem cells are im-
portant for regenerative medicine, there are poten-
tial complication derived from the three available
approaches. For example, human iPS are not fully
reprogrammed and have epigenetic differences with
NT ES and IVF ES. As we discuss in Chapter 20,
Spermatogenesis, epigenetic defines the genomic
modifications that impact on gene expression without
modifying DNA sequence.

Box 3-F | Epithelial-mesenchymal transition (EMT)

* Epithelial-mesenchymal transition occurs when epithelial cells lose intercel-
lular junctions, adhesion molecules and apical-basolateral polarity and become
migratory and even invasive, as in the case of cancer.

* Epithelial cells adopt a mesenchymal phenotype: they establish interactions with
the extracellular matrix, lose cell-cell contacts by downregulating the expression
of E-cadherin, disrupt their apical-basal polarity and reorganize their cytoskel-
eton.

* Induction of EMT involves the activation of SNAIL transcription factors to
repress E-cadherin and the nuclear translocation of SMAD proteins in response
to key transcription factor activation of TGF-B/BMP and Wnt/B-catenin signaling.
* EMT is classified as: (1) Type 1 EMT, that takes place during embryonic devel-
opment. An example are cells of the neural crest that become mobile and migrate
and localize into various organs. (2) Type 2 EMT, that is observed during fibrosis
following tissue injury and inflammation. An example is fibrogenesis, that occurs
during chronic liver disease and can lead to cirrhosis. (3) Type 3 EMT, that oc-
curs in cancer and metastasis when tumor cells disassemble cell-cell contacts.

Key functions: BMPs are members of the TGF- superfamily and regulate cell
growth, differentiation, and development in a wide range of biological processes by
activating SMAD proteins.

Pathway: BMP/TGF-f3 ligands induce the oligomerization of serine/ threonine
receptor kinases and phosphorylation of the cytoplasmic signaling molecules
SMAD?2 and SMAD3 for the TGF-3 pathway, or SMAD1/5/8 for the BMP pathway.
The common SMAD4 transducer translocates to the nucleus. Activated SMADs
regulate several biological processes by cell-specific modulation of transcription.
Pathogenesis: TGF-g is a tumor suppressor of pre-malignant cells but enhances
invasion and metastasis of more advanced carcinomas. Mutations of SMAD4 genes
are frequent in gastrointestinal and pancreatic tumors. TGF-g and BMP can be
involved in epithelial-mesenchymal transition (EMT; see Box 3-F).

Key functions: The FGF signaling pathway is involved in the regulation of several
developmental processes including patterning, morphogenesis, differentiation, cell
proliferation or migration.

Pathway: Ligand binding to tyrosine kinase FGF receptors 1 to 4, results in the
dimerization and subsequent transactivation by phosphorylation of tyrosine
residues. The four main activated signaling pathways are: JAK/STAT (not shown),
Phosphatidylinositol 3-kinase (not shown), Phospholipase C-y (PLCy) and
MAPK/ERK. MAPK/ERK translocates to the nucleus and phosphorylates specific
transcription factors. PIP2: phosphatidyl-inositol; IP3: inositol-triphosphate; DAG:
diacylglycerol; PKC®: protein kinase C6; MEK: MAP kinase or ERK kinase; MAPK:
mitogen—activated protein kinase; ERK: extracellular signal-regulated kinase.

At present, IVF ES exhibit properties close to the
intact blastocysts but they are allogenic (they exhibit
properties close to the intact blastocysts but are ge-
netically different and potentially incompatible when
transplanted). NT ES are epigenetically stable (like
IVF ES) and histocompatible (like iPS).

Cell culture

Cell culture techniques have been a powerful tool for
examining the factors that regulate cell growth and for
comparing the properties of normal and cancer cells.

Many cells grow in tissue culture, but some are
much easier to grow than others. Culture medium
contains salts, amino acids, vitamins, and a source
of energy such as glucose. In addition, most cells
require a number of hormones or growth factors
for sustained culture and cell division. These factors
are usually provided by addition of serum to the
culture medium.

For some cell types the components supplied by
serum have been identified, and these cells can be
grown in serum-free, hormone and growth fac-
tor—supplemented medium. Some of these factors
are hormones, such as insulin, and growth factors,
including EGE, FGE, and PDGE

When normal cells are placed in culture in the pres-
ence of adequate nutrients and growth factors, they
will grow until they cover the bottom of the culture
dish, forming a monolayer. Further cell division then
ceases. This is called density-dependent inhibition
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Figure 3-11. Properties of stem cells

ﬂ A stem cell can self-renew and give

rise to either cells of its own type or cells

entering a terminal differentiation pathway.
Depending on tissue requirements,

stemness-associated genes can dictate Stromal cell

whether stem cell can remain transiently

dormant or undergo steady-state

cycling. Stem cell
replenishment

) Proliferation (self-renewal)

B A precursor cell can
undergo several rounds of
cell divisions. As a
pecursor cell differentiates,
it acquires distinctive
features characteristic of
each lineage.

_ (@ pifferentiated
cells are nonmitotic
with a finite life span.

B Differentiating cells of a lineage
follow a unique maturation sequence.

of growth. The cells become quiescent but can be
triggered to enter the cell cycle and divide again by
an additional dose of growth factor or by replating
at a lower cell density.

Cells cultured from a tissue can be kept growing
and dividing by regularly replating the cells at lower
density once they become confluent. After about 50
cell divisions, however, the cells begin to stop dividing
and the cultures become senescent.

The number of divisions at which this occurs
depends on the age of the individual from which
the initial cells were taken. Cells from an embryo,
human embryonic stem cells (HESCs), have two
unique properties: self-renewal (the ability to pro-
liferate indefinitely while maintaining their cellular
identity), and pluripotency (the ability to differenti-
ate into all the cell types of the embryo). Yet, HESCs
share cellular and molecular aspects with tumor
cells: rapid proliferation, lack of contact inhibition,
genomic instability, high telomerase activity and
high expression of oncogenes. When injected into
immunodeficient mice, HESCs form teratomas,
benign tumors consisting of differentiated tissues
from all three germinal layers. HESCs can also form
teratocarcinomas, aggressive tumors representing the
malignant equivalents of the teratomas.
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Stem cells are maintained in
microenvironmental niches
consisting of stromal cells

Stem cells have three characteristics: self-
renewal, proliferation, and differentiation into
mature cells. Stem cells are housed in niches
consisting of stromal cells that provide factors for
their maintenance.

Stem cells of the embryo can give rise to cell
precursors that generate all the tissues of the body.
This property defines stem cells as multipotent.

Stem cells are difficult to identify morphologically.
Their identification is based on specific cell surface
markers (cell surface antigens recognized by
specific monoclonal antibodies) and on the lineage
they generate following transplantation.

Three typical examples are the stem cells of
bone marrow, intestine, and testes.

Occasionally, cells that would normally stop grow-
ing become altered and appear to become immortal.
Such cells are called a cell line. Cell lines are very
useful experimentally and still show most of the phe-
notype and growth characteristics of the original cells.

An additional change known as transformation is
associated with the potential for malignant growth.
Transformed cells no longer show normal growth
control and have many alterations, such as anchorage-
independent growth. In contrast, normal cells grow
when anchored to a solid substrate.

Cells in culture can be transformed by chemical
carcinogens or by infection with certain viruses
(tumor viruses). Tumor viruses will also cause tumors
in certain host animals, but in different species they
may cause ordinary infections. Cancer cells cultured
from tumors also show the characteristics of trans-
formation. We will discuss the role of retroviruses in
carcinogenesis at the end of this chapter.

General Pathology: Cellular senescence and cancer
Aging is the gradual decline over time in cell and
tissue function that often, not always, decreases the
longevity of an individual. Cellular senescence (Latin
senex, old man or old age) specifies the molecular
aspects of loss of function of mitotic cells during ag-
ing. Senescence is used interchangeably with aging.

At older age, cellular senescence in humans deter-
mines typical pathologies, including atherosclerosis
(leading to brain stroke), heart failure, osteoporosis,
macular degeneration, cardiopulmonary and renal
failure and neurodegenerative diseases such as Al-
zheimer’s and Parkinson’s disease.
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Figure 3-12. Mechanisms of cell injury

Unregulated efflux of K¥ — g+

Unregulated entry of
water, Na+ and Ca2+

€ Failure of ATP- dependent pumps

Cytoplasm Na+ . Nuclear
Ca2+ Ho0 envelope
Mitochondrial :
: permeability J €3 Apoptosis
transition
Decreased ATP
production Cell necrosis DNA fragmentation
Increase of reactive Activation of
oxygen species, ROS ﬂ cytosolic enzymes
Leakage of Apoptosis
cytochrome ¢
B vitochondrial damage R Leakage of Degradation of cell
' ' hydrolytic components
Apoptotic body ' ! enzymes
formation Sl M
EJ Lysosomal membrane damage .
Cell necrosis

EJ ATP depletion and an increase of ROS (superoxide, hydrogen
peroxide and hydroxyl radicals) impact on several cellular activities
that may lead to necrosis or apoptosis, depending on the type and
intensity of an injury and the characteristics of the injured cell.

€3 Nonfunctional ATP-dependent pumps fail to regulate the normal
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endonucleases and ATPases) and enhance mitochondrial

Nucleus

permeability (a process called mitochondrial permeability
transition).

E) Lysosomal membrane damage determines the leakage of
hydrolytic lysosomal enzymes into the cytosol.

[ Persistence of mitochondrial damage leads to either necrosis
or apoptosis (triggered by the leakage of mitochondrial cytochrome
¢). Activation of caspases, DNA fragmentation and formation of
apoptotic bodies take place.

An irreversible arrest in cell proliferation takes place
when senescent cells experience DNA damage at telo-
meres and mitogenic signalling fail to prompt them
to resume the cell cycle. In our discussion of mitosis
(see Figure 1-51 in Chapter 1, Epithelium), we call
attention to the role of telomerase, an enzyme that
maintains the ends of chromosomes, or telomeres.

In normal cells, insufficient telomerase activity
limits the number of mitotic divisions and forces
the cell into senescence. Telomere shortening and
the limited life span of a cell are regarded as potent
tumor suppressor mechanisms. Most human tumors
express human telomerase reverse transcriptase
(hTERT). The ectopic expression of h\TERT in pri-
mary human cells confers endless growth in culture.
The use of telomerase inhibitors in cancer patients
is currently being pursued.

General Pathology: Cell and tissue injury
Cell and tissue injury consists in a number of bio-
chemical and morphologic changes resulting from
exogenous or endogenous causes leading to a revers-
ible or irreversible disruption of normal cell function
(Figure 3-12).

Exogenous causes of injury include physical
injury (trauma), thermal injury (heat or cold),
radiation injury (ultraviolet light or ionizing radia-

tion), chemical injury (caustic material), bacterial
toxicity (cholera toxin inducing watery diarrhea),
drug toxicity (mercury toxicity to the kidneys) and
environmental injury (air pollutants). Endogenous
causes of injury include genetic defects (inborn errors
of metabolism) and nutritional deficiency (intestinal
malabsorption resulting from celiac disease).

The most relevant causes of cell injury are hypoxia,
determined by a decrease in the supply of oxygen, and
anoxia, caused by a complete block in the oxygen
supply. Hypoxia and anoxia result from inadequate
oxygen supply (low concentration of oxygen in air at
high altitude, drowning or lung disease), a failure in
oxygen transport in blood (anemia), a disruption in
blood flow (ischemia, determined by heart failure),
blood vessel obstruction (thrombosis or embolism),
disruption in blood supply (rupture of an aneurysm)
or a consequence of inhibition of cellular respiration
(cyanide poisoning).

Complete ischemia by blockage of an arterial
branch of the coronary artery causes infarction of the
cardiac muscle supplied by that blood vessel. If the
occluded blood vessel is reopened soon after ischemic
injury (by angioplasty and thrombolysis), injured
cardiocytes may recover by reperfusion. Irreversibly
injured cardiocytes may not recover by reperfusion.

Reperfusion may be detrimental to viable cardio-
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Figure 3-13. Concept Mapping: Cell death, necrosis, and apoptosis
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cytes at the marginal infarction site by hemorrhage,
caused by damaged endothelial cells, thus hampering
the restoration of blood flow, or by reactive oxygen
species, ROS (superoxide, hydrogen peroxide and
hydroxyl radicals). Free radicals, originated from
oxygen metabolism, are active chemical compounds
that react with lipids, proteins and DNA. Free radicals
damage cell membranes by lipid peroxidation, cause
DNA breakage and inactivate enzymes by protein
crosslinking when protective mechanisms (such as
superoxide dismutase, catalase and glutathione) are
not functional.

Recall that oxygen is essential for aerobic respira-
tion. Hypoxia disrupts normal oxidative phosphory-
lation to the point that the capacity of mitochondria

Cell and tissue injury
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to generate ATP is reduced. ATP provides energy for
the function of Na*/K* ATPase pumps, necessary for
maintaining high concentration of sodium in the ex-
tracellular space and high concentration of potassium
inside the cell. The unregulated cell influx of sodium,
calcium and water from the extracellular space and
the leakage of potassium out of the cell result in cell
swelling (see Figure 3-12).

Severe cell injury can be monitored by the release
of cytoplasmic enzymes into the blood, such as
creatinine kinase (skeletal or cardiac muscle injury),
aspartate aminotransferase, AST, and alanine ami-
notransferase, ALT (injured hepatocytes), and /actate
dehydrogenase, LDH (disrupted cells, including red
blood cells).
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Figure 3-14. Apoptotic bodies
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Depending on the removal or persistence of the
cause and the cell type, cell injury can be reversible
or irreversible. Irreversible cell injury leads to cell
death, or necrosis (Greek nekrds, dead) or apoptosis.

General Pathology: Necrosis
Necrosis can be recognized by specific microscopic
and macroscopic changes (Figure 3-13). Microscopi-
cally, in addition to cell membrane breakdown caused
by cell swelling, the cell nucleus displays pyknosis
(Greek pyknos, crowed; osis, condition; condensation
of chromatin), karyolysis (Greek karyon, nucleus;
lysis, dissolution; breakdown of chromatin by endo-
nucleases) and karyorrhexis (Greek karyon + rhexis,
rupture; presence of fragmented chromatin in the
cytoplasm).

Several forms of necrosis can be recognized at the
macroscopic level.

1. Coagulative necrosis, the most common form
of necrosis resulting from vascular occlusion, is

characterized by a paler than normal tissue area that
retains its overall shape but all cell functions have
stopped. The initial inflammatory response (infiltra-
tion of neutrophils during the first 24 and 48 hours)
is followed days later by the eosinophilic staining of
anucleated cell remnants. An example is myocardial
infarct, caused by ischemia associated to blockage
of a branch of the coronary artery (see Figure 3-13).

2. Liquefactive necrosis is recognized by the
softening of the necrotic tissue caused by hydrolytic
lysosomal enzymes released from dead cells and neu-
trophils. Examples include brain infarct, wherein the
necrotic tissue is removed by macrophages and the
remaining cavity is filled by fluid derived from the
surrounding brain interstitial spaces; an abscess, a
localized purulent infection of the affected organ or
tissue, defined by a cavity occupied with pus (lique-
fied tissue previously infiltrated with neutrophils, see
Figure 3-13); and wet gangrene of extremities, seen
in patients with diabetes, resulting from the tissue
liquefied action of enzymes released from infecting
bacteria (Clostridium perfringens).

3. The crumble consistency and opaque aspect
of the necrotic tissue in caseous necrosis, found
tuberculous and histoplasmosis granulomas (nodular
inflammatory lesions), mimics cottage cheese.

4. Fat necrosis occurs after enzymatic and trau-
matic injury.

Enzymatic fat necrosis involves adipose tissue
within and around the pancreas. The release of lipases
from exocrine pancreatic cells during acute pancre-
atitis destroys the plasma membrane of adipose cells
followed by the breakdown of triglycerides into fatty
acids. Fatty acids combine with interstitial calcium,
giving the necrotic adipose tissue a chalky white ap-
pearance by a process called fat saponification (Latin
sapon, soap).

Traumatic fat necrosis is the consequence of trau-
matic injury (sports and accidents affecting adipose
tissue of the breasts, thigh and other locations).

5. Fibrinoid necrosis is restricted to the smooth
muscle wall of small arteries, arterioles and renal
glomeruli affected by autoimmune diseases such as
systemic lupus erythematosus. Fibrin-like eosino-
philic material impregnates the vascular wall. It can
be recognized under the microscope because it does
not have distinct macroscopic features.

General Pathology: Apoptosis

Under normal physiologic conditions, cells deprived
of survival factors, damaged, or senescent commit sui-
cide through an orderly regulated cell death program
called apoptosis (Greek apo, off; prosis, fall). Viral
infection can induce apoptosis to prevent viral replica-
tion, viral dissemination or persistent viral infection
of the cell. Anticancer drugs as inducers of apoptosis
of cancer cells represent a therapeutic strategy.
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Figure 3-15. Programmed cell death or apoptosis
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Pyroptosis is a specialized form of programmed cell
death that involves the activity of caspase 1. It is
characterized by cell swelling, plasma membrane
breakdown, and DNA fragmentation. The cytoplasmic
content is released into the extracellular space to

enhance inflammatory and repair responses.

In contrast to pyroptotic cells, apoptotic cells fail to
trigger inflammatory responses because cell
components are packaged in apoptotic bodies, and (2)
caspase 1 is not involved in the induction of apoptosis.

B The death-inducing cell signaling
complex (DISC) consists of Fas receptor,
FADD, and procaspase 8. Within DISC,
procaspase 8 becomes active caspase 8.

u Procaspases consist of
two subunits (p10 and p20)
and an N-terminal recruitment
domain.

Caspases can be upstream
initiators with a long
N-terminal prodomain called
CARD (such as procaspase 8)
or downstream executioners
with a short N-terminal
prodomain called DED (such
as procaspase 3). Activated
caspases are heterotetramers.
Upstream caspases can
activate downstream
executioner caspases.

B Activated caspase 8 can
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CAD, a caspase-activated
DNAse. CAD migrates to the
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fragmentation.

ﬂ The cytochrome ¢
pathway. Activated caspase
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of the Bcl-2 family of proteins.

Truncated Bid facilitates
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Activated caspases
cleave two DNA repair
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Apoptosis is different from necrosis. As we have
seen, necrosis is 2 nonphysiologic process that occurs
after acute injury (for example, in an ischemic stroke).
Necrotic cells lyse and release cytoplasmic and nuclear
contents into the environment, thus triggering an
inflammatory reaction.

Cells undergoing apoptosis lose intercellular adhe-
sion, fragment the chromatin, and break down into
small blebs called apoptotic bodies (Figure 3-14).
Apoptotic bodies are phagocytosed by macrophages
and inflammation does not occur.

Apoptotic cell death is observed during normal
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fetal development. For example, the formation of
fingers and toes of the fetus requires the elimination
by apoptosis of the tissue between them. During fetal
development of the central nervous system, an excess
of neurons, eliminated later by apoptosis, is required
to establish appropriate connections or synapses
between them (see Chapter 8, Nervous Tissue). The
regression of the embryonic miillerian duct in the
male fetus is triggered by Sertoli cell-derived anti-
miillerian hormone, AMH (see Chapter 21, Sperm
Transport and Maturation).

In the adult female, the breakdown of the endome-



Figure 3-16. Role of mitochondria in apoptosis
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trium during the premenstrual phase and the regres-
sion of the corpus luteum in the ovary are determined
by a hormonal-regulated ischemia and consequent
hypoxia (see Chapter 22, Follicle Development and
The Menstrual Cycle).

Mature granulocytes in peripheral blood have a
life span of 1 to 2 days before undergoing apoptosis.

The clonal selection of T cells in the thymus
(to eliminate self-reactive lymphocytes to prevent
autoimmune diseases; see Chapter 10, Immune-
Lymphatic System) and cellular immune responses
involve apoptosis.

What a nematode worm told us about apoptosis
The genetic and molecular mechanisms of apoptosis
emerged from studies of the nematode worm Cae-
norbabditis elegans, in which 131 cells are precisely
killed and 959 remain.

In this worm, four genes are required for the or-
derly cell death program: ced-3 (for cell death defec-
tive-3), ced-4, egl-1 (for egg laying-1), and ced-9. The
products of the first three genes mediate cell death.
The gene ced-9 is an inhibitor of apoptosis.

The proteins encoded by these four genes in
the worm are found in vertebrates. Protein ced-3
is homologous to caspases; ced-4 corresponds to
Apaf-1 (for apoptotic protease activating factor-1),
ced-9 to Bel-2 (for B-cell leukemia-2); and egl-1 is
homologous to Bcl-2 homology region 3 (BH3)-only
proteins.

B Apoptosis-inducing factor (AIF) is a
mitochondrial protein that can be released into
the cytoplasm, migrate to the cell nucleus, bind
to DNA and trigger DNA fragmentation in the
absence of caspases.

Extrinsic and intrinsic signals of apoptosis
Extrinsic and intrinsic signals determine cell apopto-
sis. Extrinsic signals bind to cell surface receptors (for
example, Fas ligand and granzyme B/perforin) (Figure
3-15). Intrinsic signals (for example, the release of
cytochrome ¢ from mitochondria) can trigger cell
death (see Figure 3-15 and Figure 3-16).

Fas receptor (also known as APO-1 or CD95) is
a cell membrane protein that belongs to the TNF
receptor family (already discussed in the Cytokine
receptor and ligand section). Fas receptor has an
intracellular cell death domain.

Fas ligand binds to Fas receptor and causes its
trimerization. Fas ligand initiates programmed cell
death by binding to the Fas receptor and triggers a
cell signaling cascade consisting of the sequential
activation of procaspases into active caspases. The
trimerized cell death domain recruits procaspase
8 through the FADD (for Fas-associated protein
with death domain) adaptor and forms a DISC (for
death-inducing signaling complex). DISC consists
of Fas receptor, FADD, and procaspase 8.

Procaspase 8 autoactivated at DISC becomes active
caspase 8. Active caspase 8 can do two things:

1. It can process procaspase 3 to active caspase 3,
which can cleave several cellular proteins, including
ICAD (for inhibitor of CAD) giving rise to CAD.
CAD (for caspase-activated DNAse) is released from
ICAD, translocates to the cell nucleus, and breaks
down chromosomal DNA.

Apoptosis
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2. Caspase 8 can cleave Bid, a proapoptotic mem-
ber of the Bcl-2 family. The truncated Bid translocates
to mitochondria to release cytochrome ¢ into the
cytoplasm.

As discussed in Chapter 10, Immune-Lymphatic
System, a cytotoxic T cell destroys a target cell (for
example, a virus-infected cell) by the activation of
procaspase 8 by the combined Fas/Fas ligand and
granzyme B/perforin pathways.

Remember that caspase activation, the key event of
apoptosis, involves two extrinsic pathways: the Fas/
Fas ligand and the granzyme B/perforin pathways and
an intrinsic pathway, the mitochondrial cytochrome
¢ pathway (see Concept Mapping in Figure 3-13)

Caspases: Initiators and executioners of cell death
Caspases (for cysteine aspartic acid—specific prote-
ases) exist as inactive precursors (procaspases), which
are activated to produce directly or indirectly cellular
morphologic changes during apoptosis.

Procaspases consist of two subunits (p10 and
p20) and an N-terminal recruitment domain (see
Figure 3-15). Activated caspases are heterotetramers
consisting of two p10 subunits and two p20 subunits
derived from two procaspases.

Caspases can be upstream initiators and down-
stream executioners. Upstream initiators are activated
by the cell-death signal (for example, Fas ligand
or TNFL). Upstream initiator caspases activate
downstream caspases, which directly mediate cell
destruction.

Completion of the cell death process occurs when
executioner caspases activate the DNA degradation
machinery. Caspases cleave two DNA repair enzymes
(poly-ADP-ribose polymerase [PARP], and DNA
protein kinase), and unrestricted fragmentation of
chromatin occurs.

As you realize, the key event in caspase-mediated
cell death is the regulatory activation of initiator
caspases.

Upstream (initiator) procaspases include procas-
pases 8,9, and 10 with along N-terminal prodomain
called CARD (for caspase-recruiting domain).
Downstream (executioner) procaspases comprise
procaspases 3, 6, and 7 with a short N-terminal
prodomain called DED (for death-effector domain).

Caspase activation takes place when a caspase-spe-
cific regulatory molecule (for example, FADD) binds
to the CARD/DED domain. Caspase activation may
become out of control and destroy the cell. To prevent
this uncontrolled event, inhibitors of apoptosis are
available to interact with modulators of cell death,
thus preventing unregulated caspase activation.

Intrinsic pathway: Mitochondrial cytochrome ¢
Cytochrome ¢ is a component of the mitochondria
electron-transporting chain involved in the produc-
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tion of ATD, and also a trigger of the caspase cascade.

The cell death pathway can be activated when
cytochrome ¢ is released from the mitochondria
into the cytoplasm. How does cytochrome ¢ leave
mitochondria? To answer this question, we need to
consider aspects of members of the Bcl-2 family.

Bcl-2 family members can have proapoptotic
or antiapoptotic activities. Bcl-2 and Bcl-xL have
antiapoptotic activity. Bax, Bak, Bid, and Bad are
proapoptotic proteins. Bcl-2 is associated with the
outer mitochondrial membrane of viable cells and
prevents Bax from punching holes in the outer
mitochondrial membrane, causing cytochrome ¢ to
leak out. A balance between proapoptotic Bax and
antiapoptotic Bcl-2 proteins controls the release of
cytochrome c.

In the cytoplasm, leaking cytochrome ¢, in the
presence of ATD, soluble internal membrane proteins
(SIMPs), and procaspase 9, binds to Apaf-1 to form
a complex called an apoptosome. The apoptosome
determines the activation of caspase 9, an upstream
initiator of apoptosis (see Figure 3-16). Caspase 9
activates caspase 3 and caspase 7, leading to cell death.

As you can see, exogenous activators, such as Fas
ligand and Granzyme B, and the endogenous mi-
tochondrial permeability transition, leading to an
abrupt release of cytochrome ¢, are three key triggers
of apoptosis. However, AIF (for apoptosis-inducing
factor) is a protein of the intermitochondrial mem-
brane space that can be released into the cytoplasm,
migrate to the nucleus, bind to DNA, and trigger cell
destruction without participation of caspases.

General Pathology: Apoptosis in the immune
system

Mutations in the Fas receptor, Fas ligand, or caspase
10 genes can cause autoimmune lymphoproliferative
syndrome (ALPS). ALPS is characterized by the ac-
cumulation of mature lymphocytes in lymph nodes
and spleen causing lymphoadenopathy (enlargement
of lymph nodes) and splenomegaly (enlargement of
the spleen), and the existence of autoreactive lym-
phocyte clones producing autoimmune conditions
such as hemolytic anemia (caused by destruction
of red blood cells) and thrombocytopenia (reduced

number of platelets).

General Pathology: Apoptosis in neurodegenerative
diseases

Neurologic diseases are examples of the mechanism
of cell death. For example, an ischemic stroke can
cause an acute neurologic disease in which necrosis
and activation of caspase 1 are observed. Necrotic cell
death occurs in the center of the infarction, where the
damage is severe. Apoptosis may be observed at the
periphery of the infarction, because the damage is not
severe due to collateral blood circulation. Pharmaco-



ll Binding of tumor necrosis factor ligand
to tumor necrosis factor receptor 1 (TNFR1)
causes a conformational change enabling
the intracellular assembly of the TNFR
complex I.

Figure 3-17. Necroptosis
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(NOX1) to induces necroptosis by
generating non-mitochondrial ROS from the
plasma membrane.
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8-dependent execution of apoptosis. FLIP
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The necrosome complex consists of
PKR-mediated phosphorylated RIPK1 and
RIPK3, which in turn phosphorylate MLKL.
The necrosome determines caspase
8-independent execution of necroptosis.
Note that necrostatin 1 and
necrosulfonamide block necroptosis by
preventing the activity of RIPK1 and MLKL,
respectively.

logic treatment with caspase inhibitors can reduce
tissue damage leading to neurologic improvement.

Caspase activation is associated with the fatal
progression of chronic neurodegenerative diseases.
Amyotrophic lateral sclerosis (ALS) and Hunting-
ton’s disease are two examples.

ALS consists in the progressive loss of motor
neurons in the brain, brainstem, and spinal cord. A
mutation in the gene encoding superoxide dismutase
1 (SID1) has been identified in patients with familial
ALS. Activated caspase 1 and caspase 3 have been
found in spinal cord samples of patients with ALS.
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Motor neurons and axons die and reactive microglia
and astrocytes are present. We come back to ALS in
Chapter 8, Nervous Tissue.

Huntington’s disease is an autosomal dominant
neurodegenerative disease characterized by a move-
ment disorder (Huntington’s chorea). The disease
is caused by a mutation in the protein huntingtin.
Huntingtin protein fragments accumulate and ag-
gregate in the neuronal nucleus and transcription of
the caspase 1 gene is upregulated. Caspase 1 activates
caspase 3 and both caspases cleave the allelic wild-type
form of huntingtin, which becomes depleted. As the
disease progresses, Bid is activated and releases mito-
chondrial cytochrome ¢. Apoptosomes are assembled
and further caspase activation leads to neuronal death.

General Pathology: Necroptosis

We learned that apoptosis is a form of programmed
cell death during development and disease and that
necrosis is an unregulated process of cell death. How-
ever, necrosis can take place in a regulated manner by
the molecular mechanism of necroptosis.

Necroptosis is involved in the pathogenesis of
ischemic-reperfusion injury, stroke, neurodegen-
eration and viral infection. Therefore, programmed
necroptosis is a desirable process to be intercepted in
the treatment of ischemia-reperfusion, neurodegen-
eration, inflammatory bowel disease and bacterial and
viral infection, conditions that display morphologic
aspects of necrosis.

It is important to stress from the start that the
death domain-containing receptor-interacting pro-
tein kinase 1 (RIPK1) has emerged as an important
upstream regulator that exerts a strategic control at
the crossroad of two important events: cell death and
inflammation. Therefore, RIPK1 is a significant and
useful target for developing new therapies for patho-
logic processes involving inflammation and cell death.

Necroptosis can be initiated at the Fas/Fas ligand,
TNF receptor 1 (TNFR1), cell surface Toll-like
receptors (see Chapter 10, Immune-Lymphatic
System), and the cytoplasmic viral RNA sensor
DALI (for DNA-dependent activator of interferon
regulatory factors).

As we have seen, Fas/Fas ligand activate the apop-
totic machinery involving initiator and execution
caspases and mitochondrial release of cytochrome c.
The most characterized pathway leading to necrop-
tosis is initiated by TNF ligand binding to TNFR1
(Figure 17). It can lead to cell survival, apoptosis or
necroptosis.

Necroptosis involves:

1. The activity of ubiquitinated or deubiquiti-
nated RIPK3.

2. An execution phase involving the necrosome, a
phosphorylated protein multicomplex that includes

3. CELL SIGNALING | Necroptosis

RIPK1 and RIPK3 in addition to the mixed lineage
kinase domain-like (MLKL) protein complex. The
execution phase does not involve caspase 8. In fact
the function of caspase 8 is inhibited. The outcome
of necroptosis is the disintegration of mitochondria,
lysosomes and plasma membrane, including the
production of non-mitochondrial ROS.

Figure 3-17 illustrates the different pathways
following binding of TNFL to TNFRI1. Note the
following:

1. Upstream signaling elements of apoptosis and
necroptosis are shared and regulated in opposing
ways. Note that TNFR complex I includes ubiq-
uitinated RIPK1, ubiquitinated TRAF (for TNF
receptor-associated factors ) 2 and ubiquitinated
TRAF 5. Cellular inhibitors of apoptosis (cIAPs)
and deubiquitinases are regulatory molecules of the
TNER complex 1.

2. The TNFR complex I signals through the NF-kB
activation pathway. It requires ubiquitinated RIPK1
to recruit transforming growth factor-f activated
kinase 1 (TAK1), TAKI-binding protein 2 (TAB2)
and TAB3. As you realize, ubiquitin sequesters
RIPK1 thereby preventing it from engaging in cell
death so that cell survival can take place because of
NEF-kB activation. We have already seen details of
the NF-kB activation pathway and its significance in
immunologic and inflammatory signaling.

3. Deubiquitinated RIPK1 dictates the assembly
of the TNFR complex II (leading to apoptosis) or
the necrosome (leading to necroptosis). Essentially,
deubiquitinated RIPK1 relinquishes its pro-survival
function and triggers cell death.

4. The TNFR complex II includes RIPK1, RIPK3.
TRADD (the adapter protein TNFR-associated death
domain), to link to FADD (the Fas-associated death
domain protein) that binds to procaspase 8. As you
recall, procaspase 8 is autocatalytically activated to
caspase 8 following homodimer formation. Caspase 8
inactivates RIPK1 and RIPK3 by proteolytic cleavage
and the caspase-dependent executioner machinery is
ready for apoptosis.

5. The necrosome is assembled when there is no
activation or function of caspase 8. The necrosome
consists of phosphorylated RIPK1, RIPK3 and
MLKL by the action of protein kinase R (PKR).

6. Plasma membrane channels release ROS to pro-
voke swelling of necroprotic cells leading to a break-
down of the plasma membrane. Note that riboflavin
kinase (RFK) links the death domain of TNRF1 to
p22phox, a subunit of NADPH oxidases, including
NADPH oxidase 1 (NOX1), to produce ROS.

7. Necrostatin 1 prevents the deubiquitination
of RIPK1. Consequently, RIPK1 retaining a polyu-
biquitin chain is not available for organizing the
necrosome. Necrostatin 1 has a protective effect in



experimental models of brain ischemia. Necrosul-
fonamide inhibits MLKL and prevents the activ-
ity of the necrosome. Necroptosis inhibitors have
clinical-therapeutic relevance in transplantation of
solid organs by preventing harmful immunologic re-
sponses and reducing proinflammatory parenchymal
responses that may activate rejection.

8. Apoptosis and necroptosis may occur in the
same tissue.

General Pathology: Mitochondrial permeability
transition

We have previously referred to mitochondrial perme-
ability transition when we discussed the molecular
biology of cell injury (see Figure 3-12).

Mitochondrial permeability transition is a process
that induces regulated cell death necrosis mediated
by cyclophilin D, a mitochondrial matrix protein.
Cyclosporine, an immunosuppressant drug widely
used in organ transplantation to prevent rejection,
blocks cyclophilin to prevent mitochondrial perme-
ability transition as a means to reduce inflammatory
responses and necroptosis, thus improving graft
survival and protection from ischemia-reperfusion
injury.

Mitochondrial permeability transition occurs by
the opening of the permeability transition pore. The
permeability transition pore consists of the voltage-
dependent anion channel (in the outer mitochondrial
membrane), the adenine-nucleotide translocase (in
the inner mitochondrial membrane) and cyclophilin
D (in the mitochondrial matrix).

A prolonged opening of permeability transition
pores determines a sudden increase in the perme-
ability of the inner mitochondrial membrane to ions
and small molecular mass solutes. This condition
determines osmotic swelling of the mitochondrial
matrix and breakdown of the outer mitochondrial
membrane.

General Pathology: Intracellular degradation
The intracellular degradation of organelles and resid-
ual or misfolded proteins (Figure 3-18) can occur by:

1. The autophagy pathway.

2. The ubiquitin-proteasome pathway.

3. The mitophagy signaling pathway.

The autophagy pathway involves the sequestration
of cytoplasmic components within autophagosomes.
The ubiquitin-proteasome pathway utilizes a catalytic
multisubunit structure, the 26S proteasome, that
recognizes ubiquitinated proteins for degradation.

The autophagy pathway is a self-degradation and
cytoprotective process involved in the turnover of
cytoplasmic organelles as an adaptation to declining
nutrient resources or as a form of cell death (when
the intensity and duration of stress are excessive).

Autophagy and apoptosis often occur in the same
cell, with autophagy preceding apoptosis.

The ubiquitin-proteasome pathway pursues the
degradation of proteins that have already accom-
plished a specific function (such as specific cyclins
during the cell cycle) or proteins that have folded
incorrectly because of faulty translation or encoded
by defective genes. As we have seen, the apoptosis
pathway is concerned with the turnover of entire
cells. While apoptosis and the ubiquitin-proteasome
activities take place in the cytosol, autophagy occurs
within a sealed compartment, the autophagosomes,
with the assistance of lysosomes.

The mitophagy signaling pathway eliminates dam-
aged mitochondria to maintain normal cell function.
Defects in mitochondria function are the cause of
reactive oxidative stress (ROS) and specific neurode-
generative disorders, such as some familial forms of
Parkinson’s disease.

Autophagy pathway

The process of autophagy starts with, the phagophore,
a cytomembrane derived from the endoplasmic
reticulum, Golgi or plasma membrane. The phago-
phore expands, surrounds and encloses a cytoplasmic
components (such as mitochondria, see Figure 3-18)
that is captured within a double membrane struc-
ture, the autophagosome. Lysosomes fuse with the
autophagosome to form an autolysosome (also called
autophagolysosome) where autophagic degradation
takes place by the activity of lysosomal acid hydro-
lases. Lysosomal permeases and transporter proteins
export the breakdown products back to the cytoplasm.
As you can see, autophagy is a cellular cleansing
and recycling pathway. Progressive dysfunction of
autophagy is likely to lead to aging.

The autophagy pathway includes the following
steps:

1. Cytomembrane selection to become a phago-
some. Autophagy starts with the formation of a
membranous phagophore, usually at endoplasmic
reticulum-mitochondria contact sites (see Figure
3-18). Multiple protein components participate in
the initiation of a phagophore. The ULK1 complex,
with kinase activity, triggers mTOR complex (a nega-
tive autophagy regulator), to initiate autophagy by
selecting a cytomembrane to become a phagophore,
the precursor of an autophagosome. Then a complex
of autophagy (Atg) proteins (Atg5-Atgl2) conjugate
and interact with LC3 (protein light chain 3) at the
phagophore (see Figure 3-18).

2. Formation of an autophagosome. The phago-
phore double membrane extends and encloses at
random or selectively an organelle or cell component
for degradation within the autophagosome. Recycling
of the Atg5-Atg12/Atg1 6L and some LC3 takes place.
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Figure 3-18. Intracellular proteolytic mechanisms
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We indicated that the mTOR is a negative au-
tophagy regulator. Hypoxia and a decrease in ATP
intracellular levels release the autophagy inhibition
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Autophagy

function

activity of mTOR. In contrast, the abundance of
nutrients and growth factors keeps mTOR’s  cyto-
protective autophagy inhibitory activity.

Ubiquitin—proteasome pathway
The ubiquitin—proteasome pathway involves four
successive regulated steps (see Figure 3-18):

1. The attachment of a chain of ubiquitin mol-
ecules to a protein substrate by an enzymatic cascade.



Figure 3-19. Concept Mapping: Neoplasia
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First, E1, the ubiquitin-activating enzyme, activates
ubiquitin in the presence of ATP to form a thioester
bond. Then, E2, the ubiquitin-conjugating enzyme,
uses the thioester bond to conjugate activated ubig-
uitin to the target protein. E2 transfers the activated
ubiquitin to a lysine residue of the substrate with the
help of E3, a specific ubiquitin-protein ligase. This
process is repeated several times to generate a long
polyubiquitin chain attached to the substrate protein
destined for degradation in the 26S proteasome.

2. Recognition of the ubiquitin-conjugated protein
by the 26S proteasome. A protein subunit (designated
S5a) in the 198 cap of the proteasome acts as a recep-
tor for the polyubiquitin chain.

3. Degradation of the ubiquitin-conjugated pro-
tein into oligopeptides in the 26S barrel, the inner
proteolytic chamber of the proteasome, in the pres-
ence of ATP.

4. The release and recycling of ubiquitin.

The 26S proteasome is a giant (-2000 kd) multi-
meric protease present in the nucleus and cytoplasm.
Structurally, the 26S proteasome consists of a barrel-
shaped core capped by two structures that recognize
ubiquitinated proteins. Protein degradation occurs
within a chamber of the barrel-shaped core. As we
have indicated, proteins degraded by the 26S protea-
some include proteins involved in the regulation of
the cell cycle (cyclins), transcription factors, and the
processing of antigens involved in the activation of
inflammatory and immune responses.

Mitophagy signaling pathway

The mitophagy signaling pathway pursues the dis-
posal of damaged mitochondria and involves two
enzymes (see Figure 3-18):

1. Parkin, a ubiquitin ligase that is located in the
cytoplasm in an inactive form.

2. PINKI1, a protein kinase, associated with the
outer mitochondrial membrane.

In response to mitochondrial damage, PINKI
recruits and activates parkin.

Activated parkin exerts its ubiquitin ligase activity
by transferring polyubiquitin to proteins attached
to the outer mitochondrial membrane. Ubiquitin-
tagged proteins are recognized by the proteasomal
proteolytic machinery to initiate mitochondrial
degradation.

Note that the goal of the parkin-PINK1 com-
plex is to eliminate defective mitochondria. If the
parkin-PINK1 complex is defective, dysfunctional
mitochondrial are not cleared and cell function is
compromised. Parkinson’s disease is an example of a
neurodegenerative disease caused by mitochondrial
dysfunction determined by mutations in the ubiqui-
tin ligase parkin and protein kinase PINK1.

Also note the clear difference of the lysosomal—
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based autophagy pathway and ubiquitin-proteasome—
based mitophagy signaling pathway executed during
the removal of aged or damaged mitochondria.

General Pathology: Neoplasia

Neoplasia means poorly regulated new cell growth
(Greek neos, new; plasma, things formed) and the term
is interchangeable with tumor (Latin tumor, swell-
ing). Cancer (Latin, a crab) is a malignant neoplasm
or malignant tumor. The cells of origin derive from
the three embryonic layers (ectoderm, mesoderm
and endoderm)

Two types of tumors are considered from a clinical
perspective: benign tumors and malignant tumors.
A benign tumor is characterized by localized active
growth and results in the development of a cellular
mass, or tumor, with similar structural, and some-
times, functional features resembling the cells of
origin.

Benign neoplasms or benign tumors are for the
most part encapsulated, grow slowly and do not
spread at a distance by invading blood or lymphatic
vessels. However, benign tumors can compress adja-
cent tissues (for example, compression of the urethra
by a prostatic benign tumor or a benign tumor of the
brain stem). A benign tumor can grow in the lumen
of an organ (for example, the intestine) and cause an
obstruction.

A malignant tumor can be differentiated, resem-
bling the tissue of origin, poorly differentiated, by
retaining some of the characteristics of the tissue of
origin, and undifferentiated or anaplastic, when the
cell or tissue origin cannot be identified.

Tumor staging system (TNM: tumors/nodes/
metastases) is based on three parameters (Cuthbert
Dukes [1890-1977] staging for colorectal cancer):

1. The size of the tumor and the degree of local
invasion (T).

2. The involvement of regional lymph nodes (N).

3. The presence of metastasis (M).

For example, T1, NO, MO signifies small tumor,
no regional lymph node involved and absence of
metastases.

Most carcinomas (Greek karkinoma, cancer; oma,
tumor) are malignant neoplasms of epithelial cell ori-
gin (ectoderm and endoderm). An adenocarcinoma
is a malignant tumor resembling glandular pattern.
Sarcomas (Greek sarkoma, fleshly excrescence; oma,
tumor) are malignant neoplasms of mesenchyme
(mesoderm) origin (Figure 3-19).

In general, carcinomas develop from a dysplasia
(Greek dys, difficult; plasis, a molding), a process that
involves genetic alterations and the participation of
diverse cellular signaling pathways (see Box 3-D).

Dysplasia occurs in epithelial tissues. It is defined by
an increase in the rate of mitosis, lack of complete cell



Box 3-G | Proto-oncogenes and tumor suppressor proteins in human
cancers

* Chronic myelogenous leukemia: The c-abl proto-oncogene translocated
from chromosome 9 to chromosome 22 (called the Philadelphia chromosome)
encodes a fusion protein with constitutive active tyrosine kinase activity.

* Burkitt’s lymphoma: The c-myc proto-oncogene is translocated from chromo-
some 8 to chromosome 14. This translocation places c-myc under the control

of an active immunoglobulin locus (immunoglobulin heavy-chain gene, Cm) and
detached from its normal regulatory elements. Burkitt’s lymphoma is endemic

in some parts of Africa and affects mainly children or young adults. It generally
involves the maxilla or mandible. It responds to chemotherapy.

* p53: Inactivation of this tumor suppressor protein, a transcription factor
expressed in response to DNA damage (see Chapter 1, Epithelium), is associ-
ated with 50% to 60% of human cancers. Inactive p53 enables the progression
through the cell cycle of cells containing damaged DNA.

differentiation and abnormal cell-cell relationships.
Dysplasia can progress into carcinoma in situ and
then to invasive tumor.

Carcinoma in situ is restricted to an epithelial layer
without breaking through the basement membrane
to reach the subjacent connective tissue. Carcinomas
in situ are usually found in the uterine cervix, skin,
and breast, localized in the lactiferous ducts (intra-
ductal carcinoma) or in the mammary lobular tissue
(intralobular carcinoma).

Figure 3-20. Oncogene functional pathway

Increased gene
@ B3 expression or mutation
of a growth factor

() 'ncreased gene
expression or mutation of
a growth factor receptor

® Plasma membrane
I |
Cytoplasm

Intracellular signaling
[EJ molecule locked in an active

o configuration
(3 Activation

Protein kinase complex not
responding to genes
encoding negative regulators

28 g

Transcription factor ———@)

Target gene
inactivation of DNA

repair protein complex

(3 Disruption in transcription factor
amplification or nuclear translocation

) cancer

Target gene constitutively active

Nucleus (a cell cycle regulatory gene)

Neoplastic adenomatous polyps have similar fea-
tures of carcinoma in situ and are precursors of carci-
nomas in some organs such as colon (see Chapter 16,
Lower Digestive Segment). A polyp grows outwards
from an epithelial surface, representing a neoplasm
(adenoma) or an inflammatory process.

In addition to local invasion, carcinoma cells spread
through lymphatic vessels, giving rise to metastases
in lymph nodes. Some carcinoma cells invade blood
vessels to produce hematogenous metastases. Me-
tastasis (Greek meta, on the midst of; szasis, placing),
or secondary tumors, originate from cells detached
from a primary tumor.

Sarcomas originate in mesenchyme-derived soft
tissues, are locally invasive and spread predominantly
through blood vessels. Sarcomas progenitor cells are
not restricted by a basement membrane like epithe-
lial cell progenitors. Sarcomas consist of fusiform
cells, whereas carcinomas tend to retain an epithelial
configuration stabilized by cell junctions and cell
adhesion molecules.

Note in Figure 3-19 the designation of benign and
malignant tumors of mesenchymal origin.

Figure 3-19 also shows the designation of a number
of tumors that do not conform with the carcinoma
and sarcoma designation. They are named on the basis
of their cell or tissue origin:

1. Lymphomas, when they originate in the lym-
phoid system.

2. Melanoma, when the cell of origin is the me-
lanocyte.

3. Leukemias (Greek leukos, white; haima, blood),
when the malignancy develops from multipotential
stem cells or committed progenitor cells and spreads
through the body after crossing endothelial cell bar-
riers. Hematopoietic neoplasms can arise from a
preceding myelodysplasia, an equivalent to epithelial
dysplasia.

4. Teratoma, when benign or malignant tumoral
cells derive from the three embryological layers (ec-
toderm, mesoderm and endoderm), the male and
female gonads or non-gonadal sites.

5. Hamartomas, when developmental abnormali-
ties (such as hemangiomas) produce tumoral masses
in a normal site (skin).

6. Choristomas, when tissue overgrowth takes place
in an aberrant site and mimics a tumor. Choristomas
can be localized in the head and neck region (pharynx,
oral cavity and middle ear). Several different tissue
types can occur in the oral cavity as choristomas
(cartilage, bone, glial tissue and thyroid tissue).

In addition, a number of tumors are identified
by the name of the discoverer (see Figure 3-19). For
example, Ewing’s sarcoma, a bone tumor highly
sensitive to radiation therapy that affects children and
young adults, belongs to the group of Ewing’s Sar-
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Box 3-H | Proto-oncogenes and oncogenes

* A proto-oncogene is a normal gene encoding a regulatory protein of the cell
cycle, cell differentiation, or a cell-signaling pathway. Proto-oncogenic proteins
mimic growth factors, hormone receptors, G proteins, intracellular enzymes, and
transcription factors.

* An oncogene is a mutated proto-oncogene that encodes an oncoprotein
able to disrupt the normal cell cycle and to cause cancer.

* Proto-oncogenes and oncogene are designated by an italicized three-letter
name. An oncogene present in a virus has the prefix v. A proto-oncogene pres-
ent in a cell has the prefix c.

* A protein encoded by a proto-oncogene or oncogene has the same three-
letter designation as the proto-oncogene or oncogene; however, the letters are
not italicized and the first letter is capitalized.

* Anti-oncogenes are also called tumor suppressor genes. Uncontrolled
activity of a tumor suppressor gene product results in constitutive activation of
cell growth (uncontrolled cell division), leading to cancer.

coma Family of Tumor (ESFT). ESFT is characterized
by a translocation between chromosomes 11 and 22,
t(11;22) of a gene in chromosome 22, that encodes
the Ewing sarcoma gene (EWS), and the transcription
factor encoding gene FLI1 from chromosome 11.
The result is a new fused gene, EWA/FLI, encoding
an abnormal protein.

Burkitt’s lymphoma is described in Box 3-G. De-
tails on Hodgkin’s disease or lymphoma are included
in Chapter 10, Immune-Lymphatic System. Kaposi’s
sarcoma (a tumor originated in endothelial cells
caused by human herpesvirus 8 [HHV8], also known
as Kaposi’s sarcoma-associated herpesvirus [KSHV])
is discussed in Chapter 12, Cardiovascular System.

General Pathology: Proto-oncogenes, oncogenes,
and tumor suppressor genes

Mutations of proto-oncogenes and tumor suppressor
genes lead to cancer. The mutated version of a proto-
oncogene (Greek proros, first; genos, birth) (see Box
3-H) is called oncogene (Greek onkos, bulk, mass).

Mutations of proto-oncogenes are dominant
because the mutation of a single allele can lead to
cellular transformation. In contrast, the mutation
of a tumor suppressor gene is recessive: both alleles
of a tumor suppressor gene must be mutated for cell
transformation to take place.

Oncogenes express constantly active products lead-
ing to unregulated cell growth and differentiation,
the two properties of cancer cells. A cell becomes
transformed when it changes from regulated to
unregulated growth.

Mutations can be in the gene sequence (point mu-
tations, deletions, insertions or gene amplification)
or by chromosomal translocation or chromosomal
fusion (by placing a gene in a different regulatory
environment). Note that the terms proto-oncogenes
and oncogenes are not interchangeable.
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Figure 3-20 integrates the six major categories of

Proto-oncogenes and oncogenes

oncogene products within the oncogene functional
pathway.

Oncogene genes are involved in several regulatory
functions as (Figure 3-21):

1. Growth factors.

2. Growth factor receptors.

3. Signal transduction molecules.

4. Transcription factors.

5. Other factors.

1. Growth factors: Oncogene-derived proteins
are capable to induce the abnormal proliferation of
nearby cells (paracrine), distant cells (endocrine) or
their own (autocrine). Examples are platelet-derived
growth factor (PDGF) released from platelets dur-
ing coagulation and the Wingless family of secreted
glycoproteins (see Box 3-D)

2. Growth factor receptors (receptor tyrosine
kinases): As we have already seen earlier in this
chapter, tyrosine kinases add phosphate groups to
tyrosine residues in target proteins to switch them on
or off. When a cell surface receptor is constitutively
tyrosine phosphorylated (in the absence of a ligand),
it transmits signals inside the cell leading to cancer.
Examples are the epidermal growth factor receptor
(EGFR), platelet-derived growth factor receptor
(PDGFR), vascular endothelial growth factor re-
ceptor (VEGFR), human epidermal growth factor
receptor 2 (HER2), and c-kit receptor (involved in
the migration of mast cells to the connective tissue
and the colonization of the gonadal ridges by primor-
dial germ cells during development).

3. Signal transducer molecules, including:

Cytoplasmic tyrosine kinases. Examples of in-
tracellular oncogenes with tyrosine kinase activity
include the ¢-abl gene in chronic myeloid leukemia
and the Src family (see Box 3-G).

Cytoplasmic serine/threonine kinases. Examples
include Raf kinase, that activates a second kinase,
MEK (see The Ras, Raf and MAP kinase pathway)
and cyclin-dependent kinases, discussed in Chapter
1, Epithelium,in our discussion of the cell cycle.

Regulatory GTPases. An example is the Ras
protein, a membrane associated GTP binding/GTP
ase. After interacting with Raf cytoplasmic protein
serine kinase, Ras breaks down GTP into GDP and
a phosphate following activation by the ligands EGF
or TGF-f. Ras protein, acting as an on/off switch in
major signaling pathways, stimulates cell growth and
proliferation.

4. Transcription factors: Oncogenes coding for
sequence-specific DNA binding proteins include
myb (for avian myeloblastosis virus) and ezs (for E26
transformation specific). An example for transcription
factor is the c-myc gene, that regulates the transcrip-
tion of genes inducing cell proliferation.



Figure 3-21. Concept Mapping: Oncogenes and tumor suppressor genes
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The c-myc gene is an example of proto-oncogene
activation by chromosomal translocation. The c-mzyc
gene is translocated to one of the immunoglobulin
loci in Burkitt’s [ymphomas (see Box 3-G). The c-myc
gene is a target of the APC/fB-catenin/Tcf pathway in
colon carcinoma cells (see Chapter 16, Lower Diges-
tive Segment).

5. Other factors, inluding the activation of the
oncogene Bcl-2, associated with mitochondrial
membranes, can block apoptosis, as we have already
discussed; the APC gene, a negative regulator of 3-
catenin signaling in Adenomatous polyposis coli, and
others (see Figure 3-21).

Tumor suppressor genes encode proteins that un-
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der normal conditions prevent the development of
tumors. In general, they inhibit the cell cycle. When
this inhibitory function is lost because of a mutation
of a tumor suppressor gene, a condition known as
loss-of-function mutations, cancer development
occurs. As indicated above, a mutation in tumor
suppressor genes is recessive because inactivation of
both alleles is required in an individual cell.

Tumor suppressor genes include the p53 gene the
retinoblastoma (Rb) gene (see Chapter 1, Epithe-
lium). Their function is to regulate the cell cycle.

An additional group includes the BRCAI and
BRCA2 genes, tumor suppressor genes associated
with breast and ovarian cancer. Their function is to
maintain DNA integrity.

The gene products encoded by the BRCAI and
BRCA2 genes are nuclear proteins that co-localize
with RAD-51 at sites of DNA damage and participate
in homologous recombination repair of double-
stranded breaks.

Aloss of BRCAI or BRCA2 gene function encodes
defective protein products resulting in the accumu-
lation of genetic defects that can lead to cancer. We
come back to the role of BRCAI and BRCA2 genes in
breast cancer in Chapter 23, Fertilization, Placenta-
tion, and Lactation.

Identification of oncogenes in retroviruses
Although most animal viruses destroy the cells they
infect, several types of viruses are able to establish a
long-term infection, in which the cell is not killed.
This stable virus—host cell interaction perpetuates
the viral information in the cell, usually by direct
insertion into cellular DNA.

The first oncogenes to be identified came from the
study of retroviruses. All vertebrate animals, includ-
ing humans, inherit genes related to retroviral genes
and transmit them to their progeny. These are called
endogenous proviruses, whereas those that infect a
cell are called exogenous proviruses.

Cancer viruses isolated from every type of verte-
brate animal induce a wide variety of tumors and
belong to several virus types: RNA-containing tumor
viruses, called retroviruses, and DNA-containing
tumor viruses, including the polyomaviruses, the
papillomaviruses, the adenoviruses, and the her-
pesviruses.

RNA-containing retroviruses have a distinct cell
cycle. In the initial stages of infection, the viral RNA
is copied into DNA by the viral enzyme reverse tran-
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scriptase. Once synthesized, the viral DNA molecule
is transported into the nucleus and inserted randomly
as a provirus at any one of the available sites of host
chromosomal DNA. Proviruses contain signals for the
regulation of their own viral genes, but such signals
can be transmitted to the proto-oncogene, forcing
it to produce larger than normal amounts of RNA
and a protein.

Retroviruses and polyomaviruses have received
the most attention because they carry one or two
genes that have specific cancer-inducing properties:
so-called viral oncogenes. Retroviruses and polyoma-
viruses like cellular genes, are subject to mutations.
A group of such mutants of Rous sarcoma virus
(RSV; species of origin: chicken) has proved useful
for determining the role of the viral gene v-sre. The
sre-like sequences in normal cells constitute a cellular
gene called c-s7c, a proto-oncogene.

The viral sre derives directly from the cellular sre.
A precursor of RSV seems to have acquired a copy
of c-src during infection of a chicken cell. c-src is
harmless but its close relative, v-src, causes tumors
and transform cells after RSV infection. A chicken
fibroblast produces about 50 times more src RNA
and protein than an uninfected fibroblast contain-
ing only the c-s7c gene. The c-s7c gene assumed great
significance when it was recognized that many other
retroviruses carry oncogenes, often different from v-
src. Each of these genes is also derived from a distinct,
normal cellular precursor.

The classification of genes as proto-oncogenes is
based on the understanding that mutant forms of
these genes participate in the development of cancer
(see Box 3-G). However, proto-oncogenes serve dif-
ferent biochemical functions in the control of normal
growth and development.

RSV-infected cells produce a 60-kd protein. This
protein was identified as the product that the v-sre
gene uses to transform cells. It was named p60**.
This protein can function as a protein kinase and,
within a living cell, many proteins can be phos-
phorylated by Src kinase activity. The target for
phosphorylation is tyrosine residues.

Cell transformation by the v-s7c oncogene causes a
tenfold increase in total cellular phosphotyrosine in
cellular target proteins restricted to the inner side of
the cell membrane. Many other proteins encoded by
proto-oncogenes or involved in control of cell growth
function like the Src protein, such as protein kinases,
are often specific for tyrosine.
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« Cell signaling is the mechanism by which
cells respond to chemical signals. Signaling
molecules are either secreted or expressed
on the cell surface of cells. When a signaling
molecule binds to its receptor, it initiates intra-
cellular reactions to regulate cell proliferation,
differentiation, cell movements, metabolism,
and behavior.

« There are several cell signaling mechanisms:
(1) Endocrine signaling involves a hormone
secreted by an endocrine cell and transported
through blood circulation to act on a distant

target.

(2) Paracrine signaling is mediated by mol-
ecules acting locally to regulate the function of
a neighboring cell.

(3) Autocrine signaling consists in cells
responding to signaling molecules that are
produced by themselves.

(4) Neurotransmitter signaling is a specific
form of paracrine signaling involving neurons
and neurotransmitter molecules released at a
synapse.

(5) Neuroendocrine signaling consists in a
neuroendocrine cell releasing a hormone into
the bloodstream in response to a stimulus
released from an axon terminal.

Cell signaling requires negative or positive
feedback action to regulate the release of the
targeting hormone or ligand.

+ Hormones or ligands can be:

(1) Steroid hormones (for example,
cholesterol-derived testosterone, estrogen,
progesterone, and corticosteroids).

(2) Peptide hormones (for example, insulin,
neuropeptides secreted by neurons, and

Concept mapping

growth factors). Steroid hormones bind to
cytosol and nuclear receptors. Nonsteroid
signaling molecules, such as thyroid hormone,
vitamin D,, and retinoids (vitamin A), bind to
intracellular receptors.

Peptide hormones and growth factors bind to
a cell surface receptor.

Several specific signaling molecules exist:

(1) Epinephrine can be a neurotransmit-
ter and also a hormone released into the
bloodstream.

(2) Eicosanoids and leukotrienes (derived
from arachidonic acid) are lipid-containing
signaling molecules, which bind to cell surface
receptors.

« Nitric oxide is a signaling molecule of very
short half-life (seconds). Nitric oxide is synthe-
sized from arginine by the enzyme nitric oxide
synthase. Nitric oxide can diffuse across the
plasma membrane but it does not bind to a
receptor. Its major function is the regulation of
the activity of intracellular enzymes. One of the
relevant functions of nitric oxide is the dilation
of blood vessels. Nitroglycerin, an agent used
in the treatment of heart disease, is converted
to nitric oxide, which increases heart blood
flow by dilation of the coronary artery.

« After binding to a cell surface receptor, pep-
tide hormones or growth factors activate intra-
cellular targets downstream of the receptor.
(1) G protein—coupled receptors consist of

three subunits (a, p and y) forming a complex.
The a subunit binds GDP (guanosine diphos-
phate) and regulates G protein activity. When a
signaling molecule binds to its receptor, the o
subunit of the associated G protein dissoci-
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ates, releases GDP, and binds GTP (guanosine
triphosphate) to activate an adjacent target
molecule.

(2) Tyrosine kinases can be a transmem-
brane protein or present in the cytosol. The
first form is called tyrosine kinase receptor;
the second form is known as nonreceptor
tyrosine kinase. Binding of a ligand to tyrosine
kinase receptor produces its dimerization
resulting in autophosphorylation of the
intracellular domain. Downstream molecules
with SH2 (Src homology 2) domains bind to
the catalytic kinase domain of tyrosine kinase
receptor. The activity of tyrosine kinase recep-
tor can be disrupted by inducing unregulated
autophosphorylation in the absence of a
ligand. Tyrosine kinase activity can be inhibited
by imatinib mesylate, a molecule with bind-
ing affinity to the adenosine triphosphate
(ATP)-binding domain of the catalytic domain.
Imatinib is used in the treatment of chronic
myeloid leukemia, chronic myelomonocytic
leukemia, systemic mastocytosis, and mast
cell leukemias.

(3) Cytokine receptors are a family of recep-
tors that stimulate intracellular protein tyrosine
kinases, which are not intrinsic components of
the receptor. Ligand binding to cytokine recep-
tors triggers receptor dimerization and cross-
phosphorylation of the associated tyrosine
kinases. Members of the cytokine receptor—
associated tyrosine kinase family are the Src
family and the Janus kinase family (JAK).

(4) Receptors can be linked to enzymes
such as protein tyrosine phosphatases
and protein serine and threonine kinases.
Tyrosine phosphatases remove tyrosine
phosphate groups from phosphotyrosine and
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arrest signaling started by tyrosine phosphory-
lation. Members of the transforming growth
factor-p (TGF-B) family are protein kinases that
phosphorylate serine and threonine residues.
Ligand binding to TGF-B induces receptor
dimerization and the serine- or threonine-
containing intracellular domain of the receptor
cross-phosphorylates the polypeptide chains of
the receptor.

- Following ligand binding, most receptors
activate intracellular enzymes to transmit and
amplify a signal.

(1) The cAMP (cyclic adenosine monophos-
phate) pathway results from the formation
of cAMP (known as a second messenger)
from ATP by the enzyme adenylyl cyclase. The
intracellular effects of CAMP are mediated by
cAMP-dependent protein kinase (also known
as protein kinase A). Inactive cAMP-dependent
protein kinase is a tetramer composed of two
regulatory subunits (the binding site of cAMP)
and two catalytic subunits. The enzyme phos-
phodiesterase degrades cAMP. Upon cAMP
binding, the catalytic subunits dissociate and
each catalytic subunit phosphorylates serine
residues on target proteins or migrates to the
cell nucleus.

In the cell nucleus, the catalytic subunit
phosphorylates the transcription factor CREB
(CRE-binding protein) bound to CRE (the
cAMP response element), and specific gene
activity is induced.

(2) The cGMP (cyclic guanosine monophos-
phate) pathway uses guanylate cyclase to
produce cGMP, which is degraded by a cGMP-
dependent phosphodiesterase. Photoreceptors
of the retina use cGMP to convert light signals
to nerve impulses.

(3) The phospholipase C—Ca?** pathway con-
sists in the production of second messengers
from the phospholipid phosphatidylinositol
4.5-bisphosphate (PIP,). Hydrolysis of PIP,
by phospholipase C (PLC) produces two
second messengers: diacylglycerol and inositol
1,4,5-triphosphate (IP,). Diacylglycerol and
IP, stimulate protein kinase C (protein serine
and threonine kinases) and the mobilization of
Ca?*. Protein kinase C activates protein kinases
of the MAP (mitogen activated protein) kinase
pathway to phosphorylate transcription factors.

(4) The Ca**-calmodulin pathway consists in
the activation of calmodulin, a Ca**-dependent
protein, when Ca?* concentration increases
and binds to calmodulin. You should note that
the phospholipase C—Ca?* and Ca**-calmod-
ulin pathway regulates Ca?* concentration by
Ca** release from intracellular storage as well
as entry into the cell from the extracellular
space.

(5) The MAP kinase pathway involves serine
and threonine MAP kinases. The extracellular
signal-regulated kinase (ERK) family is a MAP
kinase acting through either tyrosine kinase or
G protein—associated receptors. The activation
of ERK is mediated by two protein kinases:
Raf and MEK (MAP kinase or ERK kinase). Raf
interacts with rat sarcoma virus (Ras) protein,
a key element of the group of oncogenic
proteins.
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Raf phosphorylates MEK which activates
ERK, and then phosphorylated ERK activates
nuclear (Elk-1) and cytosolic target proteins.
Two other MAP kinases are JNK and p38 MAP
kinases.

(6) The JAK-STAT pathway regulates transcrip-
tion factors. Signal transducer and activators of
transcription (STAT) proteins are transcription
factors with an SH2 domain and present in the
cytoplasm in an inactive state. Ligand binding
to a cytokine receptor determines the attach-
ment of STAT to the receptor associated Janus
kinase (JAK), a tyrosine kinase, through their
SH2 domain. Phosphorylated STAT dimerizes
and translocates to the cell nucleus to activate
gene transcription.

(7) The NF«B (for nuclear factor involved in
the transcription of the « light chain gene in B
lymphocytes) transcription factor pathway is
stimulated by protein kinase C and is involved
in immune responses. When inactive, the
NF-kB heterodimer is bound to the inhibitory
subunit I-kB and remains in the cytoplasm.
Phosphorylation of I-«B, triggered by I-«B
kinase, results in the destruction of I-«B by the
26S proteasome and the nuclear translocation
of the NF-kB heterodimer to activate gene
transcription.

(8) The integrin-actin pathway transmits
outside-in mechanical and chemical signals
initiated in the extracellular matrix to the cell
interior mediated by intermediary proteins link-
ing actin to integrin heterodimers.

« There are specific signaling pathways with
roles in embryonic and fetal development,
body axis patterning, cell migration and cell
proliferation. They include:

(1) Hedgehog (HH) signaling.

(2) Wingless (Wnt)/B-catenin signaling.

(3) Notch signaling; (4) Transforming growth
factor-B (TGF-B) signaling.

(5) Bone morphogenetic protein signaling, a
member of the TGF-B superfamily.

(6) Fibroblast growth factor signaling.

All of them utilize diverse regulatory steps
and crosstalk mechanisms, including transcrip-
tion factors that translocate from the cytoplasm
to the nucleus.

« Stem cells have three properties:

(1) Self-renewal.

(2) Proliferation.

(3) Differentiation.

Stem cells, housed in a distinct microenviron-
ment called stem cell niche, can give rise to
cell precursors that generate tissues of the
body.

The functional state of stem cells is governed
by stemness. Stemness is the characteristic
gene expression profile of different stem cells
not observed in ordinary, non-stem cells.

Stem cells are present in the intestinal
epithelium, the epidermis of the skin, the
hematopoietic tissue, and spermatogenic cells.

» Human pluripotent cells and cell replace-
ment therapies are the pursuit of regenerative
medicine.

Three cell reprogramming methods have

been used to produce pluripotent embryonic
stem cells:

(1) Induced programmed stem cells (iPS)
using a transcription factor cocktail.

(2) Somatic cell nuclear transfer (SCNT),
or cloning, to produce genetically matched
nuclear transfer embryonic cells (NT ES) re-
moved from the inner cell mass of embryos.

(3) Blastocysts from the inner cell mass of
embryos derived from in vitro fertilization (un-
programmed embryonic stem cells, IVF ES).

IVF ES exhibit properties close to the intact
blastocysts but they are allogenic (they exhibit
properties close to the intact blastocysts but
are genetically different and potentially
incompatible when transplanted). NT ES are
epigenetically stable (like IVF ES) and histo-
compatible (like iPS).

« Cell culture procedures demonstrate that:

(1) Cells stop growing when they cover
entirely the surface of a culture dish. This is
called density-dependent inhibition of growth.

(2) Cultured cells can continue growing until
they stop dividing. The cells have become
senescent.

(3) Tumor cells can become immortal and
their growth in culture is endless. Such cells
can establish a cell line.

(4) Transformed cells have a malignant
growth potential and exhibit anchorage-
independent growth. In contrast, normal cells
grow attached to a substrate.

« Aging is the gradual decline over time in

cell and tissue function that often, not always,
decreases the longevity of an individual.
Cellular senescence specifies the molecular
aspects of loss of function of mitotic cells dur-
ing aging. For example, telomerases maintain
the end of the chromosomes, the telomeres.
Insufficient telomerase activity forces cells into
senescence. Telomere shortening is a potent
tumor suppressor mechanism. Most tumor
express human telomerase reverse transcrip-
tase (hTERT) and the growth of their cells in
culture is endless.

« Cell injury consists in a number of biochemi-
cal and morphologic changes resulting from
exogenous or endogenous causes leading to
a reversible or irreversible disruption of nor-
mal cell function. Hypoxia (a decrease in the
supply of oxygen) or anoxia (a complete block
in oxygen supply) trigger cell injury. Ischemia
is a major cause of cell injury. Complete isch-
emia by blockage of an arterial branch of the
coronary artery causes infarction of the cardiac
muscle supplied by that blood vessel. If the
occluded blood vessel is reopened soon after
ischemic injury (by angioplasty and throm-
bolysis), injured cardiocytes may recover by
reperfusion.

« Oxygen is essential for oxidative phophoryla-
tion involved in ATP production by mitochon-
dria. Increased mitochondrial permeability is
a typical feature of mitochondrial damage.
Impaired mitochondrial function results in

a decrease in ATP production, increase of



reactive oxygen species (ROS; superoxide,
hydrogen peroxide and hydroxy! radicals) and
leakage of cytochrome c (the trigger of the
intrinsic apoptosis pathway). ATP deficiency
affects the function of ATP-dependent pumps
at the plasma membrane, resulting in a
significantly unregulated influx of calcium,
sodium and water and an efflux of potassium.
Excess of intracellular calcium, together with a
leakage of lysosomal hydrolytic enzymes (due
to lysosomal membrane permeability), activate
cytosolic enzymes, which degrade cell compo-
nents and continue enhancing mitochondrial
permeability.

Depending on the type and time of injury
and the characteristics of an injured cell, injury
can be reversible or irreversible.

Irreversible cell injury determines cell death
by necrosis (unregulated process of cell death)
or apoptosis (regulated process of cell death).

Necrosis can be recognized by microscopic
and macroscopic changes. Microscopic chang-
es include a breakdown of cell membranes,
cell swelling and nuclear changes (pyknosis,
karyolysis, and karyorrhexis).

Macroscopic changes include:

(1) Coagulative necrosis.

(2) Liquefactive necrosis.

(3) Caseous necrosis.

(4) Fat necrosis.

Fibrinoid necrosis of the wall of blood vessels
can be detected microscopically.

« Apoptosis or programmed cell death can be
determined by external and internal signals.
Two extrinsic pathways are:

(1) The granzyme B/perforin pathway.

(2) The Fas receptor/Fas ligand pathway.

The intrinsic pathway consists in the leakage
of mitochondrial cytochrome ¢ into the cytosol.

The end point of all three pathways is the
activation of procaspases to caspases, the
initiators and executors of cell death.

A defect in the activity of Fas receptor, Fas
ligand, and caspases can cause the autoim-

mune lymphoproliferative syndrome (ALPS),
characterized by the abnormal and excessive
accumulation of lymphocytes in the lymph
nodes and spleen.

Aberrant activation of caspases is associ-
ated with neurodegenerative disease, such
as amyotrophic lateral sclerosis (ALS) and
Huntington’s disease.

« Necroptosis is a regulated form of necrosis
involving a molecular mechanism distinct from
necrosis and apoptosis. Necrotic cell death

is dependent on receptor-interacting protein
kinase 3 (RIPK3).

Necroptosis has pathophysiologic relevance
in myocardial infarction and stroke, atheroscle-
rosis, ischemia—reperfusion injury, pancreatitis,
and inflammatory bowel diseases.

Two significant differences are:

(1) Necroptosis has inflammation as an alter-
native to necrotic cell death through the NF-xB
activation pathway.

(2) Necrotic cell death can take place by
either a caspase-dependent mechanism
(apoptosis) or caspase-independent mecha-
nism (necroptosis).

« The proteolysis of residual and misfolded
proteins or the disposal of aged organelles, like
mitochondria, can occur by:

(1) The autophagy pathway, starting with
a phagophore sourrounding and enclosing
the disposable organelle to be degraded by
lysosomes.

(2) The ubiquitin—26S proteasome pathway
requires the attachment of a polyubiquitin
chain to proteins marked for degradation by
the ~2000-kd 26S proteasome protease.

(3) The mitophagy signaling pathway,
concerned with the disposal of defective or
non-functional mitochondria utilizing parkin, a
ubiquitin ligase, and PINKT, a protein kinase.
The final elimination step of the polyubiquiti-
nated target involves the 26S proteasome.

» Neoplasia (tumor) can be:

(1) Benign or malignant.

(2) Epithelial or non-epithelial (mesen-
chyma)—derived.

Benign epithelial tumors include papillomas
and adenomatous polyps.

Malignant epithelial tumors are called carci-
nomas (epithelial-type) or adenocarcinomas
(glandular-type).

Sarcomas are mesenchyme-derived tumors.
Review the terminology using Figure 3-19.

Carcinomas can spreads by local invasion
or through lymphatic vessels, giving rise to
metastases in lymph nodes.

Sarcomas usually spread by hematogenous
metastases (predominantly through blood
vessels).

« Proto-oncogenes express growth factors,
growth factor receptors, signal transduction
molecules, nuclear transcription factors and
other factors. An oncogene results from the
mutation of a proto-oncogene. Oncogenes
determine unregulated cell growth and a cell
then becomes transformed.

Tumor suppressor genes encode proteins
that under normal conditions prevent the
development of tumors by inhibiting the po-
tentially malignant cell cycle. Cancer develops
when this inhibitory function is not present
(loss-of-function).

The first oncogenes to be identified were
the retroviruses (RNA-containing viruses) with
cancer-inducing properties (viral oncogenes).

DNA-containing viruses (polyomaviruses,
the papillomaviruses, the adenoviruses, and
the herpesviruses) can induce tumors.

The chicken cell Rous sarcoma virus (RSV)
includes the viral gene v-src. The proto-onco-
gene equivalent in normal cells is c-src. The
v-src gene encodes the protein p60“*, which
functions as a tyrosine protein kinase.

Cell transformation by the v-src oncogene
results in a significant increase in total cell
phosphotyrosine.
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4. Connective Tissue

The connective tissue provides the supportive and connecting framework (or stroma) for all the other tissues
of the body. The connective tissue is formed by cells, fibers and the extracellular matrix (ECM). The ECM
(ground substance) represents a combination of collagens, noncollagenous glycoproteins, and proteoglycans
surrounding the cells of connective tissue. The resident cell of the connective tissue is the fibroblast. Immigrant
cells to the connective tissue include macrophages, mast cells, and plasma cells. The connective tissue has
important roles in immune and inflammatory responses, and tissue repair after injury.

Classification

Unlike epithelial cells, which are almost free of
intercellular material, connective tissue cells are
widely separated by components of the ECM.
In addition, epithelial cells lack direct blood and
lymphatic supply, whereas connective tissue is
directly supplied by blood and lymphatic vessels
and nerves.

The classification of the connective tissue into
specific types is based on the proportion of three of
its components: cells, fibers, and ECM.

Connective tissue can be classified into three
major groups:

1. Embryonic connective tissue (or mesenchyme,
Figure 4-1).

2. Adult connective tissue (Figure 4-1).

3. Special connective tissue (Figure 4-2).

Embryonic connective tissue derives from the
mesoderm during early embryonic development.
This type of connective tissue, found primarily
in the umbilical cord, consists predominantly of
stellate-shaped mesenchymal cells producing a
hydrophilic ECM with a jelly-like consistency.
Because of this consistency, it is also called mucoid
connective tissue or Wharton’s jelly.

Adult connective tissue has considerable structural
diversity because the proportion of cells to fibers
varies from tissue to tissue. This variable cell-to-
fibers ratio is the basis for the subclassification of
adult connective tissue into two types of connective
tissue proper:

1. Loose (or areolar) connective tissue

2. Dense connective tissue

Loose connective tissue contains more cells than
collagen fibers and is generally found surrounding
blood vessels, nerves, and muscles. This type of
connective tissue facilitates dissection as performed
by anatomists, pathologists, and surgeons.

Dense connective tissue contains more collagen
fibers than cells. When the collagen fibers are
preferentially oriented, as in tendons, ligaments,
and the cornea, the tissue is called dense regular
connective tissue. When the collagen fibers are

randomly oriented, as in the dermis of the skin
and submucosa of the alimentary tube, the tissue is
called dense irregular connective tissue.

Adult connective tissue includes reticular and elastic
connective tissue that predominate in specific organs.

Reticular connective tissue (Figure 4-2) contains
reticular fibers, which form the stroma of organs of
the lymphoid-immune system (for example, lymph
nodes and spleen), the hematopoietic bone marrow,
and the liver. This type of connective tissue provides
a delicate meshwork to allow passage of cells and
fluid.

Elastic connective tissue (Figure 4-2) contains
irregularly arranged elastic fibers in ligaments of the
vertebral column or concentrically arranged sheets
or laminae in the wall of the aorta. This type of
connective tissue provides elasticity.

The special connective tissue category comprises
types of connective tissue with special properties not
observed in the embryonic or adult connective tissue
proper. There are four types of special connective
tissue (Figure 4-2):

1. Adipose tissue.

2. Cartilage.

3. Bone.

4. Hematopoietic tissue (bone marrow).

Adipose tissue has more cells (called adipose cells
or adipocytes) than collagen fibers and ECM. This
type of connective tissue is the most significant
energy storage site of the body.

Cartilage and bone, also regarded as special
connective tissue, are traditionally placed in
separate categories. Essentially, cartilage and bone
are dense connective tissues with specialized cells
and ECM. An important difference is that cartilage
has a noncalcified ECM, whereas the ECM of
bone is calcified. These two types of specialized
fulfill  weight-bearing and

mechanical functions that are discussed later (see

connective  tissue
Cartilage and Bone). The hematopoietic tissue is
found in the marrow of selected bones. This type
of connective tissue is discussed in Chapter 6, Blood
and Hematopoiesis.
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Figure 4-1. Classification of connective tissue
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Embryonic connective tissue contains abundant
extracellular matrix (ECM) rich in proteoglycans.

Collagen and reticular fibers are also present but
not abundant. Stellate mesenchymal cells are widely
spaced and surrounded by the ECM.

Embryonic connective tissue is present in the
umbilical cord (Wharton's jelly) and in the pulp of
the developing tooth.
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Loose (areolar) connective tissue contains abundant
elastic fibers and collagen bundles embedded in the
ECM. Fibroblasts are recognized by their oval nuclear
shape. Mast cells, macrophages, and capillaries
(containing red blood cells, RBCs) are also present.
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“Nucleus of a fibroblast

o

Macrophage

Dense irregular connective tissue, found in the dermis
of the skin, the submucosa of the digestive tube, and
other sites, contains coarse, thick, and intertwined bundles
of collagen fibers arranged in an irregular form.

Fibroblasts are sparse, separated by collagen bundles,
and recognized by their oval nucleus. Fibrocytes,
non-active fibroblasts, have a thin and condensed
elongated nucleus.

Mast cells and macrophages can also be present (not
shown in the micrograph).

Dense regular connective tissue is found in cornea,
tendons and ligaments.

This type of adult connective tissue consists of
regularly oriented parallel bundles of collagen
fibers separated by linear rows of fibrocytes.

In contrast to the oval shaped and less condensed
nuclei of fibroblasts (functionally active cells), the
nuclei of fibrocytes (quiescent cells) appear as thin
dense and elongated lines. The cytoplasm of these is
not visible at the light microscopic level.



Figure 4-2. Classification of connective tissue

Adult connectlve tlssue Retlcular tlssue

Reticular connective tissue is characteristic of
lymphatic tissues (lymph node and spleen) and
liver.

Reticular fibers, synthesized by fibroblasts (also
called reticular cells), are thin and wavy structures.

Reticular fibers
(type Il collagen)
can be identified in
the stroma of this
lymphatic nodule
after impregnation
with silver salts.
Reticular fibers are
argyrophilic.

,f Lymphatic nodule

Elastic fibers are
arranged in
concentric sheets
in the walll of this
artery. In this
section, elastic
lamellae appear
as wavy pink
bands.

Elastic connective tissue is characteristic of the walls
of large blood vessels and ligaments.

Elastic fibers in the wall of a blood vessel, are
synthesized by smooth muscle cells and form
fenestrated lamellae or membrane sheet in a
concentric arrangement around the lumen.
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Components of connective tissue

The connective tissue consists of:

1. Cells, including the fibroblast, the resident
cell, and immigrant cells, the macrophage, the mast
cell and the plasma cell.

2. Fibers (collagen, elastic and reticular fibers).

3. ECM components.

We discuss first how the fibroblast produces
distinct types of fibers and ECM.

Fibroblast, the permanent cell component of the
connective tissue, can produce collagens and elastic
fibers as well as ECM.

Under light microscopy, the fibroblast appears
as a spindle-shaped cell with an elliptical nucleus.
The cytoplasm is generally not resolved by the light
microscope.

Under electron microscopy, the fibroblast shows

Classification | 4. CONNECTIVE TISSUE
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Box 4-A | Types of collagens: Highlights to remember

¢ Type | collagen

Present in bone, tendon, dentin, and skin as banded fibers with a transverse
periodicity of 64 nm. This type of collagen provides tensile strength.

* Type Il collagen

Observed in hyaline and elastic cartilage as fibrils thinner than type | collagen.
* Type lll collagen

Present in the reticular lamina of basement membranes, as a component of
reticular fibers (30 nm in diameter). This is the first collagen type synthesized
during wound healing and then is replaced by type | collagen.

Reticular fibers can be better recognized after impregnation with silver salts
because reticular fibers are argyrophilic (silver-loving; Greek argyros, silver).
Silver impregnation is a valuable tool in pathology for the recognition of distor-
tions in the distribution of reticular fibers in alterations of lymphoid organs.
Reticular fibers, and collagens in general, are glycoproteins and can be recog-
nized with the periodic acid-Schiff (PAS) reaction because of their carbohy-
drate content.

* Type IV collagen
Present in the basal lamina. This type of collagen does not form bundles. Single
molecules of type IV collagen bind to one of the type IV collagen-binding sites of
laminin.
* TypeV collagen
Observed in amnion and chorion in the fetus and in muscle and tendon
sheaths. This type of collagen does not form banded fibrils.

the typical features of a protein-secreting cell: a
well-developed rough endoplasmic reticulum and a
Golgi apparatus.

The fibroblast synthesizes and continuously
secretes  proteoglycans, glycoproteins and the
precursor molecules of various types of collagens
and elastic fibers.

Different types of collagen proteins and
proteoglycans can be recognized as components of
the basement membrane. As you may remember,
type IV collagen is found in the basal lamina and
type III collagen appears in the reticular lamina
as a component of reticular fibers (see Boxes 4-A
and 4-B). Heparan sulfate proteoglycans and
the fibronectin, two additional products of the
fibroblast, are present in the basement membrane.
The protein collagen is a component of collagen
and reticular fibers but elastic fibers lack collagen.

Box 4-B | Cell types making collagen: Highlights to remember

126 |

* The so-called reticular cell is in fact a fibroblast that synthesizes reticular fi-
bers containing type IIl collagen. Reticular fibers form the stroma of bone marrow
and lymphoid organs.

* The osteoblast (bone), chondroblast (cartilage), and odontoblast (teeth)
also synthesize collagen. These cell types are fibroblast equivalents in their
respective tissues. Therefore, the synthesis of collagen is not limited to the fibro-
blast in connective tissue. In fact, epithelial cells synthesize type IV collagen.
* A fibroblast may simultaneously synthesize more than one type of col-
lagen.

* Smooth muscle cells, found in the wall of arteries, intestine, the respiratory
bronchial tree, and uterus, can synthesize types | and Il collagen.

4. CONNECTIVE TISSUE | Collagen

Collagen: Synthesis, secretion, and assembly
Collagens are generally divided into two categories:
fibrillar collagens (forming fibrils with a characteristic
banded pattern), and nonfibrillar collagens (see
Box 4-C).

The synthesis of collagen starts in the rough
endoplasmic reticulum (RER) following the typical
pathway of synthesis for export from the cell (Figure
4-3).

Preprocollagen is synthesized with a signal
peptide and released as procollagen within the
cisterna of the RER. Procollagen consists of three
polypeptide a chains, lacking the signal peptide,
assembled in a triple helix.

Hydroxyproline and hydroxylysine are typically
observed in collagen. Hydroxylation of proline
and lysine residues occurs in the RER and requires
ascorbic acid (vitamin C) as a cofactor. Inadequate
wound healing is characteristic of scurvy, caused by
a vitamin C deficiency.

Packaging and secretion of procollagen take place
in the Golgi apparatus. Upon secretion of procollagen,
the following three events occur in the extracellular
space:

1. Enzymatic (procollagen peptidase) removal
of most of the nonhelical endings of procollagen to
give rise to soluble tropocollagen molecules.

2. Self-aggregation of tropocollagen molecules
by a stepwise overlapping process to form collagen
fibrils.

3. Cross-linking of tropocollagen molecules, leading
to the formation of collagen fibers. Lysyl oxidase

Box 4-C | Characteristics of collagens

¢ Collagen is a three-chain fibrous protein in which the
chains coil around each other (called a coiled-coil struc-
ture) like the strands of a rope. This triple-helix molecular
organization generates a protein with considerable
tensile strength.

o In fibrillar collagen (types I, II, Ill, and V), the com-
pletely processed molecule contains one triple helix,
which accounts for almost the entire length of each mol-
ecule. Multiple triple helices of collagen fibers are aligned
end-to-end and side-by-side in a regular arrangement.
As a result, collagen fibers form dark and light periodic
bands observed with the electron microscope.

* In nonfibrillar collagens, such as type IV collagen,
several shorter triple-helical segments are separated

by non-helical triple domains and the N-terminal and C-
terminal globular domains are not cleaved during protein
processing.

* Collagens form aggregates (fibrils, fibers, or bundles)
either alone or with extracellular matrix components.
Collagen fibrils and fibers can be visualized with the
electron microscope but not with the light microscope.
Collagen bundles can be identified with the light
microscope.



Figure 4-3. Synthesis of collagen
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Figure 4-4. Ehlers-Danlos syndromes

* A group of clinically and genetically diverse group of disorders resulting from
defects in the synthesis and/or structure of collagen.

* Abnormal collagen is devoid of tensile strength and skin is hyperextensible
and vulnerable to trauma. The joints are hypermobile.

* Collagen defects extend to blood vesels and the internal organs resulting in
tissue rupture or detachment (retina).

Clinical forms of EDS

Classic  Hypermobility ~ Vascular ~Kyphoscoliosis Arthrochalasia
Dermatosparaxsis
Unknown defect
Defective type V Defective type Il Defective lysyl ) _
collagen or an collagen hydroxylase Dtefect:ve conl\llersmr: of
extracellular Yﬁe proco! aglfn 0
matrix protein . NCO asz%n (procodat\genI
(tenascin-X) Lysmel -peptidase) and type
hydroxylation collagen

catalyzes cross-links between tropocollagens.

Groups of collagen fibers orient along the same
axis to form collagen bundles. The formation of
collagen bundles is guided by proteoglycans and
other glycoproteins, including FACIT (for fibril-
associated collagens with interrupted helices)
collagens.

Pathology: Ehlers-Danlos syndrome
Ehlers-Danlos syndrome (Figure 4-4) is clinically
characterized by hyperelasticity of the skin and
hypermobility of the joints.

The major defect resides in the synthesis,
processing, and assembly of collagen. Several

clinical subtypes are observed. They are classified
by the degree of severity and the mutations in the
collagen genes. For example, the vascular type form
of Ehlers-Danlos syndrome, caused by a mutation in
the COL3A1 gene, is associated with severe vascular
alterations leading to the development of varicose
veins and spontaneous rupture of major arteries.
A deficiency in the synthesis of type III collagen,
prevalent in the walls of blood vessels, is the
major defect. Arthrochalasia and dermatosparaxsis
types of  Ehlers-Danlos  syndrome  display
congenital dislocation of the hips and marked
joint hypermobility. Mutations in the COLIAI
and COLIA2 genes (Figure 4-5), encoding type I
collagen, and procollagen N-peptidase gene disrupt
the cleavage site at the N-terminal of the molecule
and affect the conversion of procollagen to collagen
in some individuals.

Elastic fibers
Elastic fibers are synthesized by fibroblasts (in skin
and tendons), chondroblasts (in elastic cartilage of
the auricle of the ear, epiglottis, larynx, and auditory
tubes), and smooth muscle cells (in large blood
vessels like the aorta and in the respiratory tree).
Like collagen, the synthesis of elastic fibers involves
both the RER and the Golgi apparatus (Figure 4-6).
Proelastin, the precursor of elastin, is cleaved
and secreted as tropoelastin. In the extracellular
space, tropoelastin interacts with fibrillins 1 and 2
and fibulin 1 to organize elastic fibers (0.1-0.2 um
in diameter), which aggregate to form bundles of
elastic fibers.
characteristic  but

Tropoelastin ~ contains a

uncommon amino acid: desmosine. Two lysine

Figure 4-5. Molecular defects of collagen

Type | collagen

COL1A2 gene in chromosome 7

a1 chain

a1 chain

a2 chain

A mutation in COL1A1 and COL1A2 genes, encoding the o1

COL1A1 gene in chromosome 174,

Strickler syndrome is characterized by myopia, hypoplasia of
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and o2 chains of type | collagen, respectively, involves cleavage
sites for the N-terminal region of the molecule and interferes with
the conversion of procollagen to collagen. This leads to defective
cross-linking and a consequent reduction in the tensile strength
of tendons (rich in type | collagen). This mutation is observed in
some clinical forms of Ehlers-Danlos syndrome.

4. CONNECTIVE TISSUE | Collagen

the lower jaw, and arthritis associated with dysplasia of the
epiphyses. Type Il collagen is abundant in cartilage and vitreous
humor (eye). The COL2A1 gene is mutated.

Osteogenesis imperfecta type | is associated with bone
fragility. COL1A1 point mutations determine a reduction in the
production of type | collagen required for normal ossification.



Figure 4-6. Synthesis of elastic fibers

Fibroblast or smooth muscle cell

Rough endoplasmic
reticulum

Synthesis of three
components of an elastic
fiber:

1. Tropoelastin, containing
desmosine formed in the
extracellular space by
oxidation of two lysines.

2. Fibulin 1.

3. Fibrillins 1 and 2.

E) Extracellular space

Co-assembly of fibulin 1,
fibrillins, and tropoelastin
produce elastic fibers
(0.1-0.2 um in diameter).

Fibrillin 1 provides
force-bearing structural
support. Fibrillin 2 regulates
the assembly of the elastic
fiber. Fibulin 1 is required for
the co-assembly of fibrillins
and elastin subunits.

Assembly of single
elastic fibers

Fibroblast  Single elastic fiber

residues of tropoelastin are oxidized by lysyl oxidase
to form a desmosine ring that cross-links two
tropoelastin molecules. Cross-linking enables the
stretching and recoil of tropoelastin, like rubber
bands.

Elastic fibers are produced during embryonic
development and in adolescence but not so much
in adults. Although elastic fibers are resilient during
human life, many tissues decrease elasticity with
age, in particular the skin, which develops wrinkles.

€3 Golgi apparatus

Packaging and secretion of
tropoelastin, fibrillins, and fibulin

Desmosine

Fibrillins 1and2  Tropoelastin

Bundle of several elastic fibers

Fibrillins and fibulin 1
AT

Under the light microscope, elastic fibers stain
black or dark blue with orcein, a natural dye
obtained from lichens.

Under the electron microscope, a cross section of
a single elastic fiber shows a dense core surrounded
by microfibrils of fibulin 1 and fibrillins (see Figure
4-6).

Pathology: Marfan syndrome
Marfan syndromeisan autosomal dominantdisorder

Elastic fibers | 4. CONNECTIVE TISSUE
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Figure 4-7. Defective fibrillin

Marfan syndrome

toes (arachnodactyly). Mitral valve prolapse,
dilation of the root of the aorta (detected by

of people with Marfan syndrome.

syndrome. Fibrillin-1 is a component of

T

elastic lamellae weakens the wall of the aorta.

/ Patient with Marfan syndrome from McKusick VA: Heritable Disorders of
i Connective Tissue, 4th ed. St. Louis, Mosby, 1972.

in which the elastic tissue is weakened. Defects are
predominantly observed in three systems: the ocular,
skeletal, and cardiovascular systems. The ocular
defects include myopia and detached lens (ectopia
lentis). The skeletal defects (Figure 4-7) include
long and thin arms and legs (dolichostenomelia),
hollow chest (pectus excavatum), scoliosis, and
elongated fingers (arachnodactyly).

Cardiovascular abnormalities are life-threatening.
Patients with Marfan syndrome display prolapse of
the mitral valve and dilation of the ascending aorta.
Dilation of the aorta and peripheral arteries may
progress to dissecting aneurysm (Greek aneurysma,
widening) and rupture.

Medical treatment, such as administration of
f-adrenergic blockers to reduce the force of systolic
contraction in order to diminish stress on the aorta,
and limited heavy exercise, increase the survival rate
of patients with Marfan syndrome.

Defects observed in Marfan syndrome are caused
by poor recoiling of the elastic lamellae dissociated
by an increase in proteoglycans (see Figure 4-7). In
the skeletal system, the periosteum, a relatively rigid
layer covering the bone, is abnormally elastic and
does not provide an oppositional force during bone
development, resulting in skeletal defects.

A mutation of the fibrillin I gene on chromosome
15 is responsible for Marfan syndrome. Fibrillin is
present in the aorta, suspensory ligaments of the
lens (see Chapter 9, Sensory Organs: Vision and
Hearing), and the periosteum (see Bone).

A homologous fibrillin 2 gene is present on
chromosome 5. Mutations in the fibrillin 2

Marfan syndrome

Marfan syndrome is an autosomal dominant disorder.
Patients are tall, with long arms, legs, fingers, and

echocardiography), and aortic dissection (detected
by MRI) are typical cardiovascular manifestations.
Heart-related complications may shorten the life span

Etiology: an inherited defect in the gene encoding
the protein fibrillin-1 is responsible for the Marfan

tropoelastin, a microfibril predominant in the aorta,
skin, ligaments, and the ciliary zonular fibers of the
— lens. Anincrease in proteoglycans between the

Tunica media (aorta)

Elastic fibers
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elastic lamellae

gene cause a disease called congenital contractural
arachnodactyly. This disease affects the skeletal system,
but ocular and cardiovascular defects are not observed.

Macrophages

Macrophages have phagocytic properties and derive
from monocytes, cells formed in the bone marrow
(Figure 4-8).

Monocytes circulate in blood and migrate into
the connective tissue, where they differentiate into
macrophages. Macrophages have specific names in
certain organs; for example, they are called Kupffer
cells in the liver, osteoclasts in bone, and microglial
cells in the central nervous system. Macrophages
migrate to the site of inflammation, attracted by
certain mediators, particularly C5a (a member of
the complement cascade; see Chapter 10, Immune-
Lympbhatic System).

Macrophages in the connective tissue have the
following structural features:

1. They contain abundant lysosomes required for
the breakdown of phagocytic materials.

2. Active macrophages have numerous phagocytic
vesicles (or phagosomes) for the transient storage of
ingested materials.

3. The nucleus has an irregular outline.

Macrophages of the connective tissue have three
major functions:

1. To turn over senescent fibers and ECM material.

2. To present antigens to lymphocytes as part
of inflammatory and immunologic responses (see
Chapter 10, Immune-Lymphatic System).

3. To produce cytokines (for example, interleukin-1,



Figure 4-8. Macrophages
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an activator of helper T cells, and tumor necrosis
factor ligand, an inflammatory mediator (see

Chapter 3, Cell Signaling).

Mast cells

Like macrophages, mast cells (Mastzellen; German,
mast, fattening) originate in the bone marrow from
myeloid precursor cells lacking cytoplasmic granules

lymphocytes or immunoblasts

Lymphocyte (T cell)

Mitochondrion Electron microscopy

Secondary lysosome
(active)  Primary lysosome
(inactive)

Filopodia

Small lymphocytes are present

Macrophages as antigen-presenting cells

B3 A macrophage takes up an antigen that is
stored within a phagocytic vesicle (phagosome).
B3 A lysosome fuses with the phagosome and
the antigen is broken down into small peptide
fragments, which bind to a receptor molecule,
called the major histocompatibility complex
(MHC).

B3 The phagocytic vesicle fuses with the
plasma membrane, and the antigen is presented
to a lymphocyte (T cell derived from the
thymus).

but expressing the c-kit receptor (a tyrosine kinase),
its ligand stem cell factor and FceRI, the high
affinity receptor for immunoglobulin E.

Mature mast cells abundant
proteases and proteoglycans stored in granules as
well as newly synthesized lipid-derived mediators
(leukotrienes) after stimulation by chemokines and
cytokines.

can release

Mast cells | 4. CONNECTIVE TISSUE
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Mast cells and basophils circulating in blood
derive from the same myeloid progenitor in the
bone marrow. Basophils leave the bone marrow with
cytoplasmic granules; mast cells acquire them later
when they rich their final destination. Mast cells
express 047 integrin, involved in the relocation or
homing process.

There are two populations of mast cells:

1. Connective tissue mast cells (CTMCs), that
migrate and locate around blood vessels and nerve
endings of the connective tissue.

2. Mucosa mast cells (MMCs), that associate
with T cells, predominantly in the lamina propria
of the mucosae of the intestine and lungs.

An important distinction is that CTMCs are
T cell-independent in contrast to MMCs, whose
activities are T cell-dependent.

The mast cell is the source of vasoactive mediators
contained in cytoplasmic granules (Figure 4-9).
These granules contain histamine, heparin, and
chemotactic mediators to attract monocytes,
neutrophils, and eosinophils circulating in blood to
the site of mast cell activation.

Leukotrienes are vasoactive products of mast cells.
Leukotrienes are not present in granules; instead,
they are released from the cell membrane of the
mast cells as metabolites of arachidonic acid (see
Chapter 3, Cell Signaling).

CTMC:s differ from MMCs in the number and
size of metachromatic (see Box 4-D) cytoplasmic
granules, which tend to be more abundant in
CTMGs. In addition, intestinal MMCs contain
mast cell chymase protein MCP-1 (a chymotryptic
peptidase), whereas CTMCs lack this protease but
express MCP-4 (a chymase), MCP-5 (an elastase),
MCP-6 and MCP-7 (tryptases) and CPA3 (mast
cell carboxypeptidase A). These mast cell proteases
have a pro-inflammatory action.

Although CTMCs and MMC:s have the same cell
precursor, the definitive structural and functional
characteristics of mast cells are acquired on the site
of differentiation (connective tissue or mucosae).

General Pathology: Mast cells and allergic
hypersensitivity reactions
The secretion of specific vasoactive mediators plays

Box 4-D | Metachromasia: Highlights to remember

* The granules of the mast cell have a staining property known as metachro-
masia (Greek meta, beyond; chroma, color).

* After staining with a metachromatic dye, such as toluidine blue, the mast cell
granules stain with a color that is different from the color of the dye (purple-red

instead of blue).

* This phenomenon is determined by a change in the electronic structure of
the dye molecule after binding to the granular material. In addition, mast cell
granules are PAS positive because of their glycoprotein nature.
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Macrophage and mast cell

an important role in the regulation of vascular
permeability and bronchial smooth muscle tone
during allergic hypersensitivity reactions (for
example, in asthma, hay fever, and eczema).

The surface of mast cells and basophils contains
immunoglobulin E  (IgE) receptors (FceRI).
Antigens bind to two adjacent FceRI receptors and
the mast cell becomes IgE-sensitized (see Figure
4-9). An IgE-sensitized mast cell releases Ca** from
intracellular storage sites as well as the content of
the cytoplasmic granules by a process known as
degranulation.

The release of histamine during  asthma
(Greek asthma, panting) causes dyspnea (Greek
dyspnoia, difficulty with breathing) triggered by the
histamine-induced spasmodic contraction of the
smooth muscle surrounding the bronchioles and the
hypersecretion of goblet cells and mucosal glands of
bronchi.

During hay fever, histamine increases vascular
permeability leading to edema (excessive accumulation
of fluid in intercellular spaces).

Mast cells in the connective tissue of skin
release leukotrienes that induce increased vascular
permeability associated with urticaria (Latin wrtica,
stinging nettle), a transient swelling in the dermis

of the skin.

Plasma cells

The plasma cell, which derives from the
differentiation of B lymphocytes (also called B
cells), synthesizes and secretes a single class of
immunoglobulin (Figure 4-10). We discuss in
Chapter 10, Immune-Lymphatic System, details of
the origin of plasma cells.

Immunoglobulins are glycoproteins, and therefore
plasma cells have the three structural characteristics
of cells active in protein synthesis and secretion:

1. A well-developed rough endoplasmic reticulum

2. An extensive Golgi apparatus

3. A prominent nucleolus

At the light microscopic level, most of the
cytoplasm of a plasma cell is basophilic because of
the large amount of ribosomes associated with the
endoplasmic reticulum. A clear area near the nucleus
is slightly acidophilic and represents the Golgi
apparatus. The nucleus has a characteristic cartwheel
configuration created by the particular distribution
of heterochromatin.

Extracellular matrix
The ECM is
noncollagenous glycoproteins, and proteoglycans
surrounding cells and fibers of the connective tissue.

Recall that the basement membrane contains

ECM

a combination of collagens,

several components such as laminin,



Figure 4-9. Mast cell
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anchored to the FceRl calcium is mobilized
receptor

After activation, binding of a specific antigen to two adjacent

Nonactivated mast cells contain abundant granules storing

FceRI receptors, mast cells:

histamine, proteases, and proteoglycans.
Histamine is formed by decarboxylation of histidine.
Proteoglycans contribute to the packaging and storage of
histamine and proteases (mainly tryptase and chymase).
Chymases (mast cell specific serine proteases, MCPs) are
unique of mast cells. They are not present in basophils.

1. Release histamine, proteases, and proteoglycans.

2. Synthesize mediators derived from arachidonic acid through
the cyclooxygenase, and lipoxygenase pathways.

Cyclooxygenase (prostaglandin D) and lipoxygenase
(leukotriene C4) metabolites are not present in granules. These
metabolites are important inflammatory mediators.

fibronectin, various types of collagen, and heparan
sulfate proteoglycan. In addition, epithelial
and nonepithelial cells have receptors for ECM
constituents. An example is the family of integrins
with binding affinity for laminin and fibronectin.
Integrins interact with the cytoskeleton (F-actin),
strengthening cell interactions with the ECM by
establishing focal contacts or modifying cell shape
or adhesion.

Several noncollagenous glycoproteins of the ECM
mediate interactions with cells and regulate the
assembly of ECM components. Noncollagenous

glycoproteins have a widespread distribution in
several connective tissues, although cartilage and
bone contain specific types of noncollagenous
glycoproteins. We study them later when we discuss
the processes of chondrogenesis (formation of
cartilage) and osteogenesis (bone formation).

Proteoglycan aggregates (Figure 4-11) are the
major components of the ECM. Each proteoglycan
consists of glycosaminoglycans (GAGs), proteins
complexed with polysaccharides.

GAGs are linear polymers of disaccharides
with sulfate residues. GAGs control the biological
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Figure 4-10. Plasma cell
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Origin of a plasma cell

B8 m antigen is taken up by a macrophage (antigen-presenting
cell).

B3 The antigen is stored in a phagosome, which fuses with a
lysosome. Within an acidic pH microenvironment, lysosomal hydrolytic
enzymes become active and break down the antigen into small
peptides. Small peptides bind to MHC molecules inserted in the
membrane of the phagosome.

[EJ The phageytic vesicle fuses with the plasma membrane and the
peptide-MHC is exposed to T cells, which bind to the antigenic
peptide and secrete cytokines or interleukins.

u Interleukins bind to adjacent B cells, which are induced to divide
by mitosis to increase their cell number.

B B cells differentiate into immunoglobulin-secreting plasma cells.
@@ Svecific immunoglobulins bind to free antigen in the
extracellular space to neutralize the damaging effect.

A more detailed analysis of the antigen-presenting cell and T cell-B
cell interaction are discussed in Chapter 10, Immune-Lymphatic
System.
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functions of proteoglycans by establishing links
with cell surface components, growth factors, and
other ECM constituents.

Different types of GAGs are attached to a core
protein to form a proteoglycan. The core protein, in
turn, is linked to a hyaluronan molecule by a linker
protein. The hyaluronan molecule is the axis of a
proteoglycan aggregate. Proteoglycans are named
according to the prevalent GAG (for example,
proteoglycan chondroitin sulfate, proteoglycan
dermatan sulfate, proteoglycan heparan sulfate).

| Plasma cell

The embryonic connective tissue of the umbilical
cord (Wharton’s jelly) is predominantly ECM
material surrounding the two umbilical arteries and
the single umbilical vein.

Proteoglycans have extremely high charge density
and, therefore, significant osmotic pressure. These
attributes enable a connective tissue bed to resist
compression because of the very high swelling
capacity of these molecules. The umbilical blood
vessels, crucial elements for fetal-maternal fluid,
gas, and nutritional exchange, are surrounded by a



Figure 4-11. Proteoglycan aggregate
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Proteoglycan aggregates are formed by:

1. An axial hyaluronan molecule.

2. Core proteins attached to the hyaluronan

molecule by a linker protein.

3. Glycosaminoglycans attached to a core

protein.

Several chains of glycosaminoglycans bound to
the core protein form a proteoglycan. The
molecular mass of a proteoglycan is about 108 kd.

Proteoglycan

aggregate

proteoglycan-enriched type of connective tissue to
provide resistance to compression.

General Pathology: Degradation of the extracellular
matrix

The ECM can be degraded by matrix
metalloproteinases (MMPs; also called matrixins),
a family of zinc-dependent proteases secreted as
pro-enzymes (zymogens) proteolytically activated
in the ECM. The activity of MMPs in the
extracellular space can be specifically balanced by
tissue inhibitors of MMPs (TIMPs) during tissue
remodeling.

The expression of MMP genes can be regulated by
inflammatory cytokines, growth factors, hormones,
cell—cell and cell-matrix interaction. Humans have
23 MMP genes

The degradation of the ECM occurs normally
during the development, growth, tissue repair and
wound healing. However, excessive degradation of
the ECM is observed in several pathologic conditions
such as rheumatoid arthritis, osteoarthritis, chronic
tissue ulcers and cancer. Tumor invasion, metastasis,
and tumor angiogenesis require the participation
of MMPs whose expression increases in association
with tumorigenesis.

Members of the family of MMPs include several
subgroups based on their substrates (Figure 4-12):

1. Collagenases (MMP-1, MMP-8, and MMP-
13) degrade types I, II, and III collagens and
other ECM proteins. MMP-1 is synthesized by
fibroblasts, chondrocytes, keratinocytes, monocytes,
and macrophages, hepatocytes, and tumor cells.
MMP-8 is stored in cytoplasmic granules of
polymorphonuclear leukocytes and released in
response to a stimulus. MMP-13 can degrade several
collagens (types L, II, I1I, IV, IX, X, and XI), laminin
and fibronectin, and other ECM components.

(MMP-2 and MMP-9) can
degrade a number of ECM molecules including
type IV, V and XI collagens, laminin and aggrecan
core protein. Similar to collagenases, MMP-2, but
not MMP-9, can digest type I, II and III collagens.
Gelatinases are produced by alveolar macrophages.
3. Stromelysins MMP-3 and MMP-10 digest a
number of ECM molecules, but MMP-11 activity
is very weak toward ECM molecules. Stromelysins

2. Gelatinases

degrade basement membrane components (type IV
collagen and fibronectin).

4. Matrilysins (MMP-7 and MMP-26). MMP-
7 is synthesized by epithelial cells and cleaves cell
surface molecules such as pro—a-defensin, Fas-
ligand, pro-tumor necrosis factor ligand, and
E-cadherin. MMP-26 is expressed in normal
endometrial cells and some carcinoma cells.

5. Membrane-type MMPs (MT-MMPs) include
two categories:

¢ Transmembrane proteins (MMP-14, MMP-15,
MMP-16, and MMP-24).

* Glycosylphosphatidylinositol (GPI)-anchored
proteins (MMP-17 and MMP-25).

MT-MMDPs are activated intracellularly and are
active enzymes on the cell surface.

A number of MMPs are not grouped within the
above categories:

1. Metalloelastase (MMP-12) is expressed by
macrophages, hypertrophic  chondrocytes and
osteoclasts.

2. MMP-19, also called rheumatoid arthritis
synovial inflammation, digests components of
basement membranes. MMP-19 is found in the
activated lymphocytes and plasma cells from patients
with rheumatoid arthritis.

3. Enamelysin (MMP-20)

ameloblasts

is expressed in
cells of the

developing tooth) and digests amelogenin.

(enamel-producing
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Figure 4-12. Concept Mapping: MMPs and TIMPs
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TIMPs (TIMP-1, TIM-2, TIMP-3 and TIMP-
4) are inhibitors of MMPs. TIMP-3 is a major
regulator of MMP activities.

MMPs are a target of therapeutic intervention
to inhibit tumor invasion and metastasis. We come
back to this topic in Chapter 23, Fertilization,
Placentation, and Lactation, when we discuss the
significance of metalloproteinases during the early
stages of embryo implantation in the endometrial
stroma or decidua.

General Pathology: Molecular biology of tumor
invasion

As discussed in the Neoplasia section of Chapter
3, Cell Signaling, invasion and metastasis are two
important events of carcinoma (Greek karkinoma,
from karkinos, crab, cancer + oma, tumor), a tumor
derived from epithelial tissues.

Adenoma is a structurally benign tumor of
glandular epithelial cell origin lacking invasive and
metastatic properties. Malignant carcinomas may
arise from benign adenomas. For example, a small
benign adenoma or polyp of the colon can become
an invasive carcinoma.

Sarcoma (Greek sarx, flesh + oma) is a tumor
(muscle,
For

derived from the connective tissues
bone, cartilage) and mesodermal
example, fibrosarcoma derives from fibroblasts and

cells.

osteosarcoma originates from bone.

Invasion is defined by the breakdown of the
basement membrane by tumor cells and implies the
transition from precancer to cancer. Metastasis is the
spread of tumor cells throughout the body through
blood and lymphatic vessels, generally leading to
death. Figure 4-13 illustrates and describes the
initial events of tumor cell invasion.

Many carcinomas produce members of the

| MMPs and TIMPs

*GP, glycosylphophatidylinositol

matrix metalloproteinase family to degrade various
types of collagen as we have seen in the preceding
section. Normal tissues produce tissue inhibitors of
metalloproteinases that are neutralized by carcinoma
cells. Tumors that behave aggressively are capable of
overpowering the protease inhibitors.

One critical event during metastasis is angiogenesis,
the development of blood vessels. Blood vessels
supply oxygen and nutrients required for tumor
growth. Angiogenesis is stimulated by tumor cells,
in particular the proliferation of capillary endothelial
cells forming new capillaries in the tumoral growth.
In Chapter 12, Cardiovascular System, we discuss
the mechanism of action and targets of endostatin
and angiostatin, two new proteins that inhibit
angiogenesis.

Adipose tissue or fat
There are two classes of adipose tissue:

1. White fat, the major reserve of long-term
energy and also an endocrine tissue

2. Brown fat, which participates in thermogenesis

Similar to fibroblasts, chondroblasts, osteoblasts
and myoblasts, white fat and brown fat adipose cells
derive from a mesenchymal stem cells in a process
known as adipogenesis.

Adipogenesis
Adipogenesis requires the activation of the master
adipogenic regulator, the DNA binding peroxisome
proliferator-activated receptor-y (PPARY), in the
presence of insulin  and glucocorticoids (Figure
4-14).

Preadipocytes can follow two different cell
differentiation pathways:

1. One pathway results in the formation of white fat

preadipocytes directly from mesenchymal stem cells.



Figure 4-13. Tumor invasion and metastasis
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The expression of cell adhesion molecules, such as cadherins, decreases. This
decrease weakens the cohesive nature of the intraepithelial tumor cells, and
microinvasion starts when the basement membrane breaks down.

Collagenase IV, released by invading tumor cells, dissolves the basement membrane
and allows tumor cells to invade the subjacent connective tissue. Other proteases, such
as plasminogen activator, collagenases |, Il, and lll, cathepsins, and hyaluronidase,
destroy noncollagenous glycoproteins and proteoglycans, enabling further advancement
of tumor cells into the destroyed connective tissue.

Invading tumor cells overexpress integrins (laminin and fibronectin receptors) to
facilitate cell attachment and progression in the connective tissue. Tumor cells generally
invade along pathways that provide low resistance, such as connective tissue.

As tumor cells start their invasive phase, they secrete:

1. Autocrine motility factors (to direct the motion of
the advancing tumor cells).

2. Vascular permeability factors (to enable plasma
proteins and nutritional factors to accumulate).

3. Angiogenic factor (to increase the vascularity,

oxygen and nutritional support of the growing tumor).

See Chapter 12, Cardiovascular System, for a

4
;

gﬂ discussion of tumor angiogenesis.

e el

2.The other pathway generates myoblastsand brown
fat preadipocytes from a common MYF5'PAX7*
(myogenic factor 5* and paired-box 7*) precursor.
Therefore, white fat and brown fat precursor cells
diverge in early development.

The differentiation of white fat preadipocytes
into end-stage adipocytes is driven by PPARy and
C/EBPs (CCAAT/enhancer-binding  proteins).
The differentiation of the MYF5*PAX7* myoblast/

Because newly formed blood vessels are connected

]

S¢ = with the general circulation, tumor cells can rapidly
] - _:_\., « enter the blood vessels and disseminate to distant
2= e Invasive carcinoma

1 tissues. This event is known as metastasis.

PEE- P L S

brown fat preadipocyte precursor into brown fat
preadipocytes requires also PPARy in addition
to BMP7 (bone morphogenetic protein 7) and
PRDM16 (transcriptional co-regulator PR domain-
containing 16). PRDM16 is essential for brown fat
adipogenesis.

BMP7 and PRDMI16 are not involved in
white fat adipogenesis. Preadipocytes committed
to adipogenesis activate the expression of genes

Adipose tissue |
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Figure 4-14. Adipogenesis
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Aggregates of epithelial-like multilocular, mitochondria-rich adipocytes
surrounded by abundant blood vessels are characteristic of brown fat. The
main function of brown fat is to dissipate energy instead of storing it as does
white fat. Heat is generated by uncoupling the production of ATP from the
movement of H* across the inner mitochondrial membrane down the
concentration gradient. Uncoupling protein-1 (UCP-1) activates uncoupling.
Mitochondrial biogenesis and expression of UCP-1 protein are key

features of thermogenesis by brown fat.
Multilocular adipocyte

Blood vessels
Fibroblast
Mesenchymal Chondroblast
Adipogenesis stem cell

Osteoblast
Mesenchymal stem cells give rise to white fat White fat
preadipocytes and a common precursor expressing preadipocyte MYF5’“PA)§7’r myoblast/brown fat
MYFS’TPAXI7+ (my.og'eni.c factor 5 and paire(_i box 7) PPARy and preadipocyte precursor
that drive differentiation into brown fat preadipocytes "~ C/EBPs
and muscle cells. Therefore, white and brown fat !
adipocytes derive from different precursors. Myoblast Brown fat preadipocyte

White fat preadipocytes and brown fat preadipocytes

express PPARy (peroxisome proliferator-activated l [ ;';nf;y C{jEIEII:SD"M 16
receptor-y), the master regulator of adipogenesis and ‘ . »an
C/EBPs (CCAAT/enhance-binding proteins). White fat adipocyte  yocyte

PRDM16 (transcriptional co-regulator PR domain-
containing 16) and BMP7 (bone morphogenetic
protein 7) are expressed by brown fat preadipocytes but
not white fat preadipocytes.

White fat adipocytes can transdifferentiate into brown
fat-like adipocytes following cold exposure and
[3-adrenergic signaling.

:

Cold exposure;
[3-adrenergic signaling

typical of the adipocyte phenotype, such as glucose
transporter 4 (GLUT4) protein, fatty acid binding
protein-4, leptin and adiponectin (Figure 4-15).

In the presence of cold exposure and B-adrenergic
signaling, white fat adipocytes can transdifferentiate
into brown fat-like adipocytes expressing UCP-1
(uncoupling protein 1), a mitochondrial protein
that increases thermogenesis by dissociation of
oxidative phosphorylation from energy production.

Adipogenesis occurs during both the prenatal
and postnatal states of the individual and is reduced
as age increases. White fat is distributed throughout
Adipogenesis
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i : ; Brown fat adipocyte

UCP-1 protein

&

White fat-to-brown fat-like adipocyte

transdifferentiation

the body surrounding visceral organs and in
subcutaneous regions. Accumulation of visceral
fat during obesity correlates with insulin resistance
(type 2 diabetes) and inflammation. Weight loss is
associated with a decrease in adipocyte size without
affecting adipocyte cell numbers. Brown fat is found
in paravertebral, supraclavicular, and periadrenal
sites.

Lipid storage and breakdown
During white
lipoprotein

fat adipogenesis, adipocytes

synthesize lipase and begin to



Figure 4-15. Regulation of adipocyte function
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accumulate fat in small cytoplasmic droplets. Small
droplets fuse to form a single large lipid-storage
droplet, a characteristic of mature unilocular (Latin
unus, single; loculus, small place) adipocytes (see
Figure 4-14).

The single lipid-storage droplet pushes the
nucleus to an eccentric position and the adipocyte
assumes a ‘signet-ring” appearance. In histologic
sections, capillaries appear as single structures
that may contain blood cell elements, whereas
adipocytes form aggregates.

The surface of lipid droplets is surrounded by the
protein perilipin. Phosphorylated perilipin changes
its conformation, thus enabling lipase-mediated
breakdown and release of lipids. Each perilipin-
coated lipid droplet is in contact with the cytosol;

Box 4-E | Fat in histologic sections

o Fat is usually dissolved by solvents (xylene) used during paraffin embedding.
Only the nucleus and a narrow cytoplasmic rim, surrounding a central empty
space, can be visualized.

* Fat that is fixed and stained with osmium tetroxide appears brown. This
reagent is also used for the visualization of lipid-rich myelin in nerves (see
Chapter 8, Nervous Tissue).

o Alcoholic solutions of fat-soluble dyes (such as Sudan IIl or Sudan black) can
also be used for the detection of aggregates of fat droplets in frozen sections.
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Leptin is a hormone produced
primarily by white adipose tissue.
It provides information about the fat
mass and nutritional status to neural
centers regulating appetite, energy
balance, and feeding.

it is not surrounded by a cytomembrane. Therefore,
lipid droplets are classified as cell inclusions.
Aggregates of fat droplets can be visualized by
histochemistry under specific technical conditions
(see Box 4-E).

Lipid droplets contain about 95% triglycerides
rich in carotene, a lipid-soluble pigment that gives
the so-called white fat a yellowish color. Adipocytes
synthesize lipoprotein lipase. Lipoprotein lipase
is transferred to endothelial cells in the adjacent
blood vessels to enable the passage of fatty acids and
triglycerides into the adipocytes.

The blood supply to white fat, mainly capillaries,
is not as extensive as in brown fat.

The storage of lipids in mature adipocytes is
regulated by the antilipolytic effect of insulin and
prostaglandins resulting in the inhibition of lipase.
The breakdown and release of lipids is regulated by
the lipolytic effect of epinephrine, glucagon, and
adrenocorticotropic hormone (ACTH) as a result
of the phosphorylation of lipase and perilipin (see
Figure 4-15). Adipose tissue is innervated by the
sympathetic nervous system.

Adipocytes of brown fat contain many lipid-
storage droplets (multilocular; Latin multus, many;
loculus, small place). Brown fat is mostly decreased

during childhood and is supplied by abundant blood
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Box 4-F | How chondrocytes survive

* |n cartilage, chondroblasts and chondrocytes are sustained by diffusion of
nutrients and metabolites through the aqueous phase of the extracellular

matrix.

* In bone, deposits of calcium salts in the matrix prevent the diffusion of
soluble solutes, which thus must be transported from blood vessels to osteo-
cytes through canaliculi (see Bone).

vessels and sympathetic adrenergic nerve fibers.
Lipochrome pigment and abundant mitochondria,
rich in cytochromes, give this type of fat a brownish
color.

As stated initially, the main function of brown
fat is to dissipate energy in the form of heat
(thermogenesis) in cold environments as a protective
mechanism in the newborn. Thermogenesis by
brown fat cells has two requirements (see Figure
4-14):

1. Mitochondrial biogenesis

2. The expression of UCP-1

As we briefly mentioned in Chapter 2, Epithelial
Glands, in our discussion on UCP transporters
in mitochondria, UCP-1 dissipates the proton
gradient established across the inner mitochondrial
membrane when electrons pass along the electron-
transport chain. Thermogenesis occurs because
UCP-1 allows the reentry of protons down their
concentration gradient into the mitochondrial
matrix and uncouples respiration from ATP
production.

Clinical significance: Obesity
Obesity is a disorder of energy balance. It occurs
when energy intake exceeds energy expenditure.
Protection against obesity without consideration
of energy intake results in an increase in circulating
levels of triglycerides, and excessive accumulation
of fat in liver (steatosis). The metabolic activities
of adipocytes have very significant clinical
consequences. An increase in visceral adiposity is
associated with a higher risk of insulin resistance
(see Chapter 19, Endocrine System), dyslipidemia
(alteration in blood fat levels), and cardiovascular
disease.

One of the secreted products of adipocytes is

Box 4-G | Cartilage repair after injury

¢ Cartilage has a modest repair capacity. Cartilage injuries frequently result in
the formation of repair cartilage from the perichondrium.

* This repair cartilage contains undifferentiated cells with a potential to differenti-
ate into chondrocytes that synthesize components of the cartilage matrix. This
important property facilitates the healing of a bone fracture as discussed later.
* The repair cartilage has a matrix composition intermediate between hyaline
and fibrous cartilage (for example, it contains both types | and Il collagen).
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leptin, a 16-kd protein encoded by the 06 gene.
Leptin is released into the circulation and acts
peripherally to regulate body weight. Leptin acts
on hypothalamic targets involved in appetite and
energy balance. Leptin-deficient mice (06/0b) are
obese and infertile. Both conditions are reversible
with leptin administration.

The leptin receptor in hypothalamic target cells
shares sequence homology with cytokine receptors.
During inflammation, the release of the cytokines
interleukin-1 and tumor necrosis factor ligand
increases leptin in serum, an indication that leptin
interacts with cytokines to influence responses to
infection and inflammatory reactions. Infections,
injury, and inflammation up-regulate leptin gene
expression and serum protein levels. As we discuss
later, leptin has a role in bone formation.

Adiponectin (30-kd) modulates a number of
metabolic processes, including glucose regulation
and fatty acid breakdown. Obesity is associated with
decreased adiponectin. Adiponectin has potential
antiatherogenic and anti-inflammatory properties.

Cartilage

Like the fibroblast and the adipocyte, the
chondroblast derives from a mesenchymal stem
cell. Chondroblasts contain lipids and glycogen, a
well-developed RER (basophilic cytoplasm), and
Golgi apparatus (Figure 4-16). The proliferation of
chondroblasts results in growth of the cartilage.

Similar to typical connective tissue, the cartilage
consists of cells embedded in ECM surrounded
by the perichondrium. The perichondrium is
formed by a layer of undifferentiated cells that can
differentiate into chondroblasts.

In contrast to typical connective tissue, the
cartilage is avascular and cells receive nutrients
by diffusion through the ECM (see Box 4-F). At
all ages, chondrocytes have significant nutritional
requirements. Although they rarely divide in the
adult cartilage, they can do so to enable healing of
bone fractures (see Box 4-G).

Growth of cartilage (chondrogenesis)
Cartilage grows by two mechanisms (Figure 4-17
and Figure 4-18):

1. By interstitial growth, from chondrocytes
within the cartilage (see Figure 4-17).

2. By appositional growth, from undifferentiated
cells at the surface of the cartilage, or perichondrium
(see Figure 4-18).

During chondrogenesis, chondroblasts produce
and deposit type II collagen fibers and ECM
(hyaluronic acid and GAGs, mainly chondroitin
sulfate and keratan sulfate) until chondroblasts are
separated and trapped within spaces in the matrix



Figure 4-16. Chondrocytes and the surrounding matrix
Chondrocytes

The cells that produce the cartilage matrix are called chondroblasts or chondrocytes, depending on the
relative maturity of the cells.

Chondrocytes occupy small cavities in the extracellular matrix called lacunae. Two chondrocytes may occupy
a single lacuna.

The extracellular matrix is compartmentalized. A pericellular matrix (visible with special staining) is
circumscribed by a moderately stained territorial matrix and a less intensely stained interterritorial matrix.
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Rough endoplasmic reticulum
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Lipid

The lacunar rim is the inner
layer of the territorial matrix. It
consists of loose collagen
fibrils.

The territorial matrix
consists of randomly arranged
type Il collagen fibrils

surrounded by proteoglycans.

called lacunae (Latin /Jzcuna, small lake). The cells
are then called chondrocytes. The space between
the chondrocyte and the wall of the lacuna seen in
histologic preparations is an artifact of fixation.

The matrix in close contact with each chondrocyte
forms a bluish (with hematoxylin and eosin),
metachromatic (see Box 4-D), or PAS-positive
basket-like structure called the territorial matrix.

Each cluster of chondrocytes, known as an
isogenous group, is enclosed by the territorial
matrix and separated from each other by a wider
and pale interterritorial matrix.

Types of cartilage
There are three major types of cartilage (Figure
4-19):

1. Hyaline cartilage.

2. Elastic cartilage.

3. Fibrocartilage.

Hyaline cartilage is the most widespread
cartilage in humans. Its name derives from the clear
appearance of the matrix (Greek hyalos, glass).

In the fetus, hyaline cartilage forms most of the
skeleton before it is reabsorbed and replaced by bone
by a process known as endochondral ossification.
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Figure 4-17. Chondrogenesis: Interstitial growth

During embryogenesis, mesenchymal cells aggregate and differentiate into

Territorial matrix chondroblasts, which form centers of chondrogenesis. A center of chondrogenesis
consists of chondroblasts surrounded by extracellular matrix. Chondroblasts divide
by mitosis, and the daughter cells remain within the same space or lacuna forming
an isogenous cell group. The isogenous group is surrounded by territorial matrix.
A wider interterritorial matrix surrounds the territorial matrix.

This growth process, known as interstitial growth of the cartilage, is very active
during endochondral ossification (see Chapter 5, Osteogenesis).

Interterritorial J

i Isogenous group

Interritorial matrix

After cell division, daughter cells
remain within the same space or
lacuna, forming an isogenous
group (Greek isos, equal; genos,
family, kind)

Isogenous groups

Nucleus

Territorial matrix

Lacunar rim

Type Il collagen

Rough endoplasmic
reticulum

Interterritorial matrix

In adults, hyaline cartilage persists as the nasal, The hyaline cartilage contains:
laryngeal, tracheobronchial, and costal cartilage. 1. Cells (chondrocytes)
The articular surface of synovial joints (knees, 2. Fibers (type II collagen synthesized by
shoulders) is hyaline cartilage and does not chondrocytes)

participate in endochondral ossification. Articular 3. ECM (also synthesized by chondrocyrtes)
surfaces are not lined by an epithelium. Chondrocytes have the structural characteristics
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Figure 4-18. Chondrogenesis: Appositional growth

Surrounding connective tissue

Perichondrium
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] The outermost cells of the developing cartilage
are spindle-shaped and clustered in a regular fibrous
layer called perichondrium, a transitional zone
between cartilage and the surrounding general
connective tissue.
B3 The inner cells of the perichondrium, the
chondrogenic layer, differentiate into chondroblasts,
which synthesize and secrete type Il collagen
precursors and other extracellular matrix components.
By this mechanism, new layers of cells and
extracellular matrix are added to the surface of the
cartilage by the process of appositional growth, and
the overall size of the cartilage increases. This process
increases the size of the initial anlagen (German
anlagen, plan, outline) of the future skeleton.

A mutation in the gene expressing the transcription factor
Sox9 causes campomelic dysplasia in humans consisting in
bowing and angulation of long bones, hypoplasia of the pelvic
and scapular bones, abnormalities of the vertebral column, a
decrease in the number of ribs, and craniofacial abnormalities.
Sox9 controls the expression of type Il collagen and the
proteoglycan aggrecan.

Sox9-null chondrogenic cells remain in the perichondrium
and do not differentiate into chondrocytes. Other members of
the Sox family participate in chondrogenesis.

Sox9 participates in male sex determination (see Chapter
21, Sperm Transport and Maturation).

Perichondrium
(fibrous layer)

Perichondrium
(chondrogenic
layer
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Figure 4-19. Types of cartilage

Hyaline cartilage Hyaline cartilage has the following features:

. ‘y' i L Srord > e bl N It is avascular.
: § @ N A O It is surrounded by perichondrium (except in
3 4 \y / ’ : Q\
P 9YIg . Y

articular cartilage). The perichondrium has an
‘ outer fibrous layer, an inner chondrogenic
* layer and blood vessels.

It consists of chondrocytes surrounded by
territorial and interterritorial matrices containing
type Il collagen interacting with proteoglycans.

It occurs in the temporary skeleton of the
embryo, articular cartilage (see Box 4-H) and
the cartilage of the respiratory tract (nose,
larynx, trachea and bronchi) and costal cartilages.

Elastic cartilage has the following features:

Itis avascular.

It is surrounded by perichondrium.

It consists of chondrocytes surrounded by
territorial and interterritorial matrices containing
type Il collagen interacting with proteoglycans
and elastic fibers, which can be stained by
orcein for light microscopy.

It occurs in the external ear, epiglottis, and
auditory tube.

Perichondrium

Chondrocytes

Elastic fibers

Fibrocartilage has the following features:

It is generally avascular.

It lacks a perichondrium.

It consists of chondrocytes and fibroblasts
surrounded by type | collagen and a less rigid
extracellular matrix. Fibrocartilage is considered
an intermediate tissue between hyaline cartilage
and dense connective tissue.

It predominates in the intervertebral disks,
articular disks of the knee, mandible,
sternoclavicular joints, and pubic symphysis.

Chondrocytes aligned
along the lines of stress
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Box 4-H | Cartilage of the joints

* The specialized extracellular matrix of hyaline cartilage has a dual role:

1. It acts like a shock absorber, because of its stiffness and elasticity.

2. It provides a lubricated surface for movable joints.

The lubrication fluid (hyaluronic acid, immunoglobulins, lysosomal enzymes,
collagenase in particular, and glycoproteins) is produced by the synovial lining
of the capsule of the joint.

* The analysis of the synovial fluid is valuable in the diagnosis of joint

disease.

of a protein-secreting cell (well-developed RER
and Golgi apparatus, and large nucleolus) and store
lipids and glycogen in the cytoplasm. Chondrocytes
are coated by a pericellular matrix, surrounded
by the territorial and interterritorial matrices,
respectively. A lacunar rim separates the cell from
the territorial matrix.

The surface of hyaline cartilage is covered by
the perichondrium, a fibrocellular layer that is
continuous with the periosteal cover of the bone
and that blends into the surrounding connective
tissue. Articular cartilage lacks a perichondrium.

The perichondrium consists of two layers (see
Figure 4-18):

1. An outer fibrous layer, which contains
fibroblasts producing bundles of type I collagen and
elastin.

2. An inner layer, called the chondrogenic
layer, formed by elongated chondrocytes aligned
tangentially to the perichondrium of the cartilage.

The ECM contains hyaluronic acid, proteoglycans
(rich in the GAGs chondroitin sulfate and keratan
sulfate) and a high water content (70% to 80% of
its weight). Aggrecan is a large proteoglycan (about
2500 kd) characteristic of cartilage. It provides a
hydrated gel-like structure that facilitates the load-
bearing properties of cartilage.

Box 4-1 | Sox9 transcription factor

* Genes encoding proteins that turn on (activate) or turn off (repress) other
genes are called transcription factors. Many transcription factors have com-
mon DNA-binding domains and can also activate or repress a single target
gene as well as other genes (a cascade effect). Therefore, mutations affecting
genes encoding transcription factor have pleiotropic effects (Greek pleion,
more; trope, a turning toward).

* Examples of transcription factor genes include homeobox-containing genes,
high mobility group (HMG)-box—containing genes, and the T-box family.

* The HMG domain of Sox proteins can bend DNA, and facilitate the interaction
of enhancers with a distantly located promoter region of a target gene.

o Several Sox genes act in different developmental pathways. For example,
Sox9 protein is expressed in the gonadal ridges of both genders but is up-

regulated in males and down-regulated in females before gonadal differentia-
tion. Sox9 also regulates chondrogenesis and osteogenesis and the expression
of type Il collagen by chondroblasts. Mutations of the Sox9 gene cause skeletal
defects (campomelic dysplasia), and sex reversal (XY females).

The transcription factor Sox9 (for sex determining
region Y-box 9) is required for the expression of
cartilage-specific ECM components such as type
IT collagen and the proteoglycan aggrecan. Sox9
activates the expression of the COL2A1 gene.

A lack of Sox9 expression prevents the
chondrogenic layer to differentiate into chondrocytes
(see Box 4-I). Mutations in the Sox9 gene cause
the rare and severe dwarfism called campomelic
dysplasia (see Figure 4-18). We come back to Sox9
to stress its role of enabling mesenchymal stem cells
to become preosteoblasts.

The structure of the elastic cartilage is similar
to that of hyaline cartilage except that the ECM
contains abundant elastic fibers synthesized by
chondrocytes. Elastic cartilage predominates in the
auricle of the external ear, a major portion of the
epiglottis and some of the laryngeal cartilages. The
specialized matrix of the cartilage has remarkable
flexibility and the ability to regain its original shape
after deformation.

Unlike hyaline cartilage, fibrocartilage is opaque,
the matrix contains type I collagen fibers, the ECM
has a low concentration of proteoglycans and water
and it lacks a perichondrium.

Fibrocartilage has great tensile strength and forms
part of the intervertebral disk, pubic symphysis, and
sites of insertion of tendon and ligament into bone.

The fibrocartilage is sometimes difficult to
distinguish from dense regular connective tissue
of some regions of tendons and ligaments.
Fibrocartilage is distinguished by characteristic
chondrocytes within lacunae, forming short
columns (in contrast to flattened fibroblasts or
fibrocytes lacking lacunae, surrounded by the
dense connective tissue and ECM). You may like to
compare tendon in Figure 4-1 and fibrocartilage in
Figure 4-19 to see the structural differences.

Bone
Bone is a rigid inflexible connective tissue in
which the ECM has become impregnated with
salts of calcium and phosphate by a process called
mineralization. Bone is highly vascularized and
metabolically very active.

The functions of bone are:

1. Support and protection of the body and its
organs.

2. A reservoir for calcium and phosphate ions.

Macroscopic structure of mature bone
Two forms of bone can be distinguished based on
the gross appearance (Figure 4-20), :
1. Compact or dense bone.
2. Spongy, trabecular or cancellous bone.
Compact bone appears as a solid mass. Spongy
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Figure 4-20. General architecture of a long bone
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bone consists of a network of bony spicules or
trabeculae delimiting spaces occupied by the bone
marrow.

In long bones, such as the femur, the shaft or
diaphysis consists of compact bone forming a
hollow cylinder with a central marrow space, called
the medullary or marrow cavity.

The ends of the long bones, called epiphyses,
consist of spongy bone covered by a thin layer of
compact bone.

In the growing individual, epiphyses are separated
from the diaphysis by a cartilaginous epiphyseal
plate, connected to the diaphysis by spongy bone. A
tapering transitional region, called the metaphysis,
connects the epiphysis and the diaphysis. Both the
epiphyseal plate and adjacent spongy bone represent
the growth zone, responsible for the increase in
length of the growing bone.

The articular surfaces, at the ends of the long
bones, are covered by hyaline cartilage, the articular
cartilage. Except on the articular surfaces and at
the insertion sites of tendons and ligaments, most
bones are surrounded by the periosteum, a layer
of specialized connective tissue with osteogenic
potential.

The marrow wall of the diaphysis, the endosteum,
and the spaces within spongy bone are lined by
osteoprogenitor cells, with osteogenic potential.
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Microscopic structure of mature bone

Two types of bone are identified on the basis of the
microscopic three-dimensional arrangement of the
collagen fibers:

1. Lamellar or compact bone, typical of the
mature bone, displays a regular alignment of
collagen fibers. This bone is mechanically strong
and forms slowly.

2. Woven bone, observed in the developing
bone, is characterized by an irregular alignment
of collagen fibers. This bone is mechanically weak,
is formed rapidly and is then replaced by lamellar
bone. Woven bone is produced during the repair of
a bone fracture.

The lamellar bone consists of lamellae, largely
composed of bone matrix, a mineralized substance
deposited in layers or lamellae, and osteocytes, each
one occupying a cavity or lacuna with radiating and
branching canaliculi that penetrate the lamellae of
adjacent lacunae.

The lamellar bone displays four distinct patterns
(Figure 4-21):

1. The osteons or haversian systems, formed
by concentrically arranged lamellae around a
longitudinal vascular channel. About 4 to 20
lamellae are concentrically arranged around the
haversian canal.

2. The interstitial lamellae, observed between
osteons and separated from them by a thin layer
known as the cement line.

3. The outer circumferential lamellae, visualized
at the external surface of the compact bone under
the periosteum.

4. The inner circumferential lamellae, seen on
the internal surface subjacent to the endosteum.

The vascular channels in compact bone have two
orientations with respect to the lamellar structures:

1. The longitudinal haversian canal, housing
capillaries and postcapillary venules in the center of
the osteon (Figures 4-21 to 4-23).

2. The transverse or oblique Volkmann’s canals,
connecting haversian canals with one another,
containing blood vessels derived from the bone
marrow and some from the periosteum.

Periosteum and endosteum
During embryonic and postnatal growth, the
periosteum consists of:

1. An inner layer of preosteoblasts (or
osteoprogenitor cells), in direct contact with bone.
In the adult, the periosteum contains quiescent
connective tissue cells that retain their osteogenic
potential in case of bone injury and repair. The
inner layer is the osteogenic layer (see Figure 4-21).

2. An outer layer rich in blood vessels, some
of them entering Volkmann’s canals, and thick
anchoring collagen fibers, called Sharpey’s fibers,



Figure 4-21. Haversian system or osteon

Collagen fibers alternate in helical
orientations in successive lamellae
of the haversian system.

Haversian system
or osteon

Cement line

Inner circumferential
lamellar system

Spongy bone (also called
trabecular or cancellous spongy
bone).

Spongy bone is lamellar but
usually not haversian.
The cavities of the spongy bone
are continuous with the bone
marrow cavity of the diaphysis.
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The endosteum consists of osteoprogenitor cells and
reticular fibers. In the adult, these cells can become
osteoblasts during conditions requiring bone repair, such
as bone fracture.

Haversian
canal

Blood vessels in a haversian canal run
in a direction parallel to the bone shaft.

Alternate direction of collagen fibers
in successive lamellae of the outer
circumferential lamellar system.

Interstitial lamella

Quter circumferential
lamellar system

The periosteum is formed by
two layers: (1) The outer layer
contains abundant collagen
fibers and blood vessels that
penetrate Volkmann's canals.
(2) The inner layer contains
osteoprogenitor cells.

Blood vessels

Sharpey's fibers are collagen
o fibers derived from the outer

, layer of the periosteum,
projecting into the outer
circumferential lamellar system.

Blood vessels in Volkmann's
canal in a direction
perpendicular/oblique to the
haversian canal.
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Scanning electron micrograph courtesy of Richard G. Kessel, lowa City, lowa

that penetrate the outer circumferential lamellae.
The endosteum covers the spongy walls and
extends into all the cavities of the bone, including
the haversian and Volkmann’s canals. It consists of
osteoprogenitor cells, reticular stromal cells of the
bone marrow and connective tissue fibers.
As discussed in Chapter 6, Blood and

Hematopoiesis, preosteoblasts and osteoblasts in

the endosteum contribute hematopoietic cytokines

to the bone marrow microenvironment, the
endosteal niche, essential for hematopoietic stem

cell proliferation and maturation.

Bone matrix
The bone matrix consists of organic (35%) and
inorganic (65%) components.
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Figure 4-22. Organization of compact bone: Osteon

Haversian canal
of an osteon

Interstitial lamellae

Concentric array of lamellar bone

Osteocytes are concentrically arranged between lamellae.
Osteocytes of adjacent lamellae are interconnected by
cell processes lodged in canaliculi.

The organic component contains type I
collagen fibers (90%); proteoglycans, enriched in
chondroitin sulfate, keratan sulfate and hyaluronic
acid, and noncollagenous proteins.

The inorganic component of the bone is
represented predominantly by deposits of calcium
phosphate with the crystalline characteristics of
hydroxyapatite. The crystals are distributed along
the length of collagen fibers through an assembly
process assisted by noncollagenous proteins.

Type 1 collagen is the predominant protein of
the bone matrix. In mature lamellar bone, collagen
fibers have a highly ordered arrangement with
changing orientations with respect to the axis of
the haversian canal in successive concentric lamellae
(see Figure 4-21).

Noncollagenous matrix proteins synthesized
by osteoblasts and with unique properties in
the mineralization of bone include osteocalcin,
osteopontin, and osteonectin. The synthesis of
osteocalcin (5.8 kd) and osteopontin (44 kd; also
known as bone sialoprotein I) increases following

Bone

Haversian canal

Osteocyte lacuna
of an osteon
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Array of lamellar bone visualized by polarized
light. Note:

3 The concentric array of the lamellae.

B3 The banding distribution of interstitial lamellae.

stimulation with the active vitamin D metabolite,
la,25-dihydroxycholecalciferol. Vitamin K induces
amino acid carboxylation of osteocalcin to enable
its calcium binding properties. Osteopontin
participates in the anchoring of osteoclast to bone
by the formation of a sealing zone before bone
resorption. Osteonectin (32 kd) binds to type I
collagen and hydroxyapatite.

Osteocalcin, osteopontin, and osteonectin ~ are
not exclusively bone effectors. For example,
undercarboxylated osteocalcin (the hormone form)
stimulates the proliferation and insulin secretion by
B cells of the pancreatic islets of Langerhans.

We discuss later that osteoblasts regulate osteoclast
differentiation by osteoprotegerin, RANKL, and
macrophage colony-stimulating factor.

Cellular components of bone
Bone contains cells of two different lineages:

1. The osteoblast, of mesenchymal origin.

2. The osteoclast, derived from a monocyte
precursor.



Figure 4-23. Osteocytes are connected to each other by cell processes
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— Haversian canal Cell processes are embedded within canaliculi, spaces
surrounded by mineralized bone. Extracellular fluid within the
A blood vessel within the haversian canal lumen of the canaliculi transports molecules by passive diffusion.
provides nutrients to osteocytes.

Nutrients are transported through a
chain of cell processes away from the
haversian canal, toward osteocytes
located far from the canal.

The transport of the canalicular system
is limited to a distance of about 100 um.

An osteocyte, trapped in the calcified
matrix, occupies a space or lacuna.

Osteocytes are responsible for
maintenance and turnover of the
bone matrix.

Calcified bone matrix

The wall of an osteocyte lacuna
shows several openings of canaliculi
(arrows) occupied in vivo by cell
processes of an osteocyte housed in
the space surrounded by calcified
bone matrix.

The osteoblast
Osteoblasts are epithelial-like cells with cuboidal or
columnar shapes, forming a monolayer covering all
sites of active bone formation.

Osteoblasts are highly polarized cells: they
deposit osteoid, the nonmineralized organic matrix
of the bone, along the osteoblast-bone interface.

Cell processes entering canaliculi
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Osteoblasts initiate and control the mineralization
of the osteoid.

In electron micrographs, osteoblasts display the
typical features of cells actively engaged in protein
synthesis, glycosylation, and secretion. Their specific
products include type I collagen, osteocalcin,
osteopontin, and osteonectin as well as several
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Figure 4-24. Function of the osteoblast

Electron micrograph courtesy of Patricia C. Cross, Stanford, California

Mineralized matrix

Osteoid

Osteoblasts derive from osteoprogenitor cells. Osteocytes are the most
mature or terminally differentiated cells of the osteoblastic lineage.

Osteoblasts synthesize the organic matrix of bone, the osteoid, and
control the mineralization of the matrix.

Alkaline phosphatase is an ectoenzyme (a cell surface protein) that
hydrolyzes monophosphate esters at high pH. This enzyme disappears
when the osteoblast ceases protein synthesis and becomes embedded
in the mineralized bone matrix as an osteocyte.

Vitamin D3 (1a,25-dihydroxycholecalciferol) regulates the expression
of osteocalcin, a protein with high binding affinity for hydroxyapatite.

Growth hormone stimulates the production of IGF-1 in
hepatocytes. IGF-1 stimulates the growth of long bones at the level of
the epiphyseal plates.

The major protein products of an osteoblast are:

1. Type 1 collagen. Osteoid consists of type | collagen and
proteoglycans. As a typical protein-producing cell, the osteoblast has a
well-developed rough endoplasmic reticulum.

2. Several noncollagenous proteins. They include: RANKL, the
ligand for receptor for activation of nuclear factor kappa (k) B
(RANK), present in osteoclast precursor cells; osteocalcin, required for
bone mineralization; osteopontin, to mediate the formation of the
osteoclast sealing zone; and osteoprotegerin, a RANKL-binding
“decoy” protein.

hematopoietic cytokines (Figure 4-24).

Prominent rough
endoplasmic reticulum

Osteoblasts

Osteoblasts produce multiple hematopoietic
cytokines, including granulocyte-colony
stimulating factor, macrophage-colony
stimulating factor, granulocyte-macrophage-
colony stimulating factor and interleukins.

Growth hormone (from

the hypophysis)
Parathyroid l'
hormone Liver
Alkaline l'

Insulin-like growth
factor- 1 (IGF-1; also
called somatomedin C)

phosphatase

Vitamin D3

—

Type | collagen

RANKL

Osteocalcin | Osteonectin
Osteopontin | Osteoprotegerin
RANKL | Hematopoietic
cytokines

Noncollagenous proteins

other by gap junctions (see Figure 4-23).
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Osteoblasts give a strong cytochemical reaction
for alkaline phosphatase that disappears when the
cells become embedded in the matrix as osteocytes.

When bone formation is completed, osteoblasts
flatten out and transform into osteocytes embedded
in the mineralized bone matrix.

Osteocytes are highly branched cells with their
body occupying small spaces, or lacunae, between
lamellae. Small channels, the canaliculi, course
through the lamellae and interconnect neighboring
lacunae. Cell processes of adjacent osteocytes are
found within canaliculi. They are connected to each

4. CONNECTIVE TISSUE | Bone

Nutrient materials diffuse from a blood vessel
within the haversian canal through the canaliculi
into the lacunae. As you can see, the delicate network
of osteocytes depends not only on intercellular
communication across gap junctions but also on the
mobilization of nutrients and signaling molecules
along the extracellular environment of the canaliculi
extending from lacuna to lacuna.

The life of an osteocyte depends on this nutrient
diffusion process and the life of the bone matrix
depends on the osteocyte. Osteocytes can remain
alive for years provided that vascularization is steady.



Figure 4-25. Osteoblast differentiation

Calcified bone
(purple staining)

Mesenchymal stem cell

Fibroblast Preadipocyte Myoblast Chondroblast
M
Sox9 R =
. e Cleidocranial & q:g-; %
reosteoblas unx2 F—— o g
(mitotic) g
| Cartilage £
Osteogenesis @ (blue staining) 2
Osteoblast Runx2/Osx F—— imperfecta _ Z
. (postmitotic) 2
Osteocalcin ‘ g
Inactive bone-lining cells . Calcified bone 2
’ ¥ (purple staining) S
Osteocyte Apoptosis | not seen | -

Lack of ossification
(Runx2-deficient mouse)

Normal ossification
(wild-type mouse)

Pathology: Transcriptional control of osteoblast differentiation

differentiation of osteoblasts into osteocytes and the function of
osteocytes and chondroblasts.

Runx2-deficient mice have a skeleton consisting of cartilage
without any indication of osteoblast differentiation represented by
bone formation and mineralization. In addition, because osteoblasts
regulate the formation of osteoclasts, Runx2-deficient mice lack
osteoclasts.

Patients with cleidocranial dysplasia (hypoplastic clavicles and
delayed ossification of sutures of certain skull bones) have a Runx2
type of gene mutation.

A loss of Osx expression affects osteoblast differentiation,
resulting in ectopic cartilage formation under the perichondrium at
the diaphysis, where the bone collar develops. Osx-deficient
patients have "brittle bone disease" (osteogenesis imperfecta).

Osteoblasts derive from a mesenchymal stem cell that gives rise
to muscle cells, adipocytes, fibroblasts, and chondroblasts.

Three osteoblast specific genes encoding transcription
factors, control the differentiation of the osteoblast progeny: (1)
Sox9 (for sex determining region Y-box 9), determines the
differentiation of the mesenchymal progenitor into preosteoblasts
and chondroblasts; (2) Runx2 (for Runt homeodomain protein 2),
induces the differentiation of the mitotically-active preosteoblasts
into post-mitotic osteoblasts and, together with Osx, controls the
expression of osteocalcin. Undercarboxylated osteocalcin is a
specific secretory protein that enters the blood circulation to
possibly stimulate insulin secretion by pancreatic 3 cells and
testosterone production by Leydig cells. (3) Osterix (Osx),
encoding a zinc finger transcription factor, is required for the

Regulation of Sox9, Runx2 and Osx transcription factor expression by cell signaling pathways

The expression of the transcription factors Sox9, Runx2 and Osx is regulated by several cell
signaling pathways: (1) Hedgehog signaling, mediated by Indian hedgehog protein, is required
for the differentiation of Runx2+/Osx+ osteoblasts. (2) Notch signaling inhibits osteoblast
differentiation by down regulation of Osx activation. (3) Wnt/B-catenin signaling stimulates
osteoblast differentiation by Osx activation. (4) Bone morphogenetic protein signaling promotes
the transition of Runx2+ preosteoblasts to Runx2+/Osx+ osteoblast by enhancing the expression
of Runx2 and Osx. (4) Fibroblast growth factor signaling regulates Runx2+ preosteoblast
proliferation and Runx2+/Osx+ osteoblast differentiation. Review in Chapter 3, Cell Signaling,
the details of the indicated cell signaling pathways.

Pathology: Differentiation of the preosteoblast to

osteoblast to osteocyte

Mesenchyme stem cells are the precursors of
preosteoblasts as well as fibroblasts, adipocytes,
muscle cells, and chondroblasts. Mitotically-active
preosteoblasts give rise to post-mitotic osteoblasts.
Then, a subset of osteoblasts differentiate into
osteocytes, trapped within the mineralized osteoid.

Other osteoblasts undergo apoptosis or become just
quiescent bone-lining cells (Figure 4-25).

Sox9 triggers the differentiation of mesenchymal
stem cells into preosteoblasts (see Box 4-I and Figure
4-25). The differentiation of preosteoblasts into
osteoblasts is controlled by the transcription factors
Runx2 (for Runt homeodomain protein 2) and
Osterix (Osx).
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Box 4-J | How osteocytes differentiate: Highlights to remember

* The preosteoblast to osteoblast to osteocyte differentiation process requires
three transcription factors: Sox9, Runx2, and Osterix (Osx) produced by the

osteoblast progeny.

* We have already seen that chondrogenesis involves the transcription factor
Sox9. We discuss in Chapter 5, Osteogenesis, that Runx2 controls the conver-
sion of proliferating chondrocytes to hypertrophic chondrocytes, an event that
is prevented by Sox9.

o The transcription factors Sox9, Runx2, and Osx play critical roles in the
development of the skeleton.

 Mutations in genes encoding these transcription factors are the genetic
basis of skeletal diseases. For example, a total lack of expression of the Runx2
gene determines that the entire skeleton consists only of cartilage.

152 |

The Runx2 gene is the earliest and most specific
indicator of osteogenesis. Together with the Osx
transcription factor gene, the Runx2 gene modulate
the expression of osteocalcin, a specific secretory
protein expressed by postmitotic osteoblasts.
Osteocalcin is a biochemical marker of the
osteogenesis process.

The expression of Runx2 and Osx genes is
regulated by hedgehog (HH), Notch, Wnt/b-
catenin, bone morphogenetic protein (BMP) and
fibroblast growth factor (FGF) signaling pathways
(see Figure 4-25).

Runx2-deficient mice develop to term and have a
skeleton consisting of cartilage (see Box 4-J). There
is no indication of osteoblast differentiation or
bone formation in these mice. In addition, Runx2-
deficient mice lack osteoclasts. As we will discuss
soon, osteoblasts produce proteins that regulate the
formation of osteoclasts.

Consistent with the skeletal observations in the
Runx2-deficient mice is a condition in humans
known as cleidocranial dysplasia (CCD). CCD
is characterized by hypoplastic clavicles, delayed
ossification of sutures of certain skull bones, and
mutations in the Runx2 gene.

Leptin, a peptide synthesized by adipocytes
with binding affinity to its receptor in the
hypothalamus, negatively regulates bone formation
by a central mechanism. The leptin-hypothalamic
control mechanism inhibits the production and
release of serotonin. Mice deficient in leptin or its
receptor have a considerably higher bone mass than
wild-type mice. In fact, patients with generalized
lipodystrophy (absence of adipocytes and white fat)
exhibit osteosclerosis (increased bone hardening)
and accelerated bone growth.

The osteoclast

Osteoclasts do not belong to the mesenchyme

stem cell lineage. Instead, osteoclasts derive from

monocyte precursors originated in bone marrow.
Monocytes reach the bone through the blood
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circulation and fuse into multinucleated cells with
as many as 30 nuclei to form osteoclasts by a process
regulated by osteoblasts (see Osteoclastogenesis ).

Osteoclasts have three essential functions:

1. Bone remodeling by the process of bone
turnover. This process involves removal of bone
matrix at several sites, followed by its replacement
with new bone by osteoblasts.

2. Proper shaping of the bones.

3. Extension of the medullary spaces to enable
hematopoiesis.

The osteoclast is a large (up to 100 um in
diameter) and highly polarized cell that occupies
a shallow concavity called Howship’s lacuna or
the subosteoclastic acidic compartment (Figures
4-26 and 4-27). Osteoclasts are found in cortical
(compact) bone, within the haversian canals, and
on the surfaces of trabeculae of cancellous (spongy)
bone.

After attachment to the target bone matrix,
osteoclasts generate a secluded acidic compartment
required for bone resorption. The acidic
compartment consists of two essential components:

1. The ruffled border, a plasma membrane
specialization with many folds producing a large
surface area for several important functional events:
the release of H* and lysosomal protease cathepsin
K and matrix metalloproteinase-9 (MMP-9)
and the internalization of degraded bone matrix
products into coated vesicles and vacuoles for
material elimination. Remember that osteoclasts are
an example of a cell type with secretory lysosomes
represented by the release of cathepsin K into the
subosteoclastic compartment.

2. The sealing zone is assembled around the
apical circumference of the osteoclast to seal off the
bone resorption lacuna. The sealing zone consists of
plasma membrane associated with actin filaments
and o3, integrin and the protein osteopontin.

The cytoplasm of the osteoclast is very rich in
mitochondria, acidified vesicles and coated vesicles.
The membrane of the acidified vesicles contains H*-
ATPase; mitochondria are the source of adenosine
triphosphate (ATP) to drive the H"-ATPase pumps
required for the acidification of the subosteoclastic
compartment for the subsequent activation of
cathepsin K and MMP-9.

Bone resorption involves first the dissolution
of the inorganic components of the bone (bone
demineralization) mediated by H'-ATPase
(adenosine triphosphatase) within an acidic
environment, followed by enzymatic degradation
of the organic matrix (consisting of type I collagen
and noncollagenous proteins) by cathepsin K and
MMP-9,

Figure 4-26 provides functional details of an
osteoclast. Note that the mechanism of acidification
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Figure 4-26. Function of the osteoclast
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of Howship’s lacuna by osteoclasts is similar to the
production of HCI by parietal cells in the stomach
(see Chapter 15, Upper Digestive Segment).

When the osteoclast is inactive, the ruffled
border disappears and the osteoclast enters into a
resting phase. Osteoclasts are transiently active in
response to a metabolic demand for the mobilization

Howship's lacuna or
subosteoclastic compartment

Mitochondria  The osteoclast is a highly
polarized cell associated with
Coated a shallow concavity,
vesicles Howship's lacuna or the
subosteoclastic
Acidified compartment. The surface
vesicles facing the lacuna displays a
ruffled border.
Osteoclasts are
Nucleus multinucleated cells and
contain abundant
mitochondria, coated vesicles
Ruffled border

(with degraded organic bone
matrix material) and acidified
vesicles (containing
electrogenic H*-ATPase).

Osteoclast

3 Around the circumference of the ruffled
border, where the the plasma membrane is
closely applied to the bone, actin filaments
accumulate to form a sealing zone, together
with ay3 integrin and osteopontin.

B3 A chloride channel prevents an excessive
rise of intracellular pH.

B Bicarbonate (HCO5) is exchanged for
chloride (CI-), which is then transported by the
chloride channel (located in the ruffled
membrane) to Howship's lacuna. A
bicarbonate-chloride exchanger ensures the
maintenance of cytoplasmic electroneutrality.
Carbonic anhydrase Il generates protons
(H*) from CO9 and HoO. Ht is released into
Howship's lacuna by an H+-ATPase pump to
create an acidic environment (pH ~4.5) for
solubilizing mineralized bone.

@ Cathepsin K and matrix
metalloproteinase-9 (MMP-9) are released
into Howship's lacuna to degrade the organic
matrix (type | collagen and noncollagenous
proteins) following solubilization of minerals by
acidification.

Howship's lacuna or
subosteoclastic compartment

of calcium from bone into blood. Osteoclast activity
is directly regulated by calcitonin (synthesized by
C cells of the thyroid follicle), vitamin D,, and
regulatory molecules produced by osteoblasts.

Osteoclastogenesis (osteoclast differentiation)
Osteoclastogenesis is triggered by two specific
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Parathyroid hormone
stimulates M-CSF and

RANKL expression,
essential recruiters

osteoclastogenesis.

Parathyroid
hormone receptor

Osteoblast

Denosumab

Denosumab is @ monoclonal
antibody to RANKL. It
functions like osteoprotegerin

and decreases

osteoclastogenesis.

3 RANKL-stimulated osteoclastogenesis
is inhibited by the osteoblast-derived
RANKL decoy protein osteoprotegerin.

Figure 4-27. Osteoblasts regulate osteoclastogenesis
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By this mechanism,

specifically, osteoprotegerin) regulates the
population of functional osteoclasts. Note
that osteoblasts control osteoclast
differentiation, not function.
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Resting osteoclast

B A resting
(nonfunctional) osteoclast
uncouples from the
osteoblast.

the osteoblast (more

molecules produced by the osteoblast:

1. Macrophage
(M-CSF).

2. Nuclear factor kappa B (NF-kB) ligand
(RANKL).

The osteoclast precursor, derived from the
monocyte-macrophage, responds to M-CSE
required for the survival and proliferation of the
precursor (Figure 4-27).

RANKL is a member of the tumor necrosis factor
(TNF) superfamily. RANKL binds to RANK
receptor on the surface of the osteoclast precursor.
RANKL binding determines RANK trimerization
and the recruitment of an adaptor molecule called
TRAF6 (for TNF receptor—associated factor 6).
TRAFG stimulates a downstream signaling cascade,

colony-stimulating  factor

including the nuclear relocation of two transcription
factors: NF-kB and NFATc1 (for nuclear factor—
activated T cells c1). In the nucleus, these two

Osteoclast

0.

EJ A monocyte, derived from
bone marrow, reaches an area of
bone formation and remodeling. A
receptor for M-CSF is expressed on
its surface.

Monocyte

€3 The monocyte becomes a
macrophage. M-CSF ligand binds
to the M-CSF receptor and induces
the expression of RANK
(transmembrane receptor for
activation of nuclear factor kappa B)
for its ligand (RANKL) expressed
on the surface of osteoblasts.

€ The osteoblast-expressed
transmembrane protein ligand
RANKL binds to the osteoclast
RANK (receptor) and commits the
cell to osteoclastogenesis.

The mononucleated monocyte
becomes a multinucleated
osteoclast precursor, which still
cannot reabsorb bone.

Osteoclast
precursor

a3 integrin

Functional osteoclast

3 The maturation of
osteoclasts is completed
when the sealing zone
and ruffled border
appear. The formation of
the sealing zone requires
a3 integrin.

Bone resorption
Bone

transcription factors activate genes triggering the
differentiation of the osteoclast precursor (Figure
4-28).

Osteoblasts ~ synthesize  osteoprotegerin, a
protein with high binding affinity for RANKL.
Osteoprotegerin is a soluble “decoy” protein that
binds to RANKL and prevents RANK-RANKL
interaction. By this mechanism, osteoprotegerin
modulates the osteoclastogenic process.

Parathyroid hormone stimulates the expression of
RANKL so the pool of RANKL increases relative to
osteoprotegerin. An excess of parathyroid hormone
enhances osteoclastogenesis, resulting in an elevation
of calcium levels in blood caused by increased bone
resorption (see Chapter 19, Endocrine System).
Denosumab, a monoclonal antibody to RANKL,
functions like osteoprotegerin, thus preventing bone
loss caused by excessive osteoclast differentiation
and activity stimulated by parathyroid hormone.



Figure 4-28. RANK-RANKL signaling
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3 Binding of membrane-bound or soluble RANKL to RANK determines RANK
trimerization followed by the recruitment of adaptor molecules, in particular
TRAFG6 (for TNF [tumor necrosis factor] receptor-associated factor).

B3 The nuclear translocation of the osteoclastogenic transcription factors
NFATc1 (for nuclear factor-activated T cells ¢1) and NF-kB (nuclear factor kappa
B), stimulate gene activity to activate osteoclast differentiation.

Pathology: Osteoporosis, osteopetrosis, and
osteomalacia

Osteoporosis (Greek osteon, bone; poros, pore; osis,
condition) is defined as the loss of bone mass leading
to bone fragility and susceptibility to fractures.

The major factor in osteoporosis is the
deficiency of the sex steroid estrogen that occurs
in postmenopausal women. In this condition, the
amount of reabsorbed old bone, due to an increase
in the number of osteoclasts, exceeds the amount of
formed new bone. This accelerated turnover state
can be reversed by estrogen therapy and calcium
and vitamin D supplementation. Osteoporosis and
osteoporotic fractures are also observed in men.

Osteoporosis is asymptomatic until it produces
skeletal deformity and bone fractures (typically in
the spine, hip and wrist). The vertebral bones are
predominantly trabecular bone surrounded by a
thin rim of compact bone. Therefore, they may be
crushed or may wedge anteriorly, resulting in pain
and in a reduction in height. Elderly persons with
osteoporosis may have a hip fracture when they fall.

Bisphosphonate drugs decrease fracture by
inhibiting bone resorption and increasing bone
mass. Whole body mechanical vibrations (WBD)
treatment stimulates bone formation mediated by
direct osteocyte signaling effects and indirect bone
stimulation through skeletal muscle activation.

WBD therapy consists in the patient standing on a
motorized oscillating platform that produces vertical
accelerations, which are transmitted from the feet
to muscles and bones to improve the structure of
trabecular structure and the thickness of the cortical
bone.

Thediagnosis of osteoporosis is made radiologically
or, preferentially, by measuring bone density by
dual-energy x-ray absorptiometry (DEXA). DEXA
measures photon absorption from an x-ray source to
estimate the amount of bone mineral content.

The realization that RANKL plays a major
contribution in osteoclast development and in bone
resorptive activity stimulated the development of
pharmaceutical agents to arrest skeletal disorders.

A monoclonal antibody to RANKL, called
denosumab (Amgen), functions like osteoprotegerin.
The antibody has been administered subcutaneously
every 3 months for 1 year in postmenopausal
women with severe osteoporosis determined by
low bone mineral density detected by DEXA.
Denosumab mimics the function of osteoprotegerin
and decreases bone resorption, as determined by
measuring in urine and serum of bone-collagen
degradation products and increased bone mineral
density at 1 year. A concern with denosumab anti-
RANKL treatment is the expression of RANKL-
osteoprotegerin in cells of the immune system
(dendritic cells and B and T cells).

Osteopetrosis (Greek osteon, bone; petra, stone;
osis, condition) is a clinical syndrome caused by a
failure of osteoclasts to remodel bone. Their role
was established by studies of the 0p/op mouse, which
does not express M-CSF, lacks osteoclasts, and has
an increase in bone mass as in osteopetrosis. For
comparison, osteosclerosis is an increase in bone
mass due to enhanced osteoblastic activity.

Autosomal recessive osteopetrosis (ARO), the
most severe and life threatening form of the disorder,
becomes apparent in early infancy. ARO is caused by
a deficiency of the carbonic anhydrase II enzyme,
associated with renal tubular acidosis and cerebral
calcifications.  Severe anemia and infections are
related to bone marrow failure due to the occlusion
of marrow spaces. Compression of cranial nerves
determines hearing and vision loss and paralysis of
facial muscles.

Intermediate autosomal osteopetrosis (IAO)
can have either an autosomal dominant or an
autosomal recessive pattern of inheritance. Detected
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in childhood, this form of osteopetrosis does not
display severe bone marrow abnormalities although
anemia and bone fracture, in addition to abnormal
organ calcifications, are observed.

Autosomal dominant osteopetrosis (ADO),
also called Albers-Schénberg disease, is the most
prevalent and mildest type of the disorder when
compared to ARO and IAO. Multiple bone factures
and scoliosis (abnormal curvature of the spine)
are characteristic. Because of its relatively benign
clinical condition, many patients are asymptomatic
and the condition is only detected by coincidental
radiographic examination.

Mutations of the CLCN7 (chloride channel
voltage sensitive 7) gene are responsible for about
75% of cases of ADO. Note in Figure 4-26 that the
chloride channel contributes to the transport of Cl-
to the subosteoclastic reabsorption compartment
so an acidic pH can be achieved for effective bone
resorption. Also, note that carbonic anhydrase II
plays an essential role in osteoclast-mediated bone

Osteomalacia (Greek osteon, bone; malakia,
softness) is a disease characterized by a progressive
softening and bending of the bones. Softening
occurs because of a defect in the mineralization of
the osteoid due to lack of vitamin D or renal tubular
dysfunction (see Chapter 14, Urinary System). In
the young, a defect in mineralization of cartilage
in the growth plate (see Chapter 5, Osteogenesis),
causes a defect called rickets (juvenile osteomalacia).

Osteomalacia can result from a deficiency of
vitamin D (for example, intestinal malabsorption)
or heritable disorders of vitamin D activation (for
example, renal lo-hydroxylase deficiency in which
calciferol is not converted to the active form of
vitamin D, calcitriol; see vitamin D in Chapter 19,
Endocrine System).

Although  bone

characteristic in patients with osteomalacia and

fractures are a common
osteoporosis, note that there is defective osteogenesis
in osteomalacia in contrast to bone weakening of a
previous normal osteogenesis process in patients

resorption.

with osteoporosis.

Essential concepts

Connective Tissue

« Connective tissue provides support, or
stroma, to the functional component, or paren-
chyma, of tissues. The functions of connective
tissue include the storage of metabolites, im-
mune and inflammatory responses and tissue
repair after injury.

Connective tissue consists of thee basic com-
ponents: cells, fibers and extracellular matrix
(called ground substance). The proportion of
these three components contributes to the
classification of connective tissue.

Connective tissue can be classified into three
major groups:

(1) Embryonic connective tissue.

(2) Adult connective tissue.

(3) Special connective tissue (including
adipose tissue, cartilage, bone, and hemato-
poietic tissue).

The embryonic connective tissue, or mesen-
chyme, consists predominantly of extracellular
matrix. The umbilical cord contains this type of
connective tissue, also called mucoid connec-
tive tissue or Wharton's jelly.

The adult connective tissue can be subclas-
sified as:

(1) Loose or areolar connective tissue (more
cells than fibers, found in the mesentery or
lamina propria of mucosae).

(2) Dense connective tissue (more collagen
fibers, arranged in bundles, than cells). The
latter is subdivided into two categories:

« Dense irregular connective tissue (with a
random orientation of collagen bundles, found
in the dermis of the skin).

« Dense regular connective tissue (with an
orderly orientation of collagen bundles, found
in tendon).

An extension of the adult connective tissue
classification is based on which fibers pre-
dominate. Reticular connective tissue contains
abundant reticular fibers (type Il collagen).
Elastic connective tissue, found in the form of
sheets or laminae in the wall of the aorta, is
rich in elastic fibers.

* There are two major classes of cells in the
connective tissue:

(1) The resident fibroblasts.

(2) The immigrant macrophages, mast cells
and plasma cells.

The fibroblast synthesizes the precursor mol-
ecules of various types of collagens and elastin
and proteoglycans.

Collagen synthesis proceeds in an orderly
sequence. Procollagen, the initial collagen
precursor which contains hydroxyproline and
hydroxylysine, is secreted by fibroblasts in the
form of a triple helix flanked by nonhelical
domains. Procollagen peptidase cleaves the
nonhelical domains and procollagen becomes
tropocollagen. Tropocollagen molecules
self-assemble in a staggered array in the pres-
ence of lysyl oxidase to form a cross-banded
collagen fibril. Side-by-side linking of collagen
fibrils, a process mediated by proteoglycans
and a form of collagen with interrupted triple
helices (called FACIT), results in the assembly
of collagen fibers. What you see in the light
microscope are bundles of collagen fibers.

Keep In mind that not only fibroblasts can
produce collagens. Osteoblasts, chondroblasts,
odontoblasts and smooth muscle cells can
also synthesize collagens. Even epithelial cells
can synthesize type IV collagen. You have
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already seen that the basement membrane
contains type IV collagen in the basal lamina
and type IIl collagen in the reticular lamina.

Defects in the processing of procollagen
and tropocollagen and the assembly of
collagen fibrils give rise to variations of the
Ehlers-Danlos syndrome, characterized by
hyperelasticity of the skin and hypermobility
of the joints.

Elastin, the precursor of elastic fibers, is
also synthesized and processed sequentially.
Fibroblasts or smooth muscle cells secrete
desmosine- and isodesmosine-containing pro-
elastin, which is partially cleaved to give rise to
tropoelastin. These cells also produce fibrillin
1 and 2 and fibulin 1. Tropoelastin, fibrillins
and fibulin 1 assemble into elastic fibers that
aggregate to form bundles of elastic fibers.

A defect in fibrillin 1 affects the assembly of
mature elastic fibers, a characteristic of Marfan
syndrome.

Macrophages derive from monocytes
produced in the bone marrow. A typical prop-
erty of macrophages is phagocytosis. Their
function in connective tissue is the turnover
of fibers and extracellular matrix and, most
important, the presentation of antigens to
lymphocytes as an essential step of immune
and inflammatory reactions.

Mast cells also originate in the bone mar-
row from precursors expressing c-kit receptor,
stem cell factor (a c-kit receptor ligand) and
FceRl, a receptor for immunoglobulin E.

There are two populations of mast cells:

(1) Connective tissue mast cells (CTMCs).

(2) Mucosa mast cells (MMCs).

Mast cells acquire metachromatic granules
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in the connective tissue and mucosa, which
stain with a color that is different from the col-
or of the dye. The granules contain vasoactive
mediators (histamine, heparin, and chemotac-
tic mediators), chymases and other proteases.
Granules are released, by a process called
degranulation, when a specific antigen (or al-
lergen) dimerizes two adjacent IgE molecules
anchored to FceRI receptors and cytosolic
calcium is released from intracellular storage
sites. Leukotrienes are vasoactive agents not
present in granules; they are metabolites of
the plasma membrane—associated arachidonic
acid. Like most vasoactive agents, they induce
an increase in vascular permeability leading to
edema.

Mast cells and basophils circulating in blood
derive from the same progenitor in the bone
marrow.

Mast cells play a role in allergic hypersensitiv-
ity reactions associated with asthma, hay fever,
and eczema.

Plasma cells derive from the differentiation
of B lymphocytes (B cells). Three character-
istics define the structure of a plasma cell: a
well-developed rough endoplasmic reticulum,
an extensive Golgi apparatus, and a prominent
nucleolus. These features define the plasma
cell as an actively protein-producing cell,
whose main product are immunoglobulins.

The extracellular matrix is a combination of
collagens, noncollagenous glycoproteins, and
proteoglycans.

Proteoglycan aggregates are the major

" Collagen type |

(in developing bone)

Cells: osteoprogenitor cells, osteoblasts, osteocytes

Elastic fibers

components. Each proteoglycan consists of a
core protein attached to a linear hyaluronan
molecule by a linker protein. Attached to the
core protein are numerous glycosaminoglycan
chains (keratan sulfate, dermatan sulfate and
chondroitin sulfate). The extracellular matrix

is maintained by a balance of matrix metal-
loproteinases (MMPs) and tissue inhibitors

of metalloproteinases (TIMPs). MMPs are
zinc-dependent proteases, which include col-
lagenases, stromelysins, gelatinases, matrilysin
and membrane-type MMPs.

« Tumor invasion of the connective tissue.
Malignant cells originated in a lining epithe-
lium (carcinoma) or a glandular epithelium
(adenocarcinoma) can break down the base-
ment membrane and invade the underlying
connective tissue.

The histologic sequence of epithelial tumor
invasion starts with dysplasia (increased cell
proliferation and incomplete cell matura-
tion), followed by carcinoma in situ (loss of
epithelial normal organization within the limits
of the basement membrane), microinvasive
carcinoma (decreased expression of cadherins
and breakdown of the basement membrane)
and invasive carcinoma.

Cessation in the expression of cadherins
weakens the cohesive nature of the epithelial
tumor. The production of proteinases allows
the tumor cells to invade and attach to com-
ponents of the connective tissue. Then, tumor
cells produce autocrine motility factors, to en-
able tumor cell motility; vascular permeability
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and osteoclasts

factors, to ensure a supply of nutrients; and
angiogenic factors, to increase the vascular
support of the growing tumors. Finally, tumor
cells can produce chemokine molecules on
their surface that facilitate their transendothe-
lial migration to metastasize.

- Adipose tissue or fat is a special type of
connective tissue. There are two types of
adipose tissue:

(1) White fat, the major reserve of long-term
energy.

(2) Brown fat, a thermogenic type of fat.

Mesenchymal stem cells give rise to white
fat preadipocytes and common myoblast/
brown fat preadipocyte precursors. Note that
white fat and brown fat derive from different
precursors.

The master regulator of adipogenesis is
PPARy (peroxisome proliferator-activated
receptor-y). White fat can transdifferentiate
into brown fat-like adipocytes following cold
exposure and B-adrenergic signaling.

Adipocytes synthesize lipoprotein lipase.
Lipoprotein lipase is transferred to endothelial
cells in the adjacent blood vessels to enable
the passage of fatty acids and triglycerides
into the adipocytes.

Fat can accumulate in a single lipid-strorage
droplet (unilocular) or multiple small lipid
droplets (multilocular). White fat is unilocular;
brown fat is multilocular.

Fat can break down by a lipolytic effect
consisting in the activation of the enzyme
lipase by epinephrine, glucagon or ACTH. Fat
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deposits can increase by inhibition of lipase
activity (antilipolytic effect) determined by
insulin and prostaglandins.

The surface of lipid droplets is surrounded by
the protein perilipin. Phosphorylated perilipin
changes its conformation and enables lipolysis
by lipases.

Leptin, a peptide produced by adipocytes,
regulates appetite, energy balance, and
feeding. Leptin-deficient mice are obese and
infertile, conditions that are reversible when
leptin is administered to the mutants.

Adipocytes in brown fat contain abundant
mitochondria. An important mitochondrial
component is uncoupling protein-1 (UCP-1),
a protein that allows the reentry of protons
down their concentration gradient in the
mitochondrial matrix, a process that results in
the dissipation of energy in the form of heat
(thermogenesis).

« Cartilage is another special type of con-
nective tissue. Like adipocytes, chondroblasts
derive from mesenchymal stem cells. Like a
typical connective tissue member, cartilage
consists of cells, fibers, and extracellular matrix.
Chondroblasts and chondrocytes produce
type Il collagen (except in fibrocartilage, where
chondrocytes produce type | collagen) and the
proteoglycan aggrecan.

There are three major types of cartilages:

(1) Hyaline cartilage.

(2) Elastic cartilage.

(3) Fibrocartilage.

Cartilage lacks blood vessels and is sur-
rounded by the perichondrium (except in
fibrocartilage and articular hyaline cartilage,
which lack a perichondrium). The perichon-
drium consists of two layers: an outermost
fibrous layer, consisting of elongated fibroblast-
like cells and blood vessels, and the innermost
chondrogenic cell layer.

Chondrogenesis (cartilage growth) takes
place by two mechanisms:

(1) Interstitial growth (within the cartilage).

(2) Appositional growth (at the perichondrial
surface of the cartilage).

During interstitial growth, centers of chondro-
genesis, consisting of chondroblasts located in
lacunae and surrounded by a territorial matrix,
divide by mitosis without leaving the lacunae
and form isogenous groups. Isogenous groups
are separated from each other by an interter-
ritorial matrix. Interstitial growth is particularly
prevalent during endochondral ossification.

During appositional growth, the cells of the
perichondrial chondrogenic layer differentiate
into chondroblasts following activation of the
gene encoding the transcription factor Sox9.
New layers are added to the surface of the
cartilage by appositional growth.

A lack of Sox9 gene expression causes cam-
pomelic dysplasia characterized by bowing and
angulation of long bones, hypoplasia of the
pelvis and scapula, and abnormalities of the
vertebral column.

+ Bone. Macroscopically, a mature long bone
consists of a shaft or diaphysis, and two
epiphyses at the endings of the diaphysis. A
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tapering metaphysis links each epiphysis to the
diaphysis. During bone growth, a cartilaginous
growth plate is present at the epiphysis-
metaphysis interface. After growth, the growth
plate is replaced by a residual growth line.

The diaphysis is surrounded by a cylinder
of compact bone housing the bone marrow.
The epiphyses consist of spongy or cancellous
bone covered by a thin layer of compact bone.
The periosteum covers the outer surface of
the bone (except the articular surfaces and
the tendon and ligament insertion sites). The
endosteum lines the marrow cavity.

Microscopically, there is:

(1) Lamellar bone, with a regular alignment
of collagen fibers, typical of mature bone.

(2) Woven bone, with an irregular alignment
of collagen fibers, observed in the developing
bone.

A cross section of a compact bone shows
the following components:

(1) The periosteum, formed by an outer con-
nective tissue layer pierced by periosteal blood
vessels penetrating Violkmann's canals feeding
each osteon or haversian system. The inner
periosteal layer attaches to bone by Sharpey's
fibers derived from the outer periosteal layer.

(2) The outer circumferential lamellae.

(3) Osteons or haversian systems, cylindri-
cal structures parallel to the longitudinal axis
of the bone. Blood vessels are present in the
central canal, which is surrounded by concen-
tric lamellae. Each lamella contains lacunae
and radiating canaliculi occupied by osteocytes
and their cell processes. Osteocyte cytoplas-
mic processes are connected to each other by
gap junctions. A fluid containing ions is present
in the lumen of the canaliculi.

(4) The inner circumferential lamellae.

(5) Spongy bone (trabecular or cancellous
bone), consisting of lamellae lacking a central
canal (lamellar bone but no haversian system),
extending into the medullary cavity.

(6) The endosteum, a lining of osteoprogeni-
tor cells supported by reticular fibers. You can
regard the endosteum as also the “capsule” of
the bone marrow.

» The two major cell components of bone are
the osteoblast and the osteoclast. Osteoblasts
derive from mesenchyme stem cells. Osteo-
clasts are monocyte-derived cells from the
bone marrow.

The osteoblast is a typical protein-producing
cell whose function is regulated by parathy-
roid hormone and IGF-1 (produced in liver
following stimulation by growth hormone).
Osteoblasts synthesize type | collagen, noncol-
lagenous proteins, and proteoglycans. These
are the components of the bone matrix or
osteoid deposited during bone formation.

In mature bone, the bone matrix consists
of about 35% organic components and
about 65% inorganic components (calcium
phosphate with the crystalline characteristics of
hydroxyapatite).

There are several noncollagenous proteins
produced by osteoblasts that you should
remember: macrophage colony- stimulat-
ing factor (M-CSF), RANKL, osteoprotegerin,
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osteocalcin, osteonectin and osteopontin. The
first three play an essential role in osteoclas-
togenesis. Osteoclacin is a blood biochemical
marker of osteogenesis. Osteonectin binds to
type | collagen and hydroxyapatite. Osteo-
pontin contributes to the development of the
sealing zone during osteoclast bone resorp-
tion activity.

Under the influence of the transcription
factor Sox9, mesenchymal stem cells give
rise to preosteoblasts, the mitotically—active
osteoprogenitor cells expressing the transcrip-
tion factor Runx2. Preosteoblasts differenti-
ate into postmitotic osteoblasts expressing the
transcription factors Runx2 and Osterix (Osx).

Osteoblasts can follow three differentiation
routes:

(1) To become osteocytes.

(2) To remain as quiescent bone-lining cells.

(3) To undergo apoptosis.

Note that the osteoblast differentiation
process requires the participation of three
transcription factors: Sox9, Runx2, and Osx.

Runx2-deficient mice have a skeleton
consisting of cartilage and lack osteoclasts.

In humans, cleidocranial dysplasia, character-
ized by hypoplastic clavicles and delayed
ossification of sutures of certain skull bones,
is associated with defective expression of the
Runx2 gene.

The function of osteoclasts is regulated by
calcitonin, produced by C cells located in the
thyroid gland. Active osteoclasts, involved in
bone resorption, are highly polarized cells. The
free domain has a sealing zone, a tight belt
consisting of o, 3, integrin with its intracellular
domain linked to F-actin and the extracellular
domain attached to osteopontin on the bone
surface.

The domain associated to the subosteoclas-
tic compartment (Howship's lacunae) displays
a ruffled plasma membrane (ruffled border).
The cytoplasm contains mitochondria, coated
vesicles and acidified vesicles. The osteoclast
is a multinucleated cell resulting from the
fusion of several monocytes during osteoclas-
togenesis.

You should be aware that the bone marrow
contains megakaryocytes that may be con-
fused with the osteoclasts. Osteoclasts are
intimately associated to bone and are multi-
nucleated; megakaryocytes are surrounded
by hematopoietic cells and their nucleus is
multilobed.

Howship's lacuna is the site where bone
is removed by an osteoclast. Bone removal
occurs in two phases: First, the mineral com-
ponent is mobilized in an acidic environment
(~pH 4.5); second, the organic component is
degraded by cathepsin K.

Carbonic anhydrase Il in the cytoplasm
of the osteoclast produces protons and
bicarbonate from CO, and water. The acidified
vesicles, with H*-ATPase in their membranes,
are inserted in the ruffling border. With the
help of mitochondrial ATP, H* are released
through the H*-ATPase pump into Howship's
lacuna and the pH becomes increasingly
acidic.



Bicarbonate escapes the cell through a
bicarbonate-chloride exchanger; chloride
entering the osteoclast is released into the
lacuna. Because of the significant H* transport,
a parallel bicarbonate-chloride ion transport
mechanism is required to maintain intracellular
electroneutrality.

« Osteoclastogenesis. The osteoclast precursor
is a member of the monocyte-macrophage
lineage present in the adjacent bone marrow.
Osteoblasts recruit monocytes and differenti-
ate them into osteoclasts, the cell in charge of
bone remodeling and mobilization of calcium.

Osteoclastogenesis consists of several
phases under strict control by the osteoblast.
Osteoblasts produce:

(1) M-CSF, that binds to the M-CSF receptor
on the monocyte surface and the monocyte
becomes a macrophage.

(2) The macrophage expresses RANK, a
transmembrane receptor for the ligand RANKL
produced by the osteoblast, and becomes an

osteoclast precursor.

(3) RANK-RANKL interaction commits the
osteoclast precursor to osteoclastogenesis.
RANKL binding trimerizes RANK, which recruits
TRAF6 to promote the nuclear translocation
of NFATc1 and NF-kB to activate osteoclast
differentiation.

(4) Osteoprotegerin, also produced by the
osteoblasts, binds to RANKL to prevent RANK-
mediated association of the osteoclast precur-
sor. This event can stop osteoclastogenesis (it
does not stop osteoclast function).

(5) The osteoclast precursor becomes a rest-
ing osteoclast waiting to attach to bone and
become a functional osteoclast.

(6) An osteoclast becomes functional when
a B, integrin binds to osteopontin and begins
the formation of the sealing zone. Then, the
H*-ATPase-containing acidified vesicles are
transported by motor proteins associated to
microtubules to the ruffling border. The acidi-
fication of Howship's lacuna starts with the
activation of carbonic anhydrase II.

Essential concepts |

« Osteoporosis, osteopetrosis and osteomala-
cia are bone pathologic conditions.
Osteoporosis is the loss of bone mass
leading to bone fragility and susceptibility to
fractures. The major factor in osteoporosis is
the deficiency of the sex steroid estrogen that
occurs in postmenopausal women. Because
an increase in the number of osteoclasts
exceeds the amount of formed new bone,
the monoclonal antibody denosumab, with
binding affinity to RANKL, functions like
osteoprotegerin (blocking the interaction of
RANKL with RANK receptor) to reduce further
differentiation of the osteoclast precursor.
Osteopetrosis is a clinical syndrome caused
by a failure of osteoclasts to remodel bone.
A mutation of the gene encoding M-CSF
prevents the differentiation of osteoclasts.
Osteomalacia is characterized by a progres-
sive softening and bending of the bones.
Softening occurs because of a defect in the
mineralization of the osteoid due to lack of
vitamin D or renal tubular dysfunction.
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5. Osteogenesis [T

Bone, including associated ligaments, tendons and articular cartilage, withstand the forces of compression, ten-
sion and shear stress. Bone develops by replacement of a preexisting connective tissue. The two processes of
bone formation—osteogenesis or ossification—observed in the embryo are: (1) intramembranous ossification, in
which bone tissue is laid down directly in embryonic connective tissue or mesenchyme, and (2) endochondral
ossification, in which bone tissue replaces a preexisting hyaline cartilage, the template—or anlage—of the future
bone. In addition to a description of the two major processes of ossification, this chapter addresses pathologic
conditions, such as the sequence of bone fracture healing, metabolic and hereditary disorders and rheumatoid
arthritis, within an integrated histologic and clinical context.

Intramembranous ossification then transformed into mature bone. But there is a
The mechanism of bone formation during intra-  difference in the nature of the template that becomes
membranous and endochondral ossification is es-  bone: a mesenchymal template is the starting point
sentially the same: A primary trabecular network, of intramembranous ossification, in contrast to a
called primary spongiosa, is first laid down and  cartilage template of endochondral ossification.

Figure 5-1. Intramembranous ossification

ﬂ Mesenchymal cells aggregate without a Mesenchyme Bone blastema Primary bone tissue
cartilage intermediate. This process is controlled

by patterning signals from polypeptides of the > Patterning
Wnt, hedgehog, fibroblast growth factor, and ( signals
transforming growth factor—{ families. 0
a Mesenchymal cells differentiate into #
osteoblasts. A bone blastema is formed.

Osteocytes within the core of the blastema are

interconnected by cell processes forming a

functional syncytium. Osteoblasts line the

surface of the bone blastema. %

B Bone matrix (osteoid) is deposited by K
osteoblasts. Later, Ca2+, transported by blood N

vessels, is used in the mineralization process /@
and primary bone tissue is formed. \
;)ssst:g clasts intiate the modeling of the bone Blood vessel Mesenchymal ~ Bone matrix Osteoblast Osteoclast ~ Mineralization
cell (osteoid) Blood vessels
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Multiple individual trabeculae enlarge by appositional growth '{ R ® g .0"‘ Y - Q’O{"'
and eventually fuse together as a primary ossification center Y l‘ 'h 3‘? U “25
organized during the first stage of intramembranous ossification. ')’ ‘ ;

Although primary bone tissue formation begins as an
interstitial process, it soon becomes appositional.

Osteocytes become trapped within the calcified osteoid.

At the surface of the osteoid, osteoblasts continue the
appositional deposit of matrix, mainly type | collagen and
noncollagenous proteins.

Primary bone tissue

Osteoid

Mesenchyme Osteoblast Osteocyte




Figure 5-2. Intramembranous ossification

condense to form the periosteum

The mesenchymal cells located near the surface

The continued deposition of bone on trabecular
surfaces determines the occlusion of the
intertrabecular spaces, and compact bone is
formed.

Blood vessel

Monolayer of
osteoblasts

Blood vessel

Trabecula

In other areas, the thickening of the trabeculae
does not occur and the connective tissue in the
intertrabecular space differentiates into
hematopoietic tissue. The primary spongiosa
persists as cancellous bone.

Intramembranous ossification

The frontal and parietal bones and parts of the
occipital, temporal, mandible, and maxilla bones
develop by intramembranous ossification.
Intramembranous ossification requires:

@ A well-vascularized primitive connective
tissue.

B3 Bone formation is not preceded by the
formation of a cartilage.

B3 An aggregate of mesenchymal stem cells
differentiates directly into osteoid-producing
osteoblasts.

Osteoblasts organize thin trabeculae of woven

bone, forming an irregular network called primary
spongiosa.

Intramembranous ossification of certain parts of

the skull and the clavicle occurs in the following
sequence (Figure 5-1):

1. The embryonic connective tissue (mesenchyme)
becomes highly vascularized and mesenchymal
stem cells aggregate while still embedded in an
extracellular matrix containing collagen fibers and

proteoglycans.

Box 5-A | From preosteoblasts to osteoblasts to osteocytes

* Mesenchymal stem cells differentiate into preosteoblasts and then into os-
teoblasts for bone formation when they express the transcription factor Runx2
and later, at a more advanced stage of differentiation, Runx2 and osterix.

* The differentiation of osteoblasts to osteocytes requires the expression of
Runx2 and osterix.

* The differentiation of mesenchymal stem cells into chondrocytes occurs
when the gene encoding Sox9 is expressed. During endochondral ossification
(as we will see later), chondrocytes undergo hypertrophy. The transition from
cell cycling chondrocyte to hypertrophic chondrocyte is stimulated by Runx2
but inhibited by Sox9.

o Putting things together, Runx2 has a role in chondrocytic and osteoblastic
differentiation. Runx2 and Osterix specify the differentiation of osteoblasts to
osteocytes. A lack of osterix gene expression affects osteoblastic differentiation
but not chondrocyte maturation. An example is cleidocranial dysplasia with
defects in intramembranous and endochondral ossification.
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Acidophilic osteoid

2. Aggregated mesenchymal stem cells directly
differentiate into osteoblasts that begin to secrete
osteoid or bone matrix (see Box 5-A). Numerous
ossification centers develop and eventually fuse,
forming a network of anastomosing trabeculae
resembling a sponge, the so-called spongy bone or
primary spongiosa.

3. Because collagen fibers in the newly formed
trabeculae are randomly oriented, the early intra-
membranous bone is described as woven bone, in
contrast with the regularly oriented collagen fibers
of the lamellar or compact bone formed later during
bone remodeling.

4. Calcium phosphate is deposited in the bone
matrix or osteoid, which is laid down by apposition.
No interstitial bone growth occurs.

5. Bone matrix mineralization leads to two new
developments (Figure 5-2): the entrapment of os-
teoblasts as osteocytes within the mineralized bone
matrix that is remodeled by the bone resorptive os-
teoclasts, and the partial closing of the perivascular
channels, which assume the new role of hematopoi-
esis by conversion of mesenchymal stem cells into
blood-forming cells.

Osteocytes remain connected to each other by



Figure 5-3. Endochondral ossification: Primary ossification center

Hyaline cartilageis ~ Osteoprogenitor cells of
the template of a the perichondrium form
long bone the periosteal collar

Primary center _{
of ossification |V

Shaft |

Proliferation of chondrocytes followed by their Blood vessels, forming
hypertrophy at the midpoint of the shaft initiates the the periosteal bud,
formation of the primary ossification center. branch in opposite
Hypertrophic chondrocytes secrete vascular directions

endothelial cell growth factor to induce sprouting
of blood vessels from the perichondrium.

Then, calcification of the matrix and apoptosis
of hypertrophic chondrocytes occur.

cytoplasmic processes enclosed within narrow tun-
nels called canaliculi. New osteoblasts are generated
from preosteoblasts, the osteoprogenitor cells, located
adjacent to the blood vessels.

The final developmental events include:

1. The conversion of woven bone to lamellar
(compact) bone. In lamellar bone, the newly synthe-
sized collagen fibers are aligned into bundles with a
regular orientation. Lamellae arrange in concentric
rings around a central blood vessel occupying the
haversian canal form osteons or haversian systems.
Membranous bones remain as spongy bone in the
center, the diploég, enclosed by an outer and an inner
layer of lamellar compact bone.

2. The condensation of the external and internal
connective tissue layers to form the periosteum and
endosteum, respectively, containing osteoprogeni-
tor cells.

At birth, bone development is not complete, and
the bones of the skull are separated by spaces (fon-
tanelles) housing osteogenic tissue. The bones of a
young child contain woven and lamellar bony matrix.

Endochondral ossification
Endochondral ossification is the process by which
skeletal cartilage templates are replaced by bone.
Bones of the extremities, vertebral column, and pelvis
(the appendicular skeleton) derive from a hyaline
cartilage template.

As in intramembranous ossification, a primary
ossification center is formed during endochondral

ossification (Figure 5-3). Unlike intramembranous
ossification, this center of ossification starts when
proliferated chondrocytes deposit an extracellular
matrix containing type II collagen.

Shortly thereafter, chondrocytes in the central
region of the cartilage undergo hypertrophy and
synthesize type X collagen, a marker for hypertro-
phic chondrocytes. Angiogenic factors secreted by
hypertrophic chondrocytes (vascular endothelial cell
growth factor [VEGF]) induce the invasion of blood
vessels from the perichondrium to form a nascent
bone marrow cavity.

These events result in the formation of the primary
ossification center. Hypertrophic chondrocytes un-
dergo apoptosis as calcification of the matrix in the
middle of the shaft of the cartilage template takes
place.

At the same time, the inner perichondrial cells
exhibit their initial osteogenic potential, and a thin
periosteal collar of bone is formed around the mid-
point of the shaft, the diaphysis. Consequently, the
primary ossification center ends up located inside a
cylinder of bone. The periosteal collar, formed un-
der the periosteum by apposition, consists of woven
bone. The periosteal collar is later converted into
compact bone.

The following sequence of events defines the next
steps of endochondral ossification (Figure 5-4):

1. Blood vessels invade the space formerly occupied
by the hypertrophic chondrocytes, and they branch
and project toward either end of the center of ossifica-
tion. Blind capillary ends extend into spaces formed
within the calcified cartilage.

2. Osteoprogenitor cells (preosteoblasts) and he-
matopoietic stem cells reach the core of the calcified
cartilage through the perivascular connective tissue
surrounding the invading blood vessels. Then, pre-
osteoblasts differentiate into osteoblasts that aggregate
on the surfaces of the calcified cartilage and begin to
deposit bone matrix (osteoid).

3. At this developmental step, a primary center of
ossification, defined by the periosteal collar and the
center of ossification in the interior of the cartilage
template, is organized at the diaphysis.

Secondary centers of ossification develop later in
the epiphyses.

The growth in length of the long bones depends
on the growth of the hyaline cartilage while the cen-
ter of the cartilage is being replaced by bone at the
equidistant zones of ossification.

Secondary centers of ossification

Up to this point, we have analyzed the development

of primary centers of ossification in the diaphysis of

long bones that occurs by the third month of fetal life.
After birth, secondary centers of ossification devel-

op in the epiphyses (see Figure 5-4). As in the diaphy-
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Figure 5-4. Endochondral ossification: Secondary ossification centers

The metaphysis is the portion of the diaphysis nearest to the epiphyses. The epiphyseal
cartilaginous growth plate between the metaphysis and the epiphysis will eventually be
replaced by bone. The bone at this site is particularly dense and is recognized as an
epiphyseal line. Indian hedgehog (lhh), a member of the hedgehog protein family,
stimulates chondrocyte proliferation in the growth plate and prevents chondrocyte hypertrophy.

{ lhh

@ Blood vessels from the diaphysis and
epiphysis intercommunicate.

B Al the epiphyseal cartilage is replaced
by bone, except for the articular surface.

Secondary ossification
center in one of the
epiphyses —

Epiphyseal
growth plate

line

. Epiphyseal
line

Periosteal
collar
extends
along the
diaphysis

Metaphysis
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) Blood vessels and
osteoprogenitor cells infiltrate the
epiphysis and a secondary
ossification center is established.

B3 A similar secondary
ossification center
appears in the opposite
epiphysis.

sis, the space occupied by hypertrophic chondrocytes
is invaded by blood vessels and preosteoblasts from
the perichondrium. Most of the hyaline cartilage
of the epiphyses is replaced by the spongy bone,
except for the articular cartilage and a thin disk,
the epiphyseal growth plate, located between the
epiphyses and the diaphysis. The epiphyseal growth
plate is responsible for subsequent growth in length
of the bone by a mechanism that we discuss later.

Zones of endochondral ossification

We have seen that the deposition of bone in the center
of the diaphysis is preceded by an erosion process in
the hyaline cartilage template (see Figures 5-3 and
5-4). This center of erosion, defined as the primary
ossification center, extends in opposite directions
of the template, coinciding with the formation of
a bony collar.

The bony collar provides strength to the midsec-
tion of the diaphysis or shaft as the cartilage is weak-
ened by the gradual removal of the cartilage before
its replacement by bone.

5. OSTEOGENESIS | Endochondral ossification

B The epiphyseal plate has been replaced
by an epiphyseal line. This process occurs
gradually from puberty to maturity, and the
long bone can no longer grow in length.

The continuing process of cartilage erosion and
bone deposition can be visualized histologically
(Figure 5-5). Four major zones can be distinguished,
starting at the end of the cartilage and approaching
the zone of erosion:

1. The reserve zone is a site composed of primitive
hyaline cartilage and is responsible for the growth in
length of the bone as the erosion and bone deposition
process advances.

2. The proliferative zone is characterized by the
active mitotic activity of chondrocytes aligning as
cellular stacks parallel to the long axis of the cartilage
template (Figures 5-6 and 5-7).

3. The hypertrophic zone is defined by chondro-
cyte apoptosis and calcification of the territorial
matrix surrounding the columns of previously pro-
liferated chondrocytes.

Despite their structurally collapsing appearance
(see Figure 5-7), postmitotic hypertrophic chondro-
cytes play an important role in bone growth. Hyper-
trophic chondrocytes have the following functional
characteristics:
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Figure 5-5. Endochondral ossification: Four major zones

Epiphyseal cartilage

(0]

‘

Reserve zone

Primitive hyaline
cartilage responsible for
the growth in length of
the bone as erosion and
bone deposition
advance into this zone.

Proliferative zone
Proliferating
chondrocytes align as
vertical and parallel
columns.

Hypertrophic zone
Apoptosis of
chondrocytes and
calcification of the
territorial matrix.

Vascular invasion zone
Blood vessels penetrate
the transverse calcified
septa, and carry
osteoprogenitor cells
with them.

L Perichondrium changing into periosteum —

¢ To direct the mineralization of the surrounding
cartilage matrix.

* To attract blood vessels through the secretion
of vascular endothelial growth factor (VEGF).

¢ To recruit macrophages (called chondroclasts)
to degrade the cartilage matrix.

* To instruct adjacent chondrocytes of the
perichondrium to change into preosteoblasts and
continue forming the bone collar.

* To produce type X collagen, a marker of hyper-
trophic chondrocytes.

* To undergo apoptosis when their task is ac-
complished.

As a result of chondrocyte hypertrophy, the lon-
gitudinal and transverse septa separating adjacent
proliferating chondrocytes appear thinner due to a
compression effect. A calcification process is visual-
ized along the longitudinal and transverse septa.
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Figure 5-6. Endochondral ossification: Zones of proliferation, hypertrophy, and vascular invasion

The proliferative zone contains flattened chondrocytes in columns or clusters parallel to the
growth axis. Chondrocytes are separated by the territorial matrix. All the chondrocytes within a

€3 Proliferative zone

cluster share a common territorial matrix.

Transverse
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zone

Vascular
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The names of the zones reflect the
predominant activity. The limits
between the zones are not precise.

@ @
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000 @ 0 @ ©

Longitudinal septa at the vascular invasion
zone are the first sites where osteoblasts begin
to deposit bone matrix (osteoid)

The deepest zone, proximal to the vascular inva-
sion zone, consisting of thinner and disrupted trans-
verse calcified septa, faces the blind end of capillary
sprouts (Figure 5-8) of the developing bone marrow
cavity containing hematopoietic cells.

4. The vascular invasion zone, an angiogenic pro-
cess stimulated by VEGF produced by hypertrophic
chondrocytes, is the site where blood vessels penetrate
the fragmented transverse septa and carry with them
migrating preosteoblasts and osteoclast-like resorp-
tive chondroclasts.

Endochondral ossification

Osteoblasts

3 Hypertrophic zone

Hypertrophic
chondrocytes calcify the
matrix, synthesize type
X collagen, attract
blood vessels by
secreting vascular
endothelial growth
factor, instruct
perichondrial cells to
become osteoblasts to
form the bone collar,
and undergo apoptosis.

B Vascular invasion
zone

Blood vessels penetrate
the transverse septa of
the last hypertrophic
chondrocyte layer and
form vascular spaces
with blood (lacunae).

The longitudinal
septa, corresponding to
the interterritorial
matrix, are not
degraded by the
vascular invasion.

Osteoblasts beneath
the sites of vascular
invasion begin to
deposit osteoid along
the longitudinal septa
forming trabecular
bone.

Blood cells

Preosteoblasts give rise to osteoblasts that begin
lining the surfaces of the exposed cores of calcified
cartilage (stained blue, basophilic, in the light micros-
copy photograph in Figures 5-6 and 5-8) and initiate
the deposition of osteoid (stained pink, acidophilic,
in Figure 5-8). The cartilage longitudinal struts are
gradually replaced by bone spicules

The deposit of osteoid denotes the beginning of
osteogenesis and results in the formation of bone
spicules (with a calcified cartilage matrix core) and,
later, their conversion into trabeculae (consisting of



Figure 5-7. Endochondral ossification: Zones of proliferation and hypertrophy
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Figure 5-8. Endochondral ossification: Zones of hypertrophy and vascular invasion

A capillary sprout, in contact with
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Disrupted transverse septum
of the territorial matrix
undergoing mineralization.

Vascular
invasion zone

Osteoid denoted by dotted lines along
the calcified cartilage matrix (dark
purple staining).

Disrupted calcified cartilage matrix
(transverse septum). A disrupted
septum facilitates vascular invasion.

Developing bone marrow

Calcified cartilage matrix (longitudinal
septum). It represents the axis of the
developing bone trabecula.

Invading blood vessel develops under the
stimulation of vascular endothelial growth
factor (VEGF) produced by hypertrophic
chondrocytes

Vascular-bone

J
L marrow space



Figure 5-9. Bone growth in length involves an osteoclastic “chase” and chondrocytic “run” sequence
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a core of bone lamellae and entrapped osteocytes but
lacking calcified cartilage matrix). As a consequence,
woven bone appears in the midsection of the devel-
oping bone.

Growth in length of the diaphysis

The ossification process advances bidirectionally to-
ward the equidistant hypertrophic zones as the bone
marrow cavity increases in width by the combined
loss of cartilage and remodeling of the newly formed
bone spicules by osteoclasts.

Imagine endochondral osteogenesis as an invad-
ing process consisting of an ossification front that
advances by replacing hypertrophic chondrocytes
while osteoclasts are engaged in the remodeling of
nascent bone spicules and enlarging the bone marrow
cavity (Figure 5-9).

In response to the invasion front, chondrocytes of
the proliferating zone, supplied by chondrocytes of
the reserve zone adjacent to the epiphyseal growth
plate, continue to divide and delay their conversion
into hypertrophic chondrocytes, thus keeping a dis-
tance from the osteogenic-osteoclast invasion front.

Consequently, the shaft or diaphysis grows in
length by keeping intact and active the cartilage of
the epiphyseal growth plate, located between the
diaphysis and epiphysis of the bone.

How does the growth plate manage to keep run-
ning away from the chasing invading ossification-
osteoclast front?

Time line

Hedgehog signaling: The epiphyseal growth plate
and dwarfism

Indian hedgehog (Ihh), a member of the hedgehog
family of proteins, is expressed by early hypertrophic
chondrocytes within the endochondral template.

Ihh has the following signaling functions (Figure
5-10):

1. To stimulate adjacent perichondrial chondro-
cytes to express RUNX2 and differentiate into
osteoblasts to continue forming the bone collar.

2. Also, to stimulate perichondrial chondrocytes to
produce and secrete parathyroid hormone-related
peptide (PTH1D).

PTHrP has two functions:

1. PTHP binds to its receptor (PTHrPr) on the
surface of chondrocytes of the reserve zone to stimu-
late their proliferation.

2. PTHrP also binds to chondrocytes of the pro-
liferative zone to inhibit their differentiation into
hypertrophic chondrocytes.

Essentially, Ihh maintains the pool of proliferating
chondrocytes in the epiphyseal growth plate by delay-
ing their hypertrophy. A feedback loop between Ihh
and PTHrD regulates the balance between proliferat-
ing and hypertrophic chondrocytes.

At the end of the growing period, the epiphyseal
growth plate is gradually eliminated and a continuum
is established between the diaphysis and the epiphyses.
No further growth in length of the bone is possible
once the epiphyseal growth plate disappears.
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Figure 5-10. Growth plates and bone growth in length
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Note that PTHrP has opposite effects to ensure the maintenance of the
growth plate and longitudinal growth of long bones. Growth plate inactivation
occurs at puberty when the height of the individual is determined. Growth
plate inactivation is the direct result of an increase of estrogen secretion at
puberty in both women and men.

Achondroplasia (ACH) is the most common skeletal dysplasia causing
short-limb dwarfism. Skeletal defects are determined by a decrease in the
proliferation and differentiation of chondrocytes. Fibroblast growth factor
receptor 3 (FGFR3), a receptor tyrosine kinase, normally controls a signal
that stops chondrogenesis. Mutations in the gene encoding FGFR3 are
identified in patients with ACH. Mutations cause FGFR3 to become
overactive, stopping the proliferation and differentiation of chondrocytes.
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Alack of expression of Thh protein in mutant mice
results in dwarfism and absence of endochondral os-
sification. In contrast, intramembranous ossification
does not appear to require Ihh signaling. Ossification
of the skull bones is normal in Thh-null mice.

Conversion of a bone trabecula into an osteon
As the bone grows in length, new layers of bone are
laid down under the periosteum of the diaphysis by
appositional growth. Simultaneous gradual erosion
of the inner wall of the diaphysis results in a width
increase of the marrow cavity. As a result, the overall
width of the shaft or diaphysis increases but the walls
does not increase proportionally in thickness.

How does the trabecular organization of the devel-
oping bone by endochondral ossification change into
the form of haversian systems or osteons?

The stalactite-like spicules formed during endo-
chondral ossification change into trabeculae. Re-
member that a spicule consists of a longitudinal core
of calcified cartilage coated by osteoid produced by
osteoblasts lining the surface. In contrast, a trabecula
lacks the calcified cartilage core; instead it contains an
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Growth of the epiphyseal growth plate cartilage

€D indian hedgehog (Ihh) protein, secreted by
chondrocytes of the early hypertrophic zone, signals
the synthesis and secretion of parathyroid
hormone-related protein (PTHrP) by cells of the
chondrogenic layer of the perichondrium (epiphysis).

Ihh has two functions: (1) regulation of the formation of
the bone collar by stimulating the expression of RUNX2,
thus promoting the differentiation of perichondrial cells
into osteoblasts; (2) stimulation of PTHrP secretion by
perichondrial cells.

B3 PTHrP binds to its receptor (PTHrPr) on the surface
of chondrocytes of the reserve zone to stimulate their
proliferation.

EJ PTHrP also binds to chondrocytes of the proliferative
zone to inhibit their differentiation into hypertrophic
chondrocytes.

{3 Chondrocytes of the late hypertrophic zone secrete
type X collagen, a marker of differentiation, and
vascular endothelial growth factor (VEGF), an inducer
of vascular invasion.

Clinical significance: Metaphyseal chondrodysplasia

Mutations of the genes encoding PTHrP and PTHrPr give
rise to Jansen's disease or metaphyseal
chondrodysplasia.

Circulating parathyroid hormone cannot compensate
for PTHrP deficiencies because the avascular nature of
the cartilage makes parathyroid hormone circulating in
blood relatively inaccessible to chondrocytes.

osteocyte lamellar core lined by osteoblast depositing
osteoid on the surface.

Trabeculae are then converted into osteons, each
consisting of a bone cylinder with a central longitu-
dinal tunnel housing a blood vessel. Blood vessels at
the exterior of the shaft derive from periosteal blood
vessels and branches of the nutrient artery are pro-
vided at the endosteal site.

The following sequence is observed during the
trabecula—to—osteon conversion (Figure 5-11):

1. The longitudinal edges of a trabecula are the
boundary of a groove. The groove contains a blood
vessel (derived from the initial vascular invasion zone).
The ridges and grooves are lined by osteoblasts that
continue depositing osteoid. The wall of the trabecula
contains entrapped osteocytes within mineralized
osteoid.

As a result of the ridges growing toward one an-
other, the groove is converted into a tunnel lined by
osteoblasts and the blood vessel becomes trapped
inside a tunnel. The blood vessel interconnects with a
similar vessel of an adjacent tunnel through perforat-
ing spaces leading to a Volkmann’s canal.



Blood vessel

Figure 5-11. Conversion of a bone trabecula into an osteon

Trabecula

ﬂ An osteon forms from a bone
trabecula. Longitudinal ridges along
the edges of a trabecula begins to
extend toward each. A blood
vessel,found in the groove, sends
branches through a perforating
tunnel to link with an adjacent blood
vessel.

Osteocyte

Lamella

Perforating
tunnel

)— Merging ridge

Ridges

B Additional bone lamellae are
deposited around the tunnel,
which is then converted into the
haversian canal containing a
blood vessel.

Haversian canal Old bone

lamella

New bone
lamella

Interstitial lamellae

Outer circumferential lamellae

Inner circumferential lamellae

Haversian vessel

Vessel in Volkmann'’s canal

2. Osteoblasts lining the wall of the tunnel deposit
by apposition new concentric lamellae and convert
the structure into an osteon. Unlike the osteons,
Volkmann’s canals are not surrounded by concentric
lamellae.

3. Appositional growth continues adding lamel-
lae under the periosteum, which with time become
the outer circumferential lamellae surrounding the
entire shaft.

A modeling-remodeling process occurs through
the balancing activities of the bone-forming osteo-
blasts and the bone-resorbing osteoclasts. At the end
of the process, the outer circumferential lamellae
becomes the boundary of the multiple haversian
systems and interstitial lamellae fill the spaces between
the haversian systems or osteons.

4. Osteoblasts lining the inner surface of the bone,
the endosteum, develop the inner circumferential
lamellae by a similar mechanism described for the

a The ridges fuse and the
groove changes into a bony
tunnel enclosing the blood

vessel.

Fusion of the ridges

Osteon widens by
appositional growth.

u The haversian vessel
continues to receive blood
through the canals of Volkmann
extending obliquely across the
diaphysis. Note that the
haversian vessel is surrounded
by concentric lamellae. Multiple
osteons form and widen the
shaft of the bone. The
medullary cavity also widens.

Entrance to a Volkmann’s canal

B When the bone reaches full size, outer and inner
circumferential lamellae provide the boundaries of the
compact bone consisting of multiple osteons. Interstitial
lamellae are found between the osteons.

The interstitial lamellae represent remnants of preexisting
osteons replaced by new osteons during remodeling.
Remodeling occurs throughout life and is part of normal
bone maintenance.

As one osteon is formed by the activity of osteoblasts,
another osteon is dismantled by osteoclasts and then
replaced or rebuilt.

outer circumferential lamellae.

The crevices between the cylindrical osteons and
osteons and outer and inner circumferential lamel-
lae contain interstitial lamellae corresponding to
remnants of the older lamellae derived from bone
remodeling.

Bone remodeling

Bone remodeling is the continuous replacement
of old bone by newly formed bone throughout life
and occurs at random locations. The purpose of
remodeling is:

1. To establish the optimum of bone strength by
repairing microscopic damage (called microcrack-
ing).

2. To maintain calcium homeostasis.

Microcracking, caused by minor trauma, can be
limited to just a region of an osteon. For example,
damage to canaliculi interconnecting osteocytes
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Figure 5-12. Bone remodeling

Compact bone remodeling (within an osteon)

Osteon or haversian

system

Haversian canal —

Osteoclast

n Activation

Osteoclast precursors are recruited
to the haversian canal and
differentiate into osteoclasts.

Osteoclasts are lining the bone
lamella facing the canal and start
the bone resorption process of the
inner lamella and consecutive
lamellae toward the outer lamella.
Interstitial lamellae are residuals of
the remodeling osteon.

Resorption space

Resorption cavity

Outerlamella—{#g o @:‘
A

Howship’s;i@% m@@

lacuna

a Resorption

Additional osteoclast
precursors are recruited as
lamellar resorption progresses
slightly beyond the boundary
of the original osteon.

When osteoclasts stop
removing bone, osteoblasts
appear (osteoclast to
osteoblast reversal).

Osteoblast

:‘\\

Cement line

B Reversal

Osteoblasts reverse the
resorption process by organizing
a layer inside the reabsorption
cavity and starting to secrete
osteoid. The cement line
indicates the boundary of the
newly organized lamella.

New bone lamellae continue to
be deposited toward the center
of the osteon.

Trabecular bone remodeling (on a bone surface)

Completed
osteon
Interstitial A = \}\,‘
lamellae bod,
N = /
Osteocyte =
u Formation

Osteoblasts continue laying
down bone and eventually
become trapped within the
mineralized bone matrix and
become osteocytes.

A new osteon or haversian
system is formed leaving
behind interstitial lamellae.

Trabecular bone

Trabecular bone remodeling occurs on the bone surface, in contrast to
cortical bone remodeling, which occurs within an osteon. The trabecular
endosteal surface is remodeled by this mechanism similar to cortical bone
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Cement line New bone

disrupts osteocyte cell-cell communication, leading
to cell death. Microcracking can be repaired by the
osteoclast-osteoblast remodeling process illustrated at
the top of Figure 5-12. If the architecture of the osteon
is defective, as in osteoporosis, microcracking becomes
widespread and a complete bone fracture may occur.

Under normal conditions, the same amount of
resorbed bone is replaced by the same volume of new
bone. If the volume of resorbed bone is not completely
replaced by new bone, the tissue becomes weakened
and a risk of spontaneous fractures arises.

There are two forms of bone remodeling:

1. Compact bone remodeling.

2. Trabecular bone remodeling.

Compact bone remodeling is the resorption of an
old haversian system followed by the organization of
a new haversian system (see Figure 5-12).

Trabecular bone remodeling occurs on the endos-
teal bone surface (see Figure 5-12), in contrast to cor-
tical bone remodeling, that occurs inside an osteon.

5. OSTEOGENESIS | Bone fracture

remodeling: osteoclasts create a resorption space limited by a cement
line. Then osteoblast line the cement line surface and start to deposit
osteoid until new bone closes the resorption space.

Note a significant difference between compact
bone remodeling and trabecular bone remodeling:
the remodeled trabecular bone remains lamellar
but not haversian. In other words, lamellae are not
enclosing a blood vessel as in the haversian systems
that characterize compact bone remodeling.

General Pathology: Bone fracture and healing
Traumatic bone fracture are common during child-
hood and in the elderly. Pathologic fractures are
independent of trauma and associated with a bone
alteration, such as osteoporosis or a genetic col-
lagen defect such as osteogenesis imperfecta. Stress
fractures are caused by inapparent minor trauma
(microcracking) during the practice of sports.

Fractures can be:

1. Complete fractures, when the bone fragments
are separated from each other.

2. Comminuted fractures, when a complete frac-
ture produces more than two bone fragments.



Figure 5-13. Bone fracture healing

Hematoma —— Inflammatory granuloma

Necrosis Hematoma/inflammatory phase
— Periosteum Accumulation of blood between the fracture ends, under the periosteum and the
bone marrow space. The periosteum opposite to the trauma impact site may be torn.
—— Bone marrow  Osteocytes and marrow cells undergo cell death and necrotic material is observed in
— Endosteum the immediate fracture zone. An inflammatory response follows. Macrophages and
polymorphonuclear leukocytes migrate into a fibrin scaffold and an inflammatory
Macrophage granuloma is formed. The fracture is stabilized.
Leukocyte
- 52— Cartilage Reparative phase: Soft callus formation
f{\;- = | Woven bone Cells derived from the periosteum and endosteum initiate the repair of the fracture.
Te— trabeculae Periosteal-derived capillary buds extend into the inflammatory granuloma. The
7 }: nutrient medullary artery also contributes capillaries. Cartilage is formed and a soft
ks New blood callus contributes to the stability of the bone fractured ends. Woven bone, in the form
) | of trabeculae, gradually replaces the cartilage. Mineralization of the woven bone is
Nutrient medullary vessels
observed.
artery
Spongy bone Reparative phase: Hard callus formation
Osteoblasts, derived from osteoprogenitor cells, are active. The ends of the fracture
become enveloped by the periosteal (external) and internal hard callus and a clinical
union can be visualized. Yet, the reparative process is not complete: the necrotic
ends of the fractured bone, and even portions of the hard callus, are being
Osteoblasts ~ Osteoclasts reabsorbed. In addition, woven bone needs to be replaced by compact bone.
Volkmann’s canal

Remodeling phase

Osteoclasts reabsorb excessive and missplaced trabeculae and new bone is laid
) down by osteoblasts to construct compact bone along the stress lines. New haversian
Haversian canal - gysems or osteons and Volkmann’s canals are formed to house blood vessels.

Residual
necrosis area

Residual
inflammatory
granuloma
area

Vascularized
connective
tissue stroma

. ! " ;
Repair woven bone area  Osteoid with embedded osteocytes. Osteoblasts Mineralization of bone ~ Calcified  Hard callus formation
are aligned along the periphery of the osteoid deposited on calcified cartilage ~cartilage

3. Open or compound, when the fractured bone  end of the fibula and injury to the distal end of the

ends penetrates the skin and soft tissues. tibia. Colles' fracture is the fracture of the radius
4. Simple or closed fractures, when the skin and  close to the wrist.
soft tissues are intact. The healing of a simple fracture involves the fol-

Pott's fracture consists in the fracture of the distal  lowing phases (Figure 5-13):
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1. Hematoma/inflammatory phase. Bleeding and
accumulation of blood at the fracture site occurs (he-
matoma) because of massive disruption of blood ves-
sels housed in the haversian and Volkmann's canals.

Swelling, pain and an inflammatory process starts
immediately. Macrophages, monocytes, lymphocyrtes,
and polymorphonuclear cells, as well as fibroblasts,
are attracted to the fracture site. The result is the
formation of granulation tissue that bulges over
the edges of the fractured bone and connects the
fragments.

The development of this temporary granuloma is
seen during the first week after fracture. Cytokines
released by inflammatory cells and platelets recruit
osteprogenitor cells from the periosteum and endos-
teum to the temporary granuloma, whose appropriate
formation and stability require proper immobiliza-
tion in the form of bracing.

2. Reparative phase: cartilagenous soft callus
(Latin callus, hard skin) phase. Phagocytic cells
start the removal of dead cells and damaged bone
tissue. Capillaries infiltrate the granulation tissue
and osteoprogenitor cells give rise to osteoblasts at
the periosteal and endosteal sites that, together with
fibroblasts, initiate the healing process. A soft callus
consisting of noncalcified cartilage connects the two
ends of the fractured bone.

About 3 to 4 weeks after the injury, periosteal and
endosteal-derived osteoblasts penetrate and replace
the soft cartilaginous callus with woven bone.

Osteoblast penetration starts from each end of the
fractured fragments and a distinct collar, consisting
of woven bone typical of cancellous bone, is formed
around the fragments.

3. Reparative phase: hard bone callus phase. The
union of the fragments is achieved by the develop-
ment of a hard bone callus. Osteoblasts deposit
osteoid that is calcified and woven bone is formed.

4. Remodeling phase. This repair process is still
in progress 2 to 3 months after the injury. Excess

material of the bone callus is removed by osteoclasts
and woven bone is replaced by lamellar compact bone
between and around the bone fragments.

General Pathology: Metabolic and hereditary bone
disorders

As we have learned, ossification results from the bal-
anced processes of bone formation and resorption
mediated by osteoblasts and osteoclasts, respectively,
under the control of local regulatory factors and
blood-borne signaling molecules, including parathy-
roid hormone, vitamin D3, and calcium.

Excessive resorption causes osteoporosis, account-
ing for most non-traumatic bone fractures. Defective
bone resorption causes osteopetrosis, characterized by
dense but usually fragile bones.

A number of metabolic/dietary and hereditary con-
ditions can alter the skeleton by affecting osteogenesis,
bone remodeling or disturbing the mineralization of
the bone matrix (Figure 5-14).

Rickets and osteomalacia are a group of bone dis-
eases characterized by a defect in the mineralization
of the bone matrix (osteoid), most often caused by
a lack of vitamin Dj. Rickets is observed in children
and produces skeletal deformities. Osteomalacia is
observed in adults and is caused by poor mineraliza-
tion of the bone matrix.

We have already stressed the medical significance
of the RANK-RANKL signaling pathway as a phar-
macologic target in the treatment of osteoporosis by
controlling osteoclastogenesis.

Osteopetrosis includes a group of hereditary dis-
eases characterized by abnormal osteoclast function.
The bone is abnormally brittle and breaks like a soft
stone. The marrow canal is not developed, and most
of the bone is woven because of absent remodeling.

We have already discussed a mutation in the colony-
stimulating factor-1 gene whose expression is required
for the formation of osteoclasts (see Bone in Chapter
4, Connective Tissue).

Figure 5-14. Concept Mapping: Bone disorders
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(children) (adult) disease (ADO) ossificans progressiva imperfecta
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(type | collagen)



Figure 5-15. Joints and arthritis

Normal joint Articular cartilage
Hyaline cartilage. It lacks perichondrium
and is not lined by the synovial

membrane.

Joint capsule

It consists of dense connective tissue
with blood vessels, lined by the
synovial membrane. The capsule is
continuous with the periosteum and is
attached to the edges of the articular
cartilage.

Joint cavity

Synovial membrane

A layer of vascular connective tissue
covered by 1-3 layers of synovial
cells. There is no basal lamina.
Capillaries are fenestrated. The

synovial fluid is a capillary ultrafiltrate Joint cavity n?ymng:'lli:‘l Skin
that contains the glycoprotein lubricin Hyaline cartilage. The embrane
produced by synovial cells. Lubricin secondary ossification Primary ossification

reduces wear to bone cartilage. centers have not started. center in progress

A clinical variant of autosomal dominant osteope-
trosis (ADO), also known as Albers-Schénberg dis-
ease, is caused by different mutations in the CICN7
gene encoding the chloride channel in osteoclasts.
Recall that Cl- is required to acidify the Howship’s
resorption lacunae environment for the activation of
secretory cathepsin K enzyme. Review in Chapter 4,
Connective Tissue, details of osteoclast function and

the discussion on osteopetrosis.

Fibrodysplasia ossificans progressiva (FOP) is a
very rare autosomal dominant disorder of the con-
nective tissue. The main clinical features are skeletal
malformations (hands and feet) present at birth and

Figure 5-16. Synovial membrane

=
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— membrane normally
consists of a lining of
one or two cell layers
of synovial cells and
underlying loose
connective tissue. The

the ossification of soft tissues (muscles of the neck
and back) precipitated by trauma. Ectopic bone for-
mation also occurs in ligaments, fasciae, aponeuroses,
tendons, and joint capsules.

Patients with FOP have a mutation in the gene en-
coding activin receptor type 1A (ACVRI1), a receptor
for bone morphogenetic protein 4 (BMP4). An early
clinical indication of FOP is a short big toe malforma-
tion detected in the newborn. BMPs are members of
the transforming growth factor—f superfamily with
a role in the development of bone and other tissues.

The ACVRI1 mutation consists in the substitu-
tion of histidine for arginine at position 206 of the
509-amino-acids-long ACVR1. This single amino
acid substitution results in the abnormal constitutive
activation of ACVRI leading to the transformation

Synovial cells of connective tissue and muscle tissue into a second-
ary skeleton. A poor prognosis is determined by the
The synovial involvement of thoracic muscles, leading to respira-

tory failure.

Osteogenesis imperfecta is a genetic disorder
characterized by fragile bones and fractures ("brittle
bone disease"). Additional defects include hearing
loss, scoliosis, curved long bones, blue sclera, dentino-

A :ﬁ.r i;; g synoviallining cells genesis imperfecta,. and short stature. This conditi.on
Boa B - are designated type is caused by a dominant mutation to genes encoding
= S| - S A (macrophage-like type I collagen (COLIAI or COLIA2). In patients
F'\“‘ ¥ ‘ i _—d-. t synovial cells) and with osteogenesis imperfecta, bisphosphonate drugs
N o e e (i VRN RSN | type B reduce bone fracture by inhibiting bone resorption

Plasma cells Fibroblast

Lymphocyte

Collagen bundle

(fibroblast-like
synovial cells).

and increasing bone mass and whole body mechani-
cal vibrations treatment stimulates bone formation.
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Figure 5-17. Rheumatoid arthritis

Sinovial villi proliferation over the articular cartilage
and bone to form the pannus. Inflammatory
granuloma within the joint causes degeneration and
destruction of the articular cartilage.

Rheumatoid arthritis is a chronic inflammatory disease
characterized by the presence of activated CD4+T cells (1]

Synovial cells

Hyperplasia of the synovial cell
lining and subjacent infiltration by
lymphocytes and plasma cells
surrounding prominent synovial
blood vessels

Synovial blood
vessel

Thickening of the synovial
membrane (pannus)
followed by its hypertrophy
and hyperplasia (synovial
villi) and replacement by

plasma cells, macrophages [E3), and synovial cells [EJ changing
the synovial membrane lining into villus-type inflammatory tissue
called pannus. Within the pannus, cellular responses lead to
release of collagenase and metalloproteases [ and other
effector molecules.

Rheumatoid arthritic joint

Antigen-presenting
cell (MHC-I)

The initial cause of rheumatoid arthritis is a peptide antigen
presented to T cells (CD4) which, in turn, release interleukin-15
to activate synovial macrophages normally present in the synovial

connective tissue

D T cell (CD4+)

Interleukin-15
x B3 Macrophage

membrane. Tumor necrosis factor B3 synovial vill
Synovial macrophages secrete proinflammatory cytokines, ~ ligand and

tumor necrosis factor ligand and interleukins-1 and -6, to interleukins-1 and -6 B Periarticular
induce the proliferation.of synovial cells, which then relgase @ Collagenase and = bone erosion
collagenase and matrix metalloproteases. Neutrophils metalloprotease I

h . . Chondrocyte
contribute prostaglandins, proteases, and reactive oxygen | e ( apoptosis
species targeted to the destruction of the articular cartilage and —lp P
subjacent bone tissue. The chronic destruction of the articular ~ Prostaglandins, proteases Osteoclast
cartilage, erosion of the periarticular periosteal bone by activated ~ and reactive oxygen species

osteoclasts and the hypertrophy of the synovial membrane are
characteristic features of rheumatoid arthritis.

Joints
Bones are interconnected by articulations, or joints,
that permit movement.

There are three types of joints:

1. Synarthroses permit little or no movement
(cranial bones, ribs, and the sternum).

2. Amphiarthroses enable slight movement (inter-
vertebral disks and bodies).

3. Diarthroses permit free movement.

In a diarthroidal joint (Figure 5-15), a capsule
links the ends of the bones. The capsule is lined by
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a synovial membrane that encloses the articular or
synovial cavity. The synovial cavity has lubricin, a
synovial fluid glycoprotein necessary for reducing
wear to the hyaline cartilage covering the opposing
articular surfaces.

The articular cartilage is almost typical hyaline
cartilage except that it lacks a perichondrium and
has a unique collagen fiber organization in the form
of overlapping arches. Collagen arcades sustain the
mechanical stress on the joint surfaces.

The joint capsule consists of two layers:



1. An outer layer of dense connective tissue with
blood vessels and nerves.

2. An inner layer, called the synovial membrane,
covered by one to two layers of synovial cells overly-
ing the connective tissue (Figure 5-16).

There are two classes of synovial cells:

1. Type A macrophage-like synovial cells.

2. Type B fibroblast-like synovial cells.

There is no basal lamina separating synovial cells
from the connective tissue. The connective tissue
contains a rich network of fenestrated capillaries.

Synovial fluid is a combined product of the syno-
vial cells and the ultrafiltrate of the capillaries. The
fluid is rich in hyaluronic acid, glycoproteins, and

leukocytes.

Pathology: Rheumatoid arthritis

Rheumatoid arthritis is a chronic inflammatory
and destructive autoimmune disease of the joints of
unknown cause. Synovitis, the inflammatory process
of the synovial membrane, occurs when leukocytes
infiltrate the synovial compartment.

The production of cytokines by synovial cells is a
key factor in the pathogenesis of rheumatoid arthri-
tis. The initial event is the recruitment of activated
CD4* T cells across synovial vessels. Activated CD4*
T cells stimulate the production of tumor necrosis
factor ligand (TNFL), interleukin-2 (IL-2), and
interleukin-6 (IL-6), and the secretion of collagenase
and metalloproteinases (in particular MMP-1, 3, 8,
13, 14, and 16), by monocytes, macrophages, and
fibroblast-like synovial cells.

TNFL and IL-1 can be detected in synovial fluid of
patients with rheumatoid arthritis. TNFL and IL-1
stimulate fibroblast-like synovial cells, osteoclasts,
and chondrocytes to release cartilage and bone-
destroying MMPs.

Tissue inhibitors of MMPs (TIMPs) are unable

to reverse the joint destructive cascade. Neutrophils
synthesize prostaglandins, proteases and reactive
oxygen species, contributors to synovitis. TNFL,
IL-1, and IL-6 are key cytokines driving the build
up of synovial inflammatory tissue in rheumatoid
arthritis (Figure 5-17).

A proliferative process (hyperplasia) of the synovial
cell lining, together with a loss in the expression of
wear protective lubricin, leads to the destruction of
the articular cartilage by apoptosis of chondrocyrtes,
followed by destruction of the subjacent bone. Bone
erosion, a result from osteoclast invading the perios-
teum adjacent to the articular surface, is detected in
80% of the affected patients within 1 year after diag-
nosis. Osteoclasts are activated by synovial cytokines.

Rheumatoid arthritis is characterized by the pro-
duction of the autoantibodies rheumatoid factor and
anti—citrullinated protein antibody (ACPA):

1. Rheumartoid factor is a highly affinity autoan-
tibody against the Fc domain of immunoglobulins.
Rheumatoid factor has a dual role: it is a diagnostic
marker of rheumatoid arthritis and also participates
in its pathogenesis.

2. A post-translational conversion of the amino
acid arginine into citrulline modifies the folding of
citrullinated proteins that become a selective target of
the immune system. ACPA-positive patients disease
have a less favorable evolution than those that are
ACPA-negative.

IL-6 stimulates the activation of local CD4* T
cells that, in turn, stimulate B cells to differentiate
into plasma cells that produce the autoantibodies
rheumatoid factor and ACPA.

From a clinical perspective, rheumatoid arthritis
cause systemic illness, including cardiovascular,
pulmonary, and skeletal disorders caused by inflam-
matory mediators (cytokines and immune complexes)
circulating in blood.

Essential concepts Osteogenesis

* There are two processes of osteogenesis
(bone formation or ossification):

(1) Intramembranous bone formation.

(2) Endochondral bone formation.

Both processes have a common aspect: the
transformation of a primary trabecular network
(also called primary spongiosa) into mature
bone. However, they differ in the starting point:
intramembranous bone formation consists in
the transformation of a mesenchymal template
into bone; endochondral ossification consists
in the replacement of preexisting hyaline carti-
lage template into bone.

+ Intramembranous bone formation is
characteristic of skull flat bones. The following
sequence is observed:

(1) Aggregates or mesenchymal condensa-
tions are formed in several sites.

(2) Mesenchymal cells differentiate into os-
teoblasts to form the bone blastema originated
by interstitial growth.

(3) bone matrix or osteoid, containing type
I collagen and noncollaginous proteins, is
deposited by osteoblasts.

(4) blood-borne calcium is deposited in the
osteoid, which becomes calcified (mineral-
ized).

(5) osteoblasts become enclosed in the
mineralized matrix and differentiate into
osteocytes, connected to each other by cellular
processes forming a network.

(6) new osteoblasts appear along the surface
of the primary bone tissue or primary ossifica-
tion center, forming a trabecula.

Several trabeculae enlarge by appositional
growth and fuse together to form woven bone.
Note that intramembranous bone formation

starts as interstitial growth and continues by
appositional growth.

The final steps include the conversion of
woven bone in the outer and inner layers
into compact or lamellar bone of haversian
type (concentric lamellae around a space
containing blood vessels). The center of the
membranous bone remains as spongy bone,
called diploé. The external and internal con-
nective layers become the periosteum and
endosteum, respectively.

* Endochondral bone formation is charac-
teristic of long bones, vertebral column, and
pelvis. The following sequence is observed:

(1) Chondrocytes in the center of the hya-
line cartilage template become hypertrophic
and start synthesizing type X collagen, vascu-
lar endothelial cell growth factor (VEGF).

Essential concepts | 5. OSTEOGENESIS

| 177




(2) Blood vessels from the perichondrium
invade the hypertrophic cartilage center,
whose matrix becomes calcified; the primary
ossification center is established.

(3) The inner perichondrial cells form a thin
periosteal collar at the midpoint of the shaft or
diaphysis. The periosteal collar forms woven
bone—by the intramembranous bone forma-
tion process—under the future periosteum.

(4) Blood vessels invade the space formerly
occupied by hypertrophic chondrocytes and
preosteoblasts and hematopoietic cells arrive
through the perivascular tissue.

(5) Preosteoblasts differentiate into osteo-
blasts, which align along the calcified cartilage
matrix and begin to deposit osteoid forming
stalactite-like spicules. The primary ossification
center now consists of two components: the
periosteal collar and the center of ossification
in the interior of the cartilage template.

« Two steps will follow:

(1) The growth in length of the future long
bone.

(2) The development of secondary centers
of ossification in the epiphyses.

The growth in length of the long bones de-
pends on the interstitial growth of the hyaline
cartilage while the center of the cartilage is be-
ing replaced by bone. The secondary centers
of ossification consist in the replacement of
hyaline cartilage by spongy bone, except the
articular cartilage and a thin disk, the epiphy-
seal growth plate, in the metaphyses (linking
the diaphysis to the epiphyses).

The epiphyseal growth plate retains the
capacity of chondrogenesis and, after puberty,
is replaced by the epiphyseal line. Chondro-
genesis of the growth plate and the formation
of the bony collar are regulated by Indian
hedgehog (Ihh) secretory protein in a para-
crine manner.

Ihh, secreted by chondrocytes of the early
hypertrophic zone of the hyaline cartilage
template adjacent to the growth plate, signal

perichondrial cells to express RUNX2 and
become osteoblast to continue forming the
bony collar. In addition, Ihh stimulates the
synthesis of parathyroid hormone-related
peptide (PTH rP) by cells of the chondrogenic
layer of the perichondrium.

PTHrP does two things: First, it binds to the
PRHrP receptor on the surface of chon-
drocytes of the reserve zone of the growth
plate to stimulate their proliferation; second,
it binds to chondrocytes of the proliferative
zone to prevent their hypertrophy. Essentially,
PTHrP keeps the developmental potential of
the growth plate active until the individual's
programmed bone length has been com-
pleted.

+ Endochondral bone formation consists of
four major histologic zones:

(1) The reserve zone, composed of hyaline
cartilage “running away” from the “chasing”
ossification front, the vascular invasion zone
and the bone resorptive activity of osteoclasts.

(2) The proliferative zone, characterized by
the mitotic activity of chondrocytes, form-
ing stacks of isogenous groups, also running
away from the chasing vascular invasion zone.

(3) The hypertrophic zone, the "facilitator"
of the vascular invasion zone by producing
VEGF, recruiting macrophage-like chondro-
clasts to destroy the calcified cartilage matrix,
and producing type X collagen, an imprint of
their hypertrophic nature.

(4) The vascular invasion zone, the site
where blood vessels sprouts, penetrating
the transverse calcified cartilage septa, carry
preosteoblasts and hematopoietic cells. A
characteristic of this zone are the spicules,
which will become trabeculae.

A spicule consists of a longitudinal core of
calcified cartilage coated by osteoid produced
by osteoblasts lining the surface. A trabecula
is an osteocyte lamellar core (instead of a
calcified cartilage core), covered by osteoblast
depositing osteoid on the surface.

Trabeculae, built by osteoblasts and remod-
eled by osteoclasts, results in the formation of
woven or cancellous bone.

Woven bone will change into a lamellar
bone of the haversian system type using the
blood vessel as the axial center for the con-
centric deposit and organization of lamellae.

Recall that osteoblasts have two major
tasks: to continue forming bone, until they
become sequestered in the lacunae as osteo-
cytes, and to direct osteoclastogenesis by the
RANK-RANKL signaling pathway.

« The conversion of bone trabeculae into
osteons consists in the following steps:

Longitudinal ridges of a trabecula advance
toward one another and enclose the perioste-
al blood vessel, creating a tunnel that houses
a blood vessel. The blood vessels will become
the center of a haversian system or osteon.
Blood is supplied by transverse blood vessels
occupying the Volkmanns's canals. Keep in
mind that the haversian system has concentric
lamellae; the Volkmann's canal does not.

Appositional bone growth continues under
the periosteum to form the outer circumferen-
tial lamellae. Osteoblasts lining the endos-
teum form the inner circumferential lamellae,
also by appositional bone growth.

The shaft or diaphysis grows in width by
apposition consisting in new compact bone
being laid down under the periosteum. At
the same time, woven bone is gradually re-
absorbed at the inner side, or endosteum, of
the shaft and the width of the marrow cavity
increases. Consequently, the shaft becomes
wider but the walls, formed by compact bone,
does not increase significantly in thickness.
Keep in mind that woven bone, persisting
at the endosteal surface, is lamellar but not
haversian.

+ Bone remodeling is a continuous and
random process consisting in the replace-
ment of newly formed bone and old bone
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by a resorption-production sequence involving
the combined participation of osteoblasts and
osteoclasts.

There are two forms of bone remodeling:

(1) Cortical bone remodeling.

(2) Trabecular bone remodeling.

Cortical bone remodeling occurs in an old
haversian system followed by the reorganiza-
tion of a new one. Osteoclasts begin eroding
the lamella facing the central canal until they
reach the outermost lamella. Residual lamellae
of the ongoing degradation process are pushed
in between the existing intact osteons, forming
the interstitial lamellae. The osteoclasts disap-
pear and osteoblasts begin the reconstruction
process by constructing new lamellae from the
periphery to the central canal where a blood
vessel is located. The starting point of the
reconstruction of a new osteon is marked by
the cement line, a structure that absorbs micro-
cracking created by load forces acting on bone.

Trabecular bone remodeling follows the same
osteoclast resorption and osteoclast-osteoblast
reversal sequence. A major difference is that
this process occurs on the bone surface
instead of in an osteon.

« Bone fractures take place when pathologic
and traumatic fractures occur.

Fractures can be:

(1) Complete fractures (when the bone frag-
ments are separated from each other).

(2) Comminuted fractures (when a complete
fracture produces bones broken into more than
two fragments).

(3) Open or compound fractures (when the
fractured bone ends penetrates the skin and
soft tissues).

(4) Simple or closed fractures (when the skin
and soft tissues are intact).

A few type of fractures are designated by
specific names. For example, Pott's fracture
consists in the fracture of the distal end of the
fibula and injury to the distal end of the tibia.
Colles' fracture is the fracture of the radius
close to the wrist.

The healing of a fracture involves the follow-
ing phases:

(1) Hematoma/inflammatory phase. Bleed-
ing and an inflammatory process lead to the
formation of temporary granulation tissue
during the first week after fracture. The bone
fragments are connected and proper immobili-
zation is required.

(2) Reparative phase (soft callus). A soft
noncalcified cartilagenous callus connects the
two ends of the fractured bone.

(3) Reparative phase (hard bone callus).
Osteoblasts deposit osteoid that is calcified
and woven bone is formed.

(4) Remodeling phase (2 to 3 months after
the injury). Excess material of the bone callus
is removed by osteoclasts and woven bone is
replaced by lamellar compact bone.

* Metabolic and hereditary bone disorders
include:

Rickets (children) and osteomalacia (adults)
are a group of bone diseases characterized
by a defect in the mineralization of the bone
matrix (osteoid), most often caused by a lack
of vitamin Ds.

Osteopetrosis includes a group of hereditary
diseases characterized by abnormal or nonex-
isting osteoclast function. A clinical variant, au-
tosomal dominant osteopetrosis (ADO), also
known as Albers-Schénberg disease, is caused
by mutations in the CICN7 gene encoding the
chloride channel in osteoclasts.

Osteoporosis is a degenerative bone disease
in which the osteoclast-driven bone degrada-
tion process is not fully compensated by the
same bone production volume by osteoblasts.

Fibrodysplasia ossificans progressiva (FOP)
is an inherited disorder of the connective
tissue consisting in the aberrant ossification
of muscle tissue and connective tissue and
skeletal malformations. A mutation in the
receptor ACVR1 (activin receptor type 1A)
of bone morphogenetic protein leads to the
unregulated activation of the receptor and the
deposit of bone in nonskeletal tissues.

Osteogenesis imperfecta is a genetic
disorder defined by fragile bones and fractures
("brittlebone disease"). Additional defects
include hearing loss, scoliosis, curved long
bones, blue sclera, dentinogenesis imperfecta
and short stature. This condition is caused
by a dominant mutation to genes encoding
type | collagen (COLIAT [o-1 chain peptide]
or COLTA2 [a-2 chain peptide]). Missense
mutations leading to a defective peptide chain
results in abnormalities in most of the collagen
triple helix.

« Joints can be classified into:

(1) Synarthroses, which permit little or no
movement.

(2) Amphiarthroses, which enable slight
movement.

(3) Diarthroses, which permit free move-
ment.

A diarthrodial joint consists of a vascularized
outer layer of dense connective tissue capsule
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continuous with the periosteum. The capsule
surrounds the joint and encloses the synovial
cavity, containing fluid produced by the lining
cells of the synovial membrane.

« Rheumatoid arthritis is a chronic inflam-
matory and destructive autoimmune disease
of the joints of unknown cause.

Synovitis, the inflammatory process of the
synovial membrane, occurs when leukocytes
infiltrate the synovial compartment. The
production of cytokines by synovial cells is a
key factor in the pathogenesis of rheumatoid
arthritis.

A proliferative process (hyperplasia) of the
synovial cell lining, together with a loss in
the expression of synovial protective lubricin,
causes the destruction of the articular carti-
lage by apoptosis of chondrocytes, followed
by destruction of the subjacent bone.

Bone erosion, a result from osteoclast
invading the periosteum adjacent to the
articular surface, is detected in 80% of the
affected patients within 1 year after diag-
nosis. Osteoclasts are activated by synovial
cytokines.

Synovitis occurs when leukocytes infiltrate
the synovial compartment. The initial event is
triggered by the activation of CD4* T cells by
an undetermined antigen.

CD4* T cells and antigen-presenting cells
induce the villus-like proliferation of synovial
cells (called pannus) and the production
of tumor necrosis factor ligand, interleu-
kins, collagenases, and metalloproteinases
(proinflammatory effectors), which continue
triggering an inflammatory response by
synovial cells.

Rheumatoid arthritis is characterized by the
production of autoantibodies:

(1) Rheumatoid factor.

(2) Anti-citrullinated protein antibody
(ACPA).

Rheumatoid factor is a highly affinity auto-
antibody against the Fc domain of immuno-
globulins. Rheumatoid factor has a dual role:

(1) ltis a diagnostic marker of rheumatoid
arthritis

(2) It also has participates in its pathogen-
esis.

A post-translational conversion of the
amino acid arginine into citrulline modi-
fies the folding of citrullinated proteins that
become a selective target of the immune
system. ACPA-positive patients disease have
a less favorable evolution than those that are
ACPA-negative.
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6. Blood and Hematopoiesis |G

Blood, a specialized type of connective tissue, consists of plasma, erythrocytes, leukocytes, and platelets. Blood
offers valuable diagnostic information about normal body functions and pathologic alterations because of its
biochemical composition and easy access. Hematopoiesis, the self-renewal and differentiation of multipotent
stem cells in bone marrow, is responsible for the release of end-stage mature cells into the blood circulation (~ 1
x 10° erythrocytes and ~1 x 10° leukocytes every hour). Bone marrow microenvironments, or niches, enable
colonies of hematopoietic cells to fullfil their commitment of producing and maintaining a steady number of
mature cell populations and platelets in blood. This chapter describes the structural and functional characteris-
tics of blood cells, their development, and the distribution of progenitor cells in specific hematopoietic niches.

Blood

Blood consists of cells and plasma. These com-
ponents may be separated by centrifugation when
blood is collected in the presence of anticoagulants.
The sedimented red blood cells (RBCs) constitute
about 42%-47% of blood volume. This percentage
of erythrocyte volume is the hematocrit (Greek,
haima, blood; krino, to separate). Sitting on top of
the erythrocyte layer is the buffy coat layer, which
contains leukocytes (Greek leukos, white; kyros, cell)
and platelets. The translucent supernatant fraction
above the packed RBCs is plasma. Normal adult
blood volume measures 5 to 6 L.

Plasma

Plasma is the fluid component of blood (Figure
6-1). Plasma contains salts and organic compounds
(including amino acids, lipids, vitamins, proteins,
and hormones). In the absence of anticoagulants,
the cellular elements of blood, together with plasma

Figure 6-1. Blood: Plasma, serum, and cells

Plasma Serum
It contains albumin, fibrinogen, A protein-rich fluid
|mmunog[obullns, lipids — lacking fllb'rmogen
(lipoproteins), hormones, __ but containing
vitamins, and salts as albumin,
predominant components — immunoglobulins,
and other
Buffy coat components
(leukocytesand ||
platelets, 1%)
Hematocrit Red blood cells — I Blood clot
ematocri A fibrin-containing
) network trapping
blood cells

Blood collected in the presence of
an anticoagulant (heparin or
sodium citrate) and centrifuged

Blood collected without
an anticoagulant and
left to coagulate

proteins (mostly fibrinogen), form a clot in the test
tube. The fluid portion is called serum, which is es-
sentially fibrinogen-free plasma.

Red blood cells (erythrocytes)

RBCs, also called erythrocytes (Greek erythros, red;
kytos, cell), are non-nucleated, biconcave-shaped
cells measuring about 7.8 um in diameter (unfixed).
RBCs lack organelles and consist only of a plasma
membrane, its underlying cytoskeleton (Figure 6-2),
hemoglobin, and glycolytic enzymes.

RBCs (average number: 4 to 6 x 10° per mm?) cir-
culate for 120 days. Senescent RBCs are removed by
phagocytosis or destroyed by hemolysis in the spleen.
RBCs are replaced in the circulation by reticulocytes,
which complete their hemoglobin synthesis and
maturation 1 to 2 days after entering the circulation.
Reticulocytes account for 1% to 2% of circulating
RBCs. RBCs transport oxygen and carbon dioxide
and are confined to the circulatory system.

Pathology: RBC cytoskeletal and hemoglobin
abnormalities

The main determinant of anemia in hemolytic ane-
mias is RBC destruction. Normal RBC destruction
takes place in spleen but acute and chronic RBC
hemolysis occurs within blood vessels as the result of
membrane cytoskeleton, metabolic or hemoglobin
abnormalities.

1. Defects of the membrane cytoskeleton: El-
liptocytosis and spherocytosis are alterations in the
shape of RBCs caused by defects in the membrane
cytoskeleton. Elliptocytosis, an autosomal dominant
disorder characterized by the presence of oval-shaped
RBCs, is caused by defective self-association of spec-
trin subunits, defective binding of spectrin to ankyrin,
protein 4.1 defects, and abnormal glycophorin (see
Figure 6-2).

Spherocytosis is also an autosomal dominant
condition involving a deficiency in spectrin. RBCs
are spherical, of different diameter and many of them
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Glycophorin and anion transporter
channel (band 3) are the two major

Figure 6-2. Cell membrane of a red blood cell

Anion transporter channel (band 3) allows
HCOg3- to cross the plasma membrane in

Normal RBCs show
a central pale area

Ankyrin anchors
spectrin to band 3.

transmembrane proteins exposed to exchange for Cl-. This exchange facilitates y .0~
the outer surface of the red blood cell the release of COs, in the lungs. ‘O : ol O Y
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Normal RBCs
Protein 4.1 O :
Tropomyosin
Actin .
Adducin Spectrin
{3 chain
, L) L WP H\
Spectrin dimer Spectrln -
o chain Spherocytosis
Junctional complex Spectrin

Spectrin tetramers are linked to a complex formed by
three proteins:

1. A short actin filament, composed of 13 G-actin
monomers.

2. Tropomyosin.

3. Protein 4.1.
Protein 4.1 links the actin-tropomyosin complex to
glycophorin.

Adducin is a calmodulin-binding protein that
stimulates the association of actin with spectrin.

Spectrin is a large dimeric protein consisting of two
polypeptides: (1) spectrin o (240 kd); and (2) spectrin 3
(220 kd).

The two polypeptides associate in antiparallel pairs to form
a rod about 100 nm long.

Two chains join head to head to form a tetramer, found in
the cortical region of the red blood cell.

In hereditary spherocytosis (HS), RBCs are spheroidal,
less rigid, of variable diameter and subject to destruction in
the spleen. This alteration is caused by cytoskeletal
abnormalities involving sites of interactions between spectrin
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o and f3 and protein 4.1.

Micrographs from Hoffbrand AV, Pettit JE: Color Atlas of Clinical Hematology, 3rd ed., London, Mosby, 2000.

lack the typical central pale area seen in normal RBCs
(see Figure 6-2). The common clinical features of el-
liptocytosis and spherocytosis are anemia, jaundice
(resulting from increased bilirubin production),
and splenomegaly (enlargement of the spleen).
Splenectomy is usually curative, because the spleen
is the primary site responsible for the destruction of
elliptocytes and spherocytes.

2. Metabolic defects: Normal RBCs produce en-
ergy to maintain cell shape, electrolyte and water con-
tent by metabolizing glucose through the glycolytic
(Embden-Meyerhof glycolytic pathway) and pentose
phosphate (hexose monophosphate shunt) pathways.

The most abundant phosphate in RBC is 2,3-di-
phosphoglycerate (2,3-DPG), involved in the release
of oxygen from hemoglobin. The enzyme glucose
6-phosphate dehydrogenase (G6PD) protects the
membrane and hemoglobin from oxidant damage,
a frequent metabolic cause of intravascular hemoly-
sis caused by severe infection, hepatitis or diabetic
ketoacidosis observed in the presence of G6PD
deficiency. Pyruvate kinase deficiency is another
metabolic defect found in hemolytic anemia.

Cytoskeleton of RBCs

3. Hemoglobin defects: Hemoglobin genetic
defects (a.,BS, ) cause sickle cell anemia and thalas-
semia (Greek thalassa, sea; observed in populations
along the Greek and Italian coasts). Sickle cell anemia
results from a point mutation in which glutamic
acid is replaced by valine at the sixth position in the
B-globin chain.

Defective hemoglobin (Hb S) tetramers aggregate
and polymerize in deoxygenated RBCs, changing
the biconcave disk shape into a rigid and less deform-
able sickle-shaped cell. Hb S leads to severe chronic
hemolytic anemia and obstruction of postcapillary
venules (see Spleen in Chapter 10, Immune-Lym-
phatic System).

Thalassemia syndromes are heritable anemias
characterized by defective synthesis of either the o or
B chains of the normal hemoglobin tetramer (o).
The specific thalassemia syndromes are designated
by the affected globin chain: o-thalassemia and
B-thalassemia.

Thalassemia syndromes are defined by anemia
caused by defective synthesis of the hemoglobin
molecule and hemolysis.



Figure 6-3. Erythroblastosis fetalis: Hemolytic disease of the newborn

n Fetal red blood cells reach the
maternal blood circulation during the last
trimester of pregnancy or during childbirth.
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Clinical significance: Hemoglobin Alc (glycated
hemoglobin) and diabetes mellitus

A valuable clinical indicator of average plasma
glucose concentration is the measurement of hemo-
globin Alc (glycohemoglobin or glycated [coated]
hemoglobin). Glucose links to hemoglobin Al in a
non-enzymatic irreversible reaction.

The normal range for the hemoglobin Alc is
between 4% and 5.6%. Hemoglobin Alc levels
between 5.7% and 6.4% indicate increased risk of
diabetes mellitus, and levels of 6.5% or higher in-
dicate diabetes mellitus. Determination of glycated
hemoglobin is an efficient way to assess pre-diabetes
or diabetes mellitus conditions as well as the treat-

Box 6-A | Hemolysis in erythroblastosis fetalis

* The hemolytic process in erythroblastosis fetalis causes hemolytic anemia
and jaundice.

* Hemolytic anemia causes hypoxic injury to the heart and liver, leading to
generalized edema (hydrops fetalis; Greek hydrops, edema).

¢ Jaundice causes damage to the central nervous system (German kernic-
terus, jaundice of brain nuclei).

* Hyperbilirubinemia is significant, and unconjugated bilirubin is taken up by
the brain tissue.

Erythroblastosis fetalis | 6. BLOOD AND HEMATOPOIESIS

Maternal
circulation

a The mother produces antibodies against
D antigen present in the Rh system of fetal red
blood cells.

[E] During a second
or third pregnancy,
circulating

anti-D antigen
antibodies

(I9G) in maternal
blood pass through the
placental barrier and
bind to D antigen on
fetal red blood cells.

u Hemolytic disease occurs
because of blood incompatibility
between mother and fetus.

ment to achieve long-term regulation of serum
glucose levels to prevent cardiovascular, renal, and
retinal complications.

Clinical significance: Erythroblastosis fetalis
Erythroblastosis fetalis is an antibody-induced hemo-
lytic disease in the newborn that is caused by blood
group incompatibility between mother and fetus
(Figure 6-3 and Box 6-A). This incompatibility occurs
when the fetus inherits RBC antigenic determinants
that are foreign to the mother. ABO and Rh blood
group antigens are of particular interest.

Essentially, the mother becomes sensitized to blood
group antigens on red blood cells, which can reach
maternal circulation during the last trimester of preg-
nancy (when the cytotrophoblast is no longer present
as a barrier, as we discuss in Chapter 23, Fertilization,
Placentation, and Lactation) or during childbirth.
Within the Rh system, D antigen is the major cause
of Rh incompatibility. The initial exposure to the
Rh antigen during the first pregnancy does not cause
erythroblastosis fetalis because immunoglobulin M
(IgM) is produced. IgMs cannot cross the placenta
because of their large size.
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Figure 6-4. Neutrophil

. Specific (secondary) granules

Primary granules

Trilobed nucleus

Granular contents of a neutrophil

Neutrophils, so called because of the appearance

of their cytoplasmic granules following

Wright-Giemsa staining, migrate to the sites of
infection where they recognize and phagocytose

bacteria. Migration and ingestion require
substances contained in the cytoplasmic

granules.

Primary (or azurophilic)
granules contain elastase,
defensins, and
myeloperoxidase.

Secondary (or specific)

granules contain lysozyme, Golgi region
lactoferrin, gelatinase, and
other proteases.
The weak staining
properties of secondary Nuclear lobes

granules are responsible for
the cytoplasmic light-colored
appearance.

Specific (secondary)

Tetralobed nucleus

Neutrophils represent 50% to 70% of total
leukocytes (the most abundant leukocyte in a
normal blood smear). They measure 12 to 15
um in diameter with a very pale pink cytoplasm
(close in color to the erythrocyte).

Neutrophils contain primary granules that
can barely be resolved, and smaller specific
(secondary) granules.

The nucleus (stained dark blue) is usually
segmented into three to five indented lobes.

Primary granule

granules

Subsequent exposure to D antigen during the

second or third pregnancy leads to a strong im-
munoglobulin G (IgG) response (IgGs can cross
the placenta).

Rh-negative mothers are given anti-D globulin
soon after the delivery of an Rh-positive baby. Anti-
D antibodies mask the antigenic sites on the fetal
RBCs that may have leaked into the maternal circu-

lation during childbirth. This prevents long-lasting
sensitization to Rh antigens.

Leukocytes

Leukocytes (6 to 10 x 10° per mm?; see Box 6-B)
are categorized as either granulocytes (containing
primary, and specific or secondary cytoplasmic
granules, Box 6-C) or agranulocytes (containing

only primary granules).
In response to an appropriate stimulus, leukocytes

Box 6-B | Blood cells/uL or mm?

may leave the bloodstream (diapedesis) and enter

Erythrocytes 4-6 x 10° the connective tissue by the homing mechanism (see
Figure 6-9).
Leukocytes 6000 to 10,000
Neutrophils 5000 (60% to 70%)
Eosinophils 150 (2% to 4%) Granulocytes ,
Basophils 30 (0.5%) These phagocytic cells have a multilobed nucleus and
Lymphocytes 2400 (28%) measure 12 to 15 um in diameter. Their average lifes-
Monocytes 350 (5%) pan varies with cell type. Three types of granulocytes
Platelets 300,000 can be distinguished by their cytoplasmic granules:
Hematocrit 42%~47% 1. Neutrophils (Figure 6-4). These cells have
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Figure 6-5. Eosinophil

Eosinophils represent 1% to 5% of total leukocytes. They
measure 12 to 15 um in diameter.
Bilobed Their cytoplasm contains large, refractile specific granules
nucleus that appear bright red and are clearly discernible.
The nucleus of the eosinophil is typically bilobed.

Specific
granules
Charcot-Leyden crystal galectin (with carbohydrate
binding activity) in eosinophil granule (stored together with
- Platelets EP, MBP, ECP and EDN)
o Bilobed
Granular contents of an eosinophil Lipid body nucleus
Eosinophil peroxidase (EP)

It binds to microorganisms and

facilitates their killing by macrophages.

Major basic protein (MBP)

1. It is the predominant component of the crystalline
center of the eosinophil granule.

2. It binds to and disrupts the membrane of
parasites (binding is mediated by its Fc receptor).
3. It causes basophils to release histamine by a
Ca2+-dependent mechanism.

Eosinophil cationic protein (ECP)

1. It neutralizes heparin.

2. Together with MBP, it causes the fragmentation
of parasites.

Eosinophil-derived nerurotoxin (EDN)
Secretory protein with ribonuclease and antiviral
activity

Other products of eosinophils

Cytokines (Interleukins (IL)-2 to IL-6 and others),
enzymes (acid phosphatase, collagenase
histaminase, catalase and others) and growth
factors (vascular endothelial growth factor (VEGF),
nerve growth factor (NGF), stem cell factor (SCF)
and others)

Lipid bodies (leukotrienes, prostaglandins)

a multilobed nucleus. Their cytoplasm contains

secondary (specific) and primary granules (see Box
6-C). In stained smears, neutrophils appear very pale

Box 6-C | Primary and specific granules pink. Neutrophils, which constitute 50% to 70% of
circulating leukocytes, have a lifespan of 6 to 7 hours

* Primary and specific (secondary) granules contain enzymes. Tertiary and may live for up to 4 days in the connective tissue.
granules have been described; they produce proteins (cathepsin and gelatin- After leaving the circulation through postcapillary
ase), which enable neutrophils to attach to other cells and aid the process of venules, neutrophils act to eliminate opsonized bac-

phagocytosis.
* Peroxidase is a marker enzyme of primary granules. The presence of
alkaline phosphatase and a lack of peroxidase characterize the secondary

teria or limit the extent of an inflammatory reaction
in the connective tissue. The mechanism of bacterial
opsonization and the relevant role of neutrophils

granules. ) . X ° :

* Why are primary granules azurophilic with the Wright blood stain method? In acute mﬂammaflon are discussed in Chapter 10,
Because primary granules contain sulfated glycoproteins that presumably ac- Immune-Lymphatic System.

count for this deep-blue (azure) staining. Enzymes contained in the primary granules (elas-

tase, defensins and myeloperoxidase) and secondary
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Basophils contain large cytoplasmic granules with
sulfated or carboxylated acidic proteins such
as heparin. They stain dark blue with the
Wright-Giemsa stain.

Basophils, similar to mast cells in the
connective tissue, express on their surface IgE
receptors (FceR1) but differ in the expression of
c-kit receptor and CD49b. Both release
histamine to mediate allergic reactions when
activated by antigen binding.

An increase in the number of basophils (more
than 150 basophils/uL) is called basophilia and is
observed in acute hypersensitivity reactions, viral
infections, and chronic inflammatory conditions,
such as rheumatoid arthritis and ulcerative colitis.
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Granular contents of a basophil

Figure 6-6. Basophil

Basophils represent less than 1% of total leukocytes, so they may be
difficult to find.

Bilobed nucleus

e

Cytoplasmic
granules

granules (lactoferrin, gelatinase, lysozyme and other
proteases), specific receptors for C5a (produced by
the complement system pathway, see Chapter 10,
Immune-Lymphatic System), and L-selectin, and
integrins (with binding affinity to endothelial cell li-
gands such as intercellular-adhesion molecules 1 and
2 [ICAM-1 and ICAM-2]) enable the antibacterial
and homing function of neutrophils (see Figure 6-9).

2. Eosinophils (Figure 6-5). Eosinophils have a
characteristic bilobed nucleus. Their cytoplasm is
filled with large, refractile granules that stain red in
blood smears and tissue sections. The various com-
ponents of the eosinophil granules and other secre-
tory molecules are listed in Figure 6-5. Eosinophil
degranulation occurs in response to cytokines (such
as interferon-y and chemokine ligand 11, CCL11)
binding to eosinophil surface receptors. Cytokine
interleukin-5 (IL-5) is a major regulator of eosino-
phil function.

Eosinophils constitute 1% to 5% of circulating
leukocytes and have a half-life of about 18 hours.
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Their specific granules are large and stain dark blue or purple.

| (obscured by the Basophils also contain a few primary granules.
granules) The nucleus, which is typically bilobed, is often obscured by the
specific granules.
Specific CD49b c-kit receptor
(secondary) |
. granules — FeeR1
; Bilobed
b Basophil Mast cell nucleus

Eosinophils leave the circulation, recruited to the
connective tissue by IL-5. These cells are the first
line of defense against parasites and also participate
in triggering bronchial asthma (see Figure 6-10 and
Chapter 13, Respiratory System).

3. Basophils (Figure 6-6). These granulocytes
contain large, metachromatic cytoplasmic granules
that often obscure the bilobed nucleus.

Basophils represent only 1% of circulating leuko-
cytes. Basophils complete their maturation in bone
marrow. In contrast, mast cells enter connective tissue
or mucosae as immature cells lacking cytoplasmic
granules. In addition, basophils and mast cells differ
in the presence of c-kit receptor and CD49b but
share FceR1: basophils are c-kit-FceR1+ CD49b+;
mast cells are c-kittFceR1+CD49b-.

Basophils have a short lifespan (about 60 hours),
whereas mast cells survive for weeks and months. The
relationship between basophil and mast cell lineages
is further discussed in the Hematopoiesis section of
this chapter.



Figure 6-7. Lymphocyte
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Lymphocytes are relatively abundant,
. accounting for 20% to 40% of total
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K lymphocytes may range from
approximately 7 t012 um in diameter.
However, the typical lymphocyte in a
normal blood smear is small, about the
size of a red blood cell.

The nucleus of a small lymphocyte is
densely stained, with a round or slightly
indented shape (pointer). The nucleus
occupies most of the cell, reducing the
cytoplasm to a thin basophilic rim.

Large lymphocytes have a round,
slightly indented nucleus surrounded by
a pale cytoplasm. Occasionally, a few
primary granules (lysosomes) may be
present.
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Small lymphocytes represent 97% of the population of circulating
lymphocytes. Note that the nucleus is surrounded by a thin
cytoplasmic rim. Large lymphocytes represent 3% of the
population of circulating lymphocytes.

Lymphocytes are divided into two categories: B lymphocytes,
produced in the bone marrow, and T lymphocytes, also produced
in the bone marrow but that complete their maturation in the

A less abundant class is the natural killer cell.

During fetal development, the yolk sac, liver, and spleen are
sites where lymphocytes originate. In postnatal life, the bone
marrow and thymus are the primary lymphoid organs where
lymphocytes develop before they are exposed to antigens.

Secondary lymphoid organs are the lymph nodes, the
spleen, and lymphoid aggregates of the gastrointestinal and

thymus.

Kidney-shaped
nucleus

respiratory tracts.

Basophils play a role in immediate (bronchial
asthma) and type 2 hypersensitivity in response to
allergens (allergic skin reaction) and parasitic worms

(helminths).

Figure 6-8. Monocyte

Monocytes (2% to 8% of total
leukocytes) are the largest
leukocytes, ranging in size from 15
to 20 um.

The eccentrically placed nucleus
is typically kidney shaped and
contains fine strands of chromatin.

The abundant cytoplasm stains
pale gray-blue and is filled with
small lysosomes that give a fine,
granular appearance.

Monocytes travel briefly in the
bloodstream and then enter the
peripheral tissue where they are
transformed into macrophages and
survive a longer time.
Macrophage-derived monocytes are
more efficient phagocytic cells than

Small cytoplasmic ‘
neutrophils.

granules

Agranulocytes

Agranulocytes include lymphocytes and monocytes.
Agranulocytes have a round or indented nucleus.
They contain only lysosomal-type, primary granules.

Lymphocytes are either large (3% of lymphocytes;
7 to 12 um) or small (97% of lymphocytes; 6 to 8
um (Figure 6-7) cells. In either case, the nucleus is
round and may be slightly indented. The cytoplasm
is basophilic, often appearing as a thin rim around
the nucleus (see Figure 6-7). A few primary granules
may be present. Lymphocytes may live for a few days
or several years.

Lymphocytes are divided into two categories:

1. B lymphocytes (also called B cells) are produced
and mature in bone marrow. Antigen-stimulated
B cells differentiate into antibody-secreting plasma
cells.

2. T lymphocytes (also called T cells) are produced
in bone marrow but complete their maturation in the
thymus. Activated T cells participate in cell-mediated
immunity (for additional details, see Chapter 10,
Immune-Lymphatic System).

Monocytes (Figure 6-8) can measure 15 to 20
um in diameter. Their nucleus is kidney shaped or
oval. Cytoplasmic granules are small and may not be
resolved on light microscopy.
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Figure 6-9. Homing and inflammation
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Monocytes circulate in blood for 12 to 100 hours
and then enter the connective tissue. In the connec-
tive tissue, monocytes differentiate into macrophages,
which are involved in bacterial phagocytosis, antigen
presentation, and clean-up of dead cell debris. In
bone, monocytes differentiate into osteoclasts under
the control of osteoblasts (see Chapter 4, Connec-
tive Tissue).

Pathology: Leukemias

Leukemias are the most common neoplastic diseases
of leukocytes. They are characterized by the neoplas-
tic proliferation of one or more cell lineages in bone
marrow, frequent circulation of neoplastic cells in
peripheral blood and reduction in the development
of normal red blood cells and platelets.

There are acute and chronic leukemias. Acute
leukemias consist in the massive proliferation of im-
mature cells with respect to bone marrow cells and
rapid progression of the disease.

Acute leukemias are classified as acute lymphoblas-
tic leukemias (ALL), when derived from lymphoid
cells and acute myeloblastic leukemias (AML), when
derived from myeloid, erythroid and megakaryocytic
cell progenies.

Anemia (caused by a depletion of red blood cell
formation), infections (determined by a decline in

Homing and inflammation

.

B Transendothelial

Interleukin-8 (IL-8)

establish reversible binding between
selectins induced on the endothelial cell
surface and carbohydrate ligands on the
neutrophil surface. This binding is not
strong and the cell keeps rolling.

Smooth muscle
cell

JAM

VE-cadherin aCrawIing

A strong interaction occurs between the
neutrophil and the endothelial cell. This
interaction is mediated in part by
intercellular adhesion molecules
ICAM-1 on the endothelium and LFA-1
(lymphocyte function-associated
antigen 1) and MAC1 (aMp2
integrin/macrophage antigen 1).

/N

Endothelial
cell

EJ Transendothelial migration
Neutrophils migrate across the
endothelium along an IL-8
concentration gradient produced by
phagocytic neutrophils. CD99
contributes to diapedesis by
up-regulating laminin-binding o631
integrin. Infiltrating neutrophils disrupt
the interaction of junctional adhesion
molecules (JAM) and vascular
endothelial cadherins (VE-cadherin).

migration

the formation of normal leukocytes) and bleeding
(a reduction in the number of platelets) are relevant
features.

The diagnosis is based on the microscopic exami-
nation of bone marrow samples. ALL affects mainly
children; AML affects adults.

The French-American-British (FAB) classification,
includes different types of acute leukemias according
to the degree of cell differentiation determined by
the cytochemical detection of cell markers: L1 to L3
(lymphoid—ALL) and M1 to M7 (myeloid—~AML).

Chronic leukemias are classified as lymphocyrtic,
myeloid and hairy-cell type leukemias. They are
characterized by a lesser proliferation of immature
cells and slow progression of the disease.

Chronic lymphocytic leukemia (CLL) is mainly
observed in adults (50 years and older). A predomi-
nant proliferation of B cells and a large number of
abnormal lymphocytes in peripheral blood are pre-
dominant features. Lymphoadenopathy and spleno-
megaly are a common clinical findings.

Chronic myeloid leukemia (CML) is regarded as a
myeloproliferative condition (proliferation of abnor-
mal bone marrow stem cells) affecting adults. Patients
develop hepatosplenomegaly and leukocytosis (exces-
sive myelocytes, metamyelocytes and neutrophils in
peripheral blood). After a chronic phase of about five



Figure 6-10. Mast cell-eosinophil interaction in asthma
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years, the disease can change into an acute leukemia,
requiring stem cell bone marrow transplantation.

Patients with CML usually have the Philadelphia
chromosome, a reciprocal translocation between
the long arms of chromosomes 9 and 22, designated
©(9;22)(q34;q11). A fusion gene is created by plac-
ing the ab/ gene on chromosome 9 (region q34) to
a part of the bcr (breakpoint cluster region) gene
on chromosome 22 (region q11). The fusion gene
(abl/bcr) encodes a tyrosine kinase involved in cell
transformation leading to a neoplastic phenotype.
The drug imatinib is a specific tyrosine kinase inhibi-
tor. We come back to imatinib and tyrosine kinases
inhibition at the end of this chapter.

Hairy-cell leukemia (HCL) is a rare type of B cell
leukemia. The cells look hairy because of multiple
thin cytoplasmic projections. Splenomegaly, lymph-
adenopathy, and recurrent infections are common
findings. A relationship between HCL and exposure
to the herbicide Agent Orange has been recorded.

General Pathology: Leukocyte recruitment and
inflammation

We have studied in Chapter 1, Epithelium, the mo-

lecular principles of homing (or leukocyte recruit-
ment). We now expand the concept of leukocyte
recruitment by studying the mechanism of migration
of phagocytic neutrophils to the site of infection and
inflammation (Figure 6-9).

Rapid movement of circulating leukocytes across
post-capillary venular walls from the bloodstream to
the connective tissue in response to injury and infec-
tion is essential to the actions of the immune system.
Neutrophil recruitment takes place at permissive sites,
marked by chemotactic factors released by pathogen-
derived endotoxins and guided by host chemokines
bound to endothelial cell surfaces.

The first step is the binding of carbohydrate ligands
on the surface of the neutrophil to endothelial selec-
tins (E selectin). Binding determines rolling and adhe-
sion of the neutrophil to an endothelial cell surface.

The second step, crawling and transendothelial mi-
gration, demands a stronger interaction of neutrophil
with the endothelium. This interaction is mediated by
the activation integrins by the neutrophil. Integrin
LFA-1 (also known as L2 integrin or lymphocyte
function—associated antigen 1) and MACI (also
known as aMf2 integrin or macrophage antigen 1)
interacts with ICAM-1 on the endothelial cell surface.
Note that $2 integrin subunit is common to LFA-1
and MACI. ICAM-1 is induced by inflammatory
cytokines tumor necrosis factor ligand and interleu-
kin-1f (IL-1pB) produced by activated macrophages
present at the site of inflammation.

Preparing neutrophils for squeezing between
adjacent endothelial cells (paracellular migration)
or through endothelial cells (transcellular migra-
tion), requires the chemoattractant interleukin-8.
It is produced by inflammatory cells (for example,
neutrophils).

Transendothelial migration, or diapedesis, is fa-
cilitated by disrupting the interaction of endothelial
cell adhesion molecules such as junctional adhesion
molecules (JAMs), vascular endothelial cell cadherin
(VE-cadherin) and CD99. The up-regulation of
a6P1 integrin by CD99, produced by endothe-
lial cells, facilitates penetration of the vascular basal
membrane and the smooth muscle cell layer. After
breaching the basement membrane and the smooth
muscle cell layer, neutrophil display motility involving
membrane protrusions and the rearrangement of the
actin cytoskeleton.

In the acute inflammation site, neutrophils migrate
in an ameboid fashion that is intrinsic and relatively
independent from the inflammation environment. A
detailed account of the contribution of neutrophils
to acute inflammation is presented in Chapter 10,
Immune-Lymphatic System.

Pathology: Leukocyte adhesion deficiency (LAD)
As shown in Figure 6-9, selectin-carbohydrate inter-
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Figure 6-11. Platelets
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actions and integrins (mostly $1 and B2 integrins)
are required for the transendothelial migration of
leukocytes across a venule wall into extravascular
areas of inflammation.

Three leukocyte adhesion deficiencies have been
described, both characterized by a defect in wound
healing, recurrent infections, fever and marked
leukocytosis (increase in the number of leukocytes
in blood).

Leukocyte adhesion deficiency type I (LAD I)
is caused by a defect of the $2 subunit (also called
CD18) present in LFA-1 and MACI integrins. As a
consequence, neutrophils are unable to leave blood
vessels because of a defect in the recruitment mecha-
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nism. As you recall, LFA-1 and MAC1 are required
for binding to endothelial ICAM1, a necessary step
for transendothelial migration. In these patients, in-
flammatory cell infiltrates are devoid of neutrophils. A
delay in the separation of the umbilical cord at birth
is a classic indication of LAD I.

In leukocyte adhesion deficiency type II (LAD II),
the fucosyl-containing ligands for selectins are ab-
sent due to a hereditary defect of endogenous fucose
metabolism. Individuals with LAD II have reduced
intrauterine or postnatal growth and severe mental
retardation recognized shortly after birth. LAD III
is determined by mutations in kindlin (associated
with the intracellular domain of § integrin subunit).



Pathology: Mast cell-eosinophil interaction in
asthma

We have already seen that mast cells and eosinophils
are immigrant cells of the connective tissue. These
two cell types have a significant role in the patho-
genesis of asthma.

Asthma, a condition in which extrinsic (allergens)
or intrinsic (unknown) factors trigger reversible air-
way obstruction and airway hyperreactivity, provides
a good example of mast cell-cosinophil interaction.

Eosinophils are recruited to the bronchial mucosa
by cytokine IL-5 released from activated TH2 cells (a
subset of helper T lymphocytes). IL-5 binds to inter-
leukin-5 receptor subunit-a (IL-5Ra) on eosinophils
to induce their degranulation.

Two IL-5-specific monoclonal antibodies, mepo-
lizumab and reslizumab, block the binding of IL-5
to IL-5Ra. Initial clinical trials show that these anti-
bodies, administered together with steroids, decrease
by 50% the number of eosinophils in the bronchial
mucosa and by 0% in sputum. These observations
stress the significance of IL-5 in eosinophilic asthma
pathogenesis.

There is bidirectional signaling between mast cells
and eosinophils in the bronchial mucosa (Figure
6-10).

Mast cells and eosinophils release mediators to
enhance mucus hypersecretion (leading to the for-
mation of mucus plugs), edema and bronchocon-
striction (determining with time hypertrophy and
hyperplasia of the bronchiolar smooth muscle layer).
Bronchoconstriction causes airway narrowing and
interference of air flow.

Pathology: Eosinophilic esophagitis

Eosinophils are usually found in the gastrointes-
tinal tract, predominantly in the cecum, but seldom
in the esophagus. However, esophageal dysfunction,
including dysphagia and abdominal pain, correlates
with the increase of eosinophils in the esophageal
mucosa.

Dysregulated eosinophilia appears to depend on
the excessive production of IL-5 and IL-13 by Tn2

Box 6-D | Hemophilia

* Hemophilia is a common hereditary disease associated with serious bleeding
due to an inherited deficiency of factor VIII or factor IX.

* The genes for these blood coagulation factors lie on the X chromosome, and
when mutated, they cause the X-linked recessive traits of hemophilia A and B.
Hemophilia affects males, with females as carriers.

* A reduction in the amount or activity of factor VIII, a protein synthesized in the
liver, causes hemophilia A. A deficiency in factor IX determines hemophilia B.
* Major trauma or surgery can determine severe bleeding in all hemophiliacs and,
therefore, a correct diagnosis is critical. Plasma-derived or genetically engineered
recombinant factors are available for the treatment of patients with hemophilia.

* von Willebrand’s disease, the most frequent bleeding disorder, is also heredi-
tary and related to a deficient or abnormal von Willebrand’s factor.

cells and the presence of the eosinophil chemoattrac-
tant chemokine ligand 26 (CCL26) in the inflamma-
tory area of the esophagus.

Fungal and insect allergens appear to trigger
eosinophilic esophagitis. The treatment consists in
controlling with steroids the inflammatory associated
process and blocking IL-5 with the specific monoclo-
nal antibody mepolizumab.

Platelets
Platelets are small (2 to 4 um) cytoplasmic discoid
fragments derived from the megakaryocyte (Figure
6-11) under the control of thrombopoietin, a 35- to
70-kd glycoprotein produced in the kidneys and liver.
Megakaryocytes develop cytoplasmic projections
that become proplatelets, which fragment into
platelets. This differentiation process takes 7 to 10
days. Platelets bind and degrade thrombopoietin, a
mechanism that regulates platelet production.

The plasma membrane is coated by glycoprotein
1b (GP1b) and GP2b-GP3a, involved in the attach-
ment of platelets to von Willebrand’s factor. Adhesion
of platelets to the vascular endothelium, in turn, is
mediated by von Willebrand’s factor that also carries
factor VIII coagulation factor, whereas fibrinogen
binds to GP2b-GP3a (see Figure 6-11).

The plasma membrane of a platelet invaginates to
form a system of cytoplasmic channels, called the
invaginated membrane system, an arrangement that
enables the adsorption of clotting factors and also
serves as conduits for the release of secretory products
stored in granules in thrombin-activated platelets.
Integrin ai2f1 is present in the plasma membrane.

The central region of the platelet, the granulo-
mere, contains mitochondria, rough endoplasmic
reticulum, the Golgi apparatus, and three distinct
types of granules:

1. Alpha () granules, that store proteins involved
in hemostatic functions, including platelet adhesion
(fibrinogen, thrombospondin, vitronectin, laminin
and von Willebrand factor), blood coagulation
(plasminogen and o,-plasmin inhibitor), growth
factors for endothelial cell repair (platelet-derived
growth factor [PDGF], transforming growth factor-
o [TGF-a] and TGF-f) and microbicidal proteins
(thrombocidins and kinocidins).

2. Dense (d) core granules, containing mediators
of vascular tone (serotonin, adenosine diphosphate
[ADP] and phosphate).

3. Lysosomal (M) granules, containing hydrolytic
enzymes participating in the dissolution of thrombi.

The periphery of the platelet, the hyalomere, con-
tains microtubules and microfilaments that regulate
platelet shape change, motility toward the sites of
injury and infection and release of granule contents.

We indicate that alpha granules contain microbi-
cidal proteins. Platelets can interact with microbial
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Figure 6-12. Blood clotting or hemostasis
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Platelets

E Endothelial cells release tissue factor, which
binds to factor Vlla to convert factor X into factor Xa
and initiate the common pathway of blood clotting.
Von Willebrand’s factor binds to glycoprotein 1B
(Gp1B) platelet receptor to facilitate the attachment
of platelets to collagen and laminin in the
subendothelial space.

B Endothelins, peptide hormones secreted by
endothelial cells, stimulate smooth muscle
contraction and proliferation of endothelial cells and
fibroblasts to accelerate the repair process.

Phase II: Aggregation of platelets to form a
hemostatic plug

a Fibrinogen in plasma binds to activated integrin
receptors, and platelets are bridged to each other.

Tissue plasminogen
activator (t-PA)

Plasminogen

) Plasmin @
ﬁé@_\)— Platelets
[ ]

B Thrombin, bound to its receptor on the platelet
surface, acts on fibrinogen to cleave fibrinopeptides
and form a fibrin monomer.

G Fibrin monomers aggregate to form a soft fibrin
clot. Factor XIII cross-links fibrin monomers.
Platelets and fibrin form a hemostatic plug.

Phase lII: Platelet procoagulation activity
terminates with the removal of the fibrin clot

Plasminogen (a plasma protein) is converted to
plasmin (a protease) by tissue plasminogen
activator (produced by injured endothelial cells and

oo oo

pathogens and play a significant role in host defense
against infection mediated by thrombocidins,
released from platelets by thrombin stimulation,
and chemokine-like kinocidins, known to recruit
leukocytes to sites of infection.

As you can see, platelets link hemostasis with
inflammation and immunity by sensing tissue in-
jury or infection and releasing antimicrobial and
wound-healing proteins. Note that the key activators
of platelets are signals released from the site of injury
or infection.

Platelet host defense functions emphasize the value
of platelet transfusion when confronting infection

|  Hemostasis

subendothelial connective tissue).

B Plasmin dissolves the fibrin clot.

and sepsis. In fact, morbidity and mortality due to
Staphylococcus aureus correlate with inherited platelet
disorders, including Gray platelet syndrome, and with
thrombocytopenia (see below).

Pathology: Platelets and coagulation disorders
About 300,000 platelets per microliter of blood circu-
late for 8 to 10 days. Platelets promote blood clotting
and help to prevent blood loss from damaged vessels.
Purpura (Latin purpura, purple) designates a color
patch or spot on the skin caused by bleeding. Spots
less than 3 mm in diameter are called petechiae; spots
larger than 1 cm in diameter are called ecchymoses.



Figure 6-13. Phases of blood clotting
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Widespread and symmetrical petechiae and ecchy-
moses are characteristic of the Henoch—Schénlein
syndrome, an allergic purpura reaction caused by
drug hypersensitivity.

A reduction in the number of platelets in blood
(thrombocytopenia) leads to increased susceptibility
to bleeding and increased morbidity and mortality
due to bacterial or fungal infection.

Thrombocytopenia is defined by a decrease in the
number of platelets to less than 150,000/uL of blood.
Spontaneous bleeding is observed with a platelet
count of 20,000/uL.

Thrombocytosis defines an increase in the number
of platelets circulating in blood.

Thrombocytopenia can be caused by:

1. A decrease in the production of platelets.

2. An increase in the destruction of platelets,
determined by antibodies against platelets or mega-
karyocyte antigens (autoimmune thrombocytopenic
purpura, ITP), drugs, for example, penicillin, sul-
fonamides, and digoxin, and cancer chemotherapy.

3. Aggregation of platelets in the microvasculature
(thrombotic thrombocytopenic purpura, TTP),
probably a result of pathologic changes in endothelial
cells producing procoagulant substances.

Deficiency of GP1b—factor IX complex, or of von
Willebrand’s factor, a protein associated with factor
VIII, leads to two congenital bleeding disorders,
Bernard-Soulier syndrome and von Willebrand’s
disease, respectively (see Figures 6-11 to 6-13; see
Box 6-D).

These two diseases are characterized by the inability
of giant platelets to attach to vascular subendothelial
surfaces.

The GP1b—factor IX—von Willebrand’s factor
complex is relevant for the aggregation and adhesion
of normal platelets when they are exposed to injured
subendothelial tissues.

Gray platelet syndrome, an inherited autosomal
recesive disease characterized by macrothrombocy-
topenia (thrombocytopenia with increased platelet
volume), is due to a reduction or absence in the
content of alpha granules.

Alpha granules store PDGF that enables platelet
adhesiveness and wound healing when secreted dur-
ing an injury. Platelets have a gray appearance.

MYH9 (myosin heavy chain 9)-related disorders
are also associated with macrothrombocytopenia. A
defect in the MYH9 gene, which encodes nonmuscle
myosin heavy chain IIA (an isoform expressed in
platelets and neutrophils). Defective MYH9 deter-
mines the premature initiation of proplatelet forma-
tion within the bone marrow, producing fewer and
shorter proplatelets.

We discuss later in this chapter the mechanism of
megakaryocyte development and platelet formation.
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Pathology: Hemostasis and blood clotting

The blood clotting or coagulation cascade depends
on the sequential activation of proenzymes to en-
zymes and the participation of endothelial cells and
platelets to achieve hemostasis or arrest of bleeding.
Hemostasis occurs when fibrin is formed to reinforce
the platelet plug (Figure 6-12).

The blood clotting cascade has the following
characteristics:

1. It is dependent on the presence of inactive
precursor proteases (for example, factor XII) that are
converted into active enzymes (for example, factor
XIIa) by proteolysis.

2. Itis composed of intrinsic and extrinsic pathways
(see Figure 6-13).

3. The extrinsic and intrinsic pathways converge
into the common pathway.

The extrinsic pathway is triggered by damage out-
side a blood vessel and is set in motion by the release
of tissue factor. The intrinsic pathway is stimulated
by damage to components of the blood and blood
vessel wall. It is induced by contact of factor XII to
subendothelial collagen. This contact results from
damage to the wall of a blood vessel.

Extrinsic and intrinsic pathways converge to a
crucial step in which fibrinogen is converted to
fibrin, which forms mesh that enables platelets to
attach. The convergence starts with the activation
of factor X to factor Xa, together with activated fac-
tor Va, resulting in the cleavage of prothrombin to
thrombin. The initial hemostatic plug consists of a
platelet scaffold for the conversion of prothrombin
to thrombin, which changes fibrinogen into fibrin
(see Figure 6-12).

Fibrinogen, produced by hepatocytes, consists of
three polypeptide chains, which contain numerous
negatively charged amino acids in the amino termi-
nal. These characteristics allow fibrinogen to remain
soluble in plasma. After cleavage, the newly formed
fibrin molecules aggregate forming a mesh. We
discuss in Chapter 10, Immune-Lymphatic System,
the facilitating function of a fibrin meshwork to the
migration of neutrophils during acute inflammation.

Hematopoiesis

Hematopoietic niches

In the fetus, hematopoiesis (Greek haima, blood;
poiein, to make) starts during the first trimester in
islands of hematopoiesis found in the yolk sac. The
islands develop from hemangioblasts, the progenitors
of both hematopoietic and endothelial cells.

Fetal hematopoiesis continues after the second
trimester in the liver and then in the spleen. Dur-
ing the seventh month of intrauterine life, the bone
marrow becomes the primary site of hematopoiesis,
where it remains during adulthood. In the adult, an



Figure 6-14. Bone marrow: Structure and vascularization
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Developing blood cells

Medullary venous
sinuses

Mature blood cells entering
the venous sinus

Endothelial cell lining

Medullary venous
sinuses

Osteoblast

The bone marrow can be red because of the presence of
erythroid progenies, or yellow, because of adipose cells. Red and
yellow marrow may be interchangeable in relation to the demands
for hematopoiesis. In the adult, red bone marrow is found in the
skull, clavicles, vertebrae, ribs, sternum, pelvis, and ends of the
long bones of the limbs.

Blood vessels and nerves reach the bone marrow by piercing
the bony shell. The nutrient artery enters the midshatft of a long
bone and branches into the central longitudinal artery, which

Epiphyseal
arteries

vein capillary plexus

Medullary venous sinuses

gives rise to a medullary capillary plexus continuous with the
medullary venous sinuses and connected to cortical
capillaries. Cortical capillaries and medullary capillaries extend
into Volkmann’s canals and haversian canals.

The venous sinuses empty into the central longitudinal
vein. Periosteal blood vessels give rise to periosteal plexuses
connected to medullary capillaries and medullary venous
sinuses.
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Figure 6-15. Bone marrow: Structure

Trabecular bone (endosteum) Endothelial cell
Reticular stromal cell

Endothelial cells form a continuous layer of
interconnected cells lining the blood vessels.

A basal lamina separates the endothelial
cells from the stromal cells.

Osteoblast
Mesenchymal stem cell

Nutrient arteriole Myeloid progeny

A branch of the nutrient
artery is surrounded by
hematopoietic cells.

Developing granulocytes are found
adjacent to venous sinusoids. Mature
granulocytes leave the bone marrow by

Sinusoidal lumen diapedesis.

Adipose cell Reticular stromal cell

Branching reticular stromal cells form a
cellular network under the endothelial lining
and extend into the hematopoietic tissue.
Reticular stromal cells produce
hematopoietic short-range regulatory
molecules induced by colony-stimulating
factors.

Megakaryocyte

A megakaryocyte lies against the
outside of a venous sinusoid and
discharges proplatelets into the lumen
through an epithelial cell gap.

Macrophage
A macrophage, found near an erythroid

Erythroid progen
y progeny progeny, will engulf nuclei extruded from
orthochromatic erythroblasts before their
conversion to reticulocytes.
Mature red blood cell Proerythroblast Reticulocyte

Proplatelet
shedding

Endothelial
Sinusoidal cell lining

Sinusoidal

Orthochromatic

Megakaryocyte
erythroblasts gaaryocy

Eosinophil Neutrophil Endothelial cell
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Figure 6-16. Hematopoietic branching lineage tree
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The bone marrow consists of: (1) Hematopoietic stem cells
(HSCs), multipotential cells capable of self-renewal. (2)
Committed precursor cells (myeloid stem cell and lymphoid
stem cell). (3) Maturing cells. Maturing cells develop from cells
called colony-forming units (CFUs). The myeloid stem cell
gives rise to CFUs responsible for the regeneration of red blood

basophils and mast cells (basophil CFUs), and eosinophils
(eosinophil CFUs). Monocytes and neutrophils derive from a
common committed progenitor cell (granulocyte-macrophage
CFU). The lymphoid stem cell generates the B cell progeny in
the bone marrow and T cell progenies in the thymus. They are
discussed in detail in Chapter 10, Inmune-Lymphatic System.

cells (erythroid CFUs), platelets (megakaryocyte CFUs),

approximate volume of 1.7 L of marrow contains 10"
hematopoietic cells, producing about 1 x 10 RBCs
and about 1 x 108 leukocytes every hour.

The bone marrow consists of two microenviron-
mental domains, called niches:

1. The vascular niche.

2. The endosteal niche.

Niches provide physical support, soluble factors,
and cell-mediated interactions to regulate cell self-
renewal, differentiation and quiescence of hemato-
poietic stem cells (HSCs).

Under normal conditions, niches enable the
balanced, or homeostatic, cell self-renewal and dif-
ferentiation of HSCs. Under pathologic conditions,
such as myelodysplasia, aging or bone marrow
malignancies, niches can alter or restrain normal
hematopoiesis.

The vascular niche
The vascular niche consists of blood vessels sur-

rounded by a distinct population of non-hematopoi-
etic stromal cells, including mesenchymal stem cells,
adipose cells, endothelial cells, reticular stromal cells,
and macrophages (Figures 6-14 to 6-16).

The cytokines secreted by these cells can regulate
HSCs. The perivascular space contains extracellular
matrix proteins, such as type IV collagen, fibro-
nectin, fibrinogen and von Willebrand factor, that
in conjunction with cytokines, regulate the HSC
population.

The vascular niche provides a microenvironment
for the short-term proliferation and differentiation
of HSCs. As discussed in Chapter 10, Immune-
Lymphatic System, progenitors of B cells develop
in immune cell niches, with the participation of
osteoblasts, CAR cells (see below), reticular stromal
cells and sinusoidal endothelial cells.

The bone marrow is highly vascularized. It is sup-
plied by the central longitudinal artery, derived from
the nutrient artery. Medullary capillary plexuses
Bone marrow | 6. BLOOD AND HEMATOPOIESIS
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The proerythroblast is the first stage
of the red blood cell lineage that can be
recognized. It derives from a mature
progenitor following stimulation with
erythropoietin. Nucleoli are present.
The cytoplasm contains abundant free
polyribosomes involved in the synthesis
of hemoglobin.

The synthesis of hemoglobin
proceeds into basophilic,
polychromatophilic, and
orthochromatophilic erythroblasts.

As hemoglobin accumulates in the
cytoplasm, the nucleus of the
differentiating erythroblasts is reduced
in size, chromatin condenses, and free
ribosomes decrease. The
orthochromatophilic erythroblast
displays maximum chromatin

condensation.
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Figure 6-17. Erythroid lineage

Erythrocytes are the most abundant cells of the blood. They contain hemoglobin (o5

chains in the adult) and none of the typical organelles and cytomembranes is observed

in the cytoplasm. Erythrocytes have a lifespan of about 120 days and aged red blood
cells are phagocytosed by macrophages in the liver and spleen.
A lack of oxygen (hypoxia) or a decrease of erythrocytes in circulating blood (anemia;

caused by excessive destruction of red blood cells, bleeding, iron or vitamin B5

deficiency) stimulates interstitial cells in the renal cortex to synthesize and release into
blood the glycoprotein erythropoietin (51 kd). Erythropoietin (EPO) stimulates the

Erythroid CFU

early stages of the erythroid colony-forming unit (CFU) to proliferate and differentiate

into basophilic, polychromatophilic, and orthochromatic erythroblasts.
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erythroblast

Nucleolus

Rl

Proerythroblasts

and periosteal capillary plexuses are interconnected.
Medullary sinusoids drain into the central longitu-
dinal vein before leaving through the nutrient vein
(see Figure 6-14).

Mature hematopoietic cells translocate through the
sinusoid wall by active transendothelial migration,
into the sinuses (see Figure 6-15) before entering the
circulation through the central vein. Immature he-
matopoietic cells lack the capacity of transendothelial
migration and are retained in the extravascular space
by the endothelial cells.

The sinusoids of the marrow are lined by special-

Hematopoiesis

Orthochromatic erythroblasts

ized endothelial cells with significant phagocytic
activity and a capacity to produce growth factors
that stimulate the proliferation and differentiation
of hematopoietic cells.

Marrow reticular stromal cells produce hematopoi-
etic growth factors and cytokines that regulate the
production and differentiation of blood cells.

Adipose cells provide a local source of energy as
well as synthesize growth factors. The population of
adipose cells increases with age and obesity and fol-
lowing chemotherapy. Adipose cells exert a negative
regulatory effect on HSCs function.



Oxygen-dependent prolyl hydroxylase
(sensor in renal interstitial cells) is inactive

Figure 6-18. Erythropoietin
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Marrow macrophages remove apoptotic cells, re-
sidual nuclei from orthochromatic erythroblasts and
megakaryocytes, and exclude particles from entering
the marrow.

The endosteal niche

The endosteal niche, located at the endosteum—
bone marrow interface, consists of preosteoblasts
(osteoprogenitor cells), osteoblasts and osteoclasts
interacting with HSCs. Type I collagen is the most
abundant extracellular component of the endosteal
niche.

The endosteal niche is regarded as a site for long-
term storage of quiescent HSCs.

Osteoblasts produce multiple hematopoietic
cytokines, including G-CSF (granulocyte-colony
stimulating factor), M-CSF (macrophage-colony
stimulating factor}, GM-CSF (granulocyte-macro-
phage-colony stimulating factor), IL-1, IL-6, and
IL-7. Osteoblasts produce CXC-chemokine ligand
12 (CXCL12) with binding affinity to CXCR4
(for chemokine receptor type 4). Perivascular re-
ticular stromal cells, called CAR cells (for CXCL12-
abundant cells) are a major source of CXCL12. The
CXCL12-CXCR4 complex is a regulator of the

Erythropoietin and the JAK-STAT signaling pathway

(1] Erythropoietin (EPO), produced by interstitial
cells in the renal cortex, is transported to the bone
marrow by the blood circulation.

B In the bone marrow, EPO binds to the dimerized
erythropoietin receptor, present in early stages of the
erythroid CFU progeny, and induces binding of
cytosolic STAT 5 (signal transducers and activators of
transcription 5) protein to JAK2 (Janus kinase 2), a
tyrosine kinase bound to the intracellular domain of the
receptor.

€ The inactive (nonphosphorylated) form of STAT 5
contains an SH2 (Src homology 2) domain. STAT 5 is
recruited by JAK2 and binds to it through the SH2
domain. STAT 5 becomes phosphorylated and
homodimerizes.

O The phosphorylated STAT 5 homodimer
translocates into the nucleus.

B Aatter binding to DNA, the phosphorylated STAT 5
homodimer activates the transcription of specific genes
required for erythropoiesis.

migration and localization of HSCs in bone marrow.
CAR cells, a subpopulation of mesenchymal stem
cells, are closely associated with HSCs.

Osteoblasts also express angiopoietin-1, a positive
regulator of HSCs, and thrombopoietin (also syn-
thesized in liver and kidney) and osteopontin, that
promote HSCs quiescence by stimulating osteoblasts
to produce integrins and cadherins to enhance attach-
ment of HSC:s to the endosteal surface.

Hematopoietic cell populations
The bone marrow consists of three major populations
(see Figure 6-16):

1. HSC:s, capable of self-renewal.

2. Committed precursor cells, responsible for the
generation of distinct cell lineages.

3. Maturing cells, resulting from the differentiation
of the committed precursor cell population.

HSCs can self-renew and produce two commit-
ted precursor cells that develop into distinct cell
progenies:

1. The myeloid stem cell.

2. The lymphoid stem cell.

Self-renewal is an important property of HSCs.
Self-renewal preserves the pool of stem cells and is
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Figure 6-19. Erythroid lineage
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critical for feeding common myeloid progenitor and
common lymphoid progenitor into the differentia-
tion or maturation pathway.

HSCs are difficult to identify, mainly because
they represent approximately 0.05% of total hema-
topoietic cells (about 10° to 107 stem cells). In bone
marrow transplantation, only 5% of the normal
hematopoietic stem cells are needed to repopulate
the entire bone marrow.

HSCs cannot be identified by morphology; they
can be recognized by specific cell surface markers
(c-kit receptor and Thy-1). Instead, CD34" com-
mitted precursor cell populations, also containing
CD34- HSCs, are generally used for transplantation
in the clinical treatment of malignant diseases with
chemotherapeutic agents that deplete a certain group

Erythroid lineage

Proerythroblast See Figure 6-17.
Basophilic erythroblast

A large cell (12 to 16 um in diameter) with intensely basophilic cytoplasm as an

indication of a large number of polyribosomes. The nucleus contains coarsely clumped

chromatin and nucleoli are not usually seen. This cell can divide by mitosis.
Basophilic erythroblasts derive from the proerythroblast.

Polychromatophilic erythroblasts

These cells may range in diameter from 9 to 15 um. The nucleus exhibits dense
chromatin patches separated by lighter areas. No nucleolus is visible. The
cytoplasm may contain clumps of polyribosomes (light-blue staining) involved in the
synthesis of hemoglobin (light pink-to-gray staining).

No cell division takes place after the polychromatophilic erythroblast.

Orthochromatic erythroblast

This cell is approximately 8 to 10 um in diameter. The cytoplasm is pink, much the
same as the reticulocyte. These cells have an extremely dense (pyknotic),
eccentrically located nucleus. Orthochromatic erythroblasts are postmitotic.

The transition to reticulocyte is preceded by the extrusion of the condensed nucleus
that carries with it a rim of cytoplasm. The extruded nucleus is engulfed by a

These anucleated cells measure approximately 7 to 8 um in diameter. The
cytoplasm is pink like the orthochromatic erythroblast. In regular preparations,
these cells appear identical to mature erythrocytes. With supravital stains, such
as methylene blue or cresyl blue, a filamentous (reticular) network of
polyribosomes becomes visible.

Reticulocytes remain in the bone marrow for 1 or 2 days and then are released
into the peripheral blood. Following 1 day of circulation, reticulocytes mature into

of committed precursor cells.

Myeloid and lymphoid stem cells are multipoten-
tial cells (see Figure 6-16). They are committed to the
formation of cells of the blood and lymphoid organs.

Five colony-forming units (CFUs) derive from the
myeloid stem cell:

1. The erythroid CFU, that produces red blood
cells.

2. The megakaryocyte CFU, that generates plate-
lets.

3. The granulocyte-macrophage CFU, that pro-
duces monocytes and neutrophils.

4. The eosinophil CFU.

5. The basophil CFU, that in addition to baso-
phils, produces non-granulated mast cell precursors
that become granulated mast cells when recruited



c-kit receptor

Figure 6-20. Myeloid lineage
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ﬂ A hematopoietic stem cell (HSC; c-kit positive, CD34
negative) gives rise to a myeloid stem cell.

B3 The myeloid stem cell produces five committed precursor

cells: (1) The granulocyte-macrophage colony-forming unit
(CFU). (2) The eosinophilic CFU. (3) The basophilic CFU. (4)
The megakaryocyte CFU (not shown). (5) The erythroid CFU
(not shown).

Bone marrow Peripheral tissues

(3| The granulocyte-macrophage CFU gives rise to the monoblast
and neutrophilic myeloblast.

Monoblasts produce monocytes leading to macrophages.
B The neutrophilic myeloblast produces neutrophils.
@ The eosinophilic CFU generates the eosinophil cell progeny.
The basophil CFU gives rise to basophils and mast cell
precursors. Mast cells mature (granulate) in peripheral tissues.

to connective tissue and mucosae (see Chapter 4,
Connective Tissue).

The lymphoid stem cell derives from the hema-
topoietic stem cell and gives rise to T cell and B cell
precursors. We study the development and matura-
tion of T cells and B cells in Chapter 10, Immune-
Lymphatic System.

Clinical significance: Hematopoietic growth factors
Hematopoietic growth factors control the prolifera-
tive and maturational phases of hematopoiesis. In
addition, they can extend the life span and function
of a number of cells produced in the bone marrow.
Several recombinant forms are available for clinical
treatment of blood disorders.

Hematopoietic growth factors, also known as he-
matopoietic cytokines, are glycoproteins produced
in the bone marrow by endothelial cells, stromal
cells, fibroblasts, developing lymphocytes, and mac-
rophages. Hematopoietic growth factors are also
produced outside the bone marrow.

There are three major groups of hematopoietic
growth factors:

1. Colony-stimulating factors.

2. Erythropoietin (Figure 6-17) and thrombopoi-
etin (Greek thrombos, clot; poietin, to make).

3. Cytokines (primarily interleukins).

Colony-stimulating factors are so named because
they are able to stimulate committed precursor cells to
grow in vitro into cell clusters or colonies. Interleukins
are produced by leukocytes (mainly lymphocytes)
and affect other leukocytes (paracrine mechanism)
or themselves (autocrine mechanism).

Hematopoietic cells express distinct patterns of
growth factor receptors as they differentiate. Binding
of the ligand to the receptor leads to a conformational
change, activation of intracellular kinases, and the
final induction of cell proliferation (see Chapter 3,
Cell Signaling).

We discuss the roles of specific hematopoietic
growth factors when we analyze each cell lineage.

Erythroid lineage

Erythropoiesis includes the following sequence (see

Figure 6-17): proerythroblast, basophilic erythro-

blast, polychromatophilic erythroblast, orthochro-

matic erythroblast, reticulocyte, and erythrocyte.
The major regulator of erythropoiesis is erythropoi-
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Figure 6-21. Myeloid lineage

£ U Cytoplasmic granules Myeloblast
- e 4 are absent

Throughout the granulocytic differentiation process (the neutrophilic series is
shown), major changes occur in the structure of the nucleus and the content
of the cytoplasm. For example, in the myeloblast (10 to 20 um; a cell usually
difficult to identify in Wright-stained preparations), the nucleus is round with
uncondensed chromatin and a visible nucleolus. As the cell progresses
through the subsequent stages of differentiation, the nucleus becomes
indented, then segmented, and the chromatin increases its condensation.
Nucleoli are present The cytoplasm of the myeloblast is essentially granule-free. Primary
granules appear in the promyelocyte stage, while specific or secondary
granules are synthesized by myelocytes.

Promyelocyte

This cell measures approximately 15 to 20 um in diameter. It has a large,
round nucleus with uncondensed chromatin and one or more oval nucleoli.
The synthesis of primary granules, stained red or magenta, occurs
exclusively at this stage. The cytoplasm is basophilic due to the presence
primary granules of abundant rough endoplasmic reticulum. Promyelocytes give rise to

are present neutrophilic, eosinophilic, or basophilic myelocytes. It is not possible in
conventional preparations to determine which type of granulocyte will be
produced by a given promyelocyte.

Golgi region

Myelocyte

This cell, measuring 12 to 18 um, has a round or oval nucleus that may be
slightly indented; nucleoli are not present. The basophilic cytoplasm
contains primary granules produced in the promyelocyte stage as
well as some specific granules, whose synthesis is detected in the
myelocyte. Consequently, the myelocyte cytoplasm begins to resemble
Both primary and specific  that of the mature basophil, eosinophil, or neutrophil. The myelocyte is

granules are seen the last stage capable of mitosis. Myelocytes produce a large number of
specific granules, but a finite number of primary granules (produced in the
promyelocyte) are distributed among daughter myelocytes.

Nucleoli are not present

Golgi region
Metamyelocyte

This postmitotic cell measures 10 to 15 um in diameter. The eccentric, bean-
shaped nucleus now contains some condensed chromatin. The cytoplasm
closely resembles that of the mature form. The specific granules outnumber
the primary granules.

Band form

This cell has a diameter of about 9 to15 um. The nucleus is U-shaped with
rounded ends. Its cytoplasm resembles that of the mature form. Two band
form neutrophils are shown together with a myelocyte and a metamyelocyte
neutrophil.

The Golgi region can be distinguished in the myelocyte and
metamyelocyte.

Metamyelocyte

Myelocyte with Golgi region
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Figure 6-22. Myeloid lineage: Cell types

Nucleolus

Polychromatophilic
erythroblast

Primary granule

Nucleolus

Golgi region

Promyelocyte
Band form
neutrophil
Early promyelocyte Promyelocyte

A distinctive feature of promyelocytes is the primary As promyelocytes advance in their development, primary granules become
granules (azurophilic in the neutrophilic lineage). more abundant. Promyelocytes have a diameter of 15 to 20 um, contrasting
Several nucleolar masses can be seen within an with the much smaller band form cell (9 to 15 um) and polychromatophilic
eccentric or central nucleus. erythroblasts (12 to 15 um) present in the field. A nucleolus is still visible.

Nuclear lobes

Band-shaped

nucleus
Golgi region

Primary

granule
Secondary or
specific granules are % Primary granule
smaller and less s
dense than primary Secondary granule
granules.

Band form Polymorphonuclear neutrophil

Both primary and secondary or specific granules can be Both primary and secondary granules can be seen in the
seen in the cytoplasm of this band form neutrophil. cytoplasm of this cell displaying a multilobulated nucleus.
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Figure 6-23. Myeloid lineage: Basophil

Basophil contains larger granules

Band form basophil

etin (EPO) (Figure 6-18), a glycoprotein produced
primarily (90%) in the kidneys (juxtatubular inter-
stitial cells in the renal cortex) in response to hypoxia
(a decrease in oxygen level in inspired air or tissues).

Renal juxtatubular interstitial cells sense oxygen
levels through oxygen-dependent prolyl hydroxylase,
a protein that hydroxylates the transcription factor
hypoxia-inducible factor 1o (HIF-1a) to repress the
activity of the erythropoietin gene. Under conditions
of low oxygen tension, the hydroxylase is inactive
and nonhydroxylated HIF-1a can drive the produc-
tion of erythropoietin.

Erythropoietin stimulates the proliferation of
erythroid progenitor cells by decreasing the levels of
cell cycle inhibitors and increasing cyclins and the
antiapoptotic protein Bclx,. Erythropoietin is also
produced by neurons and glial cells in the central
nervous system and in the retina. The administration
of erythropoietin exerts a protective effect on neurons
after ischemia (stroke).

Erythropoietin synthesis in chronic renal diseases
is severely impaired. Recombinant erythropoietin can
be administered intravenously or subcutaneously for
the treatment of anemia caused by a decrease in the
production of erythropoietin by the kidneys.

The effectiveness of erythropoietin treatment
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Nucleus Cytoplasmic granules

: Basophils display large cytoplasmic granules
containing substances that are released to mediate
allergic and inflammatory reactions, in particular to affect
vascular permeability.

An increase in basophils is seen in myeloproliferative
disorders. An acute nonlymphocytic leukemia with
basophil-like cells is associated with symptoms caused
by the release of histamine.

can be monitored by an increase of reticulocytes in
circulating blood. Reticulocytes can be identified by
the supravital stain of residual polyribosomes forming
a reticular network (Figure 6-19).

Note in Figure 6-17 that polychromatophilic eryth-
roblasts are erythropoietin-independent, mitotically
active, and specifically involved in the synthesis of
hemoglobin. Derived orthochromatic erythroblasts,
reticulocytes, and mature RBCs are postmitotic cells
(not involved in mitosis).

Leukopoiesis

Leukopoiesis (Greek leukos, white; poietin, to make)
results in the formation of cells belonging to the
granulocyte and agranulocyte series.

In the current branching lineage tree model of he-
matopoiesis (see Figure 6-16), the myeloid stem cell
generates the granulocytic neutrophil, eosinophil
and basophil progenies, in addition to megakaryocyte
and erythroid progenies.

The granulocyte lineage (Figure 6-20) includes
the myeloblast, promyelocyte, myelocyte, meta-
myelocyte, band cell, and mature form. In the bi-
nary lineage tree model, the granulocyte-macrophage
precursor gives rise to neutrophils and monocytes.

Agranulocytes include lymphocytes and monocytes.



Figure 6-24. Origin and fate of monocytes

Monocytes are recognized by the indented nucleus. The cytoplasm
displays lysosomes that increase in number when the monocyte
becomes a macrophage. Monocytes are the largest cells found in
peripheral blood. They circulate for about 14 hours and then migrate
into tissues where they differentiate into a variety of tissue-specific

macrophages.
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Neutrophil and macrophage cell lines share a
common precursor cell lineage: the granulocyte-
macrophage CFU (see Figure 6-20).

Eosinophils and basophils derive from indepen-
dent eosinophil and basophil CFUs. Neutrophil,
eosinophil, and basophil granulocytes follow a similar
pattern of proliferation, differentiation, maturation,
and storage in the bone marrow. Details of these
processes are better recognized for neutrophils, the
most abundant granulocyte in the bone marrow
and blood. It takes 10 to 14 days for neutrophils to
develop from early precursors, but this timing is ac-
celerated in the presence of infections or by treatment
with granulocyte colony-stimulating factor (CSF) or
granulocyte-macrophage CSF (see below).

Mpyeloblasts, promyelocytes, and myelocytes are
mitotically dividing cells; metamyelocytes and band
cells cannot divide but continue to differentiate (see
Figure 6-20).

A typical feature of the maturation of granulocytes
are the cytoplasmic primary (azurophilic) and sec-
ondary (specific) granules (Figures 6-21 and 6-22).

Myeloblasts are undifferentiated cells lacking
cytoplasmic granules. Promyelocytes and myelocytes
display primary granules in cells of the neutrophil,
eosinophil, and basophil series. Primary granules
persist as such throughout the cell differentiation
sequence (see Figure 6-22). Secondary granules ap-
pear in myelocytes.

Eosinophils exhibit the same maturation sequence

Lysosomes in a promonocyte

Golgi region

as neutrophils. Eosinophil-specific granules are larger
than neutrophil granules and appear refractile under
the light microscope. Eosinophilic granules contain
eosinophil peroxidase (with antibacterial activity)
and several cationic proteins (major basic protein,
and eosinophil cationic protein, with antiparasitic
activity). See Figure 6-5 for a listing of proteins as-
sociated with eosinophils.

The basophil CFU produces basophils and mast
cell precursors, a lineage specification that is regu-
lated by the expression of the transcription factors
GATA-binding protein 2 (GATA2) and CCAAT/
enhancer-binding protein-o. (C/EBPat). Deletion of
C/EBPa favors mast cell development, whereas
its overexpression induces the development of the
basophil lineage. In addition, signalling mediated
by STATS5 (for signal transducer and activator of
transcription 5) is essential for the development of
basophil precursors in bone marrow.

Basophils are distinguished by their large, coarse,
and metachromatic granules that fill the cytoplasm
and often obscure the nucleus (Figure 6-23). Like
neutrophils and eosinophils, basophils complete their
maturation in bone marrow. The granules contain
peroxidase, heparin, and histamine as well as kalli-
krein, a substance that attracts eosinophils. See Figure
6-6 for additional structural and functional features
of basophils.

Mast cells leave the bone marrow as immature
precursor cells rather than granule-containing mature
cells like basophils. Mast cells are found close to blood
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Figure 6-25. Hematopoietic growth factors regulating the myeloid lineage
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dendritic cells

Megakaryocyte progenitors
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cells

Basophils, mast cells, and primordial
germ cells; hematopoietic stem cells
(in the presence of IL-3 and other
cytokines)

Hematopoietic stem cells

Promyelocyte Myelocyte Metamyelocyte

GM-CSF, SCF

Source

Juxtatubular interstitial cells
(renal cortex) (90%); facultative
production

Endothelial cells, fibroblasts,
macrophages in all organs
(facultative production)

Endothelial cells, T cells,
fibroblasts, and monocytes

Liver (50%; constitutive and
facultative production), kidney
(constitutive production), and
skeletal muscle

Endothelial cells, fibroblasts,
and marrow stromal cells

T cells and marrow stromal
cells

Mast cell
precursor

Mode of action

Induced by hypoxia and heart and
lung diseases

Induced by inflammatory cytokines
(tumor necrosis factor-a,, IL-1, and
IL-6) derived from monocytes

Acts synergistically with EPO to
support the erythroid cell lineage, and
with TPO to stimulate megakaryocyte
progenitors

Induced by inflammatory cytokines
(especially by IL-6) and thrombocyto-
penia

Acts synergistically with IL-3, TPO,
G-CSF, and other cytokines to
stimulate hematopoietic stem cells

Blood levels increase in pancytopenia.
Acts with IL-3, IL-7, TPO, G-CSF, and
other cytokines to stimulate
hematopoietic stem cells

vessels and have a significant role in vasodilation dur-
ing hyperemia in acute inflammation.

Immature mast cells in the periphery can be
identified by their expression of the receptor for

immunoglobulin E (FceRI) and the tyrosine kinase
c-kit receptor for stem cell factor.

Remember from our discussion in Chapter 4, Con-
nective Tissue, that there are two classes of mature
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The development and maturation of a megakaryocyte (in about 5
days) are characterized by the following sequence:

1. Serial mitotic divisions (reaching a DNA content up to 128n)
without cell division, a process known as endoreduplication. As a
result, a tightly packed, multilobed nucleus is observed.

2. Cytoplasmic maturation, characterized by an increase in the
number of dense core granules, alpha granules, and a network of
membrane channels and tubules known as the Invaginated membrane
system.

3. Proplatelet shedding into sinusoids of the bone marrow.
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Figure 6-26. Megakaryocyte and the origin of platelets
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During the cytoplasmic maturation of a megakaryocyte,
the cell membrane invaginates to form channels separating
cytoplasmic islands about 3 to 4 um in diameter.

These platelet demarcation channels eventually coalesce
to generate proplatelets. Megakaryocytes typically rest
next to bone marrow sinusoids (vascular niche) and extend
10 to 20 proplatelet projections at one time between
endothelial cells into the sinusoids where they are shed.
S1P, bound to the S1pr1 receptor, mediates the
extension and shedding of proplatelets.

N\ The multilobed nucleus
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mast cells: connective tissue mast cells (CTMCs;
located around blood vessels) and T-cell dependent
mucosal mast cells (MMC:s; in the intestinal villi and
respiratory mucosa). CTMCs and MMCs contain
subsets of metachromatic granules specifically syn-
thesized during their maturation in local tissues and
released upon host response to pathogens.

It is important to stress once more that basophils
and mast cells are associated with type 2 immunity,
that develops in the presence of TH2 cells, high
levels of immunoglobulin E and eosinophilia and
in response to allergens and multicellular parasites

(helminths).

Agranulocytes: Lymphocytes

Lymphocytes constitute a heterogeneous population
of cells that differ from each other in terms of ori-
gin, life span, preferred sites of localization within
lymphoid organs, cell surface markers and function.

HSCs gives rise to all hematopoietic cells, includ-
ing lymphocytes of the B and T cell lineage. B cells
mature in the bone marrow and then migrate to
other lymphoid organs. T cells complete their matu-
ration in the thymus and then migrate to specific
lymphoid organs.

A lymphoblast gives rise to a prolymphocyte,
an intermediate stage that precedes the mature
lymphocyte. B and T lymphocytes are nonphago-
cytic cells. They are morphologically similar but
functionally different, as discussed in Chapter 10,
Immune-Lymphatic System.

Lymphoblasts (8 to 12 um in diameter) are the
precursors of the lymphocytes. A lymphoblast has
an uncondensed nucleus with a large nucleolus.
The cytoplasm contains many polyribosomes and
a few cisternae of the endoplasmic reticulum (see
Figure 6-7).

Lymphocytes (8 um in diameter or less) contain a
round or slightly indented condensed nucleus. The
nucleolus is not visible. The cytoplasm is moderately
basophilic and generally devoid of granules.

Monocytes

Monocytes derive from the granulocyte-macrophage
CFU. We have already discussed that the granulocyte-
macrophage CFU gives rise to the neutrophil lineage
and the macrophage lineage.

Under the influence of a specific CSE each precur-
sor cell establishes its own hierarchy: the granulocyte
colony-stimulating factor (G-CSF) takes the granulo-
cyte precursor cell into the myeloblast pathway; the
granulocyte-macrophage colony-stimulating factor
(GM-CSF) guides the monocyte precursor cell into
the monoblast pathway, leading to the production of
peripheral blood monocytes and tissue macrophages.
Receptors for the macrophage-stimulating factor
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(M-CSF) are restricted to the monocyte lineage (see
Osteoclastogenesis in Chapter 5, Osteogenesis).

Monoblasts (14 um in diameter) are morphologi-
cally similar to myeloblasts. The monoblast is present
in the bone marrow and is difficult to identify with
certainty. The cytoplasm is basophilic and the nucleus
is large and displays one or more nucleoli. The fol-
lowing cell in the series is the promonocyte.

Promonocytes (11 to 13 um in diameter) contain
a large nucleus with a slight indentation and uncon-
densed chromatin. A nucleolus may be visualized.
The basophilic cytoplasm, due to polyribosomes, con-
tains primary granules (lysosomes with peroxidase,
arylsulfatase, and acid phosphatase). The primary
granules are smaller and fewer than in promyelocytes.
Both monoblasts and promonocytes are mitotically
active cells.

Monocytes (12 to 20 wm in diameter) in the bone
marrow and the blood have a large indented nucleus
found in the central portion of the cytoplasm (Figure
6-24; see Figure 6-8). Granules (primary lysosomes)
and small vacuoles are typical features. Lysosomes
contain proteases and hydrolases. Monocytes are
motile in response to chemotactic signals and attach
to microorganisms, a function facilitated by special
receptors for the Fc portion of immunoglobulin G
and for complement proteins coating the microorgan-
ism. Monocytes are active phagocytes.

Macrophages (15 to 80 um in diameter) constitute
a population of blood monocytes. After circulating
for 20 to 40 hours, monocytes leave the blood to
enter the tissues (lungs, spleen, liver, lymph node,
peritoneum, gastrointestinal tract and bone [osteo-
clasts]), where they become macrophages in response
to local conditions.

The structural and functional characteristics of
tissue macrophages are discussed in Chapter 4, Con-
nective Tissue. In Chapter 11, Integumentary System,
we discuss the antigenic reactivity of monocyte-
derived Langerhans cells in epidermis. In Chapter
17, Digestive Glands, we explore the important role
of Kupffer cells in liver function, and in Chapter 10,
Immune-Lymphatic System, we examine the phago-
cytic properties of macrophages in spleen.

Pathology: Colony-stimulating factors and
interleukins

G-CSF is a glycoprotein produced by endothelial
cells, fibroblasts, and macrophages in different parts
of the body. The synthetic form of G-CSF (known
as filgrastim or lenograstim) causes a dose-dependent
increase of neutrophils in the blood. G-CSF is used
for the treatment of neutropenia (neutrophil +
Greek penia, poverty; small numbers of neutrophils
in circulating blood) after cancer chemotherapy,
after bone marrow transplantation, to facilitate an
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increase of neutrophils, and in the treatment of
chronic neutropenia.

GM-CSF is also a glycoprotein produced by endo-
thelial cells, T cells, fibroblasts, and monocytes that
stimulates the formation of neutrophils, eosinophils,
basophils, monocytes, and dendritic cells (Figure
6-25). However, GM-CSF is less potent than G-
CSF in increasing the levels of neutrophils during
neutropenia. As is the case with G-CSE, a synthetic
form of GM-CSF (sargramostim or molgramostim)
is available for the treatment of neutropenia.

Interleukins have a relevant function in the forma-
tion and function of type B and T cells as we discuss
in Chapter 10, Immune-Lymphatic System. IL-3
stimulates proliferation of hematopoietic stem cells
and acts together with other growth factors, including
stem cell factor, thrombopoietin, IL-1, IL-6, and Fl3
(fms-like tyrosine kinase 3) ligand (see Figure 6-25).
IL-5 acts specifically on the eosinophil progeny.

Megakaryocytes and platelets
The precursor cell of the platelet (also called throm-
bocyte; Greek thrombos, clot) is the megakaryoblast,
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lated and the signaling cascade is
inhibited.
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a cell derived from the megakaryocyte CFU (sce
Figure 6-16).

The megakaryoblast (15 to 50 um in diameter)
displays a single kidney-shaped nucleus with several
nucleoli. The megakaryoblast enlarges to give rise to
the promegakaryocyte (20 to 80 um in diameter)
with an irregularly shaped nucleus and a cytoplasm
rich in azurophilic granules. The promegakaryocyte
forms the mature megakaryocyte located in the vas-
cular niche, adjacent to a sinusoid.

The megakaryocyte (50 to 100 um in diameter;
Figure 6-26) contains an irregularly multilobed
nucleus produced by an endomitotic nuclear di-
vision process in which DNA replication occurs
without cell division (polyploid nucleus). The DNA
content of multilobed nucleus can reach a value of
128n before completing cell maturation in about 5
days and start the formation of platelets. Nucleoli
are not detected.

The megakaryocyte can be mistaken for the osteo-
clast, another large cell in bone that is multinucleated
instead of multilobed.

The cytoplasm shows a network of demarcation

6. BLOOD AND HEMATOPOIESIS | 209

c-kit receptor |




210 |

zones formed by the invagination of the plasma
membrane of the megakaryocyte. The coalescence of
the demarcation membranes results in the formation
of proplatelets released directly into the marrow
sinusoidal space where they fragment into pre-
platelets and then into platelets. The formation and
release of proplatelet extensions is mediated by S1P
(for sphingosine 1 phosphate) bound to its receptor
Slprl. S1P signaling in the vascular space directly
stimulates the release of new platelets.

The entire cytoplasm of the megakaryocyte is
gradually converted into proplatelets and its mul-
tilobed nucleus is extruded and phagocytosed by
macrophages (see Figure 6-26).

Platelets play important roles in maintaining
the integrity of blood vessels. Recall the sequential
steps of hemostasis following platelet activation (see
Figure 6-12).

Finally, megakaryocytes produce and secrete in
the bone marrow chemokine C-X-C motif ligand
4 (CXCL4) and transforming growth factor-f1
(TGFp1) that regulate the cell cycle activity of HSC.
CXCL4 and TGFf1 increase the number of quies-
cent HSCs during homeostasis and their decrease
stimulates the proliferation of quiescent HSCs. Note
that the differentiated megakaryocytes, derived from
HSCs, can regulate the pool size of their progenitors.

Clinical significance: Thrombopoietin
Thrombopoietin is produced in the liver, has a similar
structure to erythropoietin, and stimulates the devel-
opment of megakaryocytes from the megakaryocyte
CFU into platelets. Deficiencies in thrombopoietin
cause thrombocytopenia. An excess of thrombopoi-
etin causes thrombocytosis.

Platelets bind and degrade thrombopoietin, a pro-
cess that autoregulates platelet production.

Pathology: Stem cell factor (also known as c-kit
ligand)
Stem cell factor (SCF) is a ligand protein produced
by fetal tissues and reticular stromal cells of the
bone marrow. SCF exists in two forms: membrane-
associated and soluble forms, the latter generated by
proteolytic cleavage of the membrane-associated pro-
tein. SCF binds to c-kit receptor, a tyrosine kinase.

The c-kit receptor has an extracellular domain
consisting of five immunoglobulin motif repeats re-
sponsible for SCF binding and dimerization (Figure
6-27). Binding of SCF induces the dimerization of
the c-kit receptor, followed by autophosphorylation.
Autophosphorylated c-kit receptor is the docking site
of specific signaling molecules.

The intracellular domain has an adenosine tri-
phosphate (ATP) binding site and a catalytic site.
The tyrosine kinase inhibitor imatinib binds to the

6. BLOOD AND HEMATOPOIESIS | Iron-overload disorders

ATP binding site and prevents the phosphorylation
of substrates involved in the activation of downstream
signaling. Imatinib shows remarkable results in the
treatment of chronic myeloid leukemia.

SCF by itself is a weak stimulator of hematopoi-
esis but makes HSCs responsive to other cytokines
(see Figure 6-25). It does not induce the formation
of cell colonies by itself. Flt3 (for fms-like tyrosine
kinase 3) ligand is closely related to c-kit receptor and
SCE Similar to SCF, Fl¢3 ligand acts on the HSC in
synergy with thrombopoietin, SCE and interleukins.

The c-kit receptor is expressed by the c-kit proto-
oncogene. Mutations in genes expressing c-kit recep-
tor and/or SCF cause:

1. Anemia.

2. Defective development of melanocytes in skin.

3. Reduced migration, survival and prolifera-
tion of primordial germinal cells in the developing
ovaries and testes (see Chapter 21, Sperm Transport
and Maturation).

4. Arrest in the development of mast cells.

SCF is potentially useful for the treatment of
inherited and acquired disorders of hematopoiesis as
well as in bone marrow transplantation.

Pathology: Iron-overload disorders

In addition to erythropoietin, the formation of
RBC:s is highly dependent on iron metabolism and
the water-soluble vitamins folic acid (folacin) and
vitamin B, (cobalamin).

Iron is involved in the transport of oxygen and car-
bon dioxide. Several iron-binding proteins store and
transport iron, for example, hemoglobin in RBCs,
myoglobin in muscle tissue, cytochromes and various
nonheme enzymes.

Approximately 65-75% of iron is found in the
hemoglobin of RBCs in the form of heme. Heme
is a molecule synthesized in the bone marrow, with
one ferrous ion, Fe(II), bound to a tetrapyrrolic ring,
and hematin, with one ferric ion, Fe(III), bound to
a protein. The liver stores about 10-20% of iron in
the form of ferritin.

Systemic iron levels are controlled by:

1. Absorption. Iron is absorbed in the duodenum.

2. Recycling. Iron recycling of senescent erythro-
cytes by spleen and liver macrophages is the primary
body’s iron supply.

3. Mobilization of iron stores in the liver.

Mammals do not have a regulated pathway of
iron excretion. Instead, this process is controlled by
hepcidin, an iron regulatory protein.

In blood plasma, iron is bound to transferrin (Tf).
Tf delivers iron to cells by binding to their Tf recep-
tors. When there is a defect in Tf or an over-saturation
of Tfbinding capacity, iron in plasma accumulates in
the cytoplasm of parenchymal tissues.



Figure 6-28. Uptake of iron by internalization of transferrin and iron-linked disorders
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Iron-overload disorders

Hemochromatosis

Hepcidin, a member of the family of defensins
secreted by hepatocytes, regulates the entry of iron
into blood plasma.

Hepcidin is encoded by the human gene HAMP.
Hepcidin binds to ferroportin and triggers its
internalization and lysosomal degradation.
Removal of ferroportin from the plasma membrane
prevents iron export, leading to increasing levels
of iron in the cytoplasm, stored in ferritin. This
negative regulatory mechanism can be modulated
during anemia, hypoxia and inflammation.

Iron-overload diseases occur when the amount of
iron in plasma exceeds the binding capacity of Tf.
Parenchymal tissues, such as liver, take up iron by a
Tf-independent mechanism.

Hereditary hemochromatosis (HH) is an
iron-overload disease caused by a genetic defect in
three genes resulting in the abnormal expression of
hepcidin (HH type 1 [the most common; characterized
by liver cirrhosis, fibrosis and diabetes]; HH type 2
[mutation of the Tf receptor gene and decreased
expression of hepcidin] and HH type 3 [juvenil
hemochromatosis; endocrine and cardiac
dysfunction]). HH type 4 is caused by a defective gene
encoding ferroportin. Hemosiderosis is an acquired
iron-overload disease.

Micronodular cirrhosis

Prussian blue-stained iron deposits in hepatocytes
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Box 6-E | Anemia

* Anemia is a reduction in the mass of circulating red blood cells. It is detected
by analysis of peripheral blood (low hemoglobin, low red blood cell count, and
low hematocrit). Anemia results in the lack of oxygen-carrying capacity, which
is compensated for by a reduction in the affinity of hemoglobin for oxygen,

an increase in cardiac output, and an attempt to increase red blood cell
production. The most common cause of anemia is iron deficiency (low intake,
chronic blood loss, or increased demand during pregnancy and lactation).

* Deficiency in vitamin By, and folic acid causes megaloblastic anemia
(Figure 6-29). This form of anemia is associated with the development of
abnormally large red blood cell precursors (megaloblasts) that develop into
large red blood cells (macrocytes). Vitamin B;, is normally absorbed in the
small intestine after binding to intrinsic factor, a glycoprotein secreted by
gastric parietal cells. The lack of production of intrinsic factor (due to autoim-
mune atrophic gastritis, or after surgical gastrectomy) results in pernicious
anemia.

Tf, produced in the liver, and lactoferrin, present
in maternal milk, are nonheme proteins involved in
the transport of iron (Figure 6-28). Tf complexed to
two Fe(IT) ions is called ferrotransferrin. Tf devoid
of iron is known as apotransferrin.

The Tf receptor is a transmembrane dimer with
each subunit binding to Fe(IIl). The internalization
of the Tf-Fe(III) complex is dependent on Tf receptor
phosphorylation triggered by Ca2+-calmodulin and
the protein kinase C complex.

Inside the cell, Fe(II) is released within the acidic
endosomal compartment and is converted to Fe(II) by
the endosomal ferrireductase STEAP3. Fe(Il) is then
transported out of the endosome into the cytosol by
DMT1 (for divalent metal transporter-1) and either
stored in ferritin or incorporated into hemoglobin

in RBCs.

The Tf receptor is recycled back to the plasma
membrane.

Ferritin is a major protein synthesized in the liver.
A single ferritin molecule has the capacity to store
up to 4500 iron ions. When the storage capacity of
ferritin is exceeded, iron is deposited as hemosiderin.
Ferritin with little iron is called apoferritin.

Fe(Il) is exported from the ferritin cell storage by
the iron exporter ferroportin. The function of fer-
roportin is tightly controlled by hepcidin depending
on the body’s iron levels. Exported Fe(Il) is converted
to Fe(Ill) by the membrane associated ferroxidase,
hephaestin, and then enters blood circulation (see
Figure 8-20).

Hepcidin is a negative regulator of iron transport
encoded by the human HAMP gene. Hepcidin regu-
lates iron homeostasis by down regulating ferroportin,
the iron exporter. As a negative regulator, hepcidin
major functions are:

1. To sequester iron in tissues.

2. To lower serum iron levels.

3. To reduce iron absorption from the diet.

Upon hepcidin binding to ferroportin, ferropor-
tin is internalized and degraded in lysosomes (see
Figure 6-28). Hepcidin-induced internalization of
ferroportin determines a decreased iron efflux into
circulation from duodenal enterocytes, macrophages,
and hepatocyrtes.

Hepcidin expression increases when body iron is
abundant and is decreased in iron deficiency.

Under physiologic conditions, the expression of
hepatic hepcidin is regulated by several proteins:

1. The hereditary hemochromatosis protein, called
HEFE (for high iron [Fe]).

Figure 6-29. Megaloblastic anemia
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Two polychromatophilic
erythroblasts from a healthy
adult. Bone marrow smear.
May-Griinwald-Giemsa stain.
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Three polychromatophilic
erythroblasts and one large
metamyelocyte from a patient with
pernicious anemia. Bone marrow
smear. May-Griinwald-Giemsa stain.
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2. Tf receptor.

3. Hemojuvelin (HJV).

4. Bone morphogenic protein 6 (BMP6).

5. Matriptase-2.

6. Neogenin.

7. Tf.

Defective expression of hepcidin will take place
when any one of these proteins, in particular HV]J,
is missing.

Under hypoxic conditions, the transcription fac-
tor hypoxia-inducible factor 1o (HIF-1a) binds
to the promoter of the HAMP gene and blocks the
expression of hepcidin. We discussed early on in
this chapter the activity of the erythropoietin gene
as an inducer of RBC production. We made the
point that, under conditions of low oxygen tension,
the transcription factor HIF-1al becomes active to
enhance the production of erythropoietin.

As you can see, the activity of HIF-1at is neces-
sary for providing two of the critical elements for
erythropoiesis: erythropoietin, and iron.

Iron-overload diseases, such as hereditary hemo-
chromatosis (HH), can occur when misregulation of
HAMP gene expression takes place. Massive deposits
of iron in hepatocytes are very harmful, leading to
cirrhosis and liver fibrosis (see Figure 6-28).

HH has been attributed to defects in four genes:

1. HH type 1, the most common iron-overload
disorder, is characterized by increased absorption
and deposition of iron in the liver, heart, pancreas
and skin. Cirrhosis, diabetes and heart arrhythmias
occur over time. Mutations in the HFE gene create a
defective hereditary hemochromatosis protein, HFE,
that affects the interaction of Tf with the Tf receptor,
thereby hampering the regulation of iron absorption.

2. HH type 2, also called juvenile hemochroma-
tosis, is defined by significant heart and endocrine
dysfunction, instead of liver disease. It is prevalent
in the first and second decade of life.

HH type 2 is determined by mutations in the
HAMP gene, encoding hepcidin, or in the HFE2
gene, encoding HJV, a glycophosphatidylinositol
(GPI)-linked membrane protein. Juvenile hemo-
chromatosis patients with HJV mutations have a
significant suppression of hepatic hepcidin expres-
sion, resulting in a severe iron accumulation in
specific organs.

3. HH type 3, is caused by a mutation in the
TFR2 gene, encoding Tf receptor 2. The expression
of hepcidin is affected by this mutation.

4. HH type 4, is also called ferroportin disease and
affects macrophages. Mutated ferrroportin fails to be
inserted in the plasma membrane or is not effective
during iron transport.

Patients with the heritable disorder hemochroma-
tosis, characterized by excessive iron absorption and

Iron-overload diseases

tissue deposits, require periodic withdrawals of blood
and the administration of iron chelators to facilitate
the excretion of complexed iron in the urine.

A decrease in iron by excessive menstrual flow
or gastrointestinal bleeding determines a reduction
in hemoglobin-containing iron. RBCs are smaller
(microcytic anemia, see below) and underpigmented
(hypochromic anemia).

Pathology: Vitamin B,,, megaloblastic anemia, and
microcytic anemia

Megaloblastic hematopoiesis is caused by deficiencies
in vitamin By, or folic acid. Folic acid regulates the
folate metabolism leading to the increased availabil-
ity of purines and deoxythymidine monophosphate
(dTMP) required for DNA synthesis.

Vitamin B, (known as extrinsic factor) binds to
intrinsic factor, a protein produced by the parietal
cells in the gastric glands. The vitamin B,,~intrinsic
factor complex binds to specific receptor sites in the
ileum, transported across enterocytes, and released in
blood, where it binds to the transport protein trans-
cobalaphilin III.

A decrease in vitamin B, due mainly to insufficient
production of intrinsic factor or hydrochloric acid in
the stomach, or both, can affect folate metabolism
and folate uptake, thereby impairing DNA synthesis
in bone marrow.

Vitamin B, deficiency is rare because the liver
stores up to a 6-year supply of vitamin B,,. Under
deficiency conditions, the maturation of the erythroid
cell progeny slows down, causing abnormally large
RBCs (macrocytes) with fragile cell membranes,
resulting in the destruction of RBCs (megaloblastic
anemia; see Box 6-E and Figure 6-29).

Microcytic anemias are characterized by RBCs that
are smaller than normal. The smaller size is due to a
decrease in the production of hemoglobin caused by:

1. A lack of the hemoglobin product. Thalassemias
are diseases of hemoglobin synthesis. Thalassemia
subtypes are named after the hemoglobin chain
involved.

2. Limited iron availability and suppression of
erythropoietin renal production by inflammatory
cytokines during inflammatory states.

3. A lack of iron delivery to the heme group of
hemoglobin (iron-deficient anemia), the most com-
mon cause. Because of the iron loss through menses,
women are at greater risk for iron deficiency than
men.

4. Defects in the synthesis of the heme group
(iron-utilization sideroblastic anemias). Sideroblastic
anemias are characterized by the presence in bone
marrow of ringed sideroblasts, erythroid precursors
with perinuclear mitochondria loaded with non-
heme iron.
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« Blood is a specialized connective tissue
consisting of plasma (an equivalent to extra-
cellular matrix) and cells. Plasma contains
proteins, salts, and organic compounds.
Plasma contains fibrinogen; serum, the fluid
after blood coagulation, is fibrinogen-free. The
cellular elements of the blood are red blood
cells (RBCs or erythrocytes) and leukocytes
(white blood cells). Platelets are fragments of
megakaryocytes.

* RBCs (4 to 6 x 10%/mm?; 7.8 um in
diameter) are non-nucleated cells containing
hemoglobin, a heme protein involved in the
transport of oxygen and carbon dioxide. The
plasma membrane contains a cytoskeleton
consisting of glycophorin and anion trans-
porter channel (band 3), two transmembrane
proteins. The protein ankyrin anchors spectrin,
a spectin a—spectrin  dimeric protein, to
band 3. Spectrin tetramers are linked to a
complex of three proteins: F-actin, tropomyo-
sin, and protein 4.1. Adducin is a calmodulin-
binding protein that favors the association of
F-actin to spectrin.

Elliptocytosis (caused by defective self-
assembly of spectrin, abnormal binding of
spectrin to ankyrin, and abnormal protein 4.1
and glycophorin) and spherocytosis (caused
by spectrin deficiency) are alterations in
the shapes of RBCs. Anemia, jaundice, and
splenomegaly are clinical features. Sickle
cell anemia (glutamic acid replaced by
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valine in the B-globin chain) and thalassemia
(defective globin . or B chains in hemoglobin)
are caused by hemoglobin defects. Chronic
hemolytic anemia is a clinical feature of the
two conditions.

A valuable clinical indicator of average plasma
glucose concentration in blood is the measure-
ment of hemoglobinATc (glycohemoglobin or
glycated. The normal range for the hemoglobin
Alcis between 4% and 5.6%.

Erythroblastosis fetalis is an antibody-
induced hemolytic disease in the newborn
caused by Rh incompatibility between mother
and fetus. The Rh-negative mother makes
antibodies to D antigen present on the
surface of fetal RBCs. During a second or third
pregnancy, anti-D antigen antibodies cause
hemolysis of fetal RBCs. Anemia and severe
jaundice (which causes damage to the brain,
a condition known as kernicterus) are clinical
manifestations of the fetus.

« Leukocytes (6 to 10 x 103/mm?) are
classified as granulocytes (with primary, and
specific or secondary cytoplasmic granules)
and agranulocytes (containing only primary
granules).

There are three types of granulocytes: (1)
neutrophils (5 x10%/mm?), (2) eosinophils
(1.5 x 102/mm?), and (3) basophils (0.3 x
10%/mm?).

Neutrophils (12 to 15 um in diameter) have
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the following characteristics: (1) They contain
primary granules (elastase and myeloperoxi-
dase), and secondary granules (lysozyme and
other proteases). (2) They enter a blood ves-
sel by diapedesis and leave blood circulation
by the mechanism of homing. (3) The nuclei
are segmented (polymorphonucleated cell).

Eosinophils (12 to 15 um in diameter)
have the following features: (1) Cytoplasmic
granules contain eosinophil peroxidase (EP;
binds to microorganisms to be phagocytosed
by macrophages), major basic protein (MBP; a
crystalline protein that disrupts the membrane
of parasites), eosinophilic cationic protein
(ECP; works with MBP to fragment parasites)
and eosinophil-derived neurotoxin (EDN; with
antiviral activity). (2) They participate in allergic
reactions. (3) They have a bilobed nucleus
with refractile red cytoplasmic granules con-
taining Charcot—Leyden crystal galectin.

Eosinophils and mast cells interact in
asthma, a condition that causes obstruction of
the small-caliber bronchi and bronchioles due
to mucus hypersecretion and smooth muscle
bronchial constriction.

Eosinophils are usually found in the gastroin-
testinal tract, predominantly in the cecum, but
seldom in the esophagus. However, esopha-
geal dysfunction, including dysphagia and
abdominal pain, correlates with the increase
of eosinophils in the esophageal mucosa. This
condition is known as eosinophilic esophagitis.



Basophils (9 to12 um in diameter) have the
following features: (1) metachromatic coarse
cytoplasmic granules and bilobed nucleus. (2)
Similar to mast cells, basophils participate in
allergic reactions. (3) They may leave blood
circulation and enter the connective tissue.

Basophils and mast cells differ in the pres-
ence of c-kit receptor and CD49b but share
FceR1receptors.

There are two types of agranulocytes: lym-
phocytes and monocytes.

Lymphocytes are either large lymphocytes (9
to 12 um in diameter) or small lymphocytes
(6 to 8 um in diameter).

Lymphocytes are divided into two categories:
B lymphocytes (or B cells; originate and dif-
ferentiate in bone marrow), and T lympho-
cytes (CD4+ helper T cells and CD8+ cytolytic
T cells, that originate in bone marrow but
differentiate in thymus). There are two subsets
of T cells: TH1 and TH2 cells. We study them
in detail in Chapter 10, Immune-Lymphatic
System.

Monocytes (12 to 20 um in diameter)
circulate in blood for 12 to 100 hours before
entering the connective tissue to become
macrophages. Monocytes become osteoclasts
in bone under the influence of osteoblasts.

» Leukemias are the most common neoplastic
diseases of leukocytes. There are acute and
chronic leukemias.

Acute leukemias are classified as acute
lymphoblastic leukemias (ALL), when derived
from lymphoid cells and acute myeloblastic
leukemias (AML), when derived from myeloid,
erythroid and megakaryocytic cell progenies.
The diagnosis is based on the microscopic
examination of bone marrow samples. ALL
affects mainly children; AML affects adults.

Chronic leukemias are classified as lympho-
cytic, myeloid and hairy-cell type leukemias.
Chronic lymphocytic leukemia (CLL) is mainly
observed in adults (50 years and older).
Chronic myeloid leukemia (CML) is regarded
as a myeloproliferative condition (proliferation
of abnormal bone marrow stem cells) affecting
adults. Patients with CML usually have the Phil-
adelphia chromosome, a reciprocal transloca-
tion between the long arms of chromosomes
9 and 22, designated t(9;22)(q34;q11). The
fusion gene (abl/bcr) encodes a tyrosine
kinase involved in cell transformation leading
to a neoplastic phenotype. Hairy-cell leukemia
(HCL) is a rare type of B cell leukemia.

+ Homing or leukocyte recruitment is the
mechanism by which neutrophils, lympho-
cytes, monocytes, and other cells circulating in
blood leave a blood vessel to enter the con-
nective tissue or a lymphoid organ or tissue.
Homing occurs in two steps:

(1) Selectin-mediated attachment and rolling
of a cell on the surface of an endothelial cell.

(2) Integrin-mediated transendothelial migra-
tion of the cell. Homing plays a significant
role in immune and inflammatory reactions,
metastasis, and tissue morphogenesis.

A defect in the integrin B subunit, the cause
of leukocyte adhesion deficiency | (LAD 1),

prevents migration of leukocytes and defects
in wound healing and persistence of inflam-
mation are seen. A defect in carbohydrate
ligands for selectins, the cause of leukocyte
adhesion deficiency Il (LAD II), results in
chronic inflammation due to recurrent infec-
tions.

« Platelets (3 x 10°/mm?; 2 to 4 um in diam-
eter) are cytoplasmic fragment of mekaga-
ryocytes, cells stimulated by thrombopoietin.
Platelets bind and degrade thrombopoietin, a
mechanism that regulates platelet production.
Cytoplasmic projections, called proplatelets,
enter blood circulation and fragment into
platelets.

A platelet has a central region, called a
granulomere containing mitochondria, rough
endoplasmic reticulum, the Golgi apparatus,
and three distinct types of granules:

(1) Alpha (o) granules, that store proteins
involved in hemostatic functions as well as
microbicidal proteins (thrombocidins and ki-
nocidins). Platelets can interact with microbial
pathogens and play a significant role in host
defense against infection.

(2) Dense (8) core granules, containing
mediators of vascular tone.

(3) Lysosomal (1) granules, containing
hydrolytic enzymes participating in the dissolu-
tion of thrombi.

A peripheral region, called a hyalomere,
has microtubules and microfilaments and an
invaginated membrane system.

The plasma membrane is coated by glyco-
protein1b (GP1b) and GP2b-GP3a, involved in
the attachment of platelets to von Willebrand's
factor. Deficiency of these two proteins, and
factors of the blood clotting cascade, causes
bleeding disorders (GP1b receptor—factor IX:
Bernard-Soulier syndrome; von Willebrand's
factor—factor VIII: von Willebrand's disease).

Adhesion of platelets to the vascular
endothelium, in turn, is mediated by von
Willebrand's factor that also carries factor VIII
coagulation factor, whereas fibrinogen binds to
GP2b-GP3a.

Platelets promote blood clotting and help
to prevent blood loss from damaged vessels.
Purpura designates a color patch or spot
on the skin caused by bleeding. Spots less
than 3 mm in diameter are called petechiae;
spots larger than 1 cm in diameter are called
ecchymoses. Petechiae and ecchymoses
are characteristic of the Henoch—Schénlein
syndrome, an allergic purpura reaction caused
by drug hypersensitivity.

Thrombocytosis is an increase in circulating
platelets. Thrombocytopenia is a reduction
in the number of platelets (less than 1.5 x
105/mm?3) circulating in blood. Autoimmune
thrombocytopenic purpura (ITP) is caused
by antibodies targeting platelets or megakaryo-
cytes, or drugs (penicillin, sulfonamides, and
digoxin). Thrombotic thrombocytopenic
purpura (TTP) is determined by pathologic
changes in endothelial cells producing proco-
agulant substances. This condition leads to the
aggregation of platelets in small blood vessels.
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« Blood clotting or hemostasis. The process
involves the conversion of proenzymes (des-
ignated factor X) to active enzymes (designat-
ed factor Xa) by proteolysis. It is characterized
by an extrinsic pathway (initiated by damage
outside a blood vessel), and an intrinsic
pathway (initiated by damage inside a blood
vessel, usually the wall of the vessel). Extrinsic
and intrinsic pathways converge to a common
pathway in which fibrinogen is converted to
fibrin and platelets begin to attach to the fibrin
mesh.

Hemophilia is a common hereditary disease
associated with serious bleeding due to an
inherited deficiency of factor VIII or factor IX.

The genes for these blood coagulation
factors lie on the X chromosome, and when
mutated, they cause the X-linked recessive
traits of hemophilia A and B. Hemophilia af-
fects males, with females as carriers.

A reduction in the amount or activity of
factor VIII, a protein synthesized in the liver,
causes hemophilia A. A deficiency in factor IX
determines hemophilia B.

Major trauma or surgery can determine
severe bleeding in all hemophiliacs and,
therefore, a correct diagnosis is critical.
Plasma-derived or genetically engineered
recombinant factors are available for the treat-
ment of patients with hemophilia.

+ Hematopoiesis is the formation of blood
cells in the bone marrow (adult). The bone
marrow consists of two microenvironmental
domains, called niches:

(1) The vascular niche.

(2) The endosteal niche. Niches provide
physical support, soluble factors, and cell-
mediated interactions to regulate cell self
renewal, differentiation and quiescence of
hematopoietic stem cells (HSCs).

The vascular niche is a framework of blood
vessels surrounded by a distinct perivascular
population of non-hematopoietic cells stromal
cells, including mesenchymal stem cells,
adipose cells, endothelial cells,abundant re-
ticular stromal cells and macrophages. Marrow
reticular stromal cells produce hematopoietic
growth factors and cytokines that regulate the
production and differentiation of blood cells.
Marrow macrophages remove apoptotic cells.

The endosteal niche, located at the end-
osteum—bone marrow interface, consists of
preosteoblasts (osteprogenitor cells), osteo-
blasts and osteoclasts interacting with HSCs.
Osteoblasts produce multiple hematopoietic
cytokines, including G-CSF (granulocyte-col-
ony stimulating factor), M-CSF (macrophage-
colony stimulating factor}, GM-CSF (granulo-
cyte-macrophage-colony stimulating factor),
IL-1, IL-6, and IL-7.

Hematopoietic cell populations. The bone
marrow consists of:

(1) HSCs, capable of self-renewal.

(2) Committed precursor cells, responsible
for the generation of distinct cell lineages.

(3) Maturing cells, differentiating cells de-
rived from committed precursor cells.

The HSC gives rise to the myeloid stem cell
and the lymphoid stem cell.
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The myeloid stem cell generates five colony-
forming units (CFU):

(1) Erythroid CFU.

(2) Megakaryocyte CFU.

(3) Basophil CFU.

(4) Eosinophil CFU.

(5) Granulocyte-macrophage CFU. The
granulocyte-macrophage CFU gives rise to
neutrophils and monocytes.

The proliferation and maturation of the CFU
is controlled by hematopoietic growth factors
(called hematopoietic cytokines) produced
by cells of the marrow stromal compartment
and outside the bone marrow. There are three
major groups of hematopoietic growth factors:

(1) Colony-stimulating factors (CSF).

(2) Erythropoietin (EPO).

(3) Cytokines (mainly interleukins).

« Erythroid lineage consists of the follow-
ing sequence: proerythroblast, basophilic
erythroblast, polychromatophilic erythroblast,
orthochromatic erythroblast, reticulocyte, and
erythrocyte.

EPO is the major regulator; it stimulates the
erythroid CFU cell, the derived cell, called
mature or primitive progenitor, and the
proerythroblast. EPO is produced by juxtaglo-
merular interstitial cells of the renal cortex. The
effectiveness of erythropoietin treatment can
be monitored by an increase of reticulocytes in
circulating blood.

+ Leukopoiesis is the development of cells

of the granulocyte (neutrophil, basophil, and
eosinophil) and agranulocyte (lymphocyte and
monocyte) lineage. The granulocyte lineage
consists of the following sequence: myeloblast,
promyelocyte, myelocyte, metamyelocyte,
band cell, and mature form. Neutrophil and
macrophage cell lines share a common precur-
sor cell lineage: the granulocyte—macrophage
CFU. Eosinophils and basophils derive from in-
dependent eosinophil and basophil CFUs. The
basophil CFU produces basophils and mast
cell precursors, a lineage specification that is
regulatedby the expression of the transcription
factors GATA-binding protein 2 (GATA2) and
CCAAT/enhancer-binding protein-a. (C/EBPa).

A characteristic of granulocytes is the appear-
ance in the cytoplasm of primary (azurophilic)
granules (promyelocyte and myelocyte), fol-
lowed by secondary or specific granules (from
myelocyte on). Primary granules coexist with
secondary or specific granules.

Agranulocytes include lymphocytes and
monocytes.

The lymphocyte lineage follows two path-
ways:

(1) B cells originate and mature in bone
marrow.

(2) T cells originate in bone marrow and
mature in thymus. A lymphoblast gives rise to
a prolymphocyte, which matures as a lympho-
cyte. B and T cells are morphologically similar
but functionally different.

The monocyte lineage derives from the
granulocyte-macrophage CFU. A monoblast
gives rise to a promonocyte; the final stage is
monocyte, which differentiates in connective
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tissue into macrophage, and in bone differenti-
ates into osteoclast.

Agranulocytes contain primary granules
(lysosomes).

« CSF and interleukins. G-CSF stimulates the
development of neutrophils. GM-CSF stimu-
lates the formation of neutrophils, eosinophils,
basophils, monocytes, and dendritic cells
(present in lymphoid organs and lymphoid
tissues). Interleukins play an important role in
the development and function of the lymphoid
lineage. Interleukins act synergistically with CSF,
SCF, and FIt3 ligand to stimulate the develop-
ment of the hematopoietic stem cells.

 Megakaryocyte (also called thrombocyte, 50
to 100 um in diameter), the precursor cells of
the platelet, derives from the megakaryoblast
(15 to 50 pm in diameter), a cell derived from
the megakaryocyte CFU. The megakaryocyte
has an irregularly multilobed nucleus produced
by an endomitotic nuclear division process in
which DNA replication occurs without cell divi-
sion (polyploid nucleus).

The megakaryocyte can be mistaken for the
osteoclast, another large cell in bone that is
multinucleated instead of multilobed.

The cytoplasm shows a network of demar-
cation zones formed by the invagination of
the plasma membrane. The coalescence of
the invaginated membranes results in the
formation of proplatelets released directly into
the marrow sinusoidal space where they frag-
ment into preplatelets and then into platelets.
Platelets play important roles in maintaining
the integrity of blood vessels.

« Stem cell factor (SCF) is a ligand protein
produced by fetal tissues and reticular stromal
cells of the bone marrow. SCF binds to c-kit
receptor, a tyrosine kinase. SCF makes HSCs
responsive to other cytokines.

The c-kit receptor is expressed by the c-kit
protooncogene. Mutations in genes express-
ing ckit receptor and/or SCF cause: anemia,
defective development of melanocytes in skin,
reduced migration, survival and proliferation
of primordial germinal cells in the developing
ovaries and testes and arrest in the develop-
ment of mast cells.

« Iron-overload disorders. In addition to
erythropoietin, the formation of RBCs is highly
dependent on iron metabolism and the water-
soluble vitamins folic acid (folacin) and vitamin
B12 (cobalamin).

Several iron-binding proteins store and trans-
port iron, for example, hemoglobin in RBCs,
myoglobin in muscle tissue, cytochromes and
various nonheme enzymes. Approximately
65—75% of iron is found in the hemoglobin
of RBCs in the form of heme. The liver stores
about 10-20% of iron in the form of ferritin.

Systemic iron levels are controlled by:

(1) Absorption. Iron is absorbed in the
duodenum.

(2) Recycling. Iron recycling of senescent
erythrocytes by spleen and liver macrophages
is the majority of the body's iron supply.
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(3) Mobilization of iron stores in the liver.

In blood plasma, iron is bound to transferrin
(Tf). Tf delivers iron to cells that express Tf
receptors. Tf, produced in the liver, and lacto-
ferrin, present in maternal milk, are nonheme
proteins involved in the transport of iron. Tf
bound to two Fe(lll) ions is called ferrotrans-
ferrin. When Tf is devoid of iron is called
apotransferrin.

The internalization of the Tf-Fe(lll) complex
is dependent on Tf receptor phosphorylation
triggered by Ca2+-calmodulin and the protein
kinase C complex.

Inside the cell, Fe(lll) is released within the
acidic endosomal compartment and is con-
verted to Fe(ll) by the endosomal ferrireduc-
tase STEAP3. Fe(ll) is then transported out of
the endosome into the cytosol by DMT1 (for
divalent metal transporter-1) and either stored
in ferritin or incorporated into hemoglobin in
RBCs. The Tf receptor complex is recycled back
to the plasma membrane.

Ferritin is @ major protein synthesized in the
liver. When the storage capacity of ferritin
is exceeded, iron is deposited as hemosiderin.
Ferritin with little iron is called apoferritin.

Fe(ll) is exported from the ferritin cell storage
by the iron exporter ferroportin. The function
of ferroportin is tightly controlled by hepcidin
according to the body iron levels.

Exported Fe(ll) is converted to Fe(lll) by the
membrane associated ferroxidase, hephaestin,
before entering the blood circulation.

Hepcidin is a negative regulator of iron
transport: hepcidin expression increases when
body iron is abundant and decreases when
there is iron deficiency.

Under physiologic conditions, the expression
of hepatic hepcidin is regulated by several pro-
teins: the hereditary hemochromatosis protein,
called HFE (for high iron [Fe]), Tf receptor,
hemojuvelin (HJV), bone morphogenic protein
6 (BMP6), matriptase-2,
neogenin and Tf. Defective expression of
hepcidin will take place when any one of these
proteins, in particular HVJ, is missing.

Under hypoxic conditions, the transcription
factor hypoxia-inducible factor T (HIF-1cr)
binds to the promoter of the HAMP gene and
blocks the expression of hepcidin. Iron-over-
load diseases, such as hereditary hemochro-
matosis (HH), can occur when misregulation
of HAMP gene expression takes place.

Patients with idiopathic hemochromato-
sis absorb and deposit an excess of iron in
tissues. A decrease in iron by excessive men-
strual flow or gastrointestinal bleeding results
in small RBCs (microcytic anemia).

« Megaloblastic hematopoiesis is caused by
deficiencies in vitamin B, or folic acid.

Vitamin B, binds to intrinsic factor produced
by parietal cells in the stomach. The vitamin
Byo—intrinsic factor complex binds to a specific
receptor site in the ileum (small intestine),
absorbed by enterocytes, and released into
the bloodstream, where it binds to trans-co-
balaphilin 1ll, a transport protein. Megaloblas-
tic anemia occurs when there are deficiencies
of folate and vitamin Bi>.
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7. Muscle Tissue I

Muscle is one of the four basic tissues. There are three types of muscle: skeletal, cardiac, and smooth. All three
types are composed of elongated cells, called muscle cells, myofibers, or muscle fibers, specialized for contrac-
tion. In all three types of muscle, energy from the hydrolysis of adenosine triphosphate (ATP) is transformed into
mechanical energy. Skeletal muscle disorders (myopathies) can be congenital and also caused by disruption
of normal nerve supply, mitochondria dysfunction, inflammation (myositis), autoimmunity (myasthenia gravis),
tumors (rhabdomyosarcoma) and injury. Cardiomyopathies affect the blood pumping ability and normal elec-
trical rhythm of the heart muscle. This chapter describes structural aspects of the three types of muscle within
a functional and molecular framework conducive to the understanding of the pathophysiology of myopathies.

Skeletal muscle

Muscle cells or fibers form a long multinucleated
syncytium grouped in bundles surrounded by con-
nective tissue sheaths and extending from the site of
origin to their insertion (Figure 7-1).

The epimysium is a dense connective tissue layer
ensheathing the entire muscle. The perimysium
derives from the epimysium and surrounds bundles
or fascicles of muscle cells. The endomysium is a
delicate layer of reticular fibers and extracellular ma-
trix surrounding each muscle cell. Blood vessels and
nerves use these connective tissue sheaths to reach the
interior of the muscle. An extensive capillary network,
flexible to adjust to contraction-relaxation changes,
invests individual skeletal muscle cell.

The connective tissue sheaths blend and radiating-

muscle fascicles interdigitate at each end of a muscle
with regular dense connective tissue of the tendon to
form a myotendinous junction. The tendon anchors
into a bone through the periosteal Sharpey’s fibers.

Characteristics of the skeletal muscle cell or fiber
Skeletal muscle cells are formed in the embryo by
the fusion of myoblasts that produce a postmitotic,
multinucleated myotube. The myotube matures into
the long muscle cell with a diameter of 10 to 100 um
and a length of up to several centimeters.

The plasma membrane of the muscle cell (called
the sarcolemma) is surrounded by a basal lamina and
satellite cells (Figure 7-2). We discuss the significance
of satellite cells in muscle regeneration.

The sarcolemma projects long, finger-like pro-

Figure 7-1. General organization of the skeletal muscle

Cross section of a
muscle cell or fiber

Myofibril (chain of
sarcomeres)

Myofilaments
(actin-myosin)

Sarcoplasm

Peripheral nucleus of a
single muscle cell

Endomysium

Muscle (several fascicles)

Fascicle (several muscle fibers)

Single muscle fiber or cell

Nucleus

The epimysium surrounds
the entire muscle formed
by groups of fascicles

The perimysium
surrounds each fascicle

The endomysium

. envelopes each muscle cell
Basal lamina

The sarcolemma is the plasma
membrane of the muscle cell




Figure 7-2. Skeletal muscle (striated)

The cytoplasm of the muscle cell or fiber contains an
elaborate and regular arrangement of myofibrils, each
organizing alternating short segments of differing
refractive index: dark A bands and light | bands.

Myofibril Dark band Light band

Peripherally

located nucleus Z disk (band or line)

Sarcomere

Muscle cell or fiber
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Cross section of a skeletal muscle cell with peripheral nucleus

Perimysium ~ Satellite cell  Cross section of a myofibril Endomysium

Myofilaments are components of a myofibril. There are two major classes of
myofilaments: (1) the thin actin filaments; (2) the thicker myosin filaments. The
cross-banded pattern of striated (skeletal or cardiac) muscle is due to the
orderly arrangement of actin and myosin filaments. Actin is the predominant
component of the | band. Myosin is the main component of the A band. | and A
bands form a sarcomere, which extends between two adjacent Z disks.
Myofibril Sarcolemma coated
by basal lamina

Sarcoplasm



Figure 7-3. Sarcomere

Cross sections through the
different portions of the sarcomere

Z disk

cesses, called transverse tubules or T tubules, into
the cytoplasm of the cell, the sarcoplasm. T tubules
make contact with membranous sacs or channels, the
sarcoplasmic reticulum.

The sarcoplasmic reticulum contains high concen-
trations of Ca?*. The site of contact of the T tubule
with the sarcoplasmic reticulum cisternae is called
a triad because it consists of two lateral sacs of the
sarcoplasmic reticulum and a central T tubule.

The many nuclei of the muscle fiber are located at
the periphery of the cell, just under the sarcolemma.

About 80% of the sarcoplasm is occupied by
myofibrils surrounded by mitochondria (called sar-
cosomes). Myofibrils are composed of two major fila-
ments formed by contractile proteins: thin filaments
contain actin, and thick filaments are composed of
myosin (see Figure 7-2).

Depending on the type of muscle, mitochondria
may be found parallel to the long axis of the myo-
fibrils, or they may wrap around the zone of thick
filaments. Thin filaments insert into each side of the
Z disk (also called band, or line) and extend from
the Z disk into the A band, where they alternate with
thick filaments.

The myofibril: A repeat of sarcomere units
The sarcomere is the basic contractile unit of striated
muscle (Figure 7-3). Sarcomere repeats are repre-
sented by myofibrils in the sarcoplasm of skeletal
and cardiac muscle cells.

The arrangement of thick (myosin) and thin (actin)
myofilaments of the sarcomere is largely responsible

S AR |
Z disk Z disk
Faepy———— S
. . L The M line represents the
Actin  Myosin

alignment of the lateral
assembled tails of myosin. The M
line transects the pale H band at

the middle of the A band.

for the banding pattern observed under light and
electron microscopy (see Figures 7-2 and 7-3). Actin
and myosin interact and generate the contraction
force. The Z disk forms a transverse sarcomeric
scaffold to ensure the efficient transmission of the
generated force.

Thin myofilaments measure 7 nm in width and 1
um in length and form the I band. Thick filaments
measure 15 nm in width and 1.5 um in length and
are found in the A band.

The A band is bisected by a light region called the
H band (see Figures 7-3 and 7-4). The major com-
ponent of the H band is the enzyme creatine kinase,
which catalyzes the formation of ATP from creatine
phosphate and adenosine diphosphate (ADP). We
discuss later how creatine phosphate maintains steady
levels of ATP during prolonged muscle contraction.

Running through the midline of the H band is
the M line. M-line striations correspond to a series of
bridges and filaments linking the bare zone of thick
filaments. Thin filaments insert into each side of the
Z disk, whose components include o-actinin.

Components of the thin and thick filaments of the
sarcomere
F-actin, the thin filament of the sarcomere, is double-
stranded and twisted. F-actin is composed of globular
monomers (G-actin; see Cytoskeleton in Chapter 1,
Epithelium).

Asyou recall, G-actin monomers bind to each other
in a head-to-tail fashion, giving the filament polarity,
with barbed (plus) and pointed (minus) ends. The
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Triad (at the A-l junction)

Terminal cisterna of the
sarcoplasmic reticulum

Invagination of the

sarcolemma (T tubule)

Terminal cisterna of the
sarcoplasmic reticulum

The sarcolemma projects
long, finger-like processes
called transverse tubules,
or T tubules, into the fiber.
T tubules make contact
with membranous sacs or
channels, the sarcoplasmic

reticulum.

220 |

7. MUSCLE TISSUE |

Figure 7-4. Skeletal muscle cell

barbed end of actin filaments inserts into the Z disk.

F-actin forms a complex with tropomyosin and
troponins. Tropomyosin runs in the groove formed
by F-actin strands. Tropomyosin consists of two
nearly identical a-helical polypeptides twisted around
cach other. Each molecule of tropomyosin extends
for the length of seven actin monomers and binds
the troponin complex (Figure 7-5).

Troponin is a complex of three proteins: troponin
I,C and T.

1. Troponin T binds the complex to tropomyosin.

2. Troponin I inhibits the binding of myosin to
actin.

3. Troponin C binds Ca?* and is found only in
striated muscle.

Sarcomere

Myofibril ~ Myofilament

Sarcolemma
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Myosin II, the major component of the thick
filament, has adenosine triphosphatase (ATPase)
activity (it hydrolyzes ATP) and binds to F-actin,
the major component of the thin filament, in a
reversible fashion.

Myosin II consists of two identical heavy chains
and two pairs of light chains (Figure 7-6; see Cyto-
skeleton in Chapter 1, Epithelium). At one end, each
heavy chain forms a globular head. Two different light
chains are bound to each head: the essential light
chain and the regulatory light chain.

The globular head has three distinct regions:

1. An actin-binding region.

2. An ATP-binding region.

3. A light chain-binding region.



Figure 7-5. Troponin and tropomyosin

Troponin C Troponin |

Actin Troponin T Tropomyosin

The troponin-tropomyosin-actin complex

Tropomyosin consists of two nearly identical o-helical polypeptides twisted
around each other. Tropomyosin runs in the groove formed by F-actin strands.
Each molecule of tropomyosin extends for the length of seven actin monomers
and binds the troponin complex.

Troponin is a complex of three proteins: troponin |, C, and T. Troponin T
binds the complex to tropomyosin. Troponin | inhibits the binding of myosin to
actin. Troponin C binds Ca2+ and is found only in striated muscle.

Myosin 11, like the other molecular motors kines-
ins and dyneins, use the chemical energy of ATP to
drive conformational changes that generate motile
force. As you recall, kinesins and dyneins move along
microtubules. Myosins move along actin filaments to
drive muscle contraction.

Nebulin (Figure 7-7) is a giant protein (600-900-
kd) associated with thin (F-actin) filaments; it inserts
into the Z disk and acts as a stabilizer required for
maintaining the length of F-actin.

Titin (see Figure 7-7) is a very large protein with a
molecular mass in the range of millions determined
by about 34,000 amino acids. Each molecule associ-
ates with thick (myosin) myofilaments and inserts
into the Z disk, extending to the bare zone of the
myosin filaments, close to the M line.

Titin has the following functions:

Figure 7-6. Myosin Il

F-actin

Actin-binding and ATPase domains.
Myosin Il heads provide the driving
force for movement. ATP drives the
movement of myosin heads along
actin filaments.

N

Myosin Il has a long a-helical
coiled-coil tail that enables several
molecules to self-assemble into a
large bipolar aggregate or filament.
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Bipolar aggregate of
myosin Il molecules

1. It controls the assembly of the thick myofilament
by acting as a template.

2. It regulates sarcomere elasticity by establishing a
spring-like connection between the end of the thick
myofilament and the Z disk.

3. It limits the displacement range of the sarcomere
in tension.

Z disks are the insertion site of actin filaments of
the sarcomere. A component of the Z disk, a-actinin,
anchors the barbed end of actin filaments to the Z
disk.

Desmin is a 55-kd intermediate (10-nm) filaments
protein with three major roles essential for the main-
tenance of the mechanical integrity of the contractile
apparatus in skeletal, cardiac, and smooth muscle:

1. Desmin stabilizes myofibrils and nuclei. Desmin
filaments encircle the Z disks of myofibrils and are
linked to the Z disk and to each other by plectin
filaments (Figure 7-8). Desmin filaments extend
from the Z disk of one myofibril to the adjacent
myofibril, forming a supportive latticework. Desmin
filaments also extend from the sarcolemma to the
nuclear envelope.

2. Desmin links myofibrils to the sarcolema. Des-
min inserts into specialized sarcolemma-associated
plaques, called costameres. Costameres, acting in
concert with the dystrophin-associated protein com-
plex, transduce contractile force from the Z disk to the
basal lamina, maintain the structural integrity of the
sarcolemma, and stabilize the position of myofibrils
in the sarcoplasm.

3. Desmin determines the distribution and func-
tion of mitochondria in skeletal and cardiac muscle.
In the absence of desmin, proper mitochondrial
positioning is lost and mitochondrial function is
compromised, leading to cell death by either energy
deprivation or release of proapoptotic cytochrome c.

The heat shock protein aB-crystallin protects des-
min filaments from stress-induced damage. Desmin,
plectin, and aB-crystallin form a mechanical stress
protective network at the Z-disk level.

Mutations in these three proteins determines the
destruction of myofibrils after repetitive mechani-
cal stress, conducive to the development of dilated
cardiomyopathy, skeletal myopathy and smooth
muscle defects.

Mechanism of muscle contraction

During muscle contraction, the muscle shortens
about one third of its original length. The relevant
aspects of muscle shortening are summarized in Figure
7-9 as follows:

1. The length of the thick and thin filaments does
not change during muscle contraction (the length of
the A band and the distance between the Z disk and
the adjacent H band are constant).
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Figure 7-7. Sarcomere: Nebulin and titin

Each nebulin molecule extends from the Z band along the
length of one thin actin filament. Because of its association
with actin filaments, nebulin acts like a stabilizer of thin
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2. The length of the sarcomere decreases because ~ ATP during prolonged contraction does not change
thick and thin filaments slide past each other (the  too much.
size of the H band and I band decrease). Figure 7-10 provides a summary of the mechanism
3. The force of contraction is generated by the of regeneration of creatine phosphate, which takes
process that moves one type of filament past adjacent  place in mitochondria and diffuses to the myofibrils,
filaments of the other type. where it replenishes ATP during muscle contraction.

Creatine phosphate: A back up energy source A depolarization signal travels along T tubules

Creatine phosphate is a back up mechanism to main- ~ We discussed that the triad consists of a transverse T
tain steady levels of ATP during muscle contraction.  tubule flanked by sacs of the sarcoplasmic reticulum,
Consequently, the concentration in muscle of free  and that the sarcoplasm of a skeletal muscle cell is

Figure 7-8. Cytoskeletal protective network of a skeletal muscle cell

Basal lamina Costamere

Sarcolemma A mechanical stress protective network

surrounds each myofibril at the Z disk.

a-Actinin Desmin, an intermediate filament extending from
one myofibril to the other and anchored to the
sarcolemma, encircles the Z disk of each
sarcomere. Desmin inserts into specialized
sarcolemma attachment regions known as
costameres. Desmin filaments facilitate the
coordinated contraction of individual myofibrils by
holding adjacent myofibrils together and linking
them to the sarcolemma.

Plectin links adjacent desmin filaments to each
other.

aB-Crystallin, a heat shock protein
associated with desmin, protects this intermediate
filament from stress-induced damage.

a-Actinin anchors the barbed end of actin
Myosin Actin  Plectin filaments to the Z disk.

oB-Crystallin
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Figure 7-9. Sarcomere: Muscle contraction and relaxation
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packed with myofibrils (each consisting of a linear
repeat of sarcomeres) with abundant mitochondria
between them. How does a nerve impulse reach and
deliver contractile signals to myofibrils located in the
interior of the muscle cell?

An excitation-contraction signal is generated by
acetylcholine, a chemical transmitter released from
a nerve terminal in response to an action potential.
Acetylcholine diffuses into a narrow gap, called the
neuromuscular junction, between the muscle and a
nerve terminal (Figure 7-11). The action potential
spreads from the sarcolemma to the T tubules, which
transport the excitation signal to the interior of the

Figure 7-10. Creatine cycle during muscle contraction

Phosphate groups
ADP + creatine ADP ) eaction
phosphate
— Creatine kinase
Oxidative . ‘ J
phosphorylation Creatine + ATP ATP
Mitochondrion Myofibril

Creatine phosphate replenishes ATP levels during muscle contraction

ATP is a source of chemical energy during the interaction of myosin and actin
resulting in muscle contraction. When the concentration of ATP decreases, a
back up source of energy is the hydrolysis of creatine phosphate.

Creatine kinase catalyzes a reversible reaction generating creatine and ATP
from the hydrolysis of creatine phosphate. Newly synthesized creatine

Resting striated muscle

The A band represents the distribution of the myosin
thick filaments. The H band represents the myosin tail
regions of the thick filaments not overlapping with thin
actin filaments.

Actin thin filaments are attached to the Z disk. Two
half-I bands, containing actin thin filaments, are seen
at the right and left sides of the Z disk.

During muscle contraction

The length of the myosin thick and thin actin
filaments does not change.

The length of the sarcomere decreases because
thick and thin filaments slide past each other. This is
demonstrated by a reduction in the length of the
H band and the | band.

muscle cell. Remember that T tubules form rings
around every sarcomere of every myofibril at the A-I
junction.

We discuss later that the companions of the T
tubule, the channels of the sarcoplasmic reticulum,
contain calcium ions. Calcium ions are released inside
the cytosol to activate muscle contraction when the
action potential reaches the T tubule. This excitation-
contraction sequence occurs in about 15 milliseconds.

Neuromuscular junction: Motor end plate

The neuromuscular junction is a specialized structure
formed by motor nerves associated with the target
muscle and visible with the light microscope.

Once inside the skeletal muscle, the motor nerve
gives rise to several branches. Each branch forms swell-
ings called presynaptic buttons covered by Schwann
cells. Each nerve branch innervates a single muscle
fiber. The “parent” axon and all of the muscle fibers
it innervates form a motor unit. Muscles that require
fine control have few muscle fibers per motor unit.
Very large muscles contain several hundred fibers per
motor unit.

When myelinated axons reach the perimysium,
they lose their myelin sheath but the presynaptic
buttons remain covered with Schwann cell processes.
A presynaptic button contains mitochondria and
membrane-bound vesicles filled with the neurotrans-
mitter acetylcholine. The neurotransmitter is released
at dense areas on the cytoplasmic side of the axon
membrane, called active zones.

Synaptic buttons occupy a depression of the muscle
fiber, called the primary synaptic cleft. In this region,
the sarcolemma is thrown into deep junctional folds

phosphate derives from mitochondria and shuttles phosphate groups between

mitochondria and the myofibril. (secondary synaptic clefts). Acetylcholine receptors
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Figure 7-11. Neuromuscular junction

Neuromuscular junction: The motor end plate

Motor axons branch at the muscle cell surface. Each branch forms
presynaptic buttons covered by Schwann cells. Buttons lie over
the motor end plate region, separated from the sarcolemma by the
synaptic cleft. Each presynaptic button in the end plate is
associated to a primary synaptic cleft, a depression of the muscle

fiber formed by deep infoldings of the sarcolemma. Junctional

folds (or secondary synaptic cleft) derive from the primary cleft.

Acetylcholine receptors are found at the crest of the junctional

folds. Voltage-gated Na2+ channels are found at the bottom of the

junctional folds. The basal lamina contains acetylcholinesterase.
Box 7-A summarizes the functional types of skeletal muscle.

Nerve Presynaptic button

Muscle fiber

Primary

cleft

Motor end plates
Muscle fiber

Antibody directed against the presynaptic
voltage-gated K+ channel determines a
lasting depolarization state following release
of a neurotransmitter.

Antibody to the presynaptic voltage-gated
Ca2+ channel determines a continuous
inflow of Ca2+ causing muscular weakness
that improves with exercise (Lambert-Eaton
myasthenic syndrome [LEMS]).

L

Basal lamina ‘ .
Postsynaptic

junctional fold

Fusion of the basal
laminae of the Schwann
cell and muscle fiber

synaptic

‘ Active zone

Acetylcholinesterase receptor

Box 7-A | Functional types of muscle fibers

* A single action potential through a motor unit determines a twitch contraction.
Most skeletal muscles consist of muscle fibers of the twitch type capable of
postural maintenance or brief bursts of intense activity.

* Most skeletal muscles in humans consist of a combination of different types of
muscle fibers difficult to identify in routine histological preparations.

* Three main categories are distinguished. Type | muscle fibers are slow-
contracting and fatigue-resistant (red fibers; rich in myoglobin and blood supply).
Type IIA muscle fibers are fast-contracting and moderately fatigue-resistant
(white fibers). Type IIB muscle fibers are fast-contracting and not fatigue-
resistant.

* Type |, type IIA, and type 1B muscle fibers contain myosin heavy-chain
isoforms differing in the rate of ATPase activity. ATPase histochemistry enables
identification of the different types of muscle fibers.
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Botulinum toxin prevents the release

of acetylcholine by binding to the
presynaptic membrane.

Curare binding to the acetylcholine
receptor prevents binding of
acetylcholine and induces paralysis.

Autoantibody binding to the acetylcholine receptor
causes myasthenia gravis (fatigue with exercise).

are located at the crests of the folds and voltage-
gated Na* channels are down into the folds (see
Figure 7-11).

The basal lamina surrounding the muscle fiber
extends into the synaptic cleft. The basal lamina
contains acetylcholinesterase, which inactivates
acetylcholine released from the presynaptic buttons
into acetate and choline. The basal lamina covering
the Schwann cell becomes continuous with the basal
lamina of the muscle fiber.

Clinical significance: Disorders of neuromuscular
transmission
Synaptic transmission at the neuromuscular junction
can be affected by curare and botulinum toxin (see
Figure 7-11).



Figure 7-12. Myasthenia gravis

Myasthenia gravis is an
autoimmune disease in which
antibodies are produced against
acetylcholine receptors.
Antibodies bind to the receptor,
preventing the binding of
acetylcholine. This blocks normal
nerve-muscle interaction and
results in progressive muscle
weakness.

Normal

Synaptic vesicle
with acetylcholine

Acetylcholine [
bound to the
receptor \

Acetylcholinesterase
associated with the
acetylcholine
receptor

Muscle end plate

Curare binds to the acetylcholine receptor and
prevents binding of acetylcholine. Curare deriva-
tives are used in surgical procedures in which muscle
paralysis is necessary.

Botulinum toxin, an exotoxin from the bacterium
Clostridium botulinum, prevents the release of ace-
tylcholine at the presynaptic end. Muscle paralysis
and dysfunction of the autonomous nervous system
occur in cases of food poisoning mediated by botu-
linum toxin.

Myasthenia gravis is an autoimmune disease in
which antibodies are produced against acetylcholine
receptors (Figure 7-12). Autoantibodies bind to the
receptor, preventing the binding of acetylcholine.
This blocks normal nerve-muscle interaction and
results in progressive muscle weakness.

Calcium controls muscle contraction

In the absence of Ca*, muscle is relaxed and the
troponin-tropomyosin complex blocks the myosin
binding site on the actin filament.

When a depolarization signal arrives, Ca** exits
the terminal cisternae of the sarcoplasmic reticulum
with the help of the ryanodine-sensitive Ca** chan-
nel (Figure 7-13). In the sarcomere, Ca** binds to
troponin C and causes a change in configuration of
the troponin-tropomyosin complex. As a result, the
myosin-binding site on the actin filament is exposed.
Mpyosin heads bind to the actin filament, and hydro-
lysis of ATP occurs.

As we have seen, steady levels of ATP rely on the

Axon ending

Mitochondria

Myasthenia gravis

AN
1l

L Muscle J Autoantibody against the acetylcholine

receptor prevents binding of
acetylcholine

mitochondrial supply of creatine phosphate and
the availability of creatine kinase (see Figure 7-10).
Creatine kinase is an enzyme found in soluble form
in the sarcoplasm and also is a component of the M-
line region of the H band. Creatine kinase catalyzes
the transfer of phosphate from creatine phosphate
to ADD.

The energy of hydrolysis of ATP produces a change
in the position of the myosin head, and the thin fila-
ments are pulled past the thick filaments. Contraction
results in the complete overlap of the A and I bands
(see Figure 7-9). The contraction continues until
Ca®* is removed.

In summary, the sarcoplasmic reticulum, a network
of smooth endoplasmic reticulum surrounding each
myofibril (see Figure 7-4), stores Ca**. In response
to depolarization signals, the sarcoplasmic reticulum
releases Ca®*. When membrane depolarization ends,
Ca®* is pumped back into the sarcoplasmic reticulum
with the help of Ca**-dependent ATPase, and binds
to the protein calsequestrin (see Figure 7-13). Con-
traction can no longer take place.

Pathology: Muscular dystrophies
Muscular dystrophies are a group of congenital mus-
cular diseases characterized by muscle weakness, atro-
phy, elevation of serum levels of muscle enzymes, and
destructive changes of muscle tissue (Figure 7-14).
Muscular dystrophies are caused by a deficiency in
the dystrophin-associated protein (DAP) complex.
The DAP complex consists of dystrophin and two
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n An action potential passing along the sarcolemma
reaches the T tubule system (triad in the skeletal muscle)
responsible for transmitting the impulse deep within the

muscle fiber.

Membrane depolarization

Figure 7-13. Muscle contraction

B An L-type voltage-sensitive Ca2+ channel located in the

membrane of the transverse T tubule changes its conformation

Internally, the net negative charge of the membrane
changes to a net positive charge. Such depolarization

initiates the cell contraction cascade.

Terminal cisterna of the
sarcoplasmic reticulum

in response to depolarization. This conformational change
induces the ryanodine-sensitive Ca2+ channel present in the
membrane of the sarcoplasmic reticulum to open and release
Ca2+ stored in the terminal cisterna.

EJ The ryanodine-sensitive Ca2+ channel (sensitive to the plant

alkaloid ryanodine that blocks the channel) opens and releases
Ca2+ from the sarcoplasmic reticulum store into the sarcomere.

Sarcolemma

| | Liypo

—<

voltage-sensitive Ca2+
channel

The T tubule is a deep

Ryanodine-sensitive

5 I Ca2+-dependent ATPase mediates the return of
Ca2+ to the sarcoplasmic reticulum.

Within the lumen of the sarcoplasmic reticulum, Ca2+
binds to the protein calsequestrin.

subcomplexes: the dystroglycan complex (o and f3
subunits), and the sarcoglycan complex (o, B3, v, 0,
€, and C subunits; for simplicity, only four subunits
are shown in Figure 7-14).

Additional proteins include syntrophins (o, 1,
B2, y1, and y2 subunits), dystrobrevin, and sarco-
span. Dystrophin, syntrophins, and dystrobrevin
are located in the sarcoplasm; dystroglycans, sarco-
glycans, and sarcospan are transmembrane glycopro-
teins. Patients with a primary defect in dystroglycans
and syntrophins have not been identified.

The most important muscle protein involved in
muscular dystrophies is dystrophin, a 427-kd cyto-
skeletal protein associated to F-actin, dystroglycans,
and syntrophins (see Figure 7-14). The absence of
dystrophin determines the loss of components of
the DAP complex. The function of dystrophin is
to reinforce and stabilize the sarcolemma during
the stress of muscle contraction by maintaining a
mechanical link between the cytoskeleton and the
extracellular matrix.

Deficiencies of dystrophin are characteristic of

226 | 7.MUSCLE TISSUE | Muscle contraction

invagination of the sarcolemma R g g g g g ag g[[[]:] Ca2+ channel
Terminal cisterna of the 0o Ca2+ Ca2+
sarcoplasmic reticulum no () ( Ca2*
p | olo | Ca2t® | Ca2+ Ca2+
Triad _
Calsequestrin
Ca2+
Ca2+-ATPase 8 .

B The released Ca2+
binds to troponin C and
initiates contraction by
regulating myosin-actin
interaction.

Troponin C

Duchenne’s muscular dystrophy (DMD). Most pa-
tients die young (in their late teens or early twenties)
due to an involvement of the diaphragm and other
respiratory muscles.

DMD is an X chromosome-linked recessive dis-
order caused by a mutation in the dystrophin gene.
The disorder is detected in affected boys after they
begin to walk. Progressive muscle weakness and
wasting, sudden episodes of vomiting (caused by
delayed gastric emptying), and abdominal pain are
observed. A typical laboratory finding is increased
serum creatine kinase levels.

Muscle biopsies reveal muscle destruction, absence
of dystrophin, and a substantial reduction of sarco-
glycans, and other components of the DAP complex,
detected by immunohistochemistry.

Heterozygote female carriers may be asymptom-
atic or have mild muscle weakness, muscle cramps,
and elevated serum creatine kinase levels. Women
with these mutations may give birth to affected males
or carrier females.

Sarcoglycanopathies in limb-girdle muscular



Figure 7-14. Muscular dystrophies

A mutation in laminin-2
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y chains), causes congenital

The dystroglycan complex links dystrophin to laminin-2.
Dystroglycan-o. binds to the o chain of laminin-2 (called merosin)
and dystroglycan-p binds to dystrophin. Patients with a primary

muscle dystrophy. defect in dystroglycans have not been identified.
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(known as
sarcoglycanopathies).
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Dystrophin reinforces and

stabilizes the sarcolemma during
the stress of muscle contraction
by maintaining a link between
the cytoskeleton and the
extracellular matrix. When
dystrophin is absent, the DAP
complex is lost and the
sarcolemma is disrupted,
allowing unregulated calcium
entry, which causes necrosis of
the muscle fiber.

A deficiency in dystrophin is
typical of Duchenne's
muscular dystrophy, an
X-linked recessive condition.

oB-Crystallin

Plectin
Z disk

The dystrophin-associated protein (DAP) complex
includes dystrophin and components of the dystroglycan
complex and sarcoglycan complex.

Cross section of a normal skeletal muscle
fiber with the characteristic peripheral
nucleus.

Degenerating skeletal muscle fiber in the early
stages of Duchenne's muscular dystrophy.

Muscular dystrophies are a heterogeneous group of congenital
muscle diseases characterized by severe muscle weakness and
atrophy and destruction of muscle fibers.

The most important muscle protein involved in muscular
dystrophies is dystrophin. The absence of dystrophin leads to a
loss of the DAP complex (consisting of the subcomplexes
dystroglycan complex and sarcoglycan complex).

Muscular dystrophies

Structural muscle proteins
associated with mutations
causing myopathies

The Z disk is the insertion site of
actin filaments of the sarcomere
and plays a role in the
transmission of tension through
the myofibril.

Desmin filaments
(intermediate filament protein)
encircle the Z disks and are
linked to them and to one
another by plectin filaments. By
this association, desmin: (1)
integrates mechanically the
contractile action of adjacent
myofibrils and (2) links the Z
disk to the sarcolemma at
costamere sites.

The heat shock protein
aB-crystallin protects desmin
filaments from stress-dependent
damage.

Note that desmin, plectin,
and oB-crystallin form a
network around the Z disks,
thus protecting the integrity of the
myofibrils during mechanical
stress.

Mutations of desmin,
plectin, and aB-crystallin
cause fragility of the myofibrils
and their destruction after
continuous stress.
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Figure 7-15. Satellite cells and muscle regeneration
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D Abasal lamina surrounds both the skeletal muscle cell and
associated satellite stem cells (SCs). Mitotically quiescent SCs in the
adult are located in a specific niche where they can reassume
proliferation in response to stress or trauma.

SCs are attached to the basal lamina by .71 integrin and to the
sarcolemma of the adjacent muscle fiber by M-cadherin. The
activation of SCs involves the upregulation of the myogenic
regulatory factors (MRFs): (1) the bHLH (basic helix-loop-helix)
transcription factor MYF5; (2) MYOD (myoblast determining protein);
(8) MYG6 (muscle-specific regulatory factor) and (4) myogenin. The
transcription factor PAX7 regulates the expression of MRFs to induce
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the proliferation and self-renewal of SCs. The c-Met receptor on the
surface of SC has strong binding affinity for the chemotactic agent
HGF (hepatocyte growth factor).
3 Daughter cells of the activated SCs, myogenic precursor cells,
undergo several rounds of cell division. HGF—c-Met binding induces
the proliferation of the SCs.

Myogenic precursor cells, expressing the MRFs MYF5 and
MYOD, fuse with existing skeletal muscle cells or myotubes.
@3 A population of stem cells in adult skeletal muscle, called
side-population cells, has the capacity to differentiate into all major
blood cell lineages.



dystrophies have mutations in the genes for a-, f3-,
Y-, and d-sarcoglycan that cause defective assembly
of the sarcoglycans, thus disrupting their interaction
with the other dystroglycan complex proteins and
the association of the sarcolemma with the extracel-
lular matrix.

Pathology: Satellite cells and muscle regeneration
Muscle development involves the chain-like align-
ment and fusion of committed muscle cell pre-
cursors, the myoblasts, to form multinucleated
myotubes.

Two important events occur during the commit-
ment of the muscle cell precursor to myogenesis:

1. The muscle cell precursor stops dividing, de-
termined by the up regulated expression of myogenic
regulatory factors (MRFs), MYF5 and MYOD, and
the downregulation of PAX7, a transcription factor.

2. The muscle cell precursor initiates its terminal
differentiation, triggered by myogenin and MRF4.

Satellite cells are a resident stem cell population
distinct from the myoblasts. They are involved in
postnatal skeletal muscle maintenance, repair and
regeneration They are attached to the surface of the
myotubes. A basal lamina surrounds the satellite cell
and the myotube (Figure 7-15).

Satellite cells occupy a niche, a specific site where
they reside for an indefinite period of time, produce
a cell progeny and self-renew. Satellite cells express
a7f1 integrin, linking F-actin to the basal lamina,
and M-cadherin, a calcium-dependent adhesion
molecule attaching the satellite cell to the sarcolemma
of the subjacent muscle fiber. Capillaries are located
close to the satellite cells.

Satellite cells are mitotically quiescent in the adult,
but can reassume self-renewal and proliferation in
response to stress or trauma. MRF expression induces
the proliferation of satellite cells. The descendants of
the activated satellite cells, called myogenic precursor
cells, undergo multiple rounds of cell division before
they can fuse with existing or new myofibers.

Quiescent satellite cells express a receptor on their
surface encoded by the proto-oncogene c-Met. The
c-Met receptor has strong binding affinity for the
chemotactic agent HGF (hepatocyte growth factor)
bound to proteoglycans of the basal lamina. The
HGF-c-Met complex up regulates a signaling cascade
leading to proliferation of the satellite cells and the
expression of MRFs, MYF5 and MYOD.

In addition to satellite cells as progenitors of the
myogenic cells in adult skeletal muscle, a population
of stem cells in adult skeletal muscle, called side-
population cells, has the capacity to differentiate
into all major blood cell lineages as well as myogenic
satellite cells.

Side-population cells are present in bone marrow

and may give rise to myogenic cells that can partici-
pate in muscle regeneration.

The pluripotent nature of satellite cells and side-
population cells raises the possibility of stem cell
therapy of a number of muscle injuries and degenera-
tive diseases, including muscular dystrophy.

Neuromuscular spindle and Golgi tendon organ
The central nervous system continuously monitors
the position of the limbs and the state of contraction
of the various muscles. Muscles have a specialized
encapsulated sensor called the neuromuscular spindle
that contains sensory and motor components (Figure
7-16).

A neuromuscular spindle consists of 2 to 14 spe-
cialized striated muscle fibers enclosed in a fusiform
sheath or capsule of connective tissue continuous
with the endomysium that surrounds each of the
muscle fibers. The fibers are 5 to 10 mm long and
therefore much shorter than the surrounding con-
tractile muscle fibers.

The specialized muscle fibers in the interior of the
neuromuscular spindle are called intrafusal fibers to
distinguish them from the nonspecialized extrafusal
fibers (Latin extra, outside; fisus, spindle), the regular
skeletal muscle fibers.

There are two kinds of intrafusal fibers designated
by their histologic appearance:

1. Nuclear bag fiber, consisting of a nonstriated
sensory bag-like region that contains many nuclei.

2. The nuclear chain fiber, so-called because its
central portion contains a chain-like array of nuclei.

The distal portion of the nuclear bag fiber and
nuclear chain fiber is made up of striated muscle
components with contractile properties.

The neuromuscular spindle is innervated by two
sensory axons. One of these axons is an Ia fiber. After
crossing the capsule, the Ia fiber loses its myelin sheath
and winds around the central portion of the nuclear
bag and nuclear chain fibers forming an annulospiral
ending or primary sensory ending (see Figure 7-16)
to record the degree of tension of the intrafusal fibers.

The other sensory fiber, type II sensory fiber,
terminates at the ends of the intrafusal fibers, distant
from the midregion, in the form of flower spay end-
ings or secondary sensory ending.

Motor nerve fibers derive from two types of motor
neurons of the spinal cord:

1. The large-diameter alpha (1) motor neurons,
that innervate the extrafusal fibers of muscles, outside
the spindle (not shown in Figure 7-16).

2. The small-diameter gamma (y) motor neurons,
that innervate the intrafusal fibers within the spindle
(A y motor fiber shown in Figure 7-16).

The neuromuscular spindle is a receptor for the
stretch reflex to adjust the muscle tone. It contributes
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Figure 7-16. Neuromuscular spindle
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to the clinical test of tendon reflexes, such as the knee
jerk (rapid extension of the knee following tapping
of the patellar tendon).

How does the neuromuscular spindle work? (see
Figure 7-16). Intrafusal muscle fibers are in parallel
with the extrafusal muscle fibers. When the extrafusal
muscle fibers contract (shorten), the neuromuscular
spindle becomes slack. If the spindle remains slack, no
further information about changes in muscle length
can be transmitted to the spinal cord.

This situation is corrected by a feedback control
mechanism by which the sensory region of the spindle
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Nerve ending

Capsule

Tendon fibers

activates gamma motor neurons, which contract the
poles of the spindle (the contractile region). Conse-
quently, the spindle stretches.

In addition to the neuromuscular spindle, Golgi
tendon organs or neurotendinous spindles (see
Figure 7-16), located at muscle-tendon junctions,
provide information about the tension or force of
contraction of the skeletal muscle.

Each Golgi tendon organ is surrounded by a con-
nective tissue capsule that encloses a few collagen
fibers of the tendon. About 12 or more muscle fibers,
in series with the adjacent muscle fibers, insert into



Figure 7-17. Interaction of cardiac muscle cells or cardiocytes
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eter (Figures 7-17 and 7-18), with a single centrally
located nucleus (Figure 7-19).

The organization of contractile proteins is the
same as that found in skeletal muscle. However, the
cytomembranes exhibit some differences:

1. T tubules are found at the level of the Z disk,
and are substantially larger than those of skeletal
muscle found at the A-I junction.

2. The sarcoplasmic reticulum is not as extensive
as that of skeletal muscle.

3. Diads, rather than the triads seen in skeletal
muscle, are typical in cardiocytes (see Figure 7-18).

Gap junctions | | ||

A diad consists of a T tubule interacting with just
component — one sarcoplasmic reticulum cisterna (instead of two
Intercalated VAN opposite cisternae, as in skeletal muscle).
disk DN Gap junction 4. Mitochondria are more abundant in cardiac
Longitudinal _ |||| o-Actinin muscl.e than in skeletal muscle and contain numer-
component ”” i Vinulin ous cristae.
| | (5
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Phospholamban controls the active
transport of Ca2+ into the lumen of
the sarcoplasmic reticulum

the intracapsular tendon fibers. The axon of a Ib fiber
pierces the caspsule, enters the receptor and branches
in contact with the tendon fibers. The sensory endings
are stimulated by tension in the tendon.

Afferent signals from the Golgi tendon organ reach
the spinal cord and an inhibitory signal, from alpha
motor neurons, relaxes the corresponding muscle
under tension.

This regulatory response protects against the pos-
sibility of muscular damage that may result from
excessive and strong muscle contraction. Note that,
in contrast, the neuromuscular spindle responds to
changes in the length of the intrafusal fibers.

One last point: the neuromuscular spindle, the
Golgi tendon organ and paccinian corpuscles as-
sociated with the capsules of the synovial joins are
examples of proprioceptors (Latin, proprius, one’s
own; capio, to take), structures that inform how the
body is positioned and moves in space.

Cardiac muscle
Cardiac cells (or cardiocytes) are branched cylinders,
85 to 100 um long, approximately 15 um in diam-

The cardiocytes are joined end-to-end by special-
ized junctional complexes called intercalated disks
(see Figure 7-17). Intercalated disks have a steplike
arrangement, with transverse components that
run perpendicular to the long axis of the cell and
longitudinal components running in parallel to the
cardiocyte for a distance that corresponds to one or
two sarcomeres before it turns again to form another
transverse component (see Figure 7-18).

The transverse component consists of:

1. Desmosomes, which mechanically link cardiac
cells.

2. Fasciae adherentes, which contain a-actinin
and vinculin and provide an insertion site for the
actin-containing thin filaments of the last sarcomere
of each cardiocyte (see Figure 7-19).

Gap junctions, restricted to the longitudinal
component of the intercalated disk, enable ionic
communication between cells leading to synchronous
muscle contraction.

The terminal fibers of the conducting system of the
heart are specialized, glycogen-rich Purkinje fibers.
Compared with the contractile fibers, Purkinje fibers
are larger, paler-stained, and contain fewer myofibrils
(see Chapter 12, Cardiovascular System, for addi-
tional details).

Clinical significance: Transport proteins on the
sarcolemma of cardiocytes

The sarcolemma of the cardiocyte contains specific
transport proteins (see Figure 7-17) controlling the
release and reuptake of ions critical for systolic con-
tractile function and diastolic relaxation.

Active transport of Ca®* into the lumen of the
sarcoplasmic reticulum by Ca**-dependent ATPase
is controlled by phospholamban. The activity of
phospholamban is regulated by phosphorylation.
Changes in the amount and activity of phosphol-
amban, regulated by thyroid hormone, may alter
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diastolic function during heart failure and thyroid
disease. An increase in heart rate and cardiac output
is observed in hyperthyroidism. We discuss the role of
phospholamban in Graves’ disease (hyperthyroidism)
in Chapter 19, Endocrine System.

Additional transporters, including the Na*- Ca’
exchanger and voltage-gated K* channels, regulate
the intracellular levels of K* and Na*. 3-Adrenergic
receptor is also present in the sarcolemma.

Cardiac muscle

Triads and diads

Transverse component

Longitudinal component

Transverse component

cle

In cardiac muscle,
diads are found at
the Z disk. In
skeletal muscle,
triads are found at
the A-l junction.

Z disk
Triad — 000

Nuclei

Intercalated disk

Sarcomere

Diad
Invagination of the
sarcolemma

(transverse tubule or
T tubule)

The terminal cisterna
of the sarcoplasmic
reticulum is shorter
and forms a diad
(instead of a triad of
skeletal muscle) when
associated to T tubule

General Pathology: Myocardial infarction
Myocardial infarction is the consequence of a loss
of blood supply to the myocardium caused by an
obstruction of an atherosclerotic coronary artery. The
clinical outcome depends on the anatomic region
affected and the extent and duration of disrupted
blood flow.

Irreversible damage of cardiocytes occurs when
the loss of blood supply lasts more than 20 minutes.



Figure 7-19. Cardiac muscle cell or cardiocyte
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Intercalated disks are unique to cardiac muscle cells. The transverse component of
the intercalated disk connects adjacent cardiac muscle cells. It is formed by the fascia
adherens (plural, fasciae adherentes) and desmosomes. Actin and a-actinin attach
to the fascia adherens. Desmin is linked to the desmosome. The longitudinal
component of the intercalated disk runs parallel to the myofilaments and the long axis
of the cell before it turns again to form another transverse component. Gap junctions
are the major structures of the longitudinal component (not shown).

Cardiac muscle | 7. MUSCLE TISSUE | 233




Normal cardiac tissue consists of
branching and anastomosing striated
cardiocytes with a central nucleus and
intracellular contractile myofilaments.
Intercalated disks join individual

cardiocytes.

Figure 7-20. Myocardial infarction

Myocardial ischemia caused by occlusion of
the coronary artery results within the first 24

hours in the necrosis of cardiocytes.

Cardiocytes display an eosinophilic cytoplasm
lacking the characteristic intracellular striations
detected in the adjacent unaffected cardiocytes.
The nuclei are pyknotic (Greek, pyknos, dense,
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Three days later, the necrotic cardiocytes
are surrounded by neutrophils.

After 3 weeks (not shown), capillaries,
fibroblasts, macrophages, and lymphocytes
are observed in the necrotic area. After 3
months, the infarcted region is replaced by
scar tissue.

thick; osis, condition) and irregularly shaped.

Lactic dehydrogenase-1 and creatine kinase
MB*, released from dead cardiocytes, are

detected in serum.

Serum levels of these enzymes remain
elevated days after the myocardial infarction.

If blood flow is restored in less than 20 minutes, an
event known as reperfusion, cardiocyte cell viability is
maintained. Timing is critical for implementing early
therapy to reestablish blood flow by using thrombo-
lytic agents. The histologic changes of myocardial
infarction are summarized in Figure 7-20.

Creatine kinase and its MB isoenzyme (CK-MB)
are conventional markers of myocardial necrosis. A
more sensitive marker is cardiocyte-specific tropo-
nin I not expressed in skeletal muscle. An increase
of troponin I in the serum of patients with acute
coronary syndromes provides prognostic information
on increased risk of death and enables treatment to
decrease further myocardial necrosis.

Smooth muscle

Smooth muscle may be found as sheets or bundles

in the walls of the gut, bile duct, ureters, urinary

bladder, respiratory tract, uterus, and blood vessels.
Smooth muscle differs from skeletal and cardiac

muscle: smooth muscle cells are spindle-shaped,
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*Creatine kinase (CK) is composed of two dimers,
M and B. CK-MM isoenzyme predominates in
skeletal muscle and heart. CK-BB is present in
brain, lung, and other tissues. CK-MB is
characteristic of myocardium.

tapering cells with a central nucleus (Figure 7-21).

The perinuclear cytoplasm contains mitochondria,
ribosomes, rough endoplasmic reticulum, a Golgi ap-
paratus, a latticework of thick myosin filaments, thin
actin filaments, and intermediate filaments composed
of desmin and vimentin.

Actin and intermediate filaments insert into cyto-
plasmic and plasma membrane-associated structures
rich in a-actinin, called dense bodies. Polyribosomes,
instead of rough endoplasmic reticulum, participate
in the synthesis of cytoskeletal proteins (Figures 7-21
and 7-22).

Invaginations of the plasma membrane, called
caveolae, act as a primitive T tubule system, trans-
mitting depolarization signals to the underdeveloped
sarcoplasmic reticulum. The development of caveolae
from lipid rafts and their diverse roles in several tis-
sues are shown in Figure 7-22.

Smooth muscle cells are linked to each other by
gap junctions. Gap junctions permit synchronous
contraction of the smooth muscle.



Figure 7-21. Smooth muscle cell
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Characteristics of smooth muscle

Smooth muscle is found in the walls of tubular organs,
the walls of most blood vessels, the iris and ciliary
body (eye), and arrector pili muscle (hair follicles),
among other sites. It consists of fusiform individual
cells or fibers with a central nucleus. Smooth cells in
the walls of large blood vessels produce elastin.

Caveolae, depressions of the plasma membrane, are
permanent structures involved in fluid and electrolyte
transport (pinocytosis).

Caveolin-3, a protein encoded by a member of the
caveolin gene family, is associated with lipid rafts.
Complexes formed by caveolin-3 bound to cholesterol
in a lipid raft invaginate and form caveolae. Caveolae
detach from the plasma membrane to form pinocytotic
vesicles.

¥

Cross section of smooth muscle cells. Depending on the section level, a central
nucleus is observed in some of the muscle cells.

A basal lamina surrounds each muscle cell and
serves to transmit forces produced by each cell.

Mechanism of smooth muscle contraction
The arrangement of the contractile proteins and the
mechanism of contraction of smooth muscle differ
from those of skeletal and cardiac muscle:
1. Actin and myosin filaments are not organized
in sarcomeres as seen in cardiac and skeletal muscle.
2. Smooth muscle cells do not contain troponin
but do contain tropomyosin, which binds to and
stabilizes actin filaments.

3. Ca”* ions that initiate contraction derive from
outside the cell rather than from the sarcoplasmic
reticulum.

4. Myosin light-chain kinase (instead of tropo-
nin, which is not present in smooth muscle cells) is
responsible for the Ca™ sensitivity of the contractile
fibers in smooth muscle.

We have seen that the sliding of the myosin-actin
complex in striated muscle is the basis for contraction
(see Figure 7-9).

In smooth muscle, actin filaments and associated
myosin attach to cytoplasmic and plasma membrane
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Figure 7-22. Development of a caveola
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dense bodies, representing the equivalent of the Z Calcium-dependent phosphorylation of myosin

disk of striated muscle. Dense bodies are attached to  regulatory light chains is responsible for the contrac-
the plasma membrane through desmin and vimentin ~ tion of smooth muscle. We discuss this mechanism

intermediate filaments. in Chapter 1, Epithelium, when we analyze the role
When the actin-myosin complex contracts, their  of different myosins in the cell (review Figure 1-32).
attachment to the dense bodies causes cell shortening. Smooth muscle myosin is a type II myosin,
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consisting of two heavy chains and two pairs of
light chains. The myosin molecule is folded when
dephosphorylated.

When type II myosin phosphorylates, it unfolds
and assembles into filaments. The actin binding site
on the myosin head is exposed and myosin can then
bind to actin filaments to cause cell contraction.

Smooth muscle can be stimulated to contract by
nervous stimulation, hormonal stimulation, or

AN

Concept mapping

stretch. For example, intravenous oxytocin stimulates
uterine muscle contractions during labor.

In response to an appropriate stimulus, there is an
increase in cytoplasmic Ca**. Ca** binds to calmodu-
lin. The Ca**-calmodulin complex activates myosin
light-chain kinase, which catalyzes phosphorylation
of the myosin light chain. When Ca®* levels decrease,
the myosin light chain is enzymatically dephosphory-
lated, and the muscle relaxes.
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Essential concepts

Muscle Tissue

* There are three types of muscle:
(1) Skeletal muscle.
(2) Cardiac muscle.
(3) Smooth muscle.
Skeletal muscle is surrounded by the

epimysium, a layer of dense connective tissue.

The perimysium, derived from the epimysium,
surrounds bundles or fascicles of muscle
cells, also called muscle fibers. Each muscle
fiber within a fascicle is surrounded by the
endomysium, a thin layer of reticular fibers
and extracellular matrix closely associated to a
basal lamina enveloping each muscle cell.
Skeletal muscle cells are multinucleated
cells, resulting from the fusion of myoblasts.

Each skeletal muscle cell is surrounded by a
plasma membrane (called sarcolemma). The
sarcolemma is surrounded by a basal lamina
and satellite cells.

The sarcolemma projects long processes,
called transverse tubules or T tubules, deep
into the cytoplasm (called sarcoplasm). The
sarcoplasm contains mitochondria (called
sarcosomes). Each T tubule is flanked by sacs
of the endoplasmic reticulum (called sarco-
plasmic reticulum) forming a tripartite structure
called a triad, found at the junction of the A
band and I band. The nuclei are located at the
periphery of the cell. An important component
of the sarcoplasm is the myofibril.

A myofibril is a linear repeat of sarcomeres.

Each sarcomere consists of two major cyto-
skeletal myofilaments: actin and myosin.

Note the difference between myofibril and
myofilament. The arrangement of these two
myofilaments generates a banding pattern (or
striation), characteristic of skeletal and cardiac
muscle tissue. There is an A band (dark) and
| band (light). The A band is at the center of
the sarcomere; the Z disk bisects the | band.
The A band is bisected by the H band, which
contains creatine kinase. The M line runs
through the midline of the H band.

A sarcomere is limited by two adjacent Z
disks. Actin inserts into each side of the Z disk.
Myosin myofilaments do not attach to the Z
disk. Actin is associated with the tropomyosin-
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troponin complex (formed by troponins I, C,
and T) and nebulin. Myosin (called myosin 1)
consists of two identical heavy chains (with a
globular head) and two pairs of light chains.
The globular heads have an actin-binding
region, and ATP-binding region, and a light
chain—binding region. Titin is associated with
myosin.

Each Z disk is encircled by the intermediate
filament desmin. Desmin filaments are linked
to each other by plectin. The desmin-plectin
complex forms a lattice with the opposite ends
attached to costameres in the sarcolemma.
This arrangement stabilizes the myofibrils in
the sarcoplasm during muscle contraction.

« During muscle contraction, the length of
myosin and actin myofilaments does not
change. The length of the sarcomere de-
creases because actin and myosin slide past
each other, represented by a reduction in the
width of the I band and H band. ATP is an
energy source for muscle contraction. Creatine
phosphate (produced in sarcosomes) is a
back up mechanism to maintain steady levels
of ATP during muscle contraction. Creatine
kinase catalyzes a reversible reaction generat-
ing creatine and ATP from the hydrolysis of
creatine phosphate.

Inside the muscle, a motor nerve gives
rise to numerous branches, each innervating
a single muscle cell. The motor nerve and its
innervating branches form a motor unit.

An excitation-contraction signal is produced
by the release of acetylcholine from a presyn-
aptic button into a primary synaptic cleft, an
invagination on the surface of a muscle cell
coated with basal lamina containing acetylcho-
linesterase. The primary synaptic cleft forms
secondary synaptic clefts, also covered by
basal lamina. Crests of the secondary synaptic
clefts contain acetylcholine receptors.

An action potential depolarizes the sarco-
lemma, and the action potential travels inside
the muscle cell along T tubules, which are
in contact with channels of the sarcoplasmic
reticulum containing calcium. Calcium ions are
released, bind to troponin C, and initiate con-
traction by regulating myosin-actin interaction.
When depolarization ends, calcium ions are
pumped back into the sarcoplasmic reticulum
channels and bind to calsequestrin.

Botulinum toxin binds to the presynaptic
membrane of the nerve terminal and blocks
the release of acetylcholine. Curare binds to
the acetylcholine receptor, prevents binding of
acetylcholine, and induces muscle paralysis.

In myasthenia gravis, an autoimmune
disease that produces fatigue with exercise,
autoantibodies bind to the acetylcholine recep-
tor and prevent binding of acetylcholine.

* Muscular dystrophies are a group of
congenital muscular diseases characterized
by muscle weakness, atrophy, serum levels
increases of muscle enzymes, and destructive
changes in muscle tissue.

The following protein complexes, some of
them part of the dystrophin-associated protein
(DAP) comple, are present in the sarcoplasm
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or in the sarcolemma adjacent to the sarco-
plasm. They provide mechanical stabilization
during muscle contraction:

(1) Dystroglycan complex consists of
dystroglycan-o. and dystroglycan-f. Dystrogly-
can-a. binds to the a chain of laminin-2, and
dystroglycan- binds to dystrophin. No primary
defects in the dystroglycan complex have been
identified.

(2) Sarcoglycan complex consists of six trans-
membrane subunits (o, B, v, 8, &, and T). Sar-
coglycanopathies (for example, limb-girdle
muscular dystrophies) are caused by defects
in components of the sarcoglycan complex.

(3) Dystrophin binds the dystroglycan com-
plex to actin in the sarcoplasm. Duchenne’s
muscular dystrophy, an X-linked recessive
condition, is caused by a deficiency in dystro-
phin. The absence of dystrophin results in the
loss of syntrophins and other components of
the DAP complex.

(4) Dystrobrevin (o and B subunits), present
in the sarcoplasm.

(5) Syntrophins (o, B1, B2, y1, and y2 sub-
units) are found in the sarcoplasm and bind to
dystrophin and dystrobrevin.

(6) Sarcospan, a transmembrane protein.

« Satellite cells are closely associated to skel-
etal muscle cells and are covered by a basal
lamina. In mature muscle, satellite cells are
quiescent. Activated satellite cells activated by
trauma or mechanical stress can self-renew
and proliferate. The expression of myogenic
regulatory factors (for example, Myf5 and
MyoD) activates satellite cells, which become
myogenic precursor cells (to form muscle
cells) or side-population cells (to differentiate
into hematopoietic cells).

« The neuromuscular spindle is a special-
ized encapsulated length sensor of muscle
contraction. It is supplied by sensory and mo-
tor nerves and consists of specialized muscle
fibers. Muscle fibers on the interior of the neu-
romuscular spindle are called intrafusal fibers
to distinguish them from the nonspecialized
extrafusal fibers, regular skeletal muscle fibers
aligned in parallel with the intrafusal fibers.

There are two kinds of intrafusal fibers desig-
nated by their histologic appearance:

(1) Nuclear bag fiber, consisting of a non
striated sensory bag-like central region that
contains many nuclei and striated contractile
elements at the ends of the fiber.

(2) Nuclear chain fiber, so-called because its
central portion contains a chain-like array of
nuclei, also has striated contractile ends.

When extrafusal fibers contract, the neu-
romuscular spindle becomes slack. This
information is transmitted by sensory nerves to
the spinal cord, which activates motor neurons
that stretch the spindle.

This is the base of the clinical test of tendon
reflexes (knee jerk).

In contrast to the neuromuscular spindle,
the Golgi tendon organs are located in series
with the extrafusal muscle fibers. They provide
information about the force of contraction
(tension) of the skeletal muscle.

« There are three major types of skeletal
muscle fibers: red fibers (involved in mainte-
nance of posture), white fibers (responsible
for rapid contraction), and intermediate fibers
(a combination of the characteristics of red
and white fibers). Muscles contain a mixture
of the three types of fibers.

» Cardiac muscle consists of branched
cylindrical cells called cardiocytes. They
contain a central nucleus and myofibrils in the
cytoplasm. The organization of the sarcomere
is similar to skeletal muscle. The following
differences are observed:

(1) T tubules and short portions of the
sarcoplasmic reticulum form diads (instead
of triads).

(2) Diads are found at the level of the Z disk
(instead of the A-l band junction).

(3) Mitochondria contain abundant cristae.

(4) Cardiocytes are joined end-to-end by
intercalated disks.

(5) Intercalated disks display a steplike
arrangement with a transverse portion (con-
taining desmosomes and fasciae adherentes),
and a longitudinal portion (where gap junc-
tions are located).

A specialized type of cardiac fiber is the
Purkinje fiber, a glycogen-rich cell with fewer
myofibrils, involved in conductivity.

+ Smooth muscle cells are found in the wall
of the alimentary tube, urinary excretory
passages, respiratory tract, uterus, and blood
vessels.

Smooth muscle cells are spindle-shaped,
tapering cells, with a central nucleus and sur-
rounded by a basal lamina. We discussed the
ability of smooth muscle cells to synthesize
and secrete components of collagen and
elastic fibers. The cytoplasm contains actin,
myosin, and intermediate filaments.

A typical feature of muscle cells are caveo-
lae, regarded as a primitive T tubule system.

Caveolae develop from lipid rafts, a domain
in the plasma membrane enriched in choles-
terol and sphingolipids. The protein caveolin
binds to cholesterol. Caveolae are not seen
when the caveolin gene is not expressed. The
detachment of caveolae forms pinocytotic
vesicles, involved in vesicular trafficking and
signaling.

» The contraction of smooth muscle c