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Preface


Following the enthusiastic reception of the fourth edition of Pathologic Basis of Veterinary Disease both nationally and internationally, the fifth edition continues with the same philosophical approach—explaining pathology and its lesions in the context of understanding disease in a chronological sequence of events from both the morphologic and mechanistic perspectives, and with an emphasis on responses of cells, tissues, and organs to injury.


Veterinary pathology is a dynamic discipline and since the fourth edition was published in 2006, there have been many new insights into the pathogeneses of existing diseases and new or reemerging diseases, many of which have serious economic and health consequences for animals and humans. As a result, to meet the growing scope of the veterinary curriculum we have added to the fifth edition new and revised materials on pets, livestock, and production animal health, including diseases the USDA/APHIS and the World Organization for Animal Health (OIE) consider as “Foreign Animal Diseases” or “OIE Reportable Diseases,” respectively.


The book is not meant to be encyclopedic; specific diseases have been selected either because they are of primary importance in the practice of veterinary medicine or because they illustrate a basic mechanism. We also hope this edition will continue to provide a bridge between students’ understanding of material learned in the basic sciences and the interpretation of results of physical examinations, differential disease diagnoses, imaging modalities, biochemical and molecular diagnostic methods, and therapeutic strategies presented in the students’ clinical years.






New to this Edition


The fifth edition of Pathologic Basis of Veterinary Disease has been updated and reorganized such that specific diseases are described under the major domestic animal affected—horses, ruminants (cattle, sheep, and goats), pigs, dogs, and cats. Those disorders and diseases not unique to a single species are grouped under a heading titled “Disorders of Domestic Animals.” We continue to describe disease pathogenesis based on sections covering structure, function, portals of entry, defense mechanisms, and responses to injury, augmented by schematic color diagrams and full color illustrations of lesions. Our hope is that this approach will be helpful to the student (and to their instructors) in their understanding of both pathology and the related disciplines of microbiology, immunology, and infectious diseases. Other additions to the fifth edition include new sections on the genetic basis of disease, diseases of the ear, and diseases of ligaments and tendons and a new chapter on mechanisms of microbial infections.









Evolve Site


An enhanced Evolve site accompanies this edition. The Evolve site includes all of the images from the book, plus additional images and schematic illustrations that supplement some common diseases and disease processes discussed in the book. These additional materials may be useful adjuncts for instructors in classroom and/or laboratory presentations.


To avoid adding length and weight to the book, information of historical value and basic clinical information have been removed from the printed book and can be found on the Evolve site. Also included on the Evolve site are guidelines for performing a complete, systematic necropsy and appropriate sample acquisition for selected organ systems; a glossary of terms to accompany selected organ systems; and methods for gross specimen photography and photomicrography. Additionally, all of the selected readings are available on the Evolve site and are linked to original abstracts on PubMed.


The printed book will direct you to the website when there is additional information available.









About the Cover


Canine parvovirus enteritis, an important and often fatal disease of dogs, is caused by a cytolytic virus that infects and kills mitotically active cells including crypt enterocytes of the small intestine. Virus in fecal matter is inhaled or ingested and then deposited on and trapped in the mucus layer of oral, nasal, and pharyngeal mucosae, where it infects mucosal macrophages or dendritic cells. These cells spread parvovirus to lymphocytes of the lamina propria of the mucosa, especially that of the tonsil where it infects and replicates in lymphocytes. Many of these cells subsequently lyse, allowing virus to escape free into the lymph, where it and infected macrophages drain to regional lymph nodes and then, via the blood vascular system, systemically to the spleen, thymus, lymph nodes, bone marrow, and mucosa-associated lymphoid nodules (MALT) such as Peyer’s patches of the small intestine. In Peyer’s patches, chiefly the mitotically active cells of the lymphoid follicle are infected and lysed (lymphocytolysis). From Peyer’s patches, parvovirus spreads to adjacent crypts causing enterocyte necrosis, with the result that enterocytes required to replace those lost in normal turnover of absorptive enterocytes sloughed from the tip of a villus, or from destruction by the virus, are not produced. Consequently, villi in a short time are denuded of epithelium, and the primary gross lesion that results is fibrinonecrotic enteritis with hemorrhage and an accompanying serositis. Necrotic crypt enterocytes slough and release virus into the intestinal lumen and then, through diarrheic feces, pass it into the environment.


If no crypt enterocytes are viable, the villi will remain naked, collapse, and fuse together; however, if some crypt enterocytes are still viable, they will become hyperplastic and divide rapidly to re-epithelialize the denuded villi. To facilitate this process, the villi collapse to reduce the volume of their surface area and the crypt enterocytes replicate to produce a less specialized low cuboidal enterocyte that spreads out to cover the exposed basement membrane of the surface area. With time, these less specialized enterocytes will be replaced by fully functioning columnar enterocytes. Thus villus atrophy can be either a transitory stage in regeneration with return to normal structure and function of affected villi or a permanent alteration if there is complete destruction of “regenerative” crypt enterocytes in that segment of the small intestine.
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Section 1


General Pathology






CHAPTER 1


Cellular Adaptations, Injury, and Death


Morphologic, Biochemical, and Genetic Bases




Ronald K. Myers, M. Donald McGavin and James F. Zachary





The simple definition that pathology is “the study of disease” understates the wide range of contributions of this discipline to modern medicine. An understanding of pathology is fundamental to developing a mechanistic comprehension of how disease occurs in a chronologic sequence of events and consequently, how it can be diagnosed, treated, and prevented.


To students of medical science, pathology is the course of study that finally connects the study of normal structure and function (histology, anatomy, and physiology) to the study of clinical medicine. Pathology is fundamental to making sense of how the various causes of disease such as infectious microorganisms interact with animals and result in clinically identifiable conditions.


Pathology is also an important professional discipline that directly supports the practice of clinical medicine. Diagnostic pathologists, for example, perform postmortem examinations (necropsies), which provide clinicians with essential information on how to manage disease outbreaks in herds and how to improve management of individual cases. Surgical pathologists examine tissue removed from live animals (biopsy) and provide diagnoses that help clinicians treat animals under their care. Toxicologic pathologists test and evaluate the effects and safety of drugs and chemicals in laboratory animals. Clinical pathologists perform tests on blood and other body fluids (hematology and serum chemistry, for example) and examine cells (cytology) to provide detailed and essential information for clinicians. Experimental pathologists study the tissue, cellular, and molecular mechanisms of human and animal diseases in the fields of biomedicine and biomedical engineering.


Pathology is also an experimental science that makes essential contributions to advance our understanding of disease mechanisms through the use of a diverse variety of scientific techniques. Advanced methods of cell and molecular biology are used to unravel the complexities of how cells and animals respond to injury, so that a deeper understanding of disease processes can help improve treatment and prevention.


In summary, pathology is according to one dictionary definition (Stedman’s Medical Dictionary) “the medical science, and specialty practice, concerned with all aspects of disease, but with special reference to the essential nature, causes, and development of abnormal conditions, as well as the structural and functional changes that result from the disease processes.”






Basic Terminology


If pathology is the study of disease, what is disease? A dictionary definition (Dorland’s Medical Dictionary) states that disease is “any deviation from or interruption of the normal structure or function of any part, organ, or system (or combination thereof) of the body that is manifested by a characteristic set of symptoms and signs and whose etiology, pathology, and prognosis may be known or unknown.” Disease is not just illness or sickness but includes any departure from normal form (lesions) and function, whether it is clinically apparent or not.


Pathologists study lesions, as well as the causes (etiologic agents) of the lesions to understand the pathogenesis of a disease. Pathogenesis is the mechanism of how a disease develops from its initiation to its cellular and molecular manifestations. Understanding pathogenesis is essential to understanding how a disease is initiated and progresses, how these changes relate to clinical signs at different stages of the disease, and how appropriate clinical action can be taken.


The relationship of pathology to clinical medicine and the use of some of the basic terms discussed previously along with some additional terms are illustrated in the following clinical scenario.


In a beef feedlot, several steers and heifers are exhibiting difficult breathing, hunched posture, and depression (clinical signs). Physical examination of some of the infected animals reveals elevated temperatures, pulse rates, and respiration rates. Auscultation of the thorax reveals absence of air movement in the cranial region of the thorax along with some crackles and wheezes in other lung fields. A clinical diagnosis of bronchopneumonia is made. Some of the animals die, and a necropsy (postmortem examination) is done. The cranioventral lobes of the lungs are dark red and firm, with fibrin covering the surface (gross lesions). A gross morphologic diagnosis of severe acute fibrinopurulent cranioventral bronchopneumonia is made. Formalin fixed samples are taken for microscopic examination (histopathology), neutrophilic inflammation of airways and alveoli with fibrin are noted (microscopic lesions), and a histologic morphologic diagnosis of severe acute fibrinopurulent bronchopneumonia is made. Fresh samples of lung are taken for bacterial and viral examination, and Mannheimia haemolytica and a bovine herpes virus (etiologic agents or causes) are identified. An etiologic diagnosis of Mannheimia bronchopneumonia and a disease diagnosis of “shipping fever pneumonia” are made.


The pathogenesis of this disease might be stated in an abbreviated form like the following:








Various viruses, such as infectious rhinotracheitis virus, and environmental agents, such as dust and noxious gases, disrupt the clearance mechanisms of the airway epithelium allowing opportunistic organisms, such as the bacterium Mannheimia haemolytica, to colonize and invade the alveoli. Virulence factors of the bacteria, such as endotoxin and various exotoxins, cause necrosis and inflammation, which result in the filling of alveoli and airways with fibrin and neutrophils.





Although a diagnostic pathologist did the histologic diagnosis of the disease, the details of this pathogenesis were discovered over time by researchers in many fields, including experimental pathologists.









Types of Diagnosis


Note that various levels of diagnosis were made in the previous scenario. Diagnosis is a concise statement or conclusion concerning the nature, cause, or name of a disease. The accuracy of a diagnosis is limited by the evidence (lesions) available for study. A clinical diagnosis is based on the data obtained from the case history, clinical signs, and physical examination. It often suggests only the system involved, or it provides a list of differential diagnoses. The differential diagnosis (often termed rule outs in clinical medicine) is a list of diseases that could account for the evidence or lesions of the case. A clinical pathologic diagnosis is based on changes observed in the chemistry of fluids and the hematology, structure, and function of cells collected from the living patient. A morphologic diagnosis or lesion diagnosis is based on the predominant lesion(s) in the tissue(s) (see Chapter 3 and Fig. 3-23). It may be macroscopic (gross) or microscopic (histologic) and describes the severity, duration, distribution, location (organ or tissue), and nature (degenerative, inflammatory, neoplastic) of the lesion. An etiologic diagnosis is even more definitive and names the specific cause of the disease. A disease diagnosis is equally specific and states the common name of the disease.


One of the goals in making a diagnosis in a case is to enable a clinician to predict how the disease will progress or resolve. Prognosis is a statement of what the expected outcome of a condition is likely to be. If the lesion is expected to resolve (return to normal) with no expected lasting harm, the prognosis is good or excellent. If the outcome is uncertain—the lesion could resolve or become worse as a result of unforeseen factors—the prognosis is guarded. If the animal is not expected to recover from the lesion or disease, the prognosis is grave. Accurate determination of the prognosis demands a thorough understanding of the disease, especially pathogenesis.


As in this book, the study of pathology is often divided into two basic parts: general pathology and pathology of organ systems. General pathology is the study of basic responses of cells and tissues to insults and injuries, irrespective of the organs, systems, or species of animal involved. This area of pathology is one of the most complex and rapidly growing fields in the natural sciences, largely as the result of the availability and power of new research techniques. General pathology is studied first, so students will have a thorough understanding of the general principles of disease processes that they will encounter repeatedly in the study of diseases of body systems. Pathology of organ systems (sometimes called systemic or special pathology) involves the study of how each organ system reacts to injury associated with specific diseases.









Morphologic Changes and How They Are Detected and Evaluated


The study and practice of pathology historically have been based on the macroscopic and microscopic changes that take place in diseased cells, tissues, and organs, that is to say, the morphology of lesions. Consequently, most pathology texts tend to emphasize anatomic pathology. Morphologic techniques remain the cornerstones of pathology, but progress in our deeper understanding of the mechanisms and in the diagnosis of disease rely more and more on techniques derived from cellular and molecular biology.


The basic tools for the study and practice of pathology begin with an open and inquiring mind, skills in observation, and careful and consistent postmortem techniques. The diagnosis of many diseases can be accurately accomplished with no more than gross examination of a body. Confirmation of gross lesions and discovery and interpretation of microscopic changes typically involves observation of tissue placed on glass microscope slides. Tissues are first fixed (i.e., preserved) usually in 10% formalin, embedded in blocks of paraffin wax, microtome sectioned to about 5 µm thickness, and routinely stained with hematoxylin and eosin (H&E). H&E stained sections are the mainstay of histopathology in both postmortem and surgical pathology, and interpretation of lesions in these specimens can often lead to a final diagnosis. A simplistic explanation of the labeling characteristics of the H&E stain as applied to tissue sections is as follows: Hematoxylin stains nucleic acids (nucleus, ribosomes, mitochondria) blue, whereas eosin stains proteins, such as those found intracellularly (e.g., enzymes, actin, and myosin) or those proteins found extracellularly (e.g., collagen and extracellular matrix [ECM]), red or pink.


A variety of ancillary techniques are also used in histopathology. Histochemistry applies a variety of chemical reactions carried out on tissue sections. Glycogen, for example, can be identified in hepatocytes using periodic acid–Schiff (PAS) reaction. Suspected mast cell tumors are routinely stained to demonstrate the metachromatic mast cell granules using toluidine blue or Giemsa stains.


Increasing use in diagnostic laboratories is being made of immunohistochemistry, in which specific antigens are identified in tissue by antibodies linked to a chromogen. Detection of specific intermediate fibers by immunohistochemistry, in tumors, for example, can separate malignant striated muscle tumors from other sarcomas. Specific infectious agents, such as the coronavirus causing feline infectious peritonitis, can also be identified using immunohistochemistry.


A variety of techniques for identification of molecules or genetic sequences are now in use, with more expected. In situ hybridization, in which labeled nucleic acid probes can identify complementary strands of host or microbe deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) in intact cells and tissues, is particularly useful in the diagnosis and study of viral disease. These techniques are not as sensitive as polymerase chain reaction (PCR), in which small amounts of target DNA in biologic material are amplified and identified. Small amounts of target DNA of microbes (for example) can be identified in tissues, and RNA sequences can be identified after conversion to DNA and subsequent amplification.


The typical light microscope can magnify to about 1000× and is adequate for routine histopathology. Specialized microscopes, such as dark field, phase contrast, and fluorescence microscopes, are also used, often for identification of microbes. In both diagnostic and experimental settings, electron microscopy is used to visualize the subcellular structure of cells and microbes. Transmission electron microscopy of ultrathin sections allows resolution of ultrafine structures of less than a nanometer. Scanning electron microscopy allows the ultrafine observation of surfaces. Specialized analytical electron microscopes are also in use. Finally, laser capture microdissection allows pathologists to isolate and capture groups of similar cells from tumors or a diseased tissue. Using DNA microarrays and other genomic techniques, the genes expressed by these cells can be identified and characterized, thus providing a “genetic fingerprint” of the disease process that clinically can be used to develop therapeutic strategies and assess the outcome. Proteomics, which are molecular techniques used to reveal the protein profiles from genes in tissues and fluids, are also being increasingly used.









The Normal Cell





Components of Normal Cells and their Vulnerabilities


The early pathologists Morgagni and Bichat emphasized the importance of organs and tissues as the seat of disease. Virchow later focused on individual cells as the primary cause of abnormal function and structure associated with diseases. Before we can interpret lesions of sick cells, it is essential that we understand normal cell structure and function. The cell can be visualized simplistically as a membrane-enclosed compartment, subdivided into numerous smaller compartments (organelles) by membranes (Fig. 1-1). This vast interconnecting system of membrane-bound spaces is termed the cytocavitary network. The function of these organelles is largely determined by the type and quantity of specific enzymes associated with each membrane and in the cytoplasmic matrix.




[image: image]


Fig. 1-1 Cell structure and the organization of organelles, cytoskeleton, and membrane enhancements. (From McCance K, Huether S: Pathophysiology: the biologic basis for disease in adults and children, ed 5, St Louis, 2006, Mosby.)





It is essential to have a clear understanding of the structure and function of the components of normal cells and how they are interrelated in a normally functioning cell. Cell membranes and organelles serve as targets for injury by microbes, harmful environmental agents, and a variety of genetic, metabolic, and toxicologic diseases discussed in greater detail in the Pathology of Organ Systems chapters of this book.






Cell Membranes


Cell membranes are a fluid phospholipid bilayer penetrated by numerous specific proteins (Fig. 1-2). The two main biologic functions of these membranes are (l) to serve as selective barriers and (2) to form a structural base for the enzymes and receptors that determine cell function. Cell membranes form the boundaries of many organelles and separate them from the cytosol.




[image: image]


Fig. 1-2 Fluid mosaic model of cell membrane structure.
The lipid bilayer provides the basic structure and serves as a relatively impermeable barrier to most water-soluble molecules. (From McCance K, Huether S: Pathophysiology: the biologic basis for disease in adults and children, ed 4, St Louis, 2002, Mosby.)





The plasma membrane is the cell’s first contact with injurious agents. Microvilli and cilia are specialized areas of the plasma membrane and are often specifically altered in disease (see Fig. 1-1). Plasma membranes separate the interior of the cell from external surfaces, neighboring cells, or surrounding matrix. Surface proteins, such as fibronectin, play a role in cell-to-cell and cell-to-ECM interactions. Transmembrane proteins embedded in the phospholipid bilayer serve in a variety of structural, transport, and enzymatic functions essential to cell viability (Fig. 1-3). It is these transmembrane proteins that are often used by infectious microbes to enter or use cell systems during their life cycles, thus initiating a process that often results in injury to the host cell.




[image: image]


Fig. 1-3 Functions of transmembrane proteins.
A variety of functions are performed by different types of cell membranes as shown. (From McCance K, Huether S: Pathophysiology: the biologic basis for disease in adults and children, ed 5, St Louis, 2006, Mosby.)












Cytosol


The cytosol is the watery gel in which the cell’s organelles and inclusions are dispersed. Many chemical reactions occur in the cytosol mediated by “free” enzymes or macromolecular complexes such as proteasomes. The cytosol is a highly organized microtrabecular network.









Mitochondria


Mitochondria (singular = mitochondrion) are the “powerhouses” of highly specialized eukaryotic cells. They are the site of fatty acid oxidation, the citric acid cycle, and oxidative phosphorylation. Transfer of electrons from reduced cytochrome oxidase to molecular oxygen is the final and critical step culminating in these catabolic pathways. Important structural components of a mitochondrion are the outer membrane, outer compartment, inner membrane, inner compartment (matrix), cristae, and mitochondrial DNA. Damage to mitochondria results in diminished adenosine triphosphate (ATP) production and if damage is unchecked, cell death (see Fig. 1-6).









Nucleus


The nucleus is that portion of the cell responsible for storage and transmission of genetic information (see Fig. 1-1). Chains of DNA, complexed to protein, are chromatin. Areas of uncoiled chromatin (euchromatin) are active in the generation of messenger RNA (mRNA) for protein synthesis. Highly coiled chromatin (heterochromatin) is inactive in transcription. The outer nuclear membrane is continuous with that of the rough endoplasmic reticulum (RER).









Nucleolus


The nucleolus is a basic organelle of the nucleus and is composed of RNA, nucleolus-associated chromatin, and protein (see Fig. 1-1). It functions in the synthesis of ribosomal RNA (rRNA), essential in protein synthesis. The nucleolus can be basophilic or eosinophilic, and its prominence is a subjective measure of the cell’s synthetic activity.









Rough Endoplasmic Reticulum


The RER is a network of intracellular membranes studded with ribosomes (Fig. 1-4). RER is prominent in cells producing large amounts of extracellular protein (e.g., reactive fibroblasts, hepatocytes, plasma cells, and pancreatic acinar cells). The RER is responsible for the basophilia of the cytoplasm because of the numerous ribosomes, which contain acid (i.e., RNA).
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Fig. 1-4 Membrane systems.
The rough endoplasmic reticulum and Golgi apparatus are important organelles in cellular biosynthesis of proteins and glycoproteins inserted into cell membranes and used in and secreted from cells. Transcription, translation, assembly, modification, and packaging of these molecules occur in an orderly sequence from the nucleus to the cell membrane as shown. Alterations in one or more of these steps can result in cell injury and serve as the underlying pathogenesis of a disease process. (From Copstead L, Banasik J: Pathophysiology, ed 4, St Louis, 2010, Mosby.)












Smooth Endoplasmic Reticulum


Smooth endoplasmic reticulum (SER) is a tubular or vesicular form of cell membrane that lacks ribosomes (see Fig. 1-1). SER is the locus of enzymes that metabolize steroids, drugs, lipids, and glycogen. It gives the cytoplasm a pale, finely vacuolated appearance as viewed in the light microscope.









Golgi Complex


The Golgi complex consists of several lamellar stacks or flattened sacs of membranes, vesicles, and vacuoles (see Fig. 1-4). It functions in the synthesis of complex proteins by the addition of carbohydrate molecules and in the production of secretory vesicles and lysosomes.









Lysosomes


Lysosomes are small membrane-bound vesicles laden with hydrolytic enzymes essential for intracellular digestion (see Fig. 1-1). They are discussed more completely as components of phagocytic cells. Peroxisomes are similar to lysosomes but also play a role in energy metabolism.









Microfilaments, Intermediate Filaments, and Microtubules


These structures are composed of protein subunits and function in the cytoskeleton and in cell movement (Fig. 1-5). They have a prominent role in the mitotic spindle, cilia, microvilli, neurons, myocytes, and phagocytic cells. Many cell types besides muscles, for example, contain actin microfilaments.
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Fig. 1-5 Cytoskeleton.
The complexity of and interrelations between intermediate filaments, microtubules, endoplasmic reticulum, and other cytoplasmic organelles that can be involved in the pathogenesis of diseases are shown. (From McCance KL, Huether SE: Pathophysiology: the biologic basis for disease in adults and children, ed 5, St Louis, 2006, Mosby.)





Intermediate filaments are about 10 nm in diameter and are important in cell shape and movement. Different cell types have different intermediate filaments; for example, cytokeratins are found in epithelial cells, desmin in muscle cells, and vimentin in cells of mesenchymal origin such as fibroblasts. Intermediate filaments can be useful markers for classifying undifferentiated neoplasms.









Cellular Inclusions


Inclusions include glycogen granules, proteinaceous vacuoles, lipid debris, hemosiderin, viral particles, and calcium granules (discussed in greater detail later in this chapter). Some of these are normal, whereas others are the result of cell injury and are discussed later in this chapter in the section dealing with intracellular and extracellular accumulations.









Extracellular Matrix


Although not part of the cell itself, the ECM and its integrity influences cell health and function (see Chapter 3 and Web Figs. 3-23 and 3-24). ECM includes basement membranes and interstitial matrices composed of various collagens, proteoglycans, and adhesive glycoproteins among a variety of other molecules that interact with cells by means of various integrin molecules. Basement membrane integrity, for example, is essential for the proper structure and functioning of epithelial cells. Other components of the ECM influence how cells grow and differentiate.















Causes of Cell Injury


Causes of cell injury are numerous and can be classified in a variety of ways. Some causes, such as physical trauma, viruses, and toxins, are clearly extrinsic, whereas others, such as spontaneous genetic mutations, are clearly intrinsic. Others, such as workload imbalance, nutritional abnormalities, and immunologic dysfunctions, can have components of both extrinsic and intrinsic mechanisms. General mechanisms of injury include ATP depletion (often caused by hypoxia), membrane damage (a result of a myriad of causes, including oxygen-derived free radicals), disturbances of cellular metabolism, and genetic damage (Fig. 1-6).
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Fig. 1-6 Cellular and biochemical sites of damage in cell injury.
ATP, Adenosine triphosphate; ROS, reactive oxygen species. (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)





Understanding disease starts with understanding the cell. Until the nineteenth century, the dominant theory of disease in western societies was humoral pathology, wherein disease was attributed to a maldistribution of body fluids or “humors.” In the mid-1800s, Rudolph Virchow, a German pathologist now considered to be the founder of modern pathology, redefined pathology and medical science with his idea of the body as an organization of cells, each suited for specific functions. He taught that disease resulted from injury to, or dysfunction of, specific populations of cells. The recent rapid advancement in medical science is owed to a great extent to Virchow’s original emphasis on cellular pathology and more recently on molecular pathology.


Cells can be injured through a large number of causes (etiologic agents). Fortunately, the types of responses of the cell to injury are not as large. The responses to injury depend on many factors, including the type of agent, the extent of injury, the duration of injury, and the cell type affected. Renal tubular cells deprived of adequate blood supply, for example, may exhibit only cell swelling, if oxygen is soon restored. Prolonged lack of adequate blood supply (ischemia) can lead to cell death. Diminished but sublethal reduction in blood supply may result in cells adapting by decreasing their metabolic rates, which could lead to recovery or if adaptation is inadequate, eventually death.


Cells respond to stimuli and stressors in a variety of ways to maintain homeostasis. Cell injury takes place when a cell can no longer maintain a steady state. Some types of cell injury, such as cell swelling, can be reversible if the extent and duration of injury are not excessive. But if the injury exceeds certain limits, cell death and irreversible change occur. Not all cell injury results in cell death. Cell injury may be sublethal and result in a variety of types of cell degenerations or accumulations and/or adaptations by the cell to the injury. In essence, cells or tissues respond to injury (or stress) in three important ways: (l) adaptation, (2) degeneration or intracellular or extracellular accumulations, and (3) death (Fig. 1-7).
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Fig. 1-7 Stages in the cellular response to stress and injurious stimuli. (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)





Pathologically, reversible cell injury is injury from which the cell can adapt or recover and thus return to normal or nearly normal function. Irreversible cell injury results in a dead cell. This distinction seems clear-cut, but the point at which a cell transitions from reversible cell injury to irreversible cell injury (i.e., “the point of no return”) has been a major research challenge for the past few decades and remains so today (Fig. 1-8). The lesions of reversible and irreversible cell injury are discussed in greater detail in subsequent sections; however, in summary, the cytomorphologic changes characteristic of irreversible cell injury include the following:
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Fig. 1-8 Postulated sequence of events in reversible and irreversible ischemic cell injury.
Note that although reduced oxidative phosphorylation and adenosine triphosphate (ATP) levels have a central role, ischemia can cause direct membrane damage. ER, Endoplasmic reticulum; CK, creatine kinase; LDH, lactate dehydrogenase; RNP, ribonucleoprotein. (From Kumar V, Abbas A, Fausto N: Robbins & Cotran pathologic basis of disease, ed 7, Philadelphia, 2005, Saunders.)







• Plasma membrane damage


• Calcium entry into the cell


• Mitochondrial swelling and vacuolization


• Amorphous densities (likely calcium) in the mitochondria


• Lysosomal swelling





The causes of reversible and irreversible cell injury resulting in cell death, cell adaptation and degeneration, and finally cellular accumulations are now discussed.






Oxygen Deficiency


Hypoxia is one of the most common and important causes of cell injury and death (see Fig. 1-8). Hypoxia is a partial reduction in the O2 concentration supplied to cells or tissue; a complete reduction is referred to as anoxia. Oxygen is critically important for oxidative phosphorylation, especially in highly specialized cells such as neurons, hepatocytes, cardiac myocytes, and renal tubule cells. Hypoxia can result from inadequate oxygenation of blood as a result of heart failure or respiratory failure, loss or reduction of blood supply (ischemia), reduced transport of O2 in blood (e.g., anemia or carbon monoxide toxicity), and blockage of cell respiratory enzymes (cyanide toxicosis).









Physical Agents


Trauma, extremes of heat and cold, radiation, and electrical energy may seriously injure cells. Trauma may cause direct rupture and death of large numbers of cells, or it may damage the blood supply to cells. Extreme cold impairs the blood flow, and intracellular ice crystals rupture cell membranes. Extreme heat denatures essential cell enzymes and other proteins. Excessive heat can increase the rate of metabolic reactions so that substrates, water, and pH changes reach lethal levels. Electricity generates great heat as it passes through tissue. It also alters conduction of nerves and muscle. Ionizing radiation causes ionization of cellular water with production of highly reactive “free radicals” that injure cell components. Many forms of radiation may damage genetic material, resulting in reproductive death of cells by apoptosis, genetic defects from mutations, and neoplasia.









Infectious Agents


Viruses are obligate intracellular parasites that redirect host cell enzyme systems toward synthesis of viral proteins and genetic materials to the detriment of host cells. Cell changes induced by viral agents vary from little effect to cell death or neoplastic transformation.


Injury caused by bacterial infection varies and can result from the action of potent toxins on specific host cells (clostridial infections, enterotoxigenic Escherichia coli infection) or from an overwhelming or ineffective inflammatory response to uncontrolled bacterial replication in tissue. Some bacteria, such as Lawsonia intracellularis, can result in excessive intestinal epithelial cell replication.


Mycotic agents resist destruction by the body that can lead to progressive, chronic inflammatory disease with loss of normal host tissues. Protozoal agents replicate in specific host cells, often resulting in destruction of infected cells. Metazoan parasites cause inflammation, distort tissue, and use host nutrients.









Nutritional Deficiencies and Imbalances


Dietary protein-calorie deficiencies are seen sporadically in animals and humans (known as kwashiorkor). These deficiencies require metabolic adaptation by large populations of cells. Lipolysis, catabolism of muscle protein, and glycogenolysis enable short-term survival. Calorie excess, as seen in many pets and people of affluent societies, is implicated in cardiovascular disease and several other diseases. Vitamin and mineral imbalances are common due to errors in formulating rations and hypersupplementation by well-meaning animal owners.









Genetic Derangement


A normal genetic apparatus is essential for cell homeostasis. Mutations, whatever their origin, may cause no disease, may deprive a cell of a protein (enzyme) critical for normal function, may result in neoplasia, or may be incompatible with cell survival. A few examples of genetic diseases are defects of clotting factors (hemophilia), lysosomal storage disease (mannosidosis), combined immunodeficiency of Arabian foals, and defects of collagen synthesis (dermatosparaxis). Besides causing overt disease, some genotypes cause the host to be more prone to certain types of extrinsic or intrinsic disease, a condition often termed genetic predisposition.









Workload Imbalance


Cells that are overworked may adapt to the demand or eventually become exhausted and die. Conversely, cells that are no longer stimulated to work may shrink in size and waste away. An example is the way endocrine tissues react to the presence or absence of specific trophic hormones. Muscle fibers, deprived of work or their nerve supply, will atrophy and ultimately disappear, leaving a fibrous stroma.









Chemicals, Drugs, and Toxins


Chemicals, drugs, and toxins influence cells by a multitude of mechanisms. Drugs produce their therapeutic effects by modifying the function (and morphology) of specific populations of cells. Most drugs cause these cells to adapt within a tolerable range of homeostasis. Chemicals, including drugs and toxins, can block or stimulate cell membrane receptors, alter specific enzyme systems, produce toxic free radicals, alter cell permeability, damage chromosomes, modify metabolic pathways, and damage structural components of cells.









Immunologic Dysfunction


The immune system may fail to respond to infectious agents and other antigens as a result of congenital or acquired defects of lymphoid tissue or their products (see Chapter 5). Examples of congenital defects are thymic aplasia of nude mice and combined immunodeficiency of Arabian foals. Affected animals may die at an early age from infection by opportunistic microorganisms. Acquired immunodeficiency disease may be transient and results from damage to lymphoid tissue by viral infection, chemicals, and drugs.


The immune response directed toward foreign antigens (pathogenic organisms) is usually beneficial to the host, but sometimes the response is misdirected against antigens of host cells. This large group of diseases is referred to as autoimmune disease. An inappropriate or exaggerated response to certain antigens results in immunologic disease referred to as hypersensitivity (allergy). Some examples are anaphylaxis, feline asthma, and flea allergy dermatitis. The activity of the immune system is greatly amplified by its effect on serum complement and inflammation. These reactions often lead to serious injury to the kidney, skin, and joints.









Aging


The diminished capacity of aged cells and tissue to carry out their normal functions can hardly be disputed. One can argue that aging is simply the culmination of life’s injuries inflicted by chemicals, infectious agents, work imbalances, or poor nutrition. We use the aging category for those lesions commonly found in aged animals; lesions for which we have no other defensible mechanistic explanation. Some of the lesions commonly found in older animals include nodular hyperplasia of parenchymal cells in the liver, pancreas, adrenal, spleen, and thyroid. There appear to be defects in growth control of these cell populations, but the cause is unclear. Aged cells may suffer a lifetime of damage to their DNA, or there may be accumulation of cellular debris that interferes with normal cell functions. One could argue that many cancers are caused by old age, rather than by exposure to specific chemicals, foods, viruses, or other insults.












Reversible Cell Injury





Acute Cell Swelling


Cell swelling, also called hydropic degeneration and by other names in different organ systems (e.g., cytotoxic edema in the central nervous system and ballooning degeneration in the epidermis), is the most common and fundamental expression of cell injury (Fig. 1-9). It is manifested as increased cell size and volume resulting from an overload of water caused by a failure of the cell to maintain normal homeostasis and regulate the ingress and excretion of water. It is accompanied by modification and degeneration of organelles. Mechanisms responsible for acute cell swelling usually involve damage to cellular membranes, failure of cellular energy production, or injury to enzymes regulating ion channels of membranes. Cell swelling occurs in response to loss of the cell’s homeostasis secondary to mechanical, hypoxic, toxic, free radical, viral, bacterial, and immune-mediated injuries.
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Fig. 1-9 The process of acute cell swelling (hydropic degeneration).
ATP, Adenosine triphosphate. (From Huether S, McCance K: Understanding pathophysiology, ed 3, St Louis, 2004, Mosby.)





The functional and morphologic changes begin with increased uptake of water and then to diffuse disintegration of organelles and cytoplasmic proteins. Cell swelling must be distinguished from cell enlargement (hypertrophy) that is caused by an increase of normal organelles. Organs composed of swollen cells are themselves swollen. Affected organs are larger and heavier than normal and pale in color. The parenchyma of swollen organs, such as kidney and liver, may bulge a little from beneath their capsule when incised. Because of the increase of intracellular water, the specific gravity of affected tissues is slightly less than those of normal tissues.






Normal Cell Volume Control and Mechanisms of Acute Cell Swelling


In the normal cell, energy derived from ATP drives the Na+-K+ ion pumps within cell membranes to continuously drive Na+ out of the cell in exchange for K+ moving into the cell. For each molecule of ATP used, the pump moves three Na+ out of the cell and two K+ into the cell. By this means, the ion pumps maintain the transmembrane ionic gradients required for normal nerve and muscle function. Because water moves passively across cell membranes in response to the osmotic pressure gradient generated by Na+ and proteins, the Na+-K+ pump is the key to regulation of intracellular water. The best-studied laboratory models of cell swelling are (1) hypoxia-induced failure of ATP synthesis and (2) carbon tetrachloride (CCl4)–induced membrane damage.









Hypoxic Injury Resulting in Acute Cell Swelling


Hypoxia is probably the most important fundamental cause of acute cell swelling. Hypoxia-induced cell injury results from any defect in the transport of O2, from inspired air to its role as the final acceptor of electrons from cytochrome oxidase in oxidative phosphorylation. Ischemia is reduced blood flow to a region of the body, usually because of obstruction of the blood supply. Blockage of coronary arteries by atherosclerotic plaque leads to ischemia and hypoxic injury to heart muscle, a common cause of “heart attacks” in humans. Therefore cellular hypoxia occurs with suffocation, anemia, pneumonia, shock or other damage to the circulation, and interference with mitochondrial enzymes.


In acute hypoxic injury, cell O2 is depleted in moments, aerobic oxidative phosphorylation stops, and ATP levels fall. The drop in cellular ATP stimulates phosphofructokinase, the initial regulator step of anaerobic glycolysis. The metabolic switch to anaerobic metabolism of glucose rapidly depletes the cell’s glycogen stores and leads to the accumulation of intracellular lactate and inorganic phosphates. Although the anaerobic generation of ATP is inefficient, it provides for some short-term survival. Some highly specialized cell types, such as neurons, cannot generate ATP anaerobically and thus are especially prone to hypoxic injury. Ultimately, this deficiency of ATP leads to a failure of Na+-K+ pumps and loss of cell volume control.


The cardiac glycosides of plant origin, digitalis and ouabain, specifically inhibit the action of the Na+-K+ pump. This inhibition modifies the contractility of cardiac myocytes, but it may also cause them to swell.









Cell Membrane Injury in Acute Cell Swelling


Damage to the cell membranes, both plasma membranes and organelle membranes, destroys the selective permeability barrier that retains proteins and electrolytes within the cytosol and that restricts the entry of Na+, Ca2+, and water from the extracellular space. Failure of the barrier results from chemical modification of phospholipids by free radicals, covalent binding of toxic chemicals to macromolecules, interference with ion channels, and insertion of transmembrane protein complexes (e.g., complement activation).


The hepatotoxicities of CCl4 and chloroform (CHCl3) provide classic examples of cell membrane injury (Fig. 1-10). Toxic effects of CCl4 occur when the chemical is converted to the trichloromethyl radical, CCl3•, by the mixed-function oxidase system of the SER in hepatocytes. The toxic metabolite, CCl3•, next causes progressive lipid peroxidation of unsaturated fatty acids of cellular membranes, progressing from the SER to mitochondria and other cell membranes. Chloroform is toxic to hepatocytes when it is metabolized to the electrophilic metabolite, phosgene (COCl2•). The hepatic lesions associated with these two toxins are indistinguishable, and both may result in fatty liver.
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Fig. 1-10 Sequence of events leading to fatty change and cell necrosis in carbon tetrachloride (CCl4) toxicity.
RER, Rough endoplasmic reticulum; SER, smooth endoplasmic reticulum. (From Kumar V, Abbas A, Fausto N: Robbins & Cotran pathologic basis of disease, ed 7, Philadelphia, 2005, Saunders.)





Besides toxins, other processes may cause cell membrane injury leading to acute cell swelling. The membrane-attack complex of serum complement (see Chapter 3) and the hemolysin of streptococci (streptolysin-O) penetrate cell membranes to form a channel for free passage of water, proteins, and electrolytes between intracellular and extracellular compartments. Affected cells are quickly lysed by water overload (hypotonic lysis). Cytotoxic effects of natural killer (NK) cells are mediated in part by the implantation of similar hollow protein-complexes into target cell membranes.


The sequence of events in acute cell swelling caused by hypoxia or ischemia (see Fig. 1-8) is as follows:




1. Hypoxia—deficiency of O2


2. Decrease of oxidative phosphorylation and ATP


3. Increased glycolysis, increased intracellular lactate, and depletion of glycogen stores


4. Failure of Na+-K+ pump as the result of ATP deficiency


5. Net influx of Na+, Ca2+, and H2O with loss of intracellular K+ and Mg2+


6. Swelling of mitochondria and the cytocavitary network (RER, SER, Golgi, and outer nuclear membrane)


7. Detachment of ribosomes, clumping of nuclear chromatin, loss of microvilli, vesiculation of endoplasmic reticulum (ER), formation of membrane whorls (“myelin figures”)


8. Severe disruption of cell membranes, influx of Ca2+ into mitochondria and cytosol, overall cell enlargement, and clearing of the cytosol


9. Irreversible cell injury, cell death (necrosis)





When acute cell swelling results from membrane injury, the sequence of events is similar to those listed previously, except that changes start at about step 5 or 6.









Morphology of Acute Cell Swelling





Gross Appearance: Acute cell swelling is recognized as pallor, organ swelling, and decreased specific gravity. For example, the liver will be pale and somewhat turgid (Fig. 1-11, A). The parenchyma of organs with capsules may bulge when incised.
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Fig. 1-11 Acute cell swelling, liver, mouse.
A, Hepatic swelling in a mouse exposed to chloroform 24 hours previously. The accentuated lobular pattern and slight pallor in the liver on the left are the result of acute cell swelling (hydropic degeneration) and necrosis of centrilobular hepatocytes. The right liver is normal. B, Liver from a mouse with chloroform toxicosis. While many hepatocytes in the centrilobular areas (at right) are necrotic, several cells at the interface of normal and necrotic (arrows) are still undergoing acute cell swelling (hydropic degeneration). H&E stain. (Courtesy Dr. L.H. Arp.)











Microscopic Appearance: The influx of water dilutes the cytoplasmic matrix and dilates organelles to give cells a pale, finely vacuolated appearance (cloudy swelling). Renal tubule epithelial cells bulge and impinge on the tubular lumen. Swollen hepatocytes and endothelial cells intrude upon and diminish vascular lumens. Although mechanisms of cell swelling are limited, variations in appearance may occur because of differences in cell type and cause of injury.


Hydropic degeneration is a common term used for the microscopic appearance of acute cell swelling (Fig. 1-11, B). It occurs in endothelium, epithelium, alveolar pneumocytes, hepatocytes, renal tubular epithelial cells, and neurons and glial cells of the brain. Cytoplasm of affected cells contains translucent vacuoles that fail to stain for fat or glycogen (two other causes of vacuolar degeneration). These vacuoles represent swollen mitochondria and dilated cisternae of the Golgi and ER. Ballooning degeneration is an extreme variant of hydropic degeneration in which cells are greatly enlarged and the cytoplasm is basically a clear space (Fig. 1-12). Ballooning degeneration is typically seen in epidermal cells infected by epitheliotropic viruses (e.g., poxvirus). This lesion frequently progresses to the formation of vesicles or bullae (blisters) from lysis of the epidermal cells. These viral infections cause both degradation of cytoplasmic proteins (cytoplasmic proteolysis) and net flux of water into the cytoplasm.
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Fig. 1-12 Ballooning degeneration, papular stomatitis, oral mucosa, cow.
Cells infected by some types of virus, such as papular stomatitis virus, are unable to regulate their volume and swell at certain stages of the infection. These cells may become very large (ballooning degeneration) and eventually rupture. Some of the cells have viral inclusion bodies (arrows). H&E stain. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)











Ultrastructural Appearance: As visualized with the electron microscope, swollen epithelial cells have lost and distorted cilia, microvilli, and attachment sites, as well as “blebbing” of cytoplasm at the cell surfaces. The cytoplasm is rarefied, and the cisternae of the ER, Golgi, and mitochondria are dilated. The cytocavitary network becomes fragmented into numerous vesicles. Proteins and Ca2+ precipitate in the cytoplasm and in organelles. Acute cell swelling in the central nervous system has other distinctive features (see section on Cerebral Edema in Chapter 14).












Significance and Fate of Acute Cell Swelling


Injured cells that can no longer regulate water and electrolytes are no better equipped to maintain other cell functions. Significance to the patient depends on the number of cells affected and the immediate importance of the lost cell function. Cells highly vulnerable to hypoxia and cell swelling include cardiac myocytes, proximal renal tubule epithelium, hepatocytes, and endothelium. In the central nervous system (CNS), besides endothelium, neurons, oligodendrocytes, and astrocytes also are swollen, and the process in the CNS is called cytotoxic edema (see Chapter 14). Swollen neurons fail to conduct nervous impulses, resulting in stupor or coma. Swollen myocardial cells contract with less force or with an abnormal rhythm. Swollen renal epithelium may not only fail to absorb and secrete but also may compress delicate interstitial blood vessels, resulting in further injury. Capillaries lined by swollen endothelium are prone to obstruction, exacerbating the lesions by worsening cellular hypoxia. Injured cells with abnormal membrane permeability may be detected by finding their specific cytoplasmic enzymes in serum.


If adequate oxygen is restored to the cells and membrane injury is repaired before a certain point is reached, the “point of no return,” most cells can be restored to normal or nearly normal function. Some cells may retain evidence of previous injury in the form of lipofuscin accumulation after autophagocytosis of damaged organelles. What happens when the stage of reversibility is passed is the topic of the next sections, beginning with cell death.


In summary, cell swelling is a manifestation of reversible, sublethal cell injury. However, unless the cause of injury to critically important cell types is removed quickly, progressive injury to these dependent cells and tissues may culminate in the death of the animal.















Irreversible Cell Injury and Cell Death


As we have just seen, major mechanisms of acute cell swelling are hypoxia, including ischemia, and membrane injury, often by toxins. Cell swelling can be reversible if the extent and duration of injury is not excessive. But if the injury exceeds certain limits (discussed shortly), cell death occurs (Fig. 1-13). Not all cell injury results in cell death. Cell injury may be sublethal and result in a variety of types of cell degenerations and/or adaptations by the cell to the injury. In essence, cells or tissues respond to injury (or stress) in three important ways: (l) adaptation (with or without accumulations or degenerative changes), (2) reversible injury (again with or without subcellular changes), and (3) death. In this section, we deal with cell death. Various types of cell adaptations, degenerations, and accumulations are addressed in subsequent sections.
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Fig. 1-13 Normal cell and the changes in reversible and irreversible cell injury.
Reversible injury is characterized by generalized swelling of the cell and its organelles, blebbing of the plasma membrane, detachment of ribosomes from the endoplasmic reticulum, and clumping of nuclear chromatin. Transition to irreversible injury is characterized by increasing swelling of the cell, swelling and disruption of lysosomes, presence of large amorphous densities in swollen mitochondria, disruption of cellular membranes, and profound nuclear changes. The latter include nuclear condensation (pyknosis), followed by fragmentation (karyorrhexis) and dissolution of the nucleus (karyolysis). Laminated structures (myelin figures) derived from damaged membranes of organelles and the plasma membrane first appear during the reversible stage and become more pronounced in irreversibly damaged cells. (From Kumar V, Abbas A, Fausto N: Robbins & Cotran pathologic basis of disease, ed 7, Philadelphia, 2005, Saunders.)









Cell Death


Cell death can occur in many ways. For example, extremes of temperature or direct trauma may result in nearly instantaneous destruction or death of cells. On the other hand, death of an animal (somatic death) results in eventual death of all cells that make up the animal (postmortem autolysis). During most of the last century, cell death and necrosis were thought of as being more or less the same and in most pathologic situations; necrosis was usually thought to be preceded by cell swelling as discussed earlier. It is clear that cells die before macroscopic or histologic evidence can be detected. Although necrosis can be defined as the death of cells in a living animal, it should be understood to mean the specific morphologic changes (either macroscopic or microscopic) indicative of cell death in a living animal.


In the last few decades of the twentieth century, it became clear that cells die also by shrinkage, both under physiologic and pathologic circumstances, and this complex and now well-studied process has become known as apoptosis, a type of programmed cell death. Cell death then began to be classified in two major types: necrosis or apoptosis. Because of the long history of use of necrosis and because apoptosis, cell death with shrinkage, is distinctly different from death following swelling, the term oncosis (onco-, meaning swelling) has been proposed for what was previously termed necrosis. As in most biologic processes, it is not always possible to make the distinction between these two types of cell death based on histologic examination, and often both swelling and shrinkage are present.


How then are we to use the term necrosis? Attempts are being made by toxicologic pathologists to use the term necrosis for the histologic changes that occur after cell death by either mechanism, using the terms oncotic cell death or apoptotic cell death when a distinction needs to be made. We attempt to adhere to this distinction here, but long-used terminology does not easily change. The next sections first discuss cell death after irreversible cell injury by hypoxia and cell membrane damage (oncotic necrosis), and then apoptosis or apoptotic necrosis (Fig. 1-14).
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Fig. 1-14 The sequential ultrastructural changes seen in necrosis (left) and apoptosis (right).
In apoptosis, the initial changes consist of nuclear chromatin condensation and fragmentation, followed by cytoplasmic budding and phagocytosis of the extruded apoptotic bodies. Signs of cytoplasmic blebs, accumulation of myelin figures representing damaged phospholipid membranes, and digestion and leakage of cellular components characterize necrosis. (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)









Cell Death by Oncosis (Oncotic Necrosis)


Oncosis is cell death after irreversible cell injury by hypoxia, ischemia, and direct cell membrane injury. Hypoxic injury, as discussed earlier in the section on Acute Cell Swelling, is a common cause of cell death and oncotic necrosis. Cell membrane damage caused by toxins and other substances and mechanisms can also lead to necrosis, but the resulting morphologic changes are similar. Hypoxia is often due to blockage of or markedly diminished blood supply to an area (ischemia). Ischemic injury is typically more severe than hypoxia alone because not only is the amount of oxygen lowered in the tissue, but also the inflow of metabolic substrates and nutrients is decreased and cell waste and by-products accumulate, some of which are injurious in their own right.


Acute cell swelling can result in necrosis or can be reversible. Despite much interest and research about where the exact point of no return is between injury that is reversible and where it is irreversible, resulting in necrosis, is still not clear. There is convincing evidence for the role of Ca2+ in the eventual demise of severely injured cells. Earlier work consistently identified two features of irreversible cell injury: (1) an inability to restore mitochondrial function and (2) evidence of cellular membrane damage.


Research directed at understanding coronary heart disease has led to improved understanding of the role of Ca2+. Heart muscle deprived of its blood supply (ischemia) suffers from hypoxia and substantial loss of cell volume regulation and the influx of Ca2+ because of inadequate ATP to run the ion pumps. If the blood supply is resupplied to the ischemic area, often reversal of the injury is not attained, but instead, injury is accelerated. It has been shown that restored blood flow to areas with potentially viable cells results in added membrane damage shortly after blood supply is reestablished. This phenomenon is termed ischemia-reperfusion injury.


Prevention of Ca2+ influx can reduce irreversible injury. The reactivity of free Ca2+ ion and its role as an intracellular messenger and enzyme activator are known, and these actions are thought to contribute much to the final demise of the cell in necrosis. What does Ca2+ do to cause the ultimate demise of many severely injured cells as it influxes from the extracellular space (Fig. 1-15)? At least one endogenous, membrane-bound phospholipase (phospholipase A) is activated by free Ca2+. Activated phospholipases then break down the normal phospholipids of the inner mitochondrial membrane and other cell membranes. These events then preclude any possibility for cell survival. Activation of phospholipases also generates arachidonic acid, the substrate for many lipid mediators of inflammation (to be discussed later). Therefore it is usual to see some degree of inflammation around foci of necrosis. In addition to phospholipases, Ca2+ also activates proteases that result in cytoskeleton and membrane damage, adenosine triphosphatases (ATPases) that accelerate depletion of ATP, and endonucleases that result in chromatin degradation. Irreversible injury to mitochondrial membranes appears to be the deathblow to the cell. As if this were not enough, cells injured by ischemia can also die by apoptosis because of the leakage of proapoptotic molecules from injured mitochondria.
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Fig. 1-15 Sources and consequences of increased cytosolic calcium in cell injury.
ER, Endoplasmic reticulum; ATP, Adenosine triphosphate. (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)





Ischemia-reperfusion injury, for example, after restoration of blood supply caused by coronary artery blockage and myocardial ischemia (heart attack), has many components that contribute to irreversible injury. Besides the effects of Ca2+ influx, generation of free radicals in hypoxic cells combined with restored oxygen results in a variety of reactive oxygen and nitrogen species. These include production of peroxynitrite from nitric oxide (NO), a molecule of endothelial and parenchymal cells that is normally involved in vasodilation, inhibition of platelet aggregation, and prevention of leukocyte adhesion. Free radicals derived from inflammatory cells are also increased as the result of accumulation of neutrophils in reperfused areas after release of cytokines such as tumor necrosis factor-alpha (TNF-α). Reduction of reperfusion injury should theoretically be improved by agents blocking Ca2+ influx, by antioxidants such as vitamin E that decrease membrane damage because of the oxygen metabolites (free radicals), and by antiinflammatory agents that decrease the influx of inflammatory cells and impact of inflammatory mediators.





Cell Membrane Injury Leading to Cell Death: Chemical injury to cells in many cases may occur because of organelle and plasma cell membrane damage. Classically studied and referred to in the section on acute cell injury is the toxicity for hepatocytes of CCl4 (see Fig. 1-10). After ingestion and absorption by the gastrointestinal (GI) tract, CCl4 is transported via the portal vein to the liver where it enters hepatocytes. CCl4 itself is fairly innocuous, but metabolism by the cytochrome p450 system in the SER in hepatocytes results in the formation of a toxic metabolite, CCl3•. This free radical causes lipid peroxidation of organelle membranes starting from the SER and spreading to other organelles and eventually to the plasma membrane. This outcome has a variety of consequences. Injury to mitochondria results in decreased oxidative metabolism, decreased ATP production, and consequently an influx of calcium into mitochondria. This outcome results in decreased activity of the Na+-K+ pump and dysregulation of cell volume and massive intracellular increase in calcium with its lethal consequences. Direct damage to the plasma membrane itself by lipid peroxidation can have the same consequences to cell volume control and influx of calcium.


Lysosomal swelling and release of hydrolytic enzymes can result in autodigestion of cell components. Injury to RER of the hepatocyte can result in decreased protein synthesis, and this deficiency then causes insufficient production of lipoproteins required to export lipids and then results in increased fatty acid content in the cell and hepatic lipidosis (see discussion later), if the changes are not lethal.








Free Radical Injury: Injury to cell and organelle membranes can occur in many ways. One of the most common and important is free radical injury due especially to reactive oxygen species (Fig. 1-16). A free radical is any molecule that has an unpaired electron. These molecules are highly reactive, transient chemical species, generated as by-products of normal oxidative metabolism or by exposure to radiation, toxic gases, chemicals, and drugs. Most, but not all, are reactive oxygen radicals. Oxygen radicals are also produced by phagocytic cells in inflammatory lesions and account for significant damage to surrounding tissue. Antineoplastic drugs, such as doxorubicin, generate oxygen radicals that cause significant injury to cardiac myocytes. Cellular components at risk of free radical injury include proteins, membrane lipids, and nucleic acids. Lipid peroxidation of plasma membranes and organelle membranes by free radicals can have similar consequences to those described earlier from CCl4.
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Fig. 1-16 The role of reactive oxygen species in cell injury.
Oxygen is converted to superoxide ([image: image]) by oxidative enzymes in the endoplasmic reticulum (ER), mitochondria, plasma membrane, peroxisomes, and cytosol. [image: image] is converted to H2O2 by dismutation and thence to OH• by the Cu2+/Fe2+-catalyzed Fenton reaction. H2O2 is also derived directly from oxidases in peroxisomes. Not shown is another potentially injurious radical, singlet oxygen. Resultant free radical damage to lipid (peroxidation), proteins, and DNA leads to various forms of cell injury. Note that superoxide catalyzes the reduction of Fe3+ to Fe2+, thus enhancing OH• generation by the Fenton reaction. The major antioxidant enzymes are superoxide dismutase (SOD), catalase, and glutathione peroxidase. GSH, Reduced glutathione; GSSG, oxidized glutathione; NADPH, reduced form of nicotinamide adenine dinucleotide phosphate. (From Kumar V, Abbas A, Fausto N: Robbins & Cotran pathologic basis of disease, ed 7, Philadelphia, 2005, Saunders.)





Free radical injury is usually controlled by intracellular antioxidants such as superoxide dismutase (SOD), glutathione peroxidase, and vitamins E and C; however, injury can be catastrophic when these antioxidative systems are defective. In many species of domestic animals, severe cellular damage occurs to heart muscle when there is a deficiency of selenium or vitamin E in the tissues. Vitamin E is one of several cytoprotective molecules that acts as an antioxidant and inhibits production of or quenches free radicals, even in normal cell metabolism. Insufficient antioxidant activity can result in severe cell injury and necrosis as a consequence of the free radicals generated. Selenium is an essential component for some glutathione peroxidases, which also inactivate some free radicals generated within cells.








Morphologic Appearance of Necrotic Cells and Tissues (Oncotic Necrosis): In contrast to postmortem autolysis, necrosis occurs in the living animal, but the degradative processes of the cells involved are similar. One challenge to veterinarians and pathologists is to distinguish necrosis (tissues that died before somatic death) from tissues that died with the rest of the animal (postmortem autolysis).


At this point, there may be some confusion about the term autolysis. Most veterinarians and pathologists use this term synonymously with postmortem changes. Technically, autolysis means the self-digestion or degradation of cells and tissues by the hydrolytic enzymes normally present in those tissues. Therefore by the strict definition, autolysis occurs in all tissues that die (and even before they die), regardless of whether cells die before or after the animal dies. Postmortem change includes both autolysis and putrefaction, which is the process by which bacteria break down tissues.


The appearance of necrotic cells varies with the tissue involved, the cause of cell death, and the duration of time. For our immediate purposes, necrosis here will for the most part be used to mean oncotic necrosis. Apoptotic necrosis will be discussed later.





Ultrastructure of Necrotic Cells (Oncotic Necrosis): Cells dying after acute cell swelling are first swollen. There is tremendous swelling of all mitochondria, ER is dilated and fragmented, chromatin is clumped, the nuclear membrane is folded, the cytoplasm is pale and structureless, and organelles are poorly visualized. As the intracellular and extracellular compartments reach equilibrium across the altered cell membrane, the cell collapses and shrinks like a hot air balloon that has lost its air. The formerly swollen cell is shrunken; cytoplasm and organelles are homogeneous, electron dense, and hard to identify. Specialized areas of the plasma membrane, such as desmosomes, microvilli, and cilia, are distorted or absent.








Histologic Changes in Necrosis (Oncotic Necrosis): Nuclear changes of dead cells are strong histologic evidence of cell death. These changes are variable and are described by the terms pyknosis, karyorrhexis, and karyolysis (Fig. 1-17). All of the following nuclear changes may be visible in necrotic cells in the same necrotic lesion. Basophilic fragments of nuclear debris can be confused with bacteria, protozoa, and calcium deposits. Histomorphology of the nucleus of a necrotic cell includes one or more of the following:
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Fig. 1-17 Cytoarchitecture of cellular necrosis.
A, Schematic representation of nuclear and cytoplasmic changes in the stages of necrosis. B, Pyknosis and karyolysis, renal cortex, chloroform toxicosis, mouse. Some epithelial cells exhibit hydropic degeneration, whereas others are necrotic. Some necrotic cells exhibit pyknosis (arrow), whereas others have lost the nucleus or have a very pale nucleus (karyolysis) (arrowhead). H&E stain. C, Karyorrhexis, lymphocytes, spleen, dog. Spleen of a dog with parvovirus infection. Lymphocyte nuclei have fragmented because of the infection (arrow). H&E stain. (A from Huether S, McCance K: Understanding pathophysiology, ed 3, St Louis, 2004, Mosby; B and C courtesy Dr. L.H. Arp.)







• Pyknosis: The nucleus is shrunken, dark, homogeneous, and round, unlike the dark and dense fragmented nucleus of apoptotic cells. Pyknosis may be a sequel to chromatin clumping of early degeneration.


• Karyorrhexis: The nuclear envelope is ruptured, and dark nuclear fragments are released into the cell cytoplasm.


• Karyolysis: The nucleus is extremely pale due to dissolution of chromatin presumably by action of RNAases and DNAases.


• Absence of nucleus: This is a later stage of karyolysis in which the nucleus has been completely dissolved or lysed.





Some cell lines have a preference for a type of nuclear change in necrosis. Necrotic lymphocytes often become pyknotic, sometimes karyorrhectic, followed by release of nuclear debris. Necrotic renal proximal tubular epithelial cells often have karyolytic nuclei, but the distal tubules may have predominantly pyknotic nuclei.





Cytoplasmic changes in dead cells: Early in cell necrosis, the cytoplasm becomes homogeneous pink in H&E-stained sections (Fig. 1-18). Increased eosinophilia may reflect a loss of rRNA, which is responsible for cytoplasmic basophilia, or a consolidation of cytoplasmic components as the cell collapses. Degradation of cytoplasmic proteins eventually gives the necrotic cell a pale, ghostlike appearance. Necrotic cells usually lose their adherence to basement membranes and neighboring cells become “individualized” so they are found free in tubules, alveoli, follicles, and other lumens or on surfaces. Rupture of cells with loss of cell integrity is the most obvious evidence of cell death.
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Fig. 1-18 Coagulation necrosis, infarcts, kidney, cow.
A, Note the white-yellow areas of acute coagulation necrosis surrounded by a red rim of active hyperemia and inflammation (far left). B, Acute coagulation necrosis of renal tubular epithelial cells. Necrotic cells have homogeneous eosinophilic cytoplasm and more or less retained cell outlines (lower half of figure) and nuclear changes such as pyknosis and nuclear absence (upper half of figure). H&E stain. (A courtesy Dr. D.E. Tyler, College of Veterinary Medicine, The University of Georgia; and Noah’s Arkive, College of Veterinary Medicine, The University of Georgia. B courtesy Dr. J.F. Zachary, College of Veterinary Medicine, University of Illinois.)














Gross Appearance of Necrotic Tissue: Depending on the duration of injury and the type of organ (e.g., liver and kidney), necrotic tissue is usually pale, soft and friable, and sharply demarcated from viable tissue by a zone of inflammation (see Fig. 1-18, A). An exception to the pale color occurs when blood oozes into the necrotic tissue from damaged blood vessels in adjacent viable tissue as happens in renal infarcts, which are often surrounded by a narrow (1 to 3 mm) red rim (active hyperemia). A sharp line of demarcation between necrotic and viable tissue is often a reliable means to distinguish necrosis from autolysis. It must be emphasized that necrotic changes are first apparent ultrastructurally (less than 6 hours), then histologically (6 to 12 hours), and finally grossly (24 to 48 hours). Therefore, except for vascular changes, morphologic evidence of cell death is often sparse or absent in cases of peracute or acute death.








Types of Oncotic Necrosis: Foci of necrosis in tissue have a limited number of morphologic appearances, depending on the tissue involved, the cause of cell injury, and somewhat on the time since injury has occurred. Classification of necrotic lesions enables the pathologist to describe the lesion with a minimum of repetitious detail, but more than one pattern or type of necrosis may be seen in an organ or tissue. The recognized types of necrosis in most tissues are the following:




• Coagulation necrosis


• Caseation necrosis


• Liquefactive necrosis


• Gangrenous necrosis





These are classically or historically derived, and although commonly used, do not always accurately describe the complexity of what has happened to the involved cells and tissues.





Coagulation necrosis: Coagulation necrosis (coagulative necrosis) is characterized by preservation of the basic cell outlines of necrotic cells (see Fig. 1-18, B). Cytoplasm is homogeneous and eosinophilic due to coagulation of cell proteins, similar to what happens to heat coagulation of proteins of a cooked egg white. Presumably the injury or subsequent cellular acidosis denatures not only structural proteins but also enzymes. This delays proteolysis of the cell. Nuclei are pyknotic, karyorrhectic, karyolytic, or absent. This form of necrosis may occur in any tissue except brain parenchyma, although it does occur initially in individual neurons. It is classically seen in kidney, liver, and muscle, and the necrotic tissue will eventually lyse within several days and be phagocytosed. The presence of coagulation necrosis suggests hypoxic cell injury as seen in local loss of blood supply or in shock. Bacterial exotoxins and chemical toxins also cause the lesion. Infarction is necrosis caused by ischemia. An infarct, for example, occurring in the human heart as a result of the blockage of a coronary artery by an atherosclerotic plaque is an area of coagulation necrosis that results from a sudden loss of blood supply to an area.








Caseation (caseous) necrosis: Caseation necrosis (caseous necrosis) implies conversion of dead cells into a granular friable mass grossly resembling cottage cheese (Fig. 1-19). The necrotic focus is composed of a coagulum of nuclear and cytoplasmic debris. Compared with coagulation necrosis, this is an older (chronic) lesion often associated with poorly degradable lipids of bacterial origin. Any tissue may be affected, and much of the necrotic debris is dead leukocytes. Dystrophic calcification commonly occurs later within the central parts of the lesion. The classic cause of this lesion is tuberculosis. Related bacteria, such as Corynebacterium, also cause this lesion in sheep. Delayed degradation of the bacterial cell wall is thought to play a role in the development of a lesion caused by these bacteria and results in a focus of caseous necrosis surrounded by granulomatous inflammatory cells and an outer fibrous connective tissue capsule. In birds and reptiles, necrotic areas are slow to liquefy and often undergo caseation necrosis, likely caused by insignificant amounts of myeloperoxidase in their heterophils, the equivalent inflammatory cell of the neutrophil in mammals.
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Fig. 1-19 Tuberculosis, lymph node, transverse section, ox.
A, The lymph has been replaced by a caseating granuloma. Note the caseous necrosis characterized by a pale yellow, crumbly exudate. B, Granulomatous inflammation in caseous necrosis. Cell walls are disrupted and tissue architecture is lost. Mineralization (not seen here) is common in this type of necrosis. H&E stain. (A courtesy Dr. M. Domingo, Autonomous University of Barcelona; and Noah’s Arkive, College of Veterinary Medicine, The University of Georgia. B courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)











Liquefactive necrosis: Liquefactive necrosis is the usual type of necrosis in the CNS, although the neuron cell bodies themselves initially show coagulation necrosis, followed by liquefaction (Fig. 1-20). Hypoxic death of cells in the CNS results in rapid enzymatic dissolution of the neuropil (liquefaction), likely the result of the large amount of cell membranes present. With loss of astrocytes and because there is normally very little fibrous connective tissue in the CNS, little remains to support the tissue or fill in dead space. The result is a cavity filled with lipid debris and fluid. These cystic areas are cleared of debris by macrophages that become gitter cells (described further in Chapter 14).
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Fig. 1-20 Liquefactive necrosis.
A, Acute polioencephalomalacia, brain, goat. A thiamine deficiency has resulted in cerebrocortical malacia, which microscopically is liquefactive necrosis and varying degrees of tissue separation (arrows). Scale bar = 2 cm. B, Cortical necrosis, cerebrum, dog. The pale horizontal band in the cerebral cortex contains areas of near total loss of cells and tissue loss termed liquefactive necrosis. The cells in the spaces are gitter cells. Grossly, this band would have a fluid consistency. H&E stain. (A courtesy Dr. R. Storts, College of Veterinary Medicine, Texas A&M University. B courtesy Dr. L.H. Arp.)





In other tissues, focal infection by pyogenic bacteria leads to release of enzymes from accumulating leukocytes. Early in this process, heterolysis leads to a focal liquid collection of necrotic neutrophils and tissue debris (pus), and the lesion is an abscess that is also a type of liquefactive necrosis. If the abscess persists, loss of fluid or inspissation of the pus results in it becoming more caseous.








Gangrenous necrosis: The three types of gangrene are dry gangrene, moist gangrene, and gas gangrene. They are included here because the initial lesion is coagulation necrosis.




• Moist gangrene is defined as an area of necrotic tissue (usually coagulation necrosis), which is further degraded by the liquefactive action of saprophytic bacteria (defined as organisms living in dead organic matter) that usually cause putrefaction (defined as the decomposition of organic matter by microorganisms [i.e., rotten]). The initial coagulation necrosis can be caused by infarction of an extremity (too tight a bandage on a limb, penetrating damage to an artery supplying the leg by a bullet or shrapnel) or of a segment of intestine, or as in the case of the lung, by direct action of aspirated irritants such as medicaments or even ruminal fluid. The saprophytic bacteria contaminate the dead tissue from the local environment (air, skin contaminants, and soil) in the case of a limb, from inhaled air in the lung, and from the adjacent ingesta in an intestinal infarct. Grossly, tissues become soft, moist, and reddish-brown to black, and if the saprophytic bacteria produce gas, as they usually do, then gas bubbles and a putrid odor from the hydrogen sulfide, ammonia, and mercaptans may occur (Fig. 1-21, A). With time, if death does not supervene from toxemia, gangrenous tissue of the leg and udder are separated from the normal tissue by inflammation and may slough. Microscopically, initially areas of coagulation necrosis contain a few proliferating bacteria. These quickly proliferate and produce liquefaction and depending on the bacteria, gas bubbles. As the lesion progresses, most of the necrotic tissue is liquefied by saprophytic bacteria and infiltrating neutrophils.
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Fig. 1-21 Gangrenous necrosis.
A, Moist gangrene, udder, sheep. The surrounding tissue is well vascularized, which contributes to the wet and bloody nature of the lesion. Often saprophytic bacteria and clostridia contaminate areas of necrosis. B, Dry gangrene, fescue toxicity, digits, cow. Fescue toxicity is a disease in which the blood supply to the distal extremities is lost because of vasoconstriction from the toxic effect on vessels. The dry leathery appearance adjacent to the hooves is termed dry gangrene. There is still some blood in the skin, indicating that at least a partial blood supply has been retained or restored. Note that one of the claws (right) has been lost due to the process. (A courtesy Dr. C. Wallace, College of Veterinary Medicine, University of Georgia; and Noah’s Arkive, College of Veterinary Medicine, The University of Georgia. B courtesy Dr. R.K. Myers, College of Veterinary Medicine, Iowa State University.)





• Dry gangrene is really coagulation necrosis secondary to infarction, which is followed by mummification. It involves the lower portion of an extremity (leg), tail, ears, and udder and can be caused by ingested toxins (ergot and fescue poisoning) or cold (frostbite). Ergot produces a marked peripheral arteriolar vasoconstriction and damage to capillaries, which leads to thrombosis and infarction. Fescue poisoning in cattle has a similar pathogenesis and lesions. Exposure to very cold temperatures also causes dry gangrene (frostbite). The pathogenesis involves both direct freezing and disruptions of cells by intracellular and extracellular ice crystal formation and vascular damage leading to ischemia and infarction characterized by coagulation necrosis (see Chapter 17). In dry gangrene, after necrosis, the tissues are depleted of water, for example, by low humidity, and this dehydration results in mummification. There is no proliferation of bacteria, as dry tissues do not provide an environment favorable for their proliferation and spread. Grossly, the tissue is shriveled, dry, and brown to black (Fig. 1-21, B) and affected parts may slough


• Gas gangrene is also an example of bacteria proliferating and producing toxins in necrotic tissue, but in this case the bacteria are anaerobes, usually microbes such as Clostridium perfringens and Clostridium septicum. Penetrating wounds into muscle or subcutis introduce these bacteria. The necrotic tissue then provides an anaerobic medium for growth of the clostridia. Another example, with similar lesions, is caused by Clostridium chauvoei (blackleg), which, unlike the bacteria of gas gangrene, is not introduced by a penetrating wound but from spores spread hematogenously from the intestine and lodged in muscle. Here they stay until by some mechanism, such as trauma, necrosis occurs and thus produces anaerobic conditions in which the spores can germinate and the bacteria proliferate. Grossly, affected tissues are dark red to black with gas bubbles and a fluid exudate that may contain blood. Microscopically, the lesions are characterized by coagulation necrosis of muscle, a serohemorrhagic exudate, and gas bubble formation (see Chapter 15). Some authors do not classify the lesions of blackleg as gas gangrene because it is a result of hematogenously disseminated bacterial spores and not from bacterial contamination of a wound.














Necrosis of Fat (Fat Necrosis): The three types of fat necrosis, enzymatic necrosis of fat, traumatic necrosis of fat, and necrosis of abdominal fat of cattle, are as follows:




• Enzymatic necrosis of fat, also called pancreatic necrosis of fat, refers to the destruction of fat in the abdominal cavity and usually adjacent to the pancreas by the action of activated pancreatic lipases in pancreatic fluid that has escaped from the duct system of the pancreas (Fig. 1-22).
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Fig. 1-22 Fat necrosis.
A, Enzymatic necrosis of fat (fat necrosis), dog with previous bouts of pancreatitis. Necrotic fat often becomes saponified and so grossly the lesion is chalky to gritty and pale white. B, Pancreas, dog. Note the large area of fat necrosis with acute inflammation and saponification (basophilic areas). H&E stain. (A courtesy Dr. J. Wright, College of Veterinary Medicine, North Carolina State University; and Noah’s Arkive, College of Veterinary Medicine, The University of Georgia. B courtesy Dr. J.F. Zachary, College of Veterinary Medicine, University of Illinois.)





• Traumatic necrosis of fat is seen when adipose tissue is crushed. It occurs in fat adjacent to the pelvic canal of heifers after dystocia and in subcutaneous tissue that has been injured, for example, in the subcutaneous and intramuscular fat over the sternum of recumbent cattle.


• Fat necrosis of abdominal fat of cattle is characterized by large masses of necrotic fat in the mesentery, omentum, and retroperitoneally. The cause is unknown and may not be detected until necropsy. In extreme cases, mesenteric fat may surround the intestine and cause stenosis.





Grossly affected fat is white, firm, and chalky. Histologically, the fat solvents used in the preparation of the paraffin-embedded sections do not remove necrotic fat. Necrotic adipocytes are eosinophilic but become basophilic if free fatty acids react with Ca2+ to form soap (saponification of fat).








Sequelae to Oncotic Necrosis: In contrast to apoptosis and obviously postmortem autolysis, necrosis incites a notable inflammatory reaction in most tissues except the CNS in the surrounding viable tissue. Therefore the necrotic foci are often surrounded by a well-demarcated band of white blood cells and the hyperemia of inflammation. The purpose is to digest (by heterolytic enzymes of leukocytes) and liquefy the necrotic tissue so that it can be removed by macrophages and diffusion into blood and lymph vessels and replaced by normal tissue (regeneration) or fibrous connective tissue (healing). Healing of an abscess occurs after the sequestered pus is phagocytosed and/or carried off by the lymphatics. The process is greatly hastened by drainage, either by rupture to the outside or by surgical drainage of the abscess. Material not liquified is phagocytosed by macrophages and removed via lymphatics or veins. A fragment of necrotic material, especially bone, may resist degradation and form a sequestrum. This may cause chronic irritation and delay repair.








Morphologic Appearance of Postmortem Changes: Postmortem autolysis refers to the autolysis of cells occurring after somatic death. These changes are amplified and accelerated by bacterial decomposition from bacteria that have entered the tissue shortly before death or after death (usually by either direct migration from the lumen of the gut of the dead or dying animal, or from the gut into the blood and then disseminated throughout the body by the final beats of the heart). Postmortem bacterial metabolism and dissolution of host tissues (postmortem decomposition) result in the production of color and texture changes, gas production, and odors collectively termed putrefaction.


Somatic death refers to death of the entire body; however, cell types vary greatly in time of viability after cessation of heartbeat, respiration, and brain wave activity. In somatic death, many neurons and cardiac myocytes suffer irreversible injury within minutes; kidney and liver cells may survive for an hour; and fibroblasts and bone survive much longer. Interpretation of lesions is usually clouded by changes that occur between the time of death and the time of necropsy (or fixation of tissue). Postmortem autolysis results from total diffuse hypoxia, and cells degenerate as described for hypoxic cell injury. A long death-to-fixation interval can lead to problems in histopathologic diagnosis of necrosis and other lesions; thus keeping postmortem changes to a minimum is important for accurate gross and histopathologic interpretation.


Postmortem changes vary greatly in onset and rate depending on the cause of death, environmental and body temperature, and microbial flora. Cool environmental temperatures and refrigeration (without freezing if possible because freezing induces artefacts such as intracellular and extracellular ice crystals, which disrupt cells and tissues, respectively) inhibit autolysis and delay putrefaction. Animals examined 24 hours after death, after being maintained at 5° C, have relatively few postmortem changes and artefacts to interpret versus an animal that has been maintained at room temperature for a similar time. An exception is herbivores. In the ruminant forestomach and equine cecum and ascending colon, ingesta will continue to undergo bacterial fermentation after death, with formation of heat and gas. Consequently, these animals, even if refrigerated immediately after death, show considerable intraabdominal postmortem decomposition 24 hours later. High environmental temperatures accelerate autolysis, as does elevated antemortem body temperature caused by fever, high metabolic rate, heat stroke, and exercise. Delay in cooling is especially common in fat animals and those with a heavy coat, especially wool. Young and small animals, such as neonates, cool more rapidly than large obese ones. Determining the time since death has occurred can be difficult because of the many factors just listed that influence the rate of cooling.


In summary, postmortem changes can interfere with accurate interpretation of both gross and histologic changes in tissue. Postmortem changes can be minimized by rapid cooling of the carcass and decreasing the death to tissue fixation time to a minimum. The following are examples of common postmortem changes, with some reference to their sequence of occurrence:




• Rigor mortis is the contraction of muscles occurring after death. It commences l to 6 hours after death and persists for l to 2 days. When ATP and glycogen (required to relax muscle contraction) are depleted, the contraction is irreversible except by autolysis. Muscular animals often have stronger rigor than those with less muscle mass. High heat and activity before death accelerate the onset of rigor. In animals with cachexia or extreme malnutrition, the energy stores (ATP, glycogen) in the muscles may be so depleted that no contraction of myofibers is possible, and thus these animals do not develop rigor mortis.


• Algor mortis is gradual cooling of the cadaver. Cooling of the carcass depends on temperature of the body at death (e.g., fever, environmental temperature, insulation of the carcass [fat, wool, coverings], body mass, air movement, and other factors) and is difficult to interpret precisely for establishing time of death.


• Livor mortis (hypostatic congestion) (Fig. 1-23) is the gravitational pooling of blood to the down side of the animal. In large vessels, there is clotting followed by separation of blood cells and plasma. This process begins within an hour after death, and the clotted blood can become “fixed” in place (whereby movement of the animal will not influence the distribution of the change) within 12 to 24 hours. It is often not appreciated in animals because of pigmented skin or a thick hair coat and thus is most likely to be evident in white-skinned animals with little hair (e.g., white pigs).
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Fig. 1-23 Livor mortis, pig.
Note red to purple staining of the skin on the right side, the side on which the pig was lying when it died. This color change is termed livor mortis or hypostatic congestion. The pale white areas are pressure points on the down side into which blood could not flow after death. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)





• Postmortem clotting (Fig. 1-24) in the heart and vessels usually occurs within several hours and can be influenced by antemortem changes in blood. Warfarin poisoning and hereditary coagulopathies, for example, will delay or cause failure of blood to clot. Before the blood clots, erythrocytes may settle to the bottom of a large vessel. This results in the clot having two portions: a bottom red mass made up chiefly of erythrocytes and an upper pale yellow mass of clotted serum. The latter type of clot is called a chicken fat clot. This separation depends upon the erythrocyte sedimentation rate (ESR) of the blood. It is high in normal horses and increased in all animals as a systemic inflammatory response. Inflammation results in increased plasma fibrinogen, which causes erythrocytes to form stacks (rouleau formation) that sediment more rapidly. Postmortem clots must be distinguished from antemortem mural thrombi and thromboemboli. Postmortem clots are unattached to vessel walls and tend to be shiny and wet and form a perfect cast of vessel lumens. Antemortem mural arterial thrombi are attached to arterial walls, tend to be dry and duller in color, and are laminated with a tail extending downstream from the point of attachment. Antemortem venous thrombi are also attached, but loosely so, and in many cases may closely resemble postmortem clots.
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Fig. 1-24 Postmortem clot, dog.
The postmortem clot is pale white to yellow (chicken fat clot) in some areas and shiny red (currant jelly clot) in others. Note how it conforms to the shape of the lumen of the vessels from which it was removed. (Courtesy Dr. R.K. Myers, College of Veterinary Medicine, Iowa State University.)





• Hemoglobin imbibition (Fig. 1-25) is a term applied to the red staining of tissue, especially evident in the endocardium and tunica intima of arteries (particularly evident in the aorta) and veins beginning some hours after death. Once the integrity of the intima is lost, hemoglobin released by lysed erythrocytes penetrates the vessel wall and extends into the adjacent tissue. Hemoglobin staining of the intima can also occur in acute intravascular hemolysis. It is usually very obvious in aborted fetuses that are retained for hours or days after their in utero deaths.
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Fig. 1-25 Imbibition of hemoglobin, viscera, pig that has been dead for several hours before being necropsied.
Note the pink color on the serosal surfaces of the stomach and small intestine. This is termed imbibition of hemoglobin and is due to staining by hemoglobin that has seeped out of autolyzed red blood cells. (Courtesy Dr. R.K. Myers, College of Veterinary Medicine, Iowa State University.)





• Bile imbibition (Fig. 1-26) occurs within hours of death. Bile in the gallbladder starts to penetrate its wall and stain adjacent tissue yellowish, and later this may become greenish brown. Tissues involved include the adjacent liver and any intestine in contact with the gallbladder. Sometimes, similar changes may be seen near the bile ducts.
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Fig. 1-26 Postmortem autolysis.
Cross-sections of livers from three different pigs at different stages of postmortem autolysis. The section on the right has green staining around the bile ducts caused by leakage of bile into the surrounding parenchyma after death (bile imbibition). All of these livers are softer than normal, but the one on the left is notably softer, another characteristic of autolytic tissue. (Courtesy Dr. R.K. Myers, College of Veterinary Medicine, Iowa State University.)





• Pseudomelanosis is the term used for the blue-green discoloration of the tissue by iron sulfide (FeS) formed by the reaction of hydrogen sulfide (H2S) generated by putrefactive bacteria and the iron from hemoglobin released from lysed erythrocytes. Because it depends on bacterial action, it usually takes a day or more to develop.


• Bloating (Fig. 1-27) is the result of postmortem bacterial gas formation in the lumen of the GI tract. Herbivores tend to bloat more rapidly and severely than carnivores. Rumen gases are produced normally in the forestomachs of live animals, but the gas is removed by eructation. In ruminants the rumen can become markedly distended by gas within hours of death, and this can be so severe as to rupture the diaphragm. The rate of gas formation depends on the diet, the substrate for the bacteria, and the temperature. Postmortem bloat can sometimes be difficult to distinguish from antemortem bloat (ruminal tympany) in ruminants that have not developed a “bloat line” (see Chapter 7). Bacteria disseminated hematogenously from the GI tract shortly before death can lodge in a variety of tissues and produce gas (postmortem emphysema).
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Fig. 1-27 Postmortem bloat or emphysema.
Cow killed by lightning several hours earlier. When animals die, especially ruminants, the bacteria in the gastrointestinal tract continue to grow and produce gas. Rumen microbes may produce very large amounts of gas causing the carcass to swell tremendously. (Courtesy Dr. W. Crowell, College of Veterinary Medicine, The University of Georgia; and Noah’s Arkive, College of Veterinary Medicine, The University of Georgia.)





• Organ displacement occurs after distention of the viscera; for example, distention of the rumen by gas from fermentation can cause increased intraabdominal pressure, which can result in displacement of abdominal viscera, rectal prolapse, and compression of the diaphragm, which then compresses the thoracic viscera. The latter can result in the expulsion of frothy fluid, originally in the lungs, from the mouth and nose.


• Pale foci subserosally on the liver (Fig. 1-28) can result from two causes: increased intraabdominal pressure, which squeezes blood from these areas (e.g., pressure from the overlying ribs can leave their imprints on the liver), and bacterial action. Under very hot conditions, pale areas can appear on the surface of the bovine liver within hours of death. Histologically, these areas resemble coagulation necrosis in which there are extremely numerous bacteria. Presumably these bacteria have been disseminated agonally from the gut into the portal vein.
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Fig. 1-28 Postmortem autolysis.
Pig livers at various intervals after death. Pale foci on the middle liver are due to blood being forced out of the parenchyma by intestinal swelling (intestinal imprints) and from pressure from the overlying ribs (rib imprints). Multiple small pale foci can sometimes be caused by colonies of postmortem bacteria and can be confused with antemortem necrosis. (Courtesy Dr. R.K. Myers, College of Veterinary Medicine, Iowa State University.)





• Softening (see Figs. 1-26 and 1-28) of tissue results from autolysis of cells and connective tissue often aided by putrefactive bacteria.


• Mucosal sloughing occurs rapidly in the rumen, often within a few hours as a result of the enzymes within the ingesta and the low rate of cooling.


• Lens opacity (Fig. 1-29, also see Chapter 20) occurs when the carcass is very cold or frozen. The change will reverse to normal transparency on warming, but it can be confused with cataracts in cold carcasses.
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Fig. 1-29 Postmortem autolysis, eye, lens, calf.
Note that the cornea is clear. The cloudiness of the lens is due to cooling or freezing and is reversible as the carcass warms up. It should not be confused with cataracts. (Courtesy Dr. P.N. Nation, University of Alberta; and Noah’s Arkive, College of Veterinary Medicine, The University of Georgia.)





















Cell Death By Apoptosis


The terms apoptosis and programmed cell death have been used virtually synonymously to refer to individual cell death in which there is initiation of a self-induced cell death process some refer to as cellular suicide. Apoptosis can be pathologic or physiologic and is only one of types of programmed cell death (others include cell death with autophagy and keratinocyte cornification). Programmed cell death is better reserved for physiologic cell death (which often involves apoptosis) that occurs, for example, in developing animals (embryogenesis and normal growth) and deletion of immune cells. For those circumstances in which pathologic cell death occurs with shrinkage first as a feature, apoptosis or apoptotic necrosis is more appropriately used. Apoptosis occurs in a variety of pathologic circumstances, including viral diseases such as yellow fever in humans, gland involution after duct blockage, immunologic damage by T lymphocytes, and as a component of injury caused by hypoxia and some chemicals and drugs.





Mechanisms of Apoptosis*: Mechanisms of programmed cell death and apoptosis have been extensively researched within the last decades. A variety of stimuli result in a self-programmed, genetically determined, energy-dependent sequence of molecular events involving initiation by cell signaling, control and integration by regulatory molecules, a common execution phase by caspase family genes, and dead cell removal. Some of these mechanisms are initiated by inflammatory mediators such as TNF and the Fas ligand (FasL). Others involve deprivation of growth factors, mitochondrial damage, DNA damage, accumulation of misfolded proteins, or immune stimulation (Fig. 1-30).




[image: image]


Fig. 1-30 Mechanisms of apoptosis.
Labeled (1) are some of the major inducers of apoptosis. These include specific death ligands (tumor necrosis factor [TNF] and Fas ligand), withdrawal of growth factors or hormones, and injurious agents (e.g., radiation). Some stimuli (such as cytotoxic cells) directly activate execution caspases (right). Others act by way of adapter proteins and initiator caspases, or by mitochondrial events involving cytochrome c. (2) Control and regulation are influenced by members of the Bcl-2 family of proteins, which can either inhibit or promote the cell’s death. (3) Executioner caspases activate latent cytoplasmic endonucleases and proteases that degrade nuclear and cytoskeletal proteins. This results in a cascade of intracellular degradation, including fragmentation of nuclear chromatin and breakdown of the cytoskeleton. (4) The end result is formation of apoptotic bodies containing intracellular organelles and other cytosolic components; these bodies also express new ligands for binding and uptake by phagocytic cells. (From Kumar V, Abbas A, Fausto N: Robbins & Cotran pathologic basis of disease, ed 7, Philadelphia, 2005, Saunders.)





The process of apoptosis may be divided into an initiation phase, during which caspases become catalytically active, and an execution phase, during which these enzymes act to cause cell death. Initiation of apoptosis occurs principally by signals from two distinct but convergent pathways: the extrinsic, or receptor-initiated, pathway and the intrinsic, or mitochondrial, pathway. Both pathways converge to activate caspases. These two pathways are described separately because they involve largely distinct molecular interactions, but it is important to remember that they may be interconnected at numerous steps.





The Extrinsic (Death Receptor–Initiated) Pathway: The extrinsic pathway is initiated by engagement of cell surface death receptors on a variety of cells (see Fig. 1-30). Death receptors are members of the TNF receptor family that contain a cytoplasmic domain involved in protein-protein interactions that is called the death domain because it is essential for delivering apoptotic signals. (Some TNF receptor family members do not contain cytoplasmic death domains; their role in triggering apoptosis is much less established.) The best-known death receptors are the type 1 TNF receptor (TNFR1) and a related protein called Fas (CD95), but several others have been described. The mechanism of apoptosis induced by these death receptors is well illustrated by Fas (Fig. 1-31). When Fas is cross-linked by its ligand, membrane-bound FasL, three or more molecules of Fas come together, and their cytoplasmic death domains form a binding site for an adapter protein that also contains a death domain and is called Fas-associated death domain (FADD). FADD is attached to the death receptors, which in turn bind an inactive form of caspase-8 (and in humans, caspase-10), again via a death domain. Multiple procaspase-8 molecules are thus brought into proximity, and they cleave one another to generate active caspase-8. The enzyme then triggers a cascade of caspase activation by cleaving and thereby activating other procaspases, and the active enzymes mediate the execution phase of apoptosis (discussed later). This pathway of apoptosis can be inhibited by a protein called FLIP, which binds to procaspase-8 but cannot cleave and activate the enzyme because it lacks enzymatic activity. Some viruses and normal cells produce FLIP and use this inhibitor to protect infected and normal cells from Fas-mediated apoptosis. The sphingolipid ceramide has been implicated as an intermediate between death receptors and caspase activation, but the role of this pathway is unclear and remains controversial.
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Fig. 1-31 The extrinsic (death receptor–initiated) pathway of apoptosis, illustrated by the events after Fas engagement.
FADD, Fas-associated death domain; FasL, Fas ligand. (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)











The Intrinsic (Mitochondrial) Pathway: The intrinsic pathway of apoptosis is the result of increased mitochondrial permeability and release of proapoptotic molecules into the cytoplasm, without a role for death receptors (see Fig. 1-30). Growth factors and other survival signals stimulate the production of antiapoptotic members of the Bcl-2 family of proteins. This family is named after Bcl-2, which was identified as an oncogene in a B lymphocyte lymphoma and is homologous to the Caenorhabditis elegans protein, Ced-9. There are more than 20 proteins in this family, all of which function to regulate apoptosis; the two main antiapoptotic ones are Bcl-2 and Bcl-x. These antiapoptotic proteins normally reside in mitochondrial membranes and the cytoplasm. When cells are deprived of survival signals or subjected to stress, including misfolded proteins and ER stress, or when DNA is damaged, Bcl-2 and/or Bcl-x are lost from the mitochondrial membrane and are replaced by proapoptotic members of the family such as Bak, Bax, and Bim. When Bcl-2/Bcl-x levels decrease, the permeability of the mitochondrial membrane increases, and several proteins that can activate the caspase cascade leak out (Fig. 1-32). One of these proteins is cytochrome c, well known for its role in mitochondrial respiration. In the cytosol, cytochrome c binds to a protein called apoptosis activating factor-1 (Apaf-1, homologous to Ced-4 in Caenorhabditis elegans), and the complex activates caspase-9. (Bcl-2 and Bcl-x may also directly inhibit Apaf-1 activation, and their loss from cells may permit activation of Apaf-1.) Other mitochondrial proteins, such as apoptosis-inducing factor (AIF), enter the cytoplasm, where they bind to and neutralize various inhibitors of apoptosis, whose normal function is to block caspase activation. The net result is the initiation of a caspase cascade. Thus the essence of this intrinsic pathway is a balance between proapoptotic and protective molecules that regulate mitochondrial permeability and the release of death inducers that are normally sequestered within the mitochondria. There is evidence that the intrinsic pathway of apoptosis can be triggered without a role for mitochondria. Apoptosis may be initiated by caspase activation upstream of mitochondria, and the subsequent increase in mitochondrial permeability and release of proapoptotic molecules amplify the death signal. However, these pathways of apoptosis involving mitochondria-independent initiation are not well defined. We have described the extrinsic and intrinsic pathways for initiating apoptosis as distinct, but there may be overlaps between them. For instance, in hepatocytes, Fas signaling activates a proapoptotic member of the Bcl family called Bid, which then activates the mitochondrial pathway. It is not known if such cooperative interactions between apoptosis pathways are active in most other cell types.
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Fig. 1-32 The intrinsic (mitochondrial) pathway of apoptosis.
A, Cell viability is maintained by the induction of antiapoptotic proteins such as Bcl-2 by survival signals. These proteins maintain the integrity of mitochondrial membranes and prevent leakage of mitochondrial proteins. B, Loss of survival signals, DNA damage, and other insults activate sensors that antagonize the antiapoptotic proteins and activate the proapoptotic proteins Bax and Bak, which form channels in the mitochondrial membrane. The subsequent leakage of cytochrome c (and other proteins, not shown) leads to caspase activation and apoptosis. (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)











The Execution Phase: This final phase of apoptosis is mediated by a proteolytic cascade, toward which the various initiating mechanisms converge. The proteases that mediate the execution phase are highly conserved across species and belong to the caspase family, as previously mentioned. They are mammalian homologues of the Ced-3 gene in Caenorhabditis elegans. The term caspase is based on two properties of this family of enzymes: The “c” refers to a cysteine protease (i.e., an enzyme with cysteine in its active site), and “aspase” refers to the unique ability of these enzymes to cleave aspartic acid residues. The caspase family, now including more than 10 members, can be divided functionally into two basic groups: initiator and executioner, depending on the order in which they are activated during apoptosis. Initiator caspases, as we have seen, include caspase-8 and caspase-9. Several caspases, including caspase-3 and caspase-6, serve as executioners. Like many proteases, caspases exist as inactive proenzymes, or zymogens, and must undergo an activating cleavage for apoptosis to be initiated. Caspases have their own cleavage sites that can be hydrolyzed not only by other caspases but also autocatalytically. After an initiator caspase is cleaved to generate its active form, the enzymatic death program is set in motion by rapid and sequential activation of other caspases. Execution caspases act on many cellular components. They cleave cytoskeletal and nuclear matrix proteins and thus disrupt the cytoskeleton and lead to breakdown of the nucleus. In the nucleus, the targets of caspase activation include proteins involved in transcription, DNA replication, and DNA repair. In particular, caspase-3 activation converts a cytoplasmic DNAase into an active form by cleaving an inhibitor of the enzyme; this DNAase induces the characteristic internucleosomal cleavage of DNA.











Morphologic Appearance of Apoptosis: Morphologically, apoptotic cells have condensed chromatin and cytoplasm, and fragments of them are often found in adjacent or phagocytic cells as apoptotic bodies (Fig. 1-33). Because single cells are dead, gross changes (and even microscopic changes) are usually not obvious. In addition, because the cell fragments into membrane-bound particles, phagocytosis occurs without the inflammation that is so often seen in necrosis.
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Fig. 1-33 Apoptosis, cytoarchitecture of cells.
A, Pancreas, rat. Individual acinar cells are shrunken and their chromatin condensed and fragmented (arrows). Cytoplasmic buds are found as apoptotic bodies in adjacent cells. Inflammation is absent. H&E stain. B, Hippocampal formation, mouse. Individual neurons are shrunken and their chromatin condensed and fragmented (arrows). (A courtesy Dr. M.A. Wallig, College of Veterinary Medicine, University of Illinois. B courtesy Drs. V.E. Valli and J.F. Zachary, College of Veterinary Medicine, University of Illinois.)





Although typically discussed separately, necrosis by oncosis and apoptosis can be seen within the same tissue as the result of the same agent (Fig. 1-34). Cell injury by a chemical, for example, that injures mitochondria may release cytochrome c and initiate the apoptosis program. Cells with more severely affected mitochondria may die from swelling or oncosis.
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Fig. 1-34 Necrosis and apoptosis, mouse hepatitis virus infection, liver, mouse.
This disease causes hepatocyte death, typically by oncotic necrosis but sometimes by apoptosis. Note areas of coagulation necrosis in the lower left and apoptotic bodies in the center, some of which have been taken up by adjacent hepatocytes (arrows). H&E stain. (Courtesy Dr. R.K. Myers, College of Veterinary Medicine, Iowa State University.)





The histopathologic characteristics of apoptosis are as follows:




• Individual cells are shrunken.


• Chromatin is condensed.


• Cytoplasm is fragmented.


• Cytoplasmic buds often containing a fragment of nucleus form on the surface, separate, and are phagocytosed by adjacent cells as apoptotic bodies, small intracellular eosinophilic inclusions sometimes with dense nuclear fragments.


• Inflammation is absent.





















Chronic Cell Injury and Cell Adaptation


As mentioned previously in the discussion of cell swelling and necrosis, cells respond to injury (or stress) in three possible major ways: (l) adaptation, (2) reversible injury with or without degeneration, and (3) death. Sublethal injury to a cell over time can lead to a variety of cell alterations. Cells may adapt by producing more cells (hyperplasia) or by producing more organelles, leading to an increase in size (hypertrophy); in some cases, adaptation results in fewer organelles and a decrease in cell and tissue size (atrophy). Cells may degenerate in a variety of ways, some of which involve the accumulation of excess normal or abnormal substances. Impaired function may result, and morphologic changes in the cell and tissue may give a clue as to the cause of the cell injury.






Sequelae to Sublethal Injury and Subcellular Changes





Autophagocytosis


Autophagocytosis is the process by which cells with sublethal injury remove damaged and effete organelles. Cells with sublethal injury often have various amounts of damaged organelles. As in organized societies, the cell has a system to clean up after a “storm.” In autophagy, portions of the cytoplasmic matrix and its damaged organelles are enveloped by cell membranes to form autophagosomes, which subsequently fuse with lysosomes (Fig. 1-35). When phagocytic white cells ingest dead or dying cells, the process is very similar and termed heterophagy. Autophagy is a common reaction of sublethally injured cells, epithelial cells such as endometrium undergoing cyclic physiologic regression, and in atrophy as the result of many causes. Recent evidence suggests that autophagocytosis pathways may result in a distinct type of cell death termed autophagic cell death.




[image: image]


Fig. 1-35 Autophagy and heterophagy.
Schematic representation of heterophagy (left) and autophagy (right). The mechanisms are similar for processing cell debris, both from intrinsic sources and extrinsic sources (heterophagy). (From Kumar V, Abbas A, Fausto N: Robbins & Cotran pathologic basis of disease, ed 7, Philadelphia, 2005, Saunders.)





By light microscopy, autophagic vacuoles may appear as eosinophilic inclusions (see section on Intracellular Hyaline Proteins) and are common in the liver and kidney. As digestion progresses, electron-dense and lamellar debris is formed. Some vacuoles are evicted from the cell by exocytosis; others remain as residual bodies, and the contents form lipofuscin, the so-called wear-and-tear pigment.


Misfolded proteins or those otherwise altered occur in a variety of circumstances within the cell, both normally and in disease states. These proteins may be repaired by chaperones, or they may be degraded by the ubiquitin-proteasome pathway. The targeted proteins are conjugated to ubiquitin (one of several heat shock proteins) that through a cascade results in polyubiquitination and direction of the protein into a proteasome, a multisubunit complex with a catalytic core that degrades the protein for removal (see Fig. 1-48). Removal of all sorts of proteins, including cell-signaling molecules, allows proper control of cell function, growth, and replication. This pathway also plays a role in both activation and inhibition of apoptosis as well as in sublethal injury.












Adaptive Changes Leading to Change in Cell Size, Number, or Appearance


Adaptive changes to cell stress or injury can lead to an increase in the size of a tissue or organ (by hyperplasia and/or hypertrophy), a decrease in tissue and cell size (atrophy), or a change to a different cell type (metaplasia) (Fig. 1-36). Hypertrophy is an increase in the size of cells or organs. Hyperplasia is an increase in the number of cells in a tissue or organ. The two often occur together as an adaptive change and are considered positive responses to injury or stress.
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Fig. 1-36 Adaptive changes in epithelium. (From McCance KL, Huether SE, Brashers VL, et al: Pathophysiology: the biologic basis for disease in adults and children, ed 6, St. Louis, 2010, Mosby.)









Hypertrophy


In simple cellular hypertrophy, the number of cells in an organ or tissue does not increase. Cells synthesize more organelles, and cell enlargement occurs. The histologic architecture of the organ is normal, but cells are bigger. Hypertrophy can occur in most organs and tissues but tends to occur in cells that undergo little replication (i.e., stable or permanent cells). It is most common in striated muscle. In response to increased workload, smooth muscle may undergo hypertrophy and hyperplasia. Causes of hypertrophy usually involve demands for increased function (e.g., the increased workload on a muscle and resultant hypertrophy of that muscle in weight lifters).


The size and configuration of organelles reflect the work requirements of the cell. Chronic exposure to drugs, such as phenobarbital, Dilantin, and alcohol, leads to enlargement of the SER in hepatocytes. SER contains the mixed oxidase enzyme systems that function to catabolize these substances. The increased size of the Golgi complex and RER are a reflection of a need for synthesis of extracellular proteins (e.g., immunoglobulin, collagen, and secretions). These organelles increase in size by duplication of membranes. The number of mitochondria adjusts to the ATP requirements of the cell. The size of nucleoli and proportion of euchromatin also reflect the synthetic activity of the cell.


Physiologic hypertrophy is common and expected after work. Compensatory hypertrophy is a response to the loss of a part of an organ or one of the paired organs or from obstruction of the lumen of a hollow muscular organ. For example, hypertrophy occurs in one kidney after the loss of the opposite kidney. The kidney enlarges because of the increased length of nephrons and not the increased numbers of nephrons. Functional capacity increases with the increased size. Hypertrophy of the right ventricle of the heart caused by stenosis of the pulmonary outflow tract is another example of compensatory hypertrophy (Fig. 1-37).
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Fig. 1-37 Hypertrophy, heart, dog.
A, Narrowing of the pulmonary outflow tract caused by pulmonic valve stenosis has forced the right ventricle to contract with much more pressure. This increased workload has caused hypertrophy of the wall of the right ventricle, which is much thicker here than it would normally be. B, Note the increased size (hypertrophy) of myocytes in the overworked heart muscle. (Courtesy Dr. L. Miller, Atlantic Veterinary College, University of Prince Edward Island; and Noah’s Arkive, College of Veterinary Medicine, The University of Georgia.)





Hypertrophy is common, protective, limited, and reversible and may rarely cause harm to adjacent structures. Hypertrophy may not always be useful. In myocardial hypertrophy, enlargement of myofibers may occur with a corresponding increase in intercellular stroma, making the myocardium stiff. In addition, the blood supply may not increase adequately to serve the needs of the increased mass of myocytes, and this results in hypoxic injury. The term hypertrophy is used in gross pathology to describe lesions that involve gross enlargement of an organ regardless of cause.


Cellular mechanisms leading to hypertrophy vary by tissue and cause, and details are lacking for most entities. Growth factors likely play a role in altering gene expression in many circumstances, whereas in myofiber hypertrophy, the type of mechanical stress can influence the way the muscle enlarges, for example with increased mitochondria, required for oxidative metabolism in endurance training. Muscular hypertrophy of the uterus results from binding of estrogen to cytosolic estrogen-receptors that in turn activate genes leading to muscle protein production. These specific changes and others all are likely due to activation of specific genes.









Hyperplasia


Because hyperplasia is an increase in the number of cells, increased mitotic division is implied. Hyperplasia increases the size of a tissue, an organ, or part of an organ and may appear grossly as hypertrophy. It is a common change. Microscopically, cells resemble normal cells but are increased in numbers. Hyperplastic cells may also be increased in size (i.e., cellular hypertrophy).


The ability of different adult cell types to undergo hyperplasia varies. Labile cells—those that routinely proliferate in normal circumstances, such as those of the epidermis, intestinal epithelium, and bone marrow cells—readily become hyperplastic. Permanent cells, such as neurons and cardiac and skeletal muscle myocytes, have very little capacity to regenerate or become hyperplastic in most situations. Stable cells, such as bone, cartilage, and smooth muscle, are intermediate in their ability to become hyperplastic.


Hyperplasia is traditionally divided into physiologic hyperplasia and pathologic hyperplasia, as follows:




• Physiologic hyperplasia is usually either hormonal or compensatory. Hormonal hyperplasia includes conditions such as increased mammary gland epithelial proliferation before lactation and enlargement of the pregnant uterus. Compensatory hyperplasia, or regeneration, occurs after a portion of an organ is lost. For example, if the skin is abraded, the basal layer of the epidermis undergoes mitosis to regenerate superficial layers. Removal of part of the liver can cause mitosis in the remaining hepatocytes resulting in the restoration of the liver to its normal size but not necessarily its normal shape. This regenerative process takes as little as 2 weeks in rats after partial hepatectomy.


• Pathologic hyperplasia is often caused by excessive hormonal stimulation of target cells or chronic irritation. Cystic endometrial hyperplasia of the canine uterus as a result of prolonged progesterone influence is common. Microscopically, there is folding of increased numbers of epithelial cells into glands and onto the lumen surface. The mucosa thickens and may trap or impair secretions, causing dilation of glands and cyst formation within the mucosa. The process is reversible if the stimulus is removed.





Pathologic hyperplasia may cause diffuse enlargement of an organ, such as in benign prostatic hyperplasia in dogs and in goiter (hyperplasia of the thyroid gland) (Fig. 1-38), or be localized as nodular hyperplasia. Nodular hyperplasia may occur without known cause and occurs in the spleen, liver, and pancreas of old dogs. One must differentiate hyperplasia, particularly nodular hyperplasia, from neoplasia.




[image: image]


Fig. 1-38 Hyperplasia, thyroid goiter, goat.
A, Deficiency of maternal dietary iodine during pregnancy has resulted in hyperplasia (and hypertrophy) of thyroid follicular epithelial cells in this neonatal goat and thus results in a symmetric enlargement of the glands (goiter). B, Thyroid follicular epithelial cells from a normal thyroid gland. H&E stain. C, Thyroid follicular epithelial cells from a case of thyroid goiter. Note the increased number (and size) of the follicular epithelial cells. H&E stain. (A courtesy Dr. O. Hedstrom, College of Veterinary Medicine, Oregon State University; and Noah’s Arkive, College of Veterinary Medicine, The University of Georgia. B and C courtesy Dr. B. Harmon, College of Veterinary Medicine, The University of Georgia; and Noah’s Arkive, College of Veterinary Medicine, The University of Georgia.)





The significance of hyperplasia usually lies in determining its cause. If it is hormonal in origin, the disturbance in the source organ should be determined. If chronic irritation is the cause, determining the agent is often important. Hyperplasia is usually induced by known stimuli. It is a controlled process that stops when the stimulus ceases, can serve a useful purpose (e.g., repair defects, compensate for tissue loss, prepare for increased function, and aid in protection), and is subject to regular growth controls. These features are not part of neoplastic processes, which otherwise may be similar to hyperplastic changes in appearance and behavior.


Cellular mechanisms of hyperplasia vary in details, depending on the cell affected and the cause. There are multiple controls as to whether or not a cell enters the replication cycle. In some circumstances hormones trigger cell replication, whereas in others growth factors, increased receptors for growth factors, and activation of cell signaling pathways may all have a role. In some circumstances, cytokines are important. Ultimately, transcription factors may influence the expression of a new cadre of genes leading to cell proliferation. In regeneration for restitution of parenchyma to normal amounts (see later discussion), stem cells turn on and lead to appropriate cell replication.









Metaplasia


Metaplasia is a potentially reversible change in which one adult cell type is replaced by another adult cell type of the same germ line (Fig. 1-39). Usually, specialized epithelium is replaced by less-specialized epithelium. One adult cell type does not transform into another type of adult cell. It is the less-differentiated reserve or stem cells that differentiate along a different line. For example, in cigarette smokers, chronic irritation of the normal columnar ciliated epithelium of the trachea and bronchial tree causes it to be replaced by focal or diffuse areas of stratified squamous epithelium. The squamous cells are more resistant to injury but are less protective to the lung, and, as they lack cilia, there is decreased clearance of mucus.
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Fig. 1-39 Metaplasia to squamous epithelium.
A, Schematic diagram of columnar to squamous metaplasia. B, Metaplasia of columnar epithelium (left) to squamous epithelium (right) in a bronchus. (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)





Metaplasia is often but not always an adaptive change to withstand adverse environmental conditions and is reversible if the cause is removed. Epithelial metaplasia is commonly a change to squamous epithelium and is usually a result of chronic irritation, but it can have other causes (e.g., avitaminosis A). Metaplasia in mesenchymal tissue is less clearly adaptive and is usually a response to change of microenvironment of cells, such as oxygen tension. One type of mesenchymal tissue changes to another, for example, fibrous tissue changes to cartilage or bone.


The following are some examples and causes of metaplasia:




• Chronic irritation from particles and chemicals in the lungs of smokers may cause the normal cuboidal and columnar epithelium of airways to become stratified squamous.


• Vitamin A deficiency causes squamous metaplasia of the transitional epithelium of the urinary tract, cuboidal and columnar epithelial cells lining the ducts within the salivary glands, and the epithelium of the mucous glands of esophageal mucosa in birds (Fig. 1-40).
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Fig. 1-40 Squamous metaplasia, esophagus, parrot.
A, The esophageal mucosa has multiple white raised nodules from squamous metaplasia of mucosal glands. Metaplasia arose from the lack of dietary vitamin A (avitaminosis A). B, Note the squamous metaplasia of the esophageal glands. Vitamin A is necessary for maintenance of the normal epithelium. Avitaminosis A results in the replacement of normal mucosal epithelium and goblet cells in the glands by keratinized stratified squamous epithelium. H&E stain. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)





• Estrogen toxicity, among other things, causes squamous metaplasia of the urinary tract and prostate.


• Healing of glandular epithelium after mastitis may at first be squamous.


• Squamous metaplasia of salivary, biliary, and pancreatic ducts can occur if they are blocked by stones in the lumen.


• Osseous metaplasia (metaplastic bone) occasionally occurs in injured soft tissue.


• Myeloid metaplasia (extramedullary hematopoiesis) in adult spleens and livers occurs commonly after bone marrow injury or insufficiency.


• Metaplasia occurs in some tumors such as mixed mammary gland tumors of dogs.





Metaplasia is reversible (usually) if the cause is withdrawn. It may, however, be preneoplastic—for example, in the lungs of smokers where it appears before transformation to squamous cell carcinoma.


Cellular mechanisms leading to metaplasia vary. Vitamin A is important in normal differentiation of mucus-secreting epithelium by yet unspecified mechanisms. When vitamin A is deficient, these cells differentiate along squamous lines. Estrogen causes differentiation along squamous lines in specific sex-hormone responsive epithelia. Growth factors and other trophic substances presumably can influence differentiation along certain pathways from stem cells, and ECM can play an important role. How these metaplastic changes take place in response to injury is less clear.









Atrophy


Atrophy is the decrease in size or amount of a cell, tissue, or organ after normal growth has been reached (Fig. 1-41). It is caused by the decreased number and/or size of cells. It may affect virtually any organ or part of an organ. It is a regressive change usually caused by gradual and continuous injury. Some causes and examples of atrophy are as follows:
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Fig. 1-41 Atrophy, right thyroid gland on trachea, dog.
A, The right thyroid gland is extremely small and difficult to discern. Only small pieces of thyroid tissue remain (arrows). B, The thyroid gland is extremely small, follicles are atrophic and of varied sizes, and colloid has a low concentration of thyroglobulin protein (pale pink color). Note that supporting stroma has been replaced by fat cells. The parathyroid gland (right) is of normal size. H&E stain. (A courtesy Dr. W. Crowell, College of Veterinary Medicine, The University of Georgia; and Noah’s Arkive, College of Veterinary Medicine, The University of Georgia. B courtesy College of Veterinary Medicine, University of Illinois.)







• Deficient nutritive supply. Starvation and especially a decreased blood supply. For example, liver atrophy results from decreased blood flow through the portal vein (Fig. 1-42).
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Fig. 1-42 Atrophy, liver, dog.
A, Note the small size (up under the rib cage) but normal color of the liver in this dog and the anomalous size of the caudal vena cava in the mesentery (i.e., shunt between the portal vein and the systemic circulation). This shunt caused bypassing of blood from the liver. The reduction in blood flow to the liver causes decreased nutrients (hepatocyte trophic factors) to the hepatocytes and therefore decreased size of hepatocytes. B, Normal liver. H&E stain. C, Liver, atrophy. Hepatocytes are smaller and narrower than those in the normal liver (B). As a consequence, the sinusoids are correspondingly wider. H&E stain. (A courtesy Dr. J. Sagartz, College of Veterinary Medicine, The Ohio State University; and Noah’s Arkive, College of Veterinary Medicine, The University of Georgia. B courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee. C courtesy Dr. R.K. Myers, College of Veterinary Medicine, Iowa State University.)





• Decreased workload. For example, muscle fibers atrophy in sedentary people.


• Disuse. Muscles in a limb in a cast atrophy.


• Denervation. Muscle fibers decrease in size rapidly if their motor neuron is severed.


• Pressure. Atrophy, degeneration, and necrosis occur adjacent to tumors because of pressure and compromised blood supply.


• Loss of endocrine stimulation. Atrophy of the zona fasciculata of the adrenal follows prolonged steroid therapy.


• Senility.





Involution is the decrease in size of a tissue caused by reduction in the number of cells (usually by apoptosis) and is usually used to refer to physiologic processes. For example, the thymus involutes with age, and many tissues become smaller because of senile involution. The uterus involutes after parturition, and its smooth muscle cells decrease notably in size and number.


The pathogenesis of atrophy implies an adverse environment. Cells regress to a smaller cell size and survive, but with decreased function. The general cause is inadequate cellular nutrition for any reason. Synthesis of proteins is exceeded by degradation or loss.


Autophagocytosis, lysosomes, and the ubiquitin proteasome pathway (see the section on Sublethal Injury and Subcellular Changes) may all play a role in decreasing the organelle and protein content of a cell. The actual triggers and cellular mechanisms are unclear for many circumstances. Atrophy may resolve if the cause is removed. It may persist as is, with or without harm to the organism, or it may progress.


Atrophied organs grossly have a decreased weight and volume, may have a loose covering membrane (e.g., wrinkled skin), have tortuous blood vessels too large for the volume of tissue, and often are firmer because of fibrosis or condensation of remaining collagen. Microscopically, cells are smaller and/or reduced in number. Ultrastructurally, there are fewer mitochondria, ER, and myofilaments (muscle) and often an increase in autophagic vacuoles and maybe lipofuscin.


Serous atrophy of fat is a very important necropsy finding because it may indicate starvation. Grossly, fat deposits are completely or partially depleted, and a clear or yellowish gelatinous material remains. Histologically, adipocytes are smaller, and interstitial hyaluronic acid mucopolysaccharides are increased. It is most evident in the epicardial and perirenal fat but may affect any fat depot, including bone marrow. The cause of starvation may be virtually anything: malnutrition, malabsorption, chronic infection, parasitism, neoplasia, and so forth. It is common in neonates, often the result of mismothering.












Intracellular Accumulations*



One of the manifestations of metabolic derangements in cells is the intracellular accumulation of abnormal amounts of various substances (Fig. 1-43). The stockpiled substances fall into three categories: (1) a normal cellular constituent accumulated in excess, such as water, lipids, proteins, and carbohydrates; (2) an abnormal substance, either exogenous, such as a mineral or products of infectious agents, or endogenous, such as a product of abnormal synthesis or metabolism; or (3) a pigment. These substances may accumulate either transiently or permanently, and they may be harmless to the cells, but on occasion they are severely toxic. The substance may be located in either the cytoplasm (frequently within phagolysosomes) or the nucleus. In some instances, the cell may be producing the abnormal substance, whereas other cells may be merely storing products of pathologic processes occurring elsewhere in the body.
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Fig. 1-43 Mechanisms of intracellular accumulations.
A, Abnormal metabolism, as in fatty change in the liver. B, Mutations causing alterations in protein folding and transport, as in α1-antitrypsin deficiency. C, Deficiency of critical enzymes that prevent breakdown of substrates that accumulate in lysosomes, as in lysosomal storage diseases;. D, Inability to degrade phagocytosed particles, as in hemosiderosis and carbon pigment accumulation. (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)





Many processes result in abnormal intracellular accumulations, but most accumulations are attributable to the following three types of abnormalities.




1. A normal endogenous substance is produced at a normal or increased rate, but the rate of metabolism is inadequate to remove it. An example of this type of process is fatty change in the liver because of intracellular accumulation of triglycerides (described in a later section). Another example is the appearance of reabsorption protein droplets in the epithelial cells of renal proximal tubules because of increased leakage of protein from the glomerulus.


2. A normal or abnormal endogenous substance accumulates because of genetic or acquired defects in the metabolism, packaging, transport, or secretion of these substances. One example is the group of conditions caused by genetic defects of specific enzymes involved in the metabolism of lipid and carbohydrates resulting in intracellular deposition of these substances, largely in lysosomes in so-called storage diseases. Another is α1-antitrypsin deficiency, in which a single amino acid substitution in the enzyme results in defects in protein folding and accumulation of the enzyme in the ER of the liver in the form of globular eosinophilic inclusions.


3. An abnormal exogenous substance is deposited and accumulates because the cell has neither the enzymatic machinery to degrade the substance nor the ability to transport it to other sites. Accumulations of carbon particles and nonmetabolizable chemicals, such as silica particles, are examples of this type of alteration.





Whatever the nature and origin of the intracellular accumulation, it implies the storage of some product by individual cells. If the overload is due to a systemic derangement and can be brought under control, the accumulation is reversible. In genetic storage diseases, accumulation is progressive, and the cells may become so overloaded as to cause secondary injury, leading in some instances to death of the tissue and the patient.






Lipids





Hepatic Lipidosis (Fatty Liver, Fatty Change, Hepatic Steatosis): All major classes of lipids can accumulate in cells: triglycerides, cholesterol/cholesterol esters, and phospholipids. Phospholipids are components of the myelin figures found in necrotic cells. In addition, abnormal complexes of lipids and carbohydrates accumulate in the lysosomal storage diseases.


Lipidosis is the accumulation of triglycerides and other lipid metabolites (neutral fats and cholesterol) within parenchymal cells. Although it occurs in heart muscle, skeletal muscle, and the kidney, clinical manifestations are most commonly detected as alterations in liver function (elevated liver enzymes, icterus) because the liver is the organ most central to lipid metabolism.


Hepatic lipidosis, the prototype example of this type of cellular degeneration, can occur as the result of one of the following five mechanisms:




1. Excessive delivery of free fatty acids either from the gut or from adipose tissue


2. Decreased β-oxidation of fatty acids to ketones and other substances because of mitochondrial injury (toxins, hypoxia)


3. Impaired synthesis of apoprotein (CCl4 toxicity, aflatoxicosis)


4. Impaired combination of triglycerides and protein to form lipoprotein (uncommon)


5. Impaired release (secretion) of lipoproteins from the hepatocyte (uncommon)





The underlying pathogenesis of hepatic lipidosis centers on the biochemical pathways of free fatty acid formation and metabolism. Free fatty acids, derived from triglycerides, provide a large component of the basal energy needs for parenchymal cells. They are obtained directly from the diet through digestive processes, from chylomicrons in the blood, or from adipose cells in body fat stores (adipose tissue). Chylomicrons transport dietary lipids consisting predominately of triglycerides from the alimentary system to the liver, muscle, and adipose tissue. Lipoprotein lipase and other proteins act synergistically within the chylomicron to free fatty acids from triglycerides for their use as an energy source. In the liver, free fatty acids are esterified to triglycerides, converted into cholesterol or phospholipids, or oxidized to ketones. Triglycerides can only be transported out of hepatocytes if apolipoprotein converts them to lipoproteins (Fig. 1-44). Alterations in one or more of these biochemical processes can result in the accumulation of triglycerides and other lipid metabolites, resulting in hepatic lipidosis.
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Fig. 1-44 Fatty liver.
Schematic of typical hepatic lipid metabolism (uptake, catabolism, and secretion) and possible mechanisms resulting in lipid accumulation. 1, Excessive delivery of free fatty acids (FFA) from fat stores or diet. 2, Decreased oxidation or use of FFAs. 3, Impaired synthesis of apoprotein. 4, Impaired combination of protein and triglycerides to form lipoproteins. 5, Impaired release of lipoproteins from hepatocytes. (Modified from Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)





In domestic animals, hepatic lipidosis most commonly arises from conditions that cause increased mobilization of body fat stores. Such conditions usually occur when there is increased demand for energy over a short duration, as in late pregnancy and early lactation in dairy cows (pregnancy toxemia and ketosis, respectively). Hepatic lipidosis is also observed with nutritional disorders, including obesity (increased transport of dietary lipids or mobilization from adipose tissue), protein-calorie malnutrition (impaired apolipoprotein synthesis), and starvation (increased mobilization of triglycerides), but it also can occur secondarily in inherited storage diseases, such as Wilson’s disease, and in endocrine disease, such as diabetes mellitus (increased mobilization of triglycerides). Poisoning by chemicals, such as CCl4 (used in industrial applications) and yellow phosphorus (used in manufacturing of incendiary munitions and once in the manufacture of matches), can also induce hepatic lipidosis via decreased oxidation of free fatty acids. These chemicals are strictly regulated and diseases caused by them are rarely seen in clinical medical practice today. In some disorders, such as feline hepatic lipidosis (feline fatty liver syndrome) and fat cow syndrome, the cause of hepatic lipidosis is unclear.


Grossly, mild fatty change may not be detectable, but livers with notable lipidosis are enlarged, yellow, soft and friable, and the edges of the lobes are rounded and broad instead of sharp and flat (Fig. 1-45, A). When incised, the cut surface of severely affected livers can bulge and the hepatic parenchyma is soft and friable and has a greasy texture attributable to lipid within hepatocytes. In addition, a 1-cm-thick transverse section from a liver lobe may float in formalin, again indicative of lipid within hepatocytes.
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Fig. 1-45 Steatosis (fatty liver, fatty change, hepatic lipidosis), liver, ox.
A, Note the uniformly pale yellow surface. The liver is usually enlarged and the edges rounded. The cut surface bulges on incision and may feel greasy. B, In this severely affected liver, all hepatocytes are vacuolated and their nuclei have been displaced to the side. H&E stain. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)





It is important to distinguish these gross lesions from the lesions present in glucocorticoid (steroid) hepatopathy in dogs. The liver in glucocorticoid hepatopathy is also enlarged and has rounded edges, but it is pale beige to tan-white, firm, and nongreasy (Fig. 1-46, A). Cut sections do not float in formalin. These gross lesions are attributable to the accumulation of glycogen and water in the cytoplasm of hepatocytes (see Chapter 8).
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Fig. 1-46 Glucocorticoid hepatopathy, liver, dog.
A, Extensive accumulation of glycogen in hepatocytes leads to an enlarged and pale brown to beige liver in dogs with glucocorticoid excess from endogenous (Cushing’s disease) or exogenous sources. The liver is usually enlarged and the edges rounded. This cut surface would bulge on incision and not be greasy. B, Note the swollen hepatocytes (arrows) with extensive cytoplasmic vacuolation. H&E stain. (A courtesy Dr. K. Bailey, College of Veterinary Medicine, University of Illinois. B courtesy Dr. J. M. Cullen, College of Veterinary Medicine, North Carolina State University.)





Microscopically, hepatocytes with lipidosis are vacuolated, with the extent of the vacuolation depending on the severity of the lipidosis. Initially, there are a few small clear vacuoles that increase in size and number and eventually coalesce into larger vacuoles. These vacuoles have sharply delineated borders (Fig. 1-45, B), which are attributed to the hydrophobic interface between water and lipid in the cell’s cytoplasm and should be compared with the vacuoles that result from glycogen accumulation (Fig. 1-46, B). In hepatocytes with large amounts of fat, the nucleus can be displaced to the periphery, and the cell can resemble an adipocyte. In extremely affected livers in which all of the hepatocytes are filled with lipid, the liver can resemble fat and can be identifiable only by the presence of portal areas.


Vacuoles in hepatocytes may be due to fat accumulation but can also occur as the result of intracellular accumulation of glycogen or water. Fat is confirmed by special stains, but as alcohol and clearing agents used during the processing of paraffin-embedded sections dissolve fat, formalin-fixed frozen sections—properly stained for fat—must be used to confirm its presence in hepatocytes. Fat stains, which are alcoholic solutions of fat-soluble dyes, include Sudan III, Scharlach R, and Oil-Red-O. Glycogen is confirmed by the PAS and PAS-diastase reactions described later (see section on Glycogen). Vacuoles that do not stain with either fat or PAS are presumed to be a result of the accumulation of water (hydropic degeneration).








Fatty Infiltration: Fatty infiltration should not be confused with fatty change or steatosis, in which the lipid is intracellular (see previous discussion). Adipocytes are normally present in connective tissue and depending on the nutritional state of the animal in limited numbers between fasciculi of skeletal muscle and subepicardially between cardiac myocytes. When increased lipid is to be stored, adipocytes increase in number, and the process is called fatty infiltration. It occurs in old age and in obesity in which there is hyperplasia of adipocytes by means of proliferation of preadipocytes. When myocytes of skeletal muscle atrophy and disappear, the lost myocytes may be replaced by adipocytes (see Chapter 15 and Fig. 15-9).












Glycogen


Variable amounts of glycogen are normally stored in hepatocytes and myocytes (the amount in the liver depends on the interval between sampling and the last meal). Hepatocytes of starved animals are usually devoid of glycogen. Excessive amounts of glycogen are present in animals in which glucose or glycogen metabolism is abnormal, such as in diabetes mellitus, in genetic disorders such as glycogen storage diseases (type Ia and type III), and in animals that have received excess amounts of corticosteroids. Large amounts of glycogen can be found in the livers of young growing animals and in animals that are well nourished and on diets of commercially produced feeds.


In diabetes, glycogen is found not only in hepatocytes but also in the epithelial cells of renal proximal tubules and in B cells of the islets of Langerhans. Hepatocytes are highly permeable to glucose, and hyperglycemia leads to increased glycogen concentration in these cells. Also in diabetes, large amounts of glucose are passed out in the glomerular filtrate and exceed the resorptive capacity of the renal tubule epithelial cells. These cells, when overloaded with glucose, convert it into glycogen, which accumulates intracellularly.


Grossly, physiologic deposits of glycogen cannot be detected, but in steroid-induced hepatopathy, in which massive amounts of glycogen are stored, the liver may be enlarged and pale (see Fig. 1-46).


Microscopically, the amount of glycogen demonstrated in hepatocytes is chiefly a function of the original concentration in the cell, the delay between death and fixation during which time the glycogen is metabolized, and the type of fixation. Despite frequent statements that glycogen is best preserved by fixing tissue in an alcoholic fixative (e.g., absolute alcohol or 10% formalin in absolute alcohol), glycogen can be well preserved by fixation in an ordinary 10% buffered neutral formalin solution at 4° C in a refrigerator during the period of fixation (Fig. 1-47, A). This procedure retains most of the glycogen but avoids the excessive shrinkage and distortion of tissues fixed in alcoholic fixatives and also avoids “polarization,” the phenomenon whereby the glycogen is displaced to the side of the cell away from the surface. Polarization is seen in fixation at room temperature but is worst with alcoholic fixatives (Fig. 1-47, B).
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Fig. 1-47 Glycogen, liver, dog.
A, Ten-percent buffered neutral formalin fixation at 4° C. Glycogen (purplish-red) is uniformly dispersed throughout the cytoplasm of all hepatocytes. Periodic acid-Schiff technique. B, Absolute alcohol (ethanol) fixation at room temperature. The glycogen in each hepatocyte has been pushed to the side of the cell, so-called polarization of glycogen. Periodic acid-Schiff technique. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)





Histologically, glycogen is demonstrated specifically by the PAS reaction using two serial tissue sections mounted on glass slides. The tissue section on the first slide is pretreated with diastase, which digests the glycogen in the tissue, and the tissue section on the second glass slide is untreated. Thus the deposits digested by diastase are glycogen. The PAS reaction breaks 1,2-glycol linkages to form aldehydes, which are revealed by Schiff’s reagent. These linkages occur in substances other than glycogen, hence the use of two slides, including one pretreated with diastase, to specifically identify glycogen. Microscopically, glycogen appears as clear vacuoles in the cytoplasm of the cell. In contrast to intracellular fat whose vacuoles are rounded and sharply delineated, glycogen forms irregular clear spaces with indistinct outlines. Usually the nucleus remains centrally located in the hepatocyte. However, if very large amounts of glycogen are stored in hepatocytes, as in steroid-induced hepatopathy, hepatocyte nuclei may be displaced peripherally.


In glycogen storage diseases (glycogenoses), glycogen accumulates, sometimes in massive amounts in cells as a result of a defective enzyme. Exactly which cells store glycogen depends on the defective enzyme, but skeletal muscle is frequently involved (see Chapters 14 and 15 for more detail).









Proteins


In histologic sections, intracellular protein accumulations are of several types and include rounded eosinophilic droplets, vacuoles, and aggregates in cells. The causes of these accumulations vary widely.





Hyaline Change: The adjective “hyaline” is defined by Dorland’s Medical Dictionary as “glassy and transparent or nearly so,” and the noun “hyalin” as a “translucent albuminoid substance.” However, histologically the term has come to mean having a homogeneous, eosinophilic, and glassy (translucent) appearance. Some pathologists also add “amorphous,” and the lesion has been termed both a change and a degeneration, but the term hyaline is purely descriptive and rather loosely applied to a variety of changes, none of which is a true cellular degeneration. Hyaline substances may be intracellular or extracellular.





Intracellular Hyaline Proteins: Intracellular hyaline proteins include resorption droplets in the proximal tubule epithelial cells, Russell bodies in plasma cells, and those aggregates caused by defects in protein folding.





Resorption droplets in the epithelial cells of renal proximal tubules: There is normally very little protein in the filtrate from the glomerulus, and the proximal tubule epithelial cells resorb what is present. When the protein concentration of the filtrate is high, as for example in a proteinuria from glomerular damage, this protein is taken up by the proximal tubule epithelial cells into vesicles where, in H&E stained sections, they appear as hyaline droplets in the cytoplasm (Fig. 1-48, A). The vesicles fuse with the lysosomes to form phagolysosomes, where the protein is metabolized. If the proteinuria ceases, the formation of hyaline droplets also ceases. This condition was once called hyaline droplet degeneration. It is not a degeneration but an exaggeration of a normal process. Also, similar droplets are seen in the intestinal epithelium of neonatal pigs and calves that have recently ingested colostrum.
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Fig. 1-49 Mechanisms of protein folding and the unfolded protein response.
A, Chaperones, such as heat shock proteins (HSP), protect unfolded proteins from degradation and guide proteins into organelles. B, Misfolded proteins trigger a protective unfolded protein response (UPR). If this response is inadequate to cope with the level of misfolded proteins, it induces apoptosis. (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)











Excessive production of normal protein: Hyaline bodies called Russell bodies are seen in the cytoplasm of some plasma cells (Mott cells). These bodies are large, eosinophilic, homogeneous, and amorphous and consist of immunoglobulin (γ-globulin). Russell bodies have been described as “manifestations of cellular indigestion” in the ER.








Defects in protein folding: During protein synthesis on ribosomes, proper folding of the protein is essential for its transport in the cell’s organelles. Normally, if there is a defect in folding, the protein is eliminated by the proteasome complex (Fig. 1-49). On occasion, these folded proteins accumulate in cells as is seen in some of the human neurodegenerative diseases, including Alzheimer’s disease. Sometimes folded proteins may accumulate in tissue, and some types of amyloidosis are examples of this process.
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Fig. 1-48 Cell droplets and inclusion bodies.
A, Resorption droplets, proteinuria, kidney, dog. The cytoplasm of the proximal tubule epithelial cells is filled with eosinophilic homogeneous droplets—protein that has been resorbed by the cells from the glomerular filtrate. H&E stain. B, Crystalloids, hepatocytes, dog. Note the elongated crystals in the nuclei of the hepatocytes. C, Viral inclusion bodies, canine distemper, brain, dog. Note the intranuclear eosinophilic inclusion bodies in glial cells. H&E stain. D, Lead inclusion bodies, kidney, dog. The inclusions in the nuclei of these renal tubular epithelial cells are difficult to see with an H&E stain (arrows). Inset, An acid-fast stain is useful in identifying lead inclusions, which stain red. Ziehl-Neelsen stain. (A and C courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee. B courtesy Dr. D.D. Harrington, College of Veterinary Medicine, Purdue University; and Noah’s Arkive, College of Veterinary Medicine, The University of Georgia. D courtesy Dr. W. Crowell, College of Veterinary Medicine, The University of Georgia; and Noah’s Arkive, College of Veterinary Medicine, The University of Georgia. Inset courtesy Dr. W. Crowell, College of Veterinary Medicine, The University of Georgia; and Noah’s Arkive, College of Veterinary Medicine, The University of Georgia.)





















Other Intracellular Inclusions





Autophagic Vacuoles: Autophagic vacuoles are large eosinophilic intracytoplasmic inclusions, which ultrastructurally are autophagosomes (see Fig. 1-35). They are a common response to injury in cells with sublethal damage, particularly hepatocytes, and are a mechanism by which the cell rids itself of damaged or senescent organelles. A portion of the cell membrane invaginates and envelops the affected organelles to form an autophagosome, which then fuses with a lysosome to cause degradation of the contents. Digestion of the material in autophagic vacuoles may leave some lamellar debris, and this debris may either be exocytosed from the cell or remain intracellularly to form lipofuscin (see later discussion of pigments).








Crystalline Protein Inclusion Bodies: Crystalline protein inclusion bodies, sometimes known as crystalloids, occur in normal hepatocytes and renal tubular epithelial cells, particularly in old dogs. They are large, eosinophilic, and rhomboidal and may be so large as to distort the nucleus or the cell (Fig. 1-48, B). Except for being age related, their significance is unknown. In fact, an increased incidence of these inclusions is the most consistent age-related change in canine hepatocytes.








Viral Inclusion Bodies: Infection of host cells by some types of viruses results in the formation of characteristic inclusion bodies, which may be intranuclear, intracytoplasmic, or both. They contain viral proteins usually mixed with other proteins and are useful diagnostically to confirm a specific viral disease.


DNA viruses, such as herpesviruses, adenoviruses, and parvoviruses, tend to produce only intranuclear inclusions. These inclusions are round to oval and can be eosinophilic (herpesviruses), basophilic, or amphophilic (adenoviruses). Poxviruses are also DNA viruses, but they produce large distinct eosinophilic intracytoplasmic inclusion bodies in infected cells.


A few RNA viruses produce intracytoplasmic inclusions. Examples are the distinctive cytoplasmic neuronal inclusions of rabies (Negri bodies) and the epithelial inclusions of canine distemper. Distemper causes both intranuclear and intracytoplasmic inclusions in nervous tissue (Fig. 1-48, C). Viral inclusions are usually surrounded by a clear halo, particularly in the nucleus. Cells with inclusion bodies and adjacent cells usually have signs of degeneration or cell death. Many of these viral inclusion bodies are discussed in the systemic pathology chapters of this book.








Lead Inclusion Bodies: In lead poisoning, irregularly shaped intranuclear inclusion bodies that are acid-fast may be present in renal tubular epithelial cells (Fig. 1-48, D). They contain both lead and protein. When they are present, they are helpful in the diagnosis of lead poisoning, but are not present in all cases. In dogs, they must be distinguished from the protein crystalline protein inclusions described previously.















Extracellular Accumulations





Hyaline Substances


Extracellular hyaline substances include the following:




1. Hyaline casts in the lumens of renal tubules in a proteinuria.


2. Serum or plasma in blood vessels.


3. Plasma proteins in vessel walls (e.g., in porcine edema disease). These substances are subendothelial hyaline deposits, primarily seen in arterioles of the brainstem in pigs with porcine edema disease (see Fig. 1-52).


4. Old scars. With age, the number of nuclei in collagen deposits decreases as the result of cell senescence, and the collagen fibers condense and become hyalinized.


5. Thickened basement membranes (e.g., in glomerulonephritis and in the capillaries of the choroid plexus with old age).


6. Hyaline membranes of the alveolar walls (see Chapter 9).


7. Hyaline microthrombi (e.g., platelet microthrombi) in disseminated intravascular coagulation (DIC); often visible in glomerular capillaries and pulmonary alveolar capillaries.


8. Amyloid (as described next).








Amyloid: The name amyloid is given to a chemically diverse group of chiefly extracellular proteinaceous substances that appear histologically and ultrastructurally similar. The name means “starchlike” and was applied to these proteins because when the surface of an affected organ was treated with an iodine solution and then with dilute sulfuric acid, it turned blue, a positive test for starch (Fig. 1-50).
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Fig. 1-50 Amyloidosis, kidney, cross section, dog.
Note the blue-black foci, which are glomeruli-containing amyloid stained by Lugol’s iodine. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)





Histologically, amyloid is an eosinophilic amorphous hyaline substance (Fig. 1-51, A) and needs to be differentiated from other hyaline substances on histologic examination. It is extracellular and compresses adjacent parenchymal cells, causing atrophy or death from compression and/or ischemia. This outcome is most evident in hepatic amyloidosis, in which the protein is deposited in the space of Disse. Here it compresses the adjacent hepatocytes and interferes with the hepatocytes’ access to blood and nutrients in the sinusoids.
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Fig. 1-51 Amyloidosis, kidney, dog.
A, The renal glomerulus contains large amounts of pale homogeneous eosinophilic material, which is amyloid. H&E stain. B, The amyloid in the glomeruli stains orange. Congo red stain. (A and B courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)





The most frequently used special stain for amyloid is Congo red. It stains amyloid orange to orange red (Fig. 1-51, B) and under polarized light imparts a light green, the so-called apple green fluorescence (see Chapter 11). Congo red staining is not absolutely specific, and immunohistochemistry or transmission electron microscopy to identify 7.5- to 10-nm filaments may be necessary.


Chemically, amyloid is not one substance. It is a diverse group of glycoproteins whose protein component is configured in a β-pleated sheet pattern, which is responsible for the characteristic staining with Congo red. In humans, there are three major and several minor forms. In animals, there are two major and two minor forms, which are chemically distinct but appear similar histologically.


AL amyloid consists of immunoglobulin light chains, is monoclonal, and is secreted by plasma cells in immunocyte dyscrasias (B lymphocyte proliferative disorders). AA amyloid is not an immunoglobulin but is synthesized from a precursor protein, serum amyloid A (SAA), secreted by the liver. SAA concentration is increased in inflammatory states in response to IL-1 and IL-6, but this increase does not necessarily lead to amyloid deposition in all cases. A minor form of amyloidosis is hereditary amyloidosis found in Shar-Pei dogs and in Abyssinian cats.


β-Amyloid found in Alzheimer’s disease in humans has been detected in the brains of aged dogs.





Classification of Amyloidosis: Amyloidosis is discussed in detail in Chapter 5.


Amyloidosis has been classified in several ways (i.e., primary versus secondary, systemic [generalized] versus localized, and a combination of these categories). Systemic amyloidosis (generalized) is also divided into primary amyloidosis (immunocyte dyscrasia) and secondary amyloidosis (reactive systemic amyloidosis).




• Immunocyte dyscrasia is the most common form of amyloidosis in humans but not in animals. The amyloid consists of amyloid light chains and is indicative of a plasma cell dyscrasia. These cells also secrete large amounts of γ- and κ-light chains into blood and urine (Bence Jones proteins), which are diagnostically important.


• Reactive systemic amyloidosis was initially called secondary amyloidosis because it was secondary to chronic inflammatory conditions, particularly those causing a chronic antigenic stimulation with protracted breakdown of cells. It is the most common form of amyloidosis in animals, and the amyloid is deposited in kidney, liver, spleen, and lymph nodes. Functionally, and most often in old dogs, amyloid deposits in the kidney are the most important because they are located in the mesangium and basement membranes of renal glomeruli and cause a proteinuria. The spleen is the most frequent site in reactive systemic amyloidosis, and amyloid is deposited in the periarteriolar lymphoid sheaths and red pulp. The space of Disse of the liver is the usual site for amyloidosis in birds.


• Localized amyloidosis involves a single organ or tissue. Such localized lesions are in the nasal vestibule or rostral portion of the nasal septum and turbinates in horses and in the pancreatic islets in cats.


• β-Amyloidosis. Extracellular accumulation of amyloid-β (Aβ) protein is characteristic of Alzheimer’s disease in humans. This type of amyloid has also been identified in the brains of aged dogs, the highest concentration being in the frontal cortex. Dogs older than 13 years had Aβ plaques.











Location of Amyloid Deposits in Animals: The kidney (glomeruli in most animals and medullae in cats), liver (space of Disse in cattle, horses, dogs, and cats), and spleen (germinal centers) are common sites. Other organs affected include the stomach, intestine (lamina propria), thyroid (C-cell tumor), skin (dermis and subcutis of horses), lymph node (germinal centers), adrenal cortex, pancreas (islets of Langerhans in cats), nasal septum and turbinates (walls of submucosal vessels and basement membranes of mucosal glands of horses), and meningeal and cerebral vessels of older dogs. See the appropriate organ chapters for more detail.

























Other Extracellular Accumulations





Fibrinoid Change: Fibrinoid change, also known as fibrinoid necrosis and fibrinoid degeneration, is a term applied to a pattern of lesions most often observed in the vascular system. The terms fibrinoid degeneration and fibrinoid necrosis are inappropriate because the process is not a true regressive alteration of cells. Rather, fibrinoid change is the result of the deposition of immunoglobulin, complement, and/or plasma proteins, including fibrin in the wall of a vessel. This lesion is caused by injury to the intima and media such as occurs in the immune-mediated vasculitides.


Grossly, fibrinoid change cannot be observed; however, it is often accompanied by thrombosis and hemorrhage, and when these two lesions are present in a vascular pattern of distribution, fibrinoid change of the vasculature should be considered. Microscopically, direct injury to endothelial cells, basement membrane, or myocytes, such as caused by viruses or toxins, or indirect injury such as caused by activation of complement proteins, can lead to activation of the acute inflammatory cascade and the deposition of plasma proteins in the vessel walls. These proteins, especially fibrin, stain intensely red (eosinophilic) with H&E stains and involve the vessel wall circumferentially to varying depths of the tunica intima and tunica media (Fig. 1-52). This lesion is also often accompanied by cellular and nuclear debris from injured vascular cells and inflammatory cells. These proteins contribute to the vascular “eosinophilia,” which has been described somewhat differently by different pathologists. There is general agreement that the material is eosinophilic, which is sometimes described as “smudgy” or “deeply eosinophilic.” Some pathologists add “homogeneous” and others “amorphous” to the descriptive terminology of fibrinoid change.
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Fig. 1-52 Fibrinoid change, artery.
Note the deeply eosinophilic circumferential band in the tunica media of this artery. It is accompanied by acute inflammation and necrosis. H&E stain. (Courtesy Dr. J.F. Zachary, College of Veterinary Medicine, University of Illinois.)












Gout: Gout is the deposition of sodium urate crystals or urates in tissue. It occurs in humans, birds, and reptiles but has not been reported in domestic mammals.


In the most common form in humans, urate crystals are deposited in the articular and periarticular tissues and elicit an acute inflammatory response characterized by the presence of neutrophils and macrophages and large aggregations of urate crystals called tophi. These tophi may be visible grossly and are pathognomonic of gout. Later in the course of the disease, the inflammation becomes chronic and a foreign body reaction to the tophi develops. Microscopically, urate crystals are acicular and birefringent and they, or the spaces left after they have been dissolved during the preparation of paraffin-embedded histologic sections, are visibly surrounded by numerous neutrophils, macrophages, and giant cells.


In birds and reptiles, there are two forms, namely (1) the articular type, which is rare, and (2) a visceral type. The latter characteristically affects the visceral serosae, particularly the parietal pericardium, and the kidneys. The serosa is covered with a thin layer of gray granules, and the gross appearance is diagnostic. In the renal form, urate deposits are visible in renal tubules and ureters. Uric acid and urates are the end-products of purine metabolism, and in birds and reptiles, these products are eliminated as semisolid urates. Visceral gout is usually diagnosed only at necropsy and is seen sporadically as the result of vitamin A deficiency, high-protein diets, and renal injury.









Pseudogout: Pseudogout is characterized by deposits of calcium pyrophosphate crystals. It is well recognized in humans but has been reported in the dog, in which it is rare. The pathogenesis of the canine disease is unknown, but in humans, one form is inherited as an autosomal dominant trait. Grossly, there are chalky white deposits in the joints, which histologically show a chronic reaction with aggregates of crystalline material, macrophages, and fibrosis. The disease may be differentiated from gout by the chemical analysis of the crystalline deposits.









Cholesterol: Cholesterol crystals are the by-products of hemorrhage and necrosis. They are dissolved out of the tissue specimen during the preparation of paraffin-embedded sections, leaving characteristic clefts that, in tissue sections, resemble shards of glass. Actually, the crystals are thin rhomboidal plates with one corner notched out, their outline resembling that of the state of Utah. Cholesterol crystals in tissue have no significance except that they indicate the site of an old hemorrhage or tissue necrosis, and they may be present in atheromas (i.e., mass of degenerated, thickened arterial intima occurring in atherosclerosis). However, in the choroid plexus of the lateral ventricles of old horses, cholesterol crystals can induce a granulomatous response, and the resultant cholesterol granuloma or cholesteatoma can become so large as to obstruct the outflow of cerebrospinal fluid through the interventricular foramen (foramen of Munro), resulting in obstructive hydrocephalus. It is thought that these granulomas are secondary to cholesterol crystals from hemorrhages into the choroid plexus. Grossly, the cholesterol appears as firm, crumbly gray nodules in the cholesteatomas.















Pathologic Calcification*



Calcium salts, usually in the form of phosphates or carbonates, may be deposited in dead, dying, or normal tissue. This process is known as pathologic calcification and occurs in two forms: dystrophic and metastatic. When the deposition occurs locally in dying tissue, it is known as dystrophic calcification; it occurs despite normal serum concentrations of calcium and in the absence of derangements in calcium metabolism. In contrast, the deposition of calcium salts in otherwise normal tissue is known as metastatic calcification, and it almost always results from hypercalcemia secondary to some disturbance in calcium metabolism. Less common forms of calcification are idiopathic (occurs in the absence of tissue injury or abnormalities in calcium or phosphorus metabolism) and iatrogenic (e.g., via ingestation of calcium salts from calcium chloride de-icing solutions).






Dystrophic Calcification


Dystrophic calcification occurs in areas of necrosis, no matter the type of necrosis-coagulative, caseous, liquefactive, or fat necrosis, but is minimal in liquefactive necrosis. Dead and dying cells can no longer regulate the influx of calcium into their cytosol, and calcium accumulates in the mitochondria.


Common sites include necrotic myocardium (Fig. 1-53), necrotic skeletal muscle, granulomas such as tuberculoid granulomas in cattle, and dead parasites, such as hydatid cysts in cattle and trichinae in pigs. Calcium deposits are relatively permanent but harmless unless they interfere mechanically (e.g., the movement of a calcified heart valve). Their significance is that they are an indicator of previous injury to a tissue.




[image: image]


Fig. 1-53 Calcification, vitamin E/selenium deficiency, myodegeneration, heart, lamb.
The multiple white lesions are areas of necrosis of cardiac myocytes that have been calcified. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)





Calcification in or under the skin has been designated calcinosis. The two main forms are (1) calcinosis cutis and (2) calcinosis circumscripta (see Chapter 17). Calcinosis cutis occurs in dogs with hyperadrenocorticism from either endogenous or exogenous glucocorticoids and has been regarded as idiopathic calcification by some pathologists and dystrophic calcification by others. There is mineralization of the dermal collagen and epidermal and follicular basement membranes. Calcinosis circumscripta is considered to be dystrophic. It has a preference for German shepherds and Great Danes, in which it is familial. Also, it has been associated with repetitive trauma and at the site of buried sutures of polydioxanone.


Grossly, the affected areas of tissue are white and when incised have a gritty feel to them (see Fig. 1-53). Microscopically, calcium salts stain blue with hematoxylin and appear as fine amorphous granules or clumps, which can be either intracellular or extracellular. However, the full extent of the calcification may not be evident in H&E-stained sections (Fig. 1-54, A) but is revealed more dramatically by special stains, such as von Kossa and Alizarin red S (Fig. 1-54, B). The von Kossa method is not specific for calcium but stains phosphates and carbonates. These substances are almost always complexed with calcium.
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Fig. 1-54 Uremia, stomach, dog.
A band of calcium has been laid down the middle of the gastric mucosa. A, The calcium is stained blue with hematoxylin. H&E stain. B, The calcium is stained black. von Kossa stain. (A and B courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)












Metastatic Calcification


Metastatic calcification occurs in normal tissue and is secondary to hypercalcemia. The basic abnormality is the entry of large amounts of calcium ions into cells. These ions precipitate on organelles, particularly mitochondria.


The four causes of metastatic calcification in order of their importance in veterinary medicine are as follows:




1. Renal failure. Renal failure results in retention of phosphates, which induce a secondary renal hyperparathyroidism and hypercalcemia. Calcium is deposited in the gastric mucosa, kidney, and alveolar septa.


2. Vitamin D toxicosis. The ingestion of calcinogenic plants, such as Cestrum diurnum by herbivores, results in severe soft tissue mineralization, chiefly involving the aorta, heart, and lungs. In the heart, the endocardium of the right and left atria and left ventricle is often strikingly mineralized. Acute vitamin D toxicosis in dogs and cats is commonly caused by ingestion of rodenticides containing cholecalciferol. Intestinal mucosa, vessel walls, lung, and kidneys are mineralized.


3. Parathormone (PTH) and PTH-related protein. Primary hyperparathyroidism is rare. Hypercalcemia and elevated concentrations of PTH-related protein can be associated with canine malignant lymphomas and canine adenocarcinoma of the apocrine glands of the anal sac. Intestinal mucosa, vessel walls, lung, and kidneys are mineralized.


4. Destruction of bone from primary or metastatic neoplasms.















Heterotopic Bone (Ectopic Bone)


Some lesions of dystrophic and metastatic calcification may be confused on gross examination with ectopic ossification, the name given to the process of production of bone at an abnormal site. Ectopic bone is of two types: heterotopic or osseous metaplasia. “Heterotopia” refers to foci of cells or tissues, which are microscopically normal but present at an abnormal location. They are considered to arise from embryonic cell rests. The other type of bone is formed by osseous metaplasia, usually from another type of connective tissue. Fibroblasts differentiate into osteoblasts that form osteoid, which is calcified as in normal bone (Fig. 1-55). This is the more common type.
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Fig. 1-55 Ectopic bone, lung, dog.
A nodule of mature bone in the connective tissue of the lung. H&E stain. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)





Heterotopic bone is found at many sites, commonly as spicules or nodules of bone in connective tissue of lungs of dogs and cattle, and in the canine dura mater (dural ossification or ossifying pachymeningitis) and at sites of dystrophic and metastatic calcification.









Pigments


It is customary in pathology textbooks to group substances that impart an unusual color to the body (systemic) or its tissues (localized), under the category of pigments. Many of these pigments are unrelated in their origin, but their importance lies in the fact that the clinician and the pathologist need to be able to recognize them grossly, and the pathologist also needs to be able to identify them histologically. Recognition may provide valuable clues in understanding the disease process at hand and its underlying pathogenesis. Because of their diversity, pigments are usually classified broadly into two groups: exogenous (formed outside the body) and endogenous (formed inside the body).






Exogenous Pigments


These pigments include carbon, tattoos, dusts, carotenoids, and tetracycline.





Carbon: Carbon is the most common exogenous pigment. The usual route of entry into the body is via inhalation, and its accumulation in the lung results in a condition called anthracosis (also known as black lung).


Carbon is ubiquitous in the air and all animals are exposed, but those most likely to show gross lesions live in an environment with substantial air pollution, such as adjacent to busy highways (e.g., animals in a zoo near a highway or animals living in a house with a smoker). In the alveoli, the carbon is phagocytosed by macrophages, which transport it via the lymphatics to the regional tracheobronchial lymph nodes. Because elemental carbon is inert and not metabolized by the body, it remains in the tissue for the life of the animal.


Grossly, the lungs are usually speckled with fine 1- to 2-mm-diameter subpleural black foci, which are most visible if the lungs have been exsanguinated (Fig. 1-56, A). In severely affected cases, the medulla of the tracheobronchial lymph nodes may be black. The heavy deposits are in this location because of the concentration of sinus histiocytes (macrophages) in the medulla.
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Fig. 1-56 Anthracosis, lung, aged dog.
A, The fine black foci are peribronchiolar deposits of carbon. The animal was exsanguinated at euthanasia to remove the blood from the lung to render the carbon deposits more visible. B, Carbon (black) inhaled into the alveoli has been phagocytosed by macrophages and transported to the peribronchial region. H&E stain. (A and B courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)





Microscopically, carbon presents as fine black granules and may be extracellular or intracellular (within macrophages). Carbon pigment may be within the alveolar walls or be frequently present as black peribronchiolar or peribronchial foci (Fig. 1-56, B). Because of the nonreactiveness of carbon, there are no histochemical tests for it. Unlike many other pigments, it is resistant to solvents and bleaching agents.








Tattoos: Animals are frequently tattooed as a method of identification. These pigments, which include carbon, are introduced into the dermis. Some of the pigments are phagocytosed by macrophages, whereas the remainder remains free in the dermis where it can remain indefinitely and does not evoke any inflammatory reaction.








Dusts: Pneumoconiosis is the general term used for any dust inhaled into and retained in the lung. Anthracosis, from the inhalation of carbon, is a subtype of pneumoconiosis. Inhalation of silicon (e.g., from quarries) is called silicosis. These minute particles enter the lungs by escaping the mucociliary defense mechanisms of the nasal and upper respiratory systems (see Chapter 9) and are deposited in pulmonary alveoli where they may be phagocytosed and carried to the peribronchial regions. Some types of silica evoke a fibrous reaction, which may ultimately form nodules. Microscopically the mineral is visible as birefringent crystals under polarized light.








Carotenoid Pigments: Carotenoid pigments are also called lipochrome pigments, although this term is sometimes confused with lipofuscin (see later discussion). They are fat-soluble pigments of plant origin and include the precursor of vitamin A, namely β-carotene.


Grossly, these pigments normally occur in a wide variety of tissue, such as adrenal cortical cells, corpus luteum-lutein cells, Kupffer cells, and testicular cells, and in the plasma/serum and fat of horses and Jersey and Guernsey cattle and sometimes dogs (Fig. 1-57). Carotenoids discolor fat yellow to orange-yellow. The concentration of carotenoids retained in tissue depends on the species of animal. Some animals store little or no carotenoids and have white fat and clear serum. These animals include Holstein cattle, sheep, goats, and cats. As fat stores are depleted (e.g., in starvation or cachexia), carotenoids become concentrated in the adipocytes, giving them a dark yellowish-brown color.
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Fig. 1-57 Carotenosis, kidney and the perirenal fat, Jersey ox.
Accumulation of carotenoids in the adipocytes has colored the fat yellow to dark yellow. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)





Microscopically, carotenoids are not seen in routine formalin-fixed paraffin-embedded sections because the alcohols and clearing agents remove the fat-soluble pigments.


The significance of carotenoids is that they may obscure or confuse the detection of icterus. In those animals whose fat and serum are devoid of carotenoids, a yellow discoloration is easily detected and is most likely to be caused by bilirubin (i.e., icterus).








Tetracycline: Tetracycline-based antibiotics administered during the development of teeth are deposited in mineralizing dentin, enamel, and cementum, staining the teeth or portions of them yellow or brown (Fig. 1-58). Thus tetracycline administered to a pregnant animal stains the deciduous teeth of the offspring. Tetracycline also stains bone that is being laid down and has been used experimentally as a marker for that bone.
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Fig. 1-58 Tetracycline staining, teeth, young dog.
The teeth of this dog have been stained yellow by the tetracycline ingested during their development. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)















Endogenous Pigments





Melanin: Melanin is the pigment normally present in the epidermis and is responsible for the color of the skin and hair. It is also normally present in the retina, iris, and in small amounts in the pia-arachnoid of black animals (e.g., Suffolk sheep [Fig. 1-59]) and in the oral mucous membrane of some breeds (e.g., Jersey cows and Chow dogs).
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Fig. 1-59 Congenital melanosis, leptomeninges, Suffolk sheep.
The leptomeninges have scattered black areas of melanin. This is normal in black-faced sheep. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)





Cells called melanocytes secrete melanin. In the skin of animals, these cells are in the basal layer and transfer their pigment by means of dendritic processes to adjacent keratinocytes, where the melanin is often arranged as a cap over the nucleus to provide some protection from ultraviolet radiation. Melanin is formed by the oxidation of tyrosine, which requires the copper-containing enzyme tyrosinase. Thus, in copper deficiency, particularly in cattle and sheep, there is a fading of the coat color, and this is most obvious in black wool. A general lack of melanin can be the result of a metabolic defect: a lack of tyrosinase. This condition is called albinism, and the affected animal is called an albino. Histologically, the melanocytes appear normal.


Pathologically, melanin is present in hyperpigmentation of the skin associated with many types of chronic injury and endocrinopathies, such as hyperadrenalism, and in primary neoplasms of melanocytes (melanocytomas and malignant melanomas), although highly malignant tumors may have little or no pigment.


Microscopically, melanin is stored in melanosomes in the cytoplasm of melanocytes. However, if there is irreversible injury to the cells containing melanin (e.g., necrosis of melanocytes and basal cells of the skin), melanin is released from the dead cells and is phagocytosed by macrophages, which are termed melanophages.


Extensive deposits of congenital melanin in tissues are termed congenital melanosis. It occurs in the lungs and aorta (intima) of cattle, sheep, and pigs as brown-to-black spots up to a couple of centimeters in diameter (Fig. 1-60). Melanosis of the lung is visible both subpleurally and in cross-sections of the parenchyma. These deposits of melanin have no adverse effects, but organs with extensive melanosis may be aesthetically unacceptable as food and thus will be condemned at the packing plant.
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Fig. 1-60 Congenital melanosis, lung, pig.
Melanin deposits are subpleural and extend into the substance of a lung. The lesion has no pathological significance. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)











Lipofuscin-Ceroid: Lipofuscin, known as “wear-and-tear” pigment, has in the past been described as accumulating with age and in certain pathologic conditions. However, in recent years, lipofuscin, now referred to as “age” pigment, has been differentiated from a pathologically accumulating similar pigment called ceroid, which is described later.


Lipofuscin accumulates in a time-dependent manner in postmitotic cells (neurons, cardiac myocytes [Fig. 1-61], and skeletal muscle myocytes) and in slowly dividing cells, such as hepatocytes and glial cells, and this process is present at a few months of age. Lipofuscin is also found in other cells, but as these replicate, the lipofuscin is divided between the daughter cells and thus does not accumulate to the same extent as it does in postmitotic cells. Lipofuscin is the end result of autophagocytosis of cell constituents, such as organelles, and is the final undegradable remnant of that process. As the pigment cannot be removed by further lysosomal degradation or exocytosis, it accumulates in lysosomes, a form of biologic garbage.
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Fig. 1-61 Lipofuscinosis, heart, dog.
Note the brown lipofuscin granules (arrows) at the poles of the myocyte nuclei. H&E stain. (Courtesy Dr. J.F. Zachary, College of Veterinary Medicine, University of Illinois.)





Ceroid has many of the same histochemical features as lipofuscin (see later discussion) but is found in response to severe malnutrition, including vitamin E deficiency, cachexia from cancer, irradiation, and in the inherited disease neuronal ceroid-lipofuscinosis. It accumulates in Kupffer cells and to a lesser extent in hepatocytes, skeletal and smooth muscle myocytes, and in inherited neuronal ceroid-lipofuscinosis, where it accumulates in neurons. It can be either intracellular or extracellular. Unlike lipofuscin, it is considered to have a deleterious effect on the cell.


Both lipofuscin and ceroid have many common histologic and histochemical features, such as autofluorescence (golden yellow) and staining with stains for fat such as Sudan black (sudanophilia), although oil-red-O is more sensitive, PAS positive, and acid-fast (long Ziehl-Neelsen technique). All of these characteristics increase in intensity with age for lipofuscin but not for ceroid. Lipofuscin consists chiefly of proteins and lipids with very little carbohydrate, but lectin-binding histochemistry in humans and rats has revealed differences in the saccharides of lipofuscin and ceroid.


Grossly, large amounts of lipofuscin in the heart and skeletal muscles impart a brown tinge. It is commonly seen in aged dairy cows sent to slaughter. Ceroid is grossly evident in the small intestine of dogs with so-called intestinal lipofuscinosis (Fig. 1-62) (also see Chapter 7) and in nutritional panniculitis in cats, mink, foals, and pigs. Both of these conditions are associated with a vitamin E deficiency and the ingestion of unsaturated fatty acids. In the dog, the tunica muscularis, usually of the caudal small intestine, is discolored brown because of accumulations of ceroid in myocytes. In the cat with nutritional panniculitis, the subcutaneous fat is discolored lemon yellow to orange. This disease is considered to be the result of the ingestion of fish products with a high concentration of unsaturated fatty acids and a vitamin E deficiency, frequently brought about by the fats becoming rancid and destroying the vitamin E.
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Fig. 1-62 Ceroid, intestine, serosal surface, dog.
Note the brown discoloration of the muscular layer. The condition has been called intestinal lipofuscinosis but is not age related. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)





Microscopically, in routine H&E-stained sections or in unstained sections, lipofuscin varies from a light golden brown to dark brown with advancing age. Because it is intralysosomal, it is perinuclear in neurons and in cardiac, skeletal, and smooth muscle myocytes. In feline nutritional panniculitis, globules of ceroid are extracellular in the interstitial tissue or have been ingested by macrophages and giant cells.


The significance of these two pigments is that lipofuscin is a clear indicator of the age of the cell and ceroid is a pathologic pigment, often associated with vitamin E deficiency. Lectin-binding histochemistry, which has shown differences between lipofuscin and ceroid from rats and humans, may be applicable to differentiating these pigments in domestic animals, but it is a very laborious research tool and only provides semiquantitative data. Isolation and physicochemical analysis is more precise but even more laborious. Thus, until some other specific test becomes available, differentiation between the two pigments for diagnostic purposes will be based on the features listed in Table 1-1.




TABLE 1-1


Differences between Lipofuscin and Most Ceroid Pigments In Vivo






	 

	Lipofuscin

	Ceroid






	Universality (invariably present in humans and all domestic animals)

	Yes

	No






	Intrinsically (intracellularly in lysosomes of postmitotic and stable cells)

	Yes

	No






	Time dependence

	Yes

	No






	Initial occurrence

	Infancy

	Anytime






	Deleteriousness

	Never demonstrated

	Frequent






	Accumulation rate

	Very slow

	Usually rapid






	Tissue distribution

	Only intracellular

	Intracellular and extracellular






	Mode of formation

	Mainly autophagy

	Mainly heterophagy






	Origin of precursors

	Mainly intracellular

	Mainly extracellular







From Porta EA: Ann N Y Acad Sci 959:57-65, 2002.















Hematogenous Pigments


The hematogenous pigment category includes hemoglobin, oxyhemoglobin, unoxygenated hemoglobin, methemoglobin, carboxyhemoglobin, hemosiderin, bilirubin, and hematin. Some are produced normally but can accumulate excessively (unoxygenated hemoglobin, hemosiderin, and bilirubin). Other pigments, such as methemoglobin, carboxyhemoglobin, and hematin, are pathologic.





Hemoglobin: The normal pigment of erythrocytes, hemoglobin, can be responsible for gross changes in the color of the body. Oxygenated hemoglobin is red and imparts the pink appearance to unpigmented skin and tissues. Normally, arterial blood (oxygenated hemoglobin) is red, and venous blood with more unoxygenated blood is bluish. However, if the blood is not sufficiently oxygenated (unoxygenated hemoglobin), the tissues appear blue, exhibiting so-called cyanosis (Fig. 1-63).
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Fig. 1-63 Cyanosis, feet, cat.
The footpads of the paw on the left are bluish due to unoxygenated hemoglobin, the result of a partial obstruction of the iliac artery at the aortic bifurcation by a saddle thrombus. Normal control paw is on the right. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)





In acute cyanide poisoning, cyanide binds to cytochrome oxidase, the enzyme in the cell responsible for oxidative phosphorylation, and this results in paralysis of cellular respiration. Tissues cannot use the oxygen delivered by the blood. Consequently, in acute cyanide toxicity the oxygen content and color of venous blood may be similar to those of arterial blood, and the venous blood will be bright red.


In carbon monoxide (CO) poisoning, as from exhaust gases from automobiles, the blood is a bright cherry red from the formation of carboxyhemoglobin (Fig. 1-64). Methemoglobin is an oxide of hemoglobin, in which the ferrous ion of hemoglobin is converted to the ferric ion, resulting in a reddish-brown (chocolate brown) color to the blood and tissue (Fig. 1-65). Methemoglobin is seen most often in poisoning by nitrites, especially after ingestion of nitrate-accumulating plants, but has been reported as a result of ingestion of acetaminophen, naphthalene, and chlorates and of treatment with local anesthetic agents (e.g., lidocaine, benzocaine, and tetracaine).
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Fig. 1-64 Carbon monoxide (CO) poisoning, brain, human.
The blood in the brain is cherry red from the carboxyhemoglobin formed by the inhalation of CO in exhaust gases. (Courtesy Dr. J.C. Parker, School of Medicine, University of Louisville.)
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Fig. 1-65 Methemoglobinemia, experimental nitrite poisoning, hindleg, pig.
Left, The methemoglobin in the blood has discolored the blood and muscle chocolate brown. Right, Normal control. (Courtesy Dr. L. Nelson, College of Veterinary Medicine, Michigan State University.)





In intravascular hemolysis, hemoglobin is released from the lysed erythrocytes and stains the plasma pink. This hemoglobin may be excreted by the kidney, staining it dark red to reddish-black and the urine red (Fig. 1-66). Similar changes can result from myoglobinuria after the destruction of large numbers of myofibers (see Chapter 15).
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Fig. 1-66 Acute hemolysis from chronic copper poisoning, kidney and urine, sheep.
The dark bluish color of the kidney and the dark red of the urine are caused by hemoglobin excreted via the kidney. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)











Hematins: The hematin category of pigments includes “formalin pigment” and the excreta of parasites such as Fascioloides magna (liver fluke) and Pneumonyssus simicola (lung mite).





Formalin Pigment: Formalin pigment, also called acid formalin hematin, is an annoying microscopic artefact that occurs when tissue rich in blood comes in contact with acid solutions of formalin, particularly if there has been a delay between death and fixation, allowing time for the erythrocytes to lyse and release their hemoglobin.


Grossly, formalin pigment is not visible because this change occurs only after fixation. Microscopically the pigment is brown to almost black, fine, and granular (Fig. 1-67), and can have birefringent spicules. It occurs mainly in blood vessels but also in other tissues in which there are large accumulations of red blood cells. Pigment can lie between or on top of red blood cells and is negative for iron when stained by the Prussian blue reaction.
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Fig. 1-67 Formalin pigment, blood.
Note the black spicules of hematin that lie between and on the erythrocytes, the result of fixation in unbuffered (acid) 10% formalin. H&E stain. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)





Because formalin pigment is formed only during fixation, it has no pathologic significance. Its significance is that it can interfere with the interpretation of histologic sections. Fortunately, it is easy to prevent its formation. Formalin pigment does not form if the pH of the fixative is above 6. Aqueous solutions of unbuffered formalin are highly acid. A common fixative is 10% buffered neutral formalin (really buffered neutral 10% formalin), which is buffered with a Sorensen phosphate buffer, and despite the name “neutral” has a pH of 6.8. It does not cause the formation of formalin pigment. Another commonly used and commercially available formalin fixative is Carson’s fixative (also called modified Millonig’s formalin fixative), with a pH of 7.3 and can be used as a dual-purpose fixative for both routine histopathologic and electron microscopic examinations. If formalin pigment is present in a tissue section, it can be removed by a variety of techniques including soaking the dewaxed tissue section before H&E staining in a saturated alcoholic solution of picric acid.








Parasite Hematin: The two most common causes of parasite hematin in veterinary medicine are Fascioloides magna (liver fluke) in ruminants and Pneumonyssus simicola in the lungs of macaques.


Parasite hematin from Fascioloides magna causes black tracts throughout the liver and is colloquially known as fluke exhaust (Fig. 1-68, A). This lesion can be so severe that it affects the whole liver. Microscopically, the black pigment accumulates adjacent to the migration tracts of the parasite and is phagocytosed by macrophages (Fig. 1-68, B). Pneumonyssus simicola produces a similar brown-to-black anisotropic pulmonary pigment presumed to be from the metabolism of hemoglobin by the parasite.
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Fig. 1-68 Hematin pigment from Fascioloides magna, liver, ox.
A, Large areas of the liver are black from the pigment excreted by the fluke as it migrated through the liver. B, Hematin (black) pigment deposited in a fluke migration tract in the liver. H&E stain. (A courtesy Dr. J. Wright, College of Veterinary Medicine, North Carolina State University; and Noah’s Arkive, College of Veterinary Medicine, The University of Georgia. B courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)














Hemosiderin: Iron is stored in the body in two forms, ferritin and hemosiderin, both of which are protein-iron complexes. Ferritin is in all tissues, but the heaviest concentrations are found in the liver, spleen, bone marrow, and skeletal muscle. Hemosiderin is formed from intracellular aggregates of ferritin (Fig. 1-69). It appears as golden-yellow to golden-brown globules and is the most visible form of storage iron. Normally, most storage iron is found in the spleen.
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Fig. 1-69 Hemosiderosis, spleen, dog.
A, Hemosiderin is present as fine golden brown granules in macrophages. H&E stain. B, Granules of hemosiderin are stained dark blue by the Prussian blue reaction, which is specific for iron. Prussian blue reaction. (A and B courtesy Dr. J.F. Zachary, College of Veterinary Medicine, University of Illinois.)





Excess iron from the breakdown of senescent erythrocytes, or the result of a hemolytic crisis (e.g., because of autoimmune diseases or hemotropic parasites) or reduced erythropoiesis (e.g., from malnutrition), is stored mainly in the spleen. Rarely in veterinary medicine, excess iron can be present in the body because of excessive absorption from the gut, multiple injections of iron, or from multiple blood transfusions.


Besides splenic storage, there may be local iron storage at sites of erythrocyte breakdown, such as in hemorrhages, and in areas of poor blood flow, as in chronic passive congestion of the lungs. In the latter case, because of the poor blood flow through the lungs, erythrocytes may come to the end of their natural life and be lysed or enter the alveoli by diapedesis, where they are phagocytosed by alveolar macrophages. These cells are termed heart failure cells (Fig. 1-70). Localized deposits of iron may also be present from the intramuscular injection of iron dextran, and this iron may drain to the regional lymph node.
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Fig. 1-70 Chronic passive congestion, lung, dog.
A, Alveolar macrophages containing hemosiderin (blue) are present in the alveoli. Prussian blue reaction. B, The lungs have chronic passive congestion attributed to chronic left-sided heart failure. They are moderately firm and yellow-brown caused by alveolar macrophages containing hemosiderin. Inflammatory mediators produced by these macrophages have induced fibroplasia, thus in the long term, there has been extensive formation of interstitial collagen. This collagen is the reason the lungs have failed to collapse after incision of the diaphragm, which releases the negative pressure in the pleural cavity (note the rib impressions in the lung). (A courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee. B courtesy College of Veterinary Medicine, University of Illinois.)





Grossly, no change is seen in an organ or tissue if there are only small amounts of hemosiderin, but very large amounts cause a yellow-to-brown discoloration (Fig. 1-71). This color change can also be seen at sites of old bruises and other hemorrhages or hematomas. The spleen and the liver in hemolytic disease and the lungs in chronic passive congestion also appear brown. Microscopically, hemosiderin deposits are golden-yellow to golden-brown globules, which may be intracellular or extracellular (see Fig. 1-69, A). It can be confirmed by the Prussian blue reaction (see Fig. 1-69, B), which is sometimes incorrectly called a stain but is a chemical reaction, of which the end-product is Prussian blue. In the acid solution that liberates ferric iron from the hemosiderin, the ferric iron is reacted with potassium ferrocyanide (colorless) to form ferric ferrocyanide, which is Prussian blue.
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Fig. 1-71 Subcutis, old bruise, leg, horse.
The display of colors—red, yellow, and brown—is due to hemoglobin, bilirubin, and hemosiderin, respectively, from the breakdown of the erythrocytes. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)





The significance of hemosiderin deposits depends on their location and the amount. Normally, the spleen contains some hemosiderin, but excess hemosiderin is seen in the spleen and liver (Kupffer cells and hepatocytes) from hemolytic diseases, such as in autoimmune hemolytic anemia, and hemotropic diseases, such as babesiosis, anaplasmosis, or equine infectious anemia. Local tissue aggregations of hemosiderin are usually the result of the breakdown of erythrocytes in an old hemorrhage.


Excess hemosiderin is called hemosiderosis and must be differentiated from hemochromatosis, in which there are extreme accumulations of hemosiderin.








Hematoidin: Grossly, hematoidin is yellow-brown to orange-red pigment derived from hemoglobin but free of iron. Hematoidin closely resembles bilirubin (see next section) but is formed by cells of the macrophage-monocyte system when they phagocytose and digest red blood cells and hemoglobin in areas of hemorrhage. Microscopically, hematoidin is crystalline and polarizes light.








Bilirubin: Low concentrations of bilirubin are normally present in the plasma from the breakdown of senescent erythrocytes (see Chapter 13). Briefly, when erythrocytes have come to the end of their natural lifespan (average 70 days for a cat; average 150 days for cattle and horses), they are phagocytosed by the macrophage-monocyte system, chiefly by macrophages of the spleen and to a lesser extent by those of the bone marrow and liver (Kupffer cells). Within these cells, the iron is removed and stored, and the remainder of the porphyrin ring is broken down to bilirubin, which is released into the blood where it attaches to albumin. This bilirubin-albumin complex is too large to be excreted by the kidney. It is carried to the liver, where it enters the space of Disse, is taken up by the microvilli of the hepatocytes, is conjugated to form bilirubin glucuronide or diglucuronide, and is then excreted into the bile canaliculus.


Icterus (jaundice), the yellow staining of the tissue by bilirubin, is the result of an imbalance between production and clearance of bilirubin because there is either excess production or reduced clearance of bilirubin such that it accumulates in the plasma. The mutant Corriedale sheep model is an animal model for Dubin-Johnson syndrome in humans (Fig. 1-72).
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Fig. 1-72 Defective bilirubin excretion, mutant Corriedale sheep, animal model for Dubin-Johnson syndrome.
Note the faint yellow discoloration of the lung from bilirubin. The other tissues are discolored dark green from phylloerythrin, which also has a similar defect in excretion in the liver. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)





Mechanisms leading to icterus can involve one or more of the following:




1. Excess production of bilirubin—as in hemolytic diseases such as babesiosis, anaplasmosis, and equine infectious anemia—or the breakdown of erythrocytes in a large hemorrhage such as a hematoma.


2. Reduced uptake of bilirubin from the plasma by hepatocytes.


3. Impaired or absent conjugation in hepatocytes, often a congenital or inherited abnormality, as in the Gunn rat.


4. Hepatic necrosis. Because the cell membranes of several adjacent hepatocytes form the bile canaliculus, any necrosis of these cells will disrupt the wall of the canaliculus and allow leakage of bilirubin into the circulation. Extensive hepatic necrosis can cause icterus.


5. Decreased excretion of conjugated bilirubin by the hepatocytes into the bile canaliculus.


6. Reduced flow of bile from the liver to the intestine caused by either intrahepatic or extrahepatic blockage of the biliary system.





Icterus is classified several different ways. A convenient approach uses the classification of prehepatic, hepatic, and posthepatic. The most common cause of prehepatic icterus is a hemolytic crisis, which produces high plasma concentrations of unconjugated bilirubin that exceed the uptake capacity of the hepatocytes. Hepatic icterus is caused by hepatocellular damage, which results in release of bilirubin, both conjugated and unconjugated into the blood and can be the result of one or more of factors 2 to 4. Posthepatic icterus is secondary to obstruction of the biliary system, either intrahepatic or extrahepatic (hepatic bile ducts and the common bile duct), with reflux of the conjugated bilirubin into the blood. In contrast to unconjugated bilirubin, which is carried in the blood attached to albumin and cannot be excreted by the kidney, conjugated bilirubin is not bound to a plasma protein such as albumin and can be excreted.


Grossly, icteric tissues are discolored yellow, and the color change is distributed systemically. Clinically, icterus is most easily recognized in lightly pigmented animals. In living animals, icterus is detected in mucous membranes of the oral cavity, urogenital systems, and alimentary system and in normally white areas such as the sclera of the eyes. At necropsy, in addition to the sites listed previously, icterus can be identified in the omentum, mesentery, and adipose tissue (Fig. 1-73), except in Jersey and Guernsey cattle, horses, and nonhuman primates, whose sera and fat are normally discolored yellow by carotenoids. The intima of the large vessels is also a good site to detect icterus, and unless the plasma concentration is extremely high, the brain is usually unaffected.
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Fig. 1-73 Icterus, hemolytic anemia, abdominal and thoracic viscera, dog.
The yellow discoloration from the bilirubin is particularly evident in fat and mesentery. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)





Microscopically, icterus is not detected, but excessive quantities of bilirubin can be seen in the bile ducts and bile canaliculi in obstructive jaundice (Fig. 1-74).
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Fig. 1-74 Icterus.
A, Icterus, liver, cat. Note the enlarged liver with rounded edges and yellow-orange color caused by retained bilirubin. B, Bile casts in bile canaliculi. Acute hemolytic anemia, babesiosis, liver, cow. The bile casts are the result of a high rate of bilirubin excretion by the liver secondary to intravascular hemolysis. H&E stain. (A courtesy College of Veterinary Medicine, University of Illinois. B courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)





Icterus is a very important clinical sign and may be detected by examination of the sclera, and in cases of anemia, in which the mucous membranes are pale; it may be visible there. Laboratory tests to determine the exact plasma or serum concentrations of bilirubin, and preferably whether it is or is not conjugated, are essential. It is critical to realize that hyperbilirubinemia is not the same as icterus. Most domestic animals normally have very low serum concentrations of bilirubin, usually less than 1 mg/dL, except for the horse, in which it may range from 1 to 3 mg/dL. Icterus is not detected until the serum concentration exceeds 1.5 to 2.0 mg/100 mL. Thus hyperbilirubinemia can be present without causing icterus.








Porphyria: Congenital erythropoietic porphyria of calves, cats, and pigs is an inherited metabolic defect in heme synthesis caused by a deficiency of uroporphyrinogen III cosynthetase. The disease is sometimes incorrectly called osteohemachromatosis. It is also known colloquially as pink tooth because of the discoloration by the porphyrins accumulating in dentin and bone (Fig. 1-75, also see Chapter 7). The teeth and bones of young animals are reddish (pink tooth) and those of adults are dark brown. In these cases, both bones and teeth fluoresce red under ultraviolet radiation.
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Fig. 1-75 Pink tooth, congenital porphyria teeth, adult ox.
The teeth are discolored brown from the accumulation of porphyrins in the dentin. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)




















Cellular Aging*



The common age-related diseases in animals include renal failure, osteoarthritis, muscle atrophy, cerebral atrophy from loss of cortical neurons, cessation of the growth of the teeth of horses, and loss of elasticity of the skin. The incidence of different causes of mortality in all domestic animals is not available, but data from laboratory beagles maintained for their lifespan are known. One-quarter of these dogs died of neoplastic disease. Of the organ systems involved in the cause of death, the urinary system was responsible for 13%, the respiratory system for 6%, and the CNS for 7%. The leading cause of death from nonneoplastic diseases was renal failure. Death is often the end result of declining cell function, including cellular aging.


With age, there are physiologic and structural alterations in almost all organ systems. Aging in individuals is affected to a great extent by genetic factors, diet, social conditions, and occurrence of age-related diseases such as atherosclerosis, diabetes, and osteoarthritis (in humans) and renal failure and neoplasia in animals. There is good evidence that aging-induced alterations in cells are an important component of the aging of the organism. Cellular aging could be the result of progressive accumulation over the years of the effects of sublethal injury to cells. This injury may lead to cell death or at least to the diminished capacity of the cell to respond to injury.


Cellular aging is also the result of a progressive decline in the proliferative capacity and lifespan of cells and the effects of continuous exposure to exogenous influences that result in the progressive accumulation of cellular and molecular damage (Web Fig. 1-1).
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Web Fig. 1-1 Mechanisms of cellular aging.
Genetic factors and environmental insults combine to produce the cellular abnormalities characteristic of aging. How calorie restrictions prolong lifespan is not established. IGF-1, Insulin-like growth factor-1. (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)


















Structural and Biochemical Changes with Cellular Aging


A number of cell functions decline progressively with age. Oxidative phosphorylation by mitochondria and the synthesis of nucleic acids and structural and enzymatic proteins, cell receptors, and transcription factors are all reduced. Senescent cells have a decreased capacity for uptake of nutrients and for repair of chromosomal damage. The morphologic alterations in aging cells include irregular and abnormally lobed nuclei, pleomorphic vacuolated mitochondria, decreased ER, and distorted Golgi apparatus. Concomitantly, there is a steady accumulation of lipofuscin, which represents a product of lipid peroxidation and evidence of oxidative damage.


















Replicative Senescence


The concept that many cells have a limited capacity for replication was developed from a simple experimental model for aging. Normal human fibroblasts, when placed in tissue culture, have limited division potential. Cells from children undergo more rounds of replication than cells from older people. After a fixed number of divisions, all cells become arrested in a terminally nondividing state, known as cellular senescence. Many changes in gene expression occur during cellular aging, but a key question is which of these changes are causes and which are effects of cellular senescence.


How dividing cells can count their divisions is under intensive investigation. One likely mechanism is that with each cell division, there is incomplete replication of chromosome ends (telomere shortening), which ultimately results in cell cycle arrest (Web Fig. 1-2). Telomeres are short repeated sequences of DNA (TTAGGG) present at the linear ends of chromosomes and are important for ensuring the complete replication of chromosome ends and for protecting them from fusion and degradation.






[image: image]


Web Fig. 1-2 The role of telomeres and telomerase in replicative senescence of cells.
A, Telomerase directs RNA template-dependent DNA synthesis, in which nucleotides are added to one strand at the end of a chromosome. DNA polymerase fills in the lagging strand. B, Telomere-telomerase hypothesis and proliferative capacity of cells. Telomere length is plotted against the number of cell divisions. Germ cells and stem cells both contain active telomerase, but only the germ cells have sufficient levels of the enzyme to stabilize telomere length completely. In normal somatic cells, there is no telomerase activity, and telomeres progressively shorten with successive cell divisions until growth arrest, or senescence, occurs. Telomerase activation in cancer cells counteracts the telomere shortening that limits the proliferative capacity of normal somatic cells. (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)








When somatic cells replicate, a small section of the telomere is not duplicated, and telomeres become progressively shortened. As the telomeres become shorter, the ends of chromosomes cannot be protected and are seen as broken DNA, which signals cell cycle arrest. The lengths of the telomeres are normally maintained by nucleotide addition, mediated by an enzyme called telomerase. Telomerase is a specialized RNA-protein complex that uses its own RNA as a template for adding nucleotides to the ends of chromosomes. The activity of telomerase is repressed by regulatory proteins, which restrict telomere elongation, thus providing a length-sensing mechanism. Telomerase activity is present in germ cells and is present at low levels in stem cells, and it is usually absent in most somatic tissue. Therefore, as cells age, their telomeres become shorter and ultimately the cell ceases to cycle in the cell cycle, resulting in an inability to generate new cells to replace damaged ones. Conversely, in immortal cancer cells, telomerase is reactivated and telomeres are not shortened, suggesting that telomere elongation might be an important—possibly essential—step in tumor formation. However, the relationship of telomerase activity and telomeric length to aging and cancer still needs to be fully established.


















Genetic Basis of Aging


Studies in Drosophila, Caenorhabditis elegans, and mice are leading to the discovery of genes that influence the aging process. In a mouse model, changes resembling those of aging in humans are caused by disruption of a single gene. Analyses of humans with premature aging are also establishing the fundamental concept that aging is not a random process but is regulated by specific genes, receptors, and signals.


















Accumulation of Metabolic and Genetic Damage


In addition to the importance of age and a genetic clock, cellular lifespan may also be determined by the balance between cellular damage resulting from metabolic activities occurring within the cell and the response of the counteracting molecular mechanisms responsible for repair. Smaller animals have generally shorter lifespans and faster metabolic rates, suggesting that the lifespan of a species is limited by fixed total metabolic consumption over a lifetime.


One group of products of normal metabolism is reactive oxygen species. These by-products of oxidative phosphorylation cause covalent modifications of proteins, lipids, and nucleic acids. The amount of oxidative damage, which increases as an organism ages, may be an important component of senescence, and the accumulation of lipofuscin in aging cells is seen as the indicator of this damage. The role of oxidative damage in aging is supported by the following observations: (1) variation in longevity among different species is inversely correlated with the rates of mitochondrial generation of a superoxide anion radical and (2) overexpression of the antioxidative enzymes SOD and catalase extends the lifespan in transgenic forms of Drosophila. Thus part of the mechanism that monitors the duration of aging may be the cumulative damage caused by toxic by-products of metabolism such as oxygen radicals. Increased oxidative damage could result from repeated environmental exposure to such influences as ionizing radiation, progressive reduction of antioxidant defense mechanisms (e.g., vitamin E and glutathione peroxidase), or both.


A number of protective responses counterbalance progressive damage in cells, and an important one is the cell’s recognition and repair of damaged DNA. Although most DNA damage is repaired by endogenous DNA repair enzymes, some persists and therefore damaged DNA progressively accumulates as the cell ages. Thus the balance between cumulative metabolic damage and the effectiveness of the response to that damage could determine the rate at which animals age. It is possible that aging may be delayed by decreasing the accumulation of the effects of that damage or by increasing the response to that damage.


Not only damaged DNA but also damaged cellular organelles accumulate as cells age. In part, this may be the result of declining function of the proteasome, the proteolytic machine that serves to eliminate abnormal and unwanted intracellular proteins.


















Caloric Restriction


Animal studies have shown that the most effective way of extending a particular animal’s life is caloric restriction, without malnutrition; in other words the diet is adequate in such things as vitamins, minerals, and essential amino acids and protein. Their effect is thought to be mediated by a family of proteins called sirtuins, which promote the products of several genes. These include proteins that reduce apoptosis, stimulate protein folding, and inhibit the harmful effect of oxygen free radicals.


Senescence may be the result of the relationships among age, genetic programming, loss of telomeres, accumulated cell damage, and apoptotic cell death.












Genetic Basis of Disease*



This section provides an overview of (1) the structure and function of chromosomes and genes, (2) the mechanisms of genetic disorders, and (3) the outcomes of specific genetic diseases. The roles of genes have consequences for and are affected by cellular adaptations, cell injury, and cell death. Their roles in controlling immune responses and neoplastic transformation are discussed in Chapters 5 and 6, respectively. The function of microbial genes and their interplay with animal genes in determining host resistance to infectious diseases are discussed in Chapter 4.






Chromosome Structure and Function





Nuclear Chromosomes


Each animal species has a unique chromosomal complement called a karyotype (i.e., the number and morphology of the chromosomes that make up its genome). With the exception of cells that develop into ova and spermatozoa (i.e., germline cells), all cells in the body are called somatic cells (e.g., soma: body). The genome contained in the nucleus of somatic cells consists of chromosomes arranged in pairs. All except one pair are similar in both males and females and are called autosomes, and the remaining pair is the sex chromosomes: two X chromosomes in females and an X and a Y chromosome in males. Although each chromosome has different genes, members of a pair of chromosomes, also called homologous chromosomes or homologues, carry matching genetic information, that is, they have the same genes in the same sequence. Any specific locus (i.e., the specific location of a gene) on a chromosome may have either identical or slightly different forms of the same gene, called alleles. One member of each pair of chromosomes is inherited from the sire, the other from the dam.









Mitochondrial Chromosomes


Mitochondria are the site of aerobic energy production in all cells of the body. In highly active cells, such as type I myofibers of equine athletes, up to 10,000 mitochondria may be present in the cytoplasm of a myofiber. Each mitochondrion contains a single chromosome formed by circular double-stranded DNA, called mitochondrial DNA (mtDNA). The genome of a mitochondrial chromosome encodes for 37 genes, including those for messenger RNAs (mRNAs), ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), and 13 protein subunits for enzymes, such as cytochrome b and cytochrome oxidase, which are involved in the production of energy by oxidative phosphorylation. The mitochondrial genome also has distinct transcription and protein-synthesis (i.e., translation) systems. A specialized RNA polymerase, encoded in the nuclear genome, is used to transcribe the mitochondrial genome and then the mitochondrial transcripts are processed to generate the various individual mitochondrial mRNAs, tRNAs, and rRNAs.












Gene Structure and Function


On average, there are approximately 20,000 genes in the nucleus of an individual cell of the different domestic animal species. Genes, the heredity units of the genetic code, determine the structural and functional biologic traits (i.e., expression of genes) necessary to create and maintain cells, tissues, and organs and to pass the genetic code on to offspring. Additionally, genes, especially those of the major histocompatibility complex (see Chapter 5), play important roles in establishing the resistance (or susceptibility) of an animal to infectious diseases. Most biologic traits expressed by genes have a Mendelian pattern of inheritance. They also have varied patterns of expression based on cell structure and function and the responses of cells to injury. Some genes are expressed continually and are called constitutively expressed genes and include genes for tRNAs, rRNAs, cell membranes, and enzymes. A different group of genes may be expressed only in a particular tissue such as the gene for galactocerebrosidase in myelinating cells of the nervous system (see the section on Globoid Cell Leukodystrophy in Chapter 14). These tissue-specific genes may be either differentially (i.e., in response to or as a result of cellular perturbations such as neoplastic transformation [see Chapter 6]) or constitutively expressed.


Certain genes may only be active (i.e., turned on and then off) in utero during specific times of fetal development as specific proteins are required for development, differentiation, and growth. Other genes are active continuously or transiently postpartum and are involved in growth, physiologic homeostasis, or reproduction. Thus an important consideration in the occurrence of a genetic disease is the period during which a normal gene is active. If the normal gene is mutated and the mutated gene is expressed during the active period for the normal gene, the outcome may have detrimental effects on structural and functional processes. Mutated genes of those that are normally important for early embryogenesis or organogenesis have earlier and generally more severe consequences than genes not expressed until sexual maturation or after. When the normal functions of genes are lost, disrupted, or altered, the outcome, many of which are heritable, can be harmful and result in congenital development anomalies such as palatoschisis/cheiloschisis (see Chapter 7). Metabolic dysfunction of cells can also occur and result in cell death in diseases such as multisystem neuronal degeneration (see Chapter 14). Examples of known or suspected genetic disorders in domestic animals are listed in Web Box 1-1 and are discussed in the chapters covering pathology of organ systems.







WEB BOX 1-1   A Partial List of Known or Suspected Genetic Disorders in Domestic Animals





 Alimentary System and the Peritoneum, Omentum, Mesentery, and Peritoneal Cavity




• Abomasal emptying defect, ovine


• Amyloidosis


• Bovine bloat


• Boxer colitis


• Cheiloschisis


• Choanal atresia


• Chronic giant hypertrophic gastropathy


• Cricopharyngeal achalasia


• Gastric dilation and volvulus


• Lymphangiectasia


• Malocclusions


• Megaesophagus


• Overo lethal white foal syndrome (aganglionosis)


• Palatoschisis


• Pyloric stenosis


• Umbilical hernia


• Ventral ankyloglossia


• Wheat sensitivity of Irish setters











 Hepatobiliary System and Exocrine Pancreas




• Chronic hepatitis


• Copper-associated hepatitis


• Copper toxicosis in Bedlington terriers


• Exocrine pancreatic insufficiency


• Hyperlipoproteinemia


• Pancreatitis


• Respiratory system, mediastinum, and pleurae


• Brachycephalic syndrome


• Hypoplastic trachea


• Laryngeal paralysis


• Tracheal collapse











 Cardiovascular System and Lymphatic Vessels




• Cardiomyopathy, hypertrophic and dilated


• Valvular endocardiosis (myxomatous valvular degeneration)


• Aortic stenosis (subvalvular)


• Tetralogy of Fallot (conotruncal defects)


• Patent ductus arteriosus


• Pulmonic stenosis


• Tricuspid dysplasia











 Bone Marrow, Blood Cells, and Lymphatic System




• Chédiak-Higashi syndrome


• Cyclic hematopoiesis (cyclic neutropenia


• Immunodeficiencies


• Leukocyte adhesion deficiencies











 Nervous System




• Canine degenerative myelopathy


• Cerebellar abiotrophy


• Dysmyelination


• Hypomyelinogenesis


• Lysosomal storage diseases


• Mitochondrial encephalopathies


• Multisystem neuronal diseases











 Skeletal Muscle




• Congenital myasthenia gravis


• Glycogenoses


• Hyperkalemic periodic paralysis


• Malignant hyperthermia


• Mitochondrial myopathies


• Muscular dystrophies


• Polysaccharide storage myopathy











 Bone, Joints, Tendons, and Ligaments




• Osteogenesis imperfecta


• Cervical vertebral instability


• Craniomandibular osteopathy


• Osteochondrosis


• Hemivertebra


• Hip dysplasia


• Intervertebral disk disease


• Legg-Calvé-Perthes disease


• Osteochondrodysplasia (skeletal dwarfism)


• Panosteitis


• Patellar luxation











 Integumentary System




• Autoimmune skin diseases


• Collagen dysplasia


• Congenital hypotrichosis with anodontia


• Dermatomyositis


• Epitheliogenesis imperfecta


• Follicular dysplasias


• Hairless animals


• Hereditary zinc deficiency


• Ichthyosis


• Junctional epidermolysis bullosa


• Lupus erythematosus


• Mucinosis


• Porcine juvenile pustular psoriasiform dermatitis (pityriasis rosea)


• Primary seborrhea


• Schnauzer comedo syndrome


• Sebaceous adenitis


• Type II photosensitization


• Zinc responsive dermatosis











 Female Reproductive System and Mammary Gland




• Disorders of sexual development


• Early embryonic mortality


• Ovarian hypoplasia


• Segmental aplasia











 Male Reproductive System




• Cryptorchidism


• Freemartinism


• Hermaphroditism


• Pseudohermaphroditism


• Segmental aplasia of epididymis


• Testicular hypoplasia











 Ear and Eye




• Photoreceptor dysplasias


• Progressive retinal atrophy














In its simplest form, a gene is a segment of a DNA molecule in a chromosome, which contains the nucleotide code for the amino acid sequence of a protein (Fig. 1-76). Genes are arranged in a linear order along each chromosome, each gene having a precise position (e.g., locus). The composition of genes in an animal’s genome is determined by the DNA of the chromosomes in the nucleus. In nuclear DNA, each chromosome consists of a single, continuous DNA double helix; in other words, each chromosome is a long, linear double-stranded DNA molecule, and the genome consists therefore of DNA molecules totaling billions of nucleotides (pyrimidines: cytosine [C], thymine [T], uracil [U, found in RNA in place of T in DNA]; purines: adenine [A] and guanine [G]. Chromosomes are not naked DNA double helices within the nucleus. The genome is packaged as chromatin, in which DNA is complexed with one or more of five types of chromosomal proteins called histones. Histones have large quantities of arginine and lysine, which are amino acids that carry a positive charge. This charge allows histones to bind tightly to negatively charged DNA, forming complexes called nucleosomes that are further condensed into chromosomes. This type of arrangement allows long strands of DNA to be condensed into physically smaller (i.e., less volume) molecules that easily fit into the nucleus (Fig. 1-77). However, for a gene to be active, the condensed DNA must revert to long strands of DNA to allow it to be transcribed.




[image: image]


Fig. 1-76 Organization of DNA.
DNA is organized in an antiparallel configuration: one strand is 5′ to 3′ in one direction and the other strand is 5′ to 3′ in the opposite direction. A purine is bound to a pyrimidine by hydrogen bonds: A:T and G:C. The helix occurs naturally because of the bonds in the phosphate backbone. (From Adkison L, Brown MS: Elsevier’s integrated genetics, St. Louis, 2007, Mosby.)
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Fig. 1-77 Chromatin structure.
DNA is organized around histones into nucleosomes. The nucleosomes are wound into a helix to form chromatin. In chromosomes, this is then wound again into a supercoiled structure. (From Stevens A, Lowe JS: Human histology, ed 3, St. Louis, 2005, Mosby.)





Genes contain nucleotide sequences that determine what the gene does, and other nucleotide sequences that determine when the gene is to be expressed. When a gene is active, RNA is synthesized from the DNA template through a process known as transcription (Fig. 1-78). The RNA carrying the coded information is in a form called mRNA, which is then transported from the nucleus to the cytoplasm where the RNA sequence is decoded, or translated, to determine the sequence of amino acids of the protein to be synthesized (e.g., triplet codon in sequence codes for a specific amino acid in sequence). The key to translation is a code along the mRNA that relates specific amino acids to a combination of three adjacent nucleotide bases. Each set of three bases forms a codon that is the “code” for a particular amino acid that is inserted into the protein during translation of the mRNA. In theory, an almost infinite variation in the arrangement of the bases along a polynucleotide chain is possible.




[image: image]


Fig. 1-78 Protein synthesis: transcription and translation.
Schematic representation of the way in which genetic information is transcribed in the nucleus (upper portion) and translated into protein in the cytoplasm (lower portion). (From Turnpenny P, Ellard S: Emery’s elements of medical genetics, ed 13, Philadelphia, 2007, Churchill Livingstone.)





DNA is a macromolecule composed of nucleotides arranged in long chains. For each nucleotide in the chain that forms the chromosome, there are four possible base choices (A, T, C, or G). Thus, with a codon of three nucleotides, there are 64 possible triplet combinations and these 64 codon combinations constitute the genetic code. The process of translation occurs on ribosomes (free in cytoplasm and in RER), which are cytoplasmic organelles with binding sites for all of the interacting molecules, including the mRNA. Ribosomes themselves are made up of many different structural proteins in association with specialized types of RNA known as rRNA. Translation also involves a third type of RNA, tRNA, which during synthesis of a protein transfers the appropriate amino acid to the code contained in the base sequence of each mRNA.


Proteins resulting from the expression of genes are responsible for the development (e.g., formation of structural proteins) and function (e.g., formation of enzymes) of cells, tissues, and organs. Many genes belong to gene families, which share closely related DNA sequences and encode polypeptides with closely related amino acid sequences. However, if there is a simple one-to-one correspondence between genes and proteins, then the approximately 20,000 genes in an animal should give rise to about 20,000 different proteins. This number seems insufficient to account for all of the structural needs and functions requiring proteins that occur in animal cells. The answer to this conundrum is found in two features of gene structure and function. Genes are capable of generating multiple different proteins, not just one, and translated proteins can be modified through a process called posttranslational modification. Many proteins, before they attain their normal structure or functional activity, undergo posttranslational modification, which can include chemical modification of amino acid side-chains (e.g., by hydroxylation, methylation), the addition of carbohydrate (e.g., glycosylation), or proteolytic cleavage of polypeptides (e.g., the conversion of proinsulin to insulin). The polypeptide chain that is the primary translation product is folded and bonded into a specific three-dimensional structure determined by the amino acid sequence itself. Two or more polypeptide chains, products of the same gene or of different genes, may combine to form a single mature protein complex. Thus it has been estimated that 20,000 genes can encode as many as a million different proteins. This collection of proteins is called the proteome and represents all of the proteins expressed by a cell (cellular proteome), tissue, or animal (complete proteome). Individual proteins in a proteome do not function by themselves. They form elaborate networks, involving many different proteins and respond in a coordinated fashion to many different genetic, developmental, or environmental signals. Combinations of such gene networks result in an even greater diversity of cellular functions.









Mechanisms of Genetic Disorders


The expression of the estimated 20,000 genes encoded in animal genomes involves a set of complex interrelationships among the factors controlling proper gene dosage (controlled by mechanisms of chromosome replication and segregation), gene structure, and finally, transcription, RNA splicing, mRNA stability, translation, protein processing, and protein degradation. For the normal function of some genes, fluctuations in the level of a functional gene product, resulting from either inherited variation in the structure of a particular gene or changes induced by nongenetic factors such as diet or the environment, are of relatively little importance in genetic disorders. However, for other genes, changes in the level of expression can have dire clinical consequences, reflecting the importance of those gene products in specific biologic pathways. The nature of inherited variation in the structure and function of chromosomes and genes and the influence of this variation on the expression of specific biological traits underlie the mechanisms of genetic disorders.


Genetic disorders can involve germline (i.e., cells that give rise to gametes) or somatic (i.e., cells forming the structure of an animal) cells and can be broadly classified into the following three categories:




1. Single-gene disorders caused by mutations in DNA of a single gene such as point, frameshift, and trinucleotide-repeat mutations


2. Chromosomal disorders caused by alterations in the number and/or structure of chromosomes (i.e., its karyotype)


3. Complex multigenic disorders









Single-Gene Disorders


Most germline cells are meiotic cells, and disorders involving them can be inherited. Somatic cells are mitotic cells, and disorders involving mitotic cells are not heritable but are important in the genesis of cancers and some congenital malformations. Single-gene disorders can affect either germline cells or somatic cells and usually result from mutations in DNA from (1) environmental causes such as exposure to excessive ultraviolet light, excessive radiation, or certain chemicals (i.e., mutagens) or (2) errors in cell division when somatic or germline cells copy their DNA in preparation for mitosis or meiosis, respectively. The actual occurrence of mutations is very low because cells have DNA repair proteins that correct mistakes in the DNA caused by mutagens (Fig. 1-79). These repair proteins determine which nucleotide bases are paired incorrectly, and then replace the incorrect base with the correct one. Mutations of the genes for these repair proteins often have serious outcomes, especially in neoplastic transformation of somatic cells. Single-gene disorders must be differentiated from single nucleotide polymorphisms (SNPs). SNPs represent differences in a single DNA nucleotide between animals of the same species (i.e., different breeds) and are the most common type of genetic variation among animals. They are usually found in regions between genes whose functions are known, thus they have no effect on health or development. However, if they occur within a gene or in a regulatory region near a gene, they may play a more direct role in disease. SNPs most commonly serve as biologic markers to locate genes that are associated with disease or hereditable traits such as muscling, weight gain, and milk production.
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Fig. 1-79 Repair of damaged DNA.
The steps of DNA repair. In step 1, the damaged section is removed; in steps 2 and 3, the original DNA sequence is restored. (From Copstead L, Banasik J: Pathophysiology, ed 4, St Louis, 2010, Mosby.)





Because single-gene disorders arise from a mutation in a single gene, they result in a permanent change of the cell’s nuclear DNA (Figs. 1-80 and 1-81). Such mutations can affect the synthesis of proteins by disrupting one or more steps in the normal transcriptional and translational processes and lead to the following:
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Fig. 1-80 Types of base pair substitutions in gene mutations.
A, Normal process of transcription and translation. B, If a base-pair substitution does not result in a change in the amino acid, the mutation is termed a silent mutation. C, Missense mutation produces a change in a single amino acid. D, Nonsense mutation produces a stop codon in the mRNA, which terminates translation of the polypeptide. (From McCance KL, Huether SE, Brashers VL, et al: Pathophysiology: the biologic basis for disease in adults and children, ed 6, St. Louis, 2010, Mosby.)
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Fig. 1-81 Types of base pair substitutions in gene mutations, frameshift mutations.
Frameshift mutations result from the addition or deletion of a number of bases that is not a multiple of three. This alters all of the codons downstream from the site of insertion or deletion. Thus a frameshift mutation can greatly alter the resulting amino acid sequence. (From Jorde LB, Carey JC, Bamshad MJ: Medical genetics, ed 4, St. Louis, 2010, Mosby.)







1. The formation of an abnormal protein


2. A reduction in the synthesis of a protein


3. The formation of abnormal proteins without impairing any step in protein synthesis


4. Modification in the rate of synthesis, posttranslational mechanisms, or transporting of proteins out of the cell





Virtually any type of protein may be affected in single-gene disorders, and the mechanisms involved can be classified into the following four categories:




1. Enzyme defects and their consequences


2. Defects in membrane receptors and transport systems


3. Alterations in the structure, function, or quantity of nonenzyme proteins


4. Mutations resulting in unusual reactions to drugs





In enzyme defects, mutations may result in the synthesis of a defective enzyme with reduced activity or in a reduced amount of a normal enzyme. An enzyme defect may lead to three major consequences as follows:




1. Accumulation of a substrate that, depending on the site of the blockage, may be accompanied by accumulation of one or more intermediate substrates. Under these conditions, tissue injury may result if the precursor, the intermediate substrates, or the products of alternative pathways are toxic in high concentrations. For example, excessive accumulation of complex substrates within lysosomes as a result of defect in the degradative enzymes is responsible for a group of diseases generally referred to as storage diseases (see Chapter 14).


2. A metabolic block resulting in a decreased amount of end-product that may be necessary for normal function.


3. Failure to inactivate tissue-damaging substrates.





Mutations resulting in the accumulation of substrates or the blockage of normal metabolic pathways are best illustrated by a group of diseases called storage diseases, in which defective processing of a metabolic substrate leads to the accumulation of the substrate in cell cytoplasm or within lysosomes in the cell. Such diseases are discussed in the organ system chapters of this book. Storage diseases are commonly grouped as lysosomal storage diseases and glycogen storage diseases. Lysosomal storage diseases are characterized by a deficiency of lysosomal acid hydrolases, in which breakdown of their substrates remain incomplete, leading to the accumulation of the partially degraded insoluble metabolite within the lysosomes (Fig. 1-82). Lysosomal acid hydrolases break down a variety of complex macromolecules derived from the metabolic turnover of intracellular organelles or acquired from outside the cells by phagocytosis. Stuffed with incompletely digested macromolecules, these organelles become large and numerous enough to interfere with normal cell functions. Lysosomal storage diseases are exemplified by globoid cell leukodystrophy in which a deficiency in the function of a lysosomal enzyme called lysosomal galactocerebroside β-galactosidase (galactosylceramidase) results in the accumulation of a substrate, galactocerebroside, in lysosomes of macrophages recruited as monocytes from the vascular system (see Fig. 14-64).
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Fig. 1-82 Pathogenesis of lysosomal storage diseases.
In the example shown, a complex substrate is normally degraded by a series of lysosomal enzymes (A to C) into soluble end products. If there is a deficiency or malfunction of one of the enzymes (e.g., B), catabolism is incomplete and insoluble intermediates accumulate in the lysosomes. (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)





Glycogen storage diseases (glycogenoses) are caused by a deficiency of one of the enzymes involved in the synthesis or sequential degradation of glycogen (Figs. 1-83 and 14-63). Glycogen storage diseases are exemplified by glycogenosis type III (Cori’s disease), in which a deficiency in the function of an amylo-1, 6-glucosidase (debranching enzyme) results in the accumulation of a structurally abnormal glycogen within hepatocytes.
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Fig. 1-83 Pathways of glycogen metabolism.
Asterisks mark the enzyme deficiencies associated with glycogen storage diseases. Roman numerals indicate the type of glycogen storage disease associated with the given enzyme deficiency. Types V and VI result from deficiencies of muscle and liver phosphorylases, respectively. (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)





A failure to inactivate tissue-damaging substrates is illustrated by α1-antitrypsin deficiency. Animals that have an inherited deficiency of serum α1-antitrypsin are unable to inactivate neutrophil elastase in their lungs. Unchecked activity of this protease leads to destruction of elastin in the walls of lung alveoli, eventually leading to pulmonary emphysema. The consequences of defects in membrane receptors and transport systems; alterations in the structure, function, or quantity of nonenzyme proteins such as collagen, spectrin, and dystrophin in osteogenesis imperfecta; or mutations resulting in unusual reactions to drugs have not been adequately documented in animals.





Single-Gene Disorders of Germ Cells: Mutations that affect germ cells are transmitted to the progeny and can give rise to inherited diseases that usually follow the classic Mendelian pattern of inheritance. Inherited mutations involving single genes, typically follow one of three patterns: autosomal dominant, autosomal recessive, and X-linked.





Autosomal Dominant Disorders: In autosomal dominant disorders, only one allele of a mutated gene at a given locus is necessary for an animal to be affected by the disorder. This gene may come from the sire or from the dam, thus there is a 50% chance that each offspring will inherit the mutated gene. Examples of autosomal dominant disorders in animals include polycystic kidney disease of the urinary system (see Fig. 11-32, F) and osteogenesis imperfecta (see Chapter 16) and chondrodysplasia (see Fig. 16-42) of the skeletal system. In autosomal dominant disorders, most mutations lead to reduced production of a protein or give rise to an inactive protein. The clinical effect of these loss-of-function mutations depends on the biologic activity of the protein affected. If such mutations involve an enzyme in heterozygotic animals, only one allele of the gene is affected. Therefore they are usually clinically normal because up to 50% loss of an enzyme’s activity can be compensated for by the normal gene allele for that enzyme. In contrast, nonenzyme structural proteins, such as collagen and cytoskeletal elements of the red cell membrane (e.g., spectrin), are significantly affected in autosomal dominant disorders. As an example, a 50% reduction in the amount of such proteins results in abnormal structure and assembly of collagen and cytoskeletal elements in red blood cells, resulting in a hereditary spectrin deficiency in golden retriever dogs.


Less common than loss-of-function mutations are gain-of-function mutations. In this type of mutation, the protein product acquires new biologic activities not usually associated with the normal-type protein.








Autosomal Recessive Disorders: In autosomal recessive disorders, both alleles at a given gene locus must be mutated for an animal to be affected by the disorder. One mutated allele is provided by the sire and the other by the dam. Thus there is a 25% chance that each offspring from heterozygous parents will inherit both mutated gene alleles. Both parents are clinically normal and serve as carrier animals. Animals with autosomal recessive mutations usually have clinical disease, and the onset is usually early in life. Many of the mutated genes encode enzymes. Examples of autosomal recessive disorders in animals include lysosomal storage diseases (see Figs. 1-82 and 14-63 and 14-64), glycogen storage diseases (see Fig. 14-63) and mucopolysaccharidoses, and aminoacidopathies that affect organs such as the brain, spinal cord, skeletal muscle, liver, and kidney.








X-Linked Disorders: All sex-linked disorders are X-linked, and almost all are recessive and caused by mutations in genes on the X chromosome. Examples of autosomal recessive X-linked disorders in animals include Duchenne muscular dystrophy and agammaglobulinemia of the immune system.











Single-Gene Disorders of Somatic Cells: Mutations that arise in somatic cells do not cause hereditary diseases but are important in the genesis of cancers (Fig. 1-84) (see also Chapter 6) and some congenital malformations. Tumor-specific acquired single-gene mutations are expressed in some types of tumors. During the clinical management of cancer, such mutations can serve as a means to detect the growth of a tumor and monitor its response to therapy.




[image: image]


Fig. 1-84 Sequence of events in tumorigenesis.
Replication of somatic cells, which do not express telomerase, leads to shortened telomeres. In the presence of competent checkpoints, cells undergo arrest and enter nonreplicative senescence. In the absence of checkpoints, DNA-repair pathways are inappropriately activated, leading to the formation of dicentric chromosomes. At mitosis the dicentric chromosomes are pulled apart, generating random double-stranded breaks, which then activate DNA-repair pathways, leading to the random association of double-stranded ends and the formation, again, of dicentric chromosomes. Cells undergo numerous rounds of this bridge-fusion-breakage cycle, which generates massive chromosomal instability and numerous mutations. If cells fail to re-express telomerase, they eventually undergo mitotic catastrophe and death. Re-expression of telomerase allows the cells to escape the bridge-fusion-breakage cycle, thus promoting their survival and tumorigenesis. (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)











Single-Gene Disorders of Mitochondria: Some single-gene disorders have a non-Mendelian pattern of inheritance and include disorders arising from mutations in mtDNA and those in which the transmission is influenced by trinucleotide-repeat mutations, genomic imprinting, or gonadal mosaicism. In such cases, mitochondrial mutations occur in mtDNA rather than in the nuclear genome and cause mitochondrial encephalopathies in the nervous system.


Diseases resulting from mitochondrial inheritance are rare and many affect the neuromuscular system. There are only 37 mitochondrial genes, and a feature unique to mtDNA is maternal inheritance. Dams and only dams transmit mtDNA to their offspring, both male and female. Sires make no contribution of mtDNA to offspring. This peculiarity exists because ova contain numerous mitochondria within their cytoplasm, whereas spermatozoa contain few, if any. Thus the mtDNA complement of the fertilized ovum is derived entirely from the ovum.


Each type of tissue requires a certain amount of ATP for normal function. Although some variation in ATP levels may be tolerated, there is typically a threshold level below which cells begin to degenerate and die. Organ systems with large ATP requirements and high thresholds tend to be the ones most seriously affected by mitochondrial diseases. Because mtDNA encodes enzymes involved in oxidative phosphorylation, mutations affecting these genes exert their deleterious effects primarily on the organs most dependent on oxidative phosphorylation such as the CNS, skeletal muscle (type 2 myofibers), cardiac muscle, liver, and kidneys. For example, the CNS produces about 20% of the body’s ATP production and therefore is often affected by mtDNA mutations. The mutation rate of mtDNA is about 10 times higher than that of nuclear DNA. This difference is caused by a relative lack of DNA repair mechanisms in the mtDNA and also by damage from free oxygen radicals released during the oxidative phosphorylation process.












Chromosomal Disorders





Errors in Cell Division: Abnormalities of chromosome number and/or structure can arise in autosomes (somatic cells) or sex chromosomes (germline cells), by errors in cell division. Cell division transfers genetic disorders within somatic and/or germline cells. Under normal conditions there are two kinds of cell division, mitosis and meiosis (Web Fig. 1-3). Mitosis is somatic cell division by which the body grows and differentiates and tissues regenerate. Mitotic division results in two daughter cells, each with chromosomes and genes identical to those of the parent cell. There may be dozens or even hundreds of successive mitoses of a somatic cell during its lifetime. In contrast, meiosis occurs only in cells of the germline and results in the formation of ova or spermatozoa, with, under normal conditions, each cell type having half of the normal karyotype (one of each kind of autosome and either an X or a Y chromosome).
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Web Fig. 1-3 Meiosis and mitosis.
A comparison of meiosis and normal mitotic cell division showing only one homologous chromosome pair. In meiosis, the homologous chromosomes form a pair and exchange sections of DNA in a process called crossing over. Two nuclear divisions are required in meiosis to form the haploid germ cells. (From Copstead L, Banasik J: Pathophysiology, ed 4, St Louis, 2010, Mosby.)








Most chromosomal disorders are caused by errors in cell division. An animal begins life as a fertilized ovum (e.g., zygote) after fusion of an ovum and spermatogonium, which originate through cell division during meiosis. This single cell zygote gives rise to all cells of the body (estimated at about 100 trillion [1 × 1014 cells]) that are derived from dozens or even hundreds of mitoses crucial for growth and differentiation. The biologic significance of meiosis and mitosis lies in ensuring the constancy of chromosome number and thus the integrity of the genome from one cell to its progeny and from one generation to the next. The medical significance of these processes involves errors of cell division, which lead to the formation of an individual cell or of a cell lineage with an abnormal number of chromosomes and thus an inappropriate amount of genomic material. Such errors are called nondisjunctions and represent a failure of chromosome pairs to disjoin (separate) during cell division, and the result is that both chromosomes go to one cell and none to the other. Meiotic nondisjunction, particularly in oogenesis, is a common mutational mechanism, responsible for chromosomally abnormal fetuses. In those fetuses that survive to term, chromosome abnormalities cause developmental defects, failure to thrive, and reduced mental function. Mitotic nondisjunctions can also be inherited. Nondisjunction soon after fertilization, either in the developing embryo or in extraembryonic tissues like the placenta, leads to chromosomal mosaicism that can be the basis for some genetic disorders. Additionally, abnormal chromosome segregation in rapidly dividing tissues can be a step in the development of tumors.





Numeric Alterations: Cells with normal chromosome numbers have euploid karyotypes (i.e., normal number of chromosomes for a species). If an error occurs in meiosis or mitosis during cell division and a cell acquires a lesser or greater number of chromosomes and thus does not have its normal karyotype, it is referred to as aneuploidy. A cause of aneuploidy is nondisjunction during meiosis to form ova or spermatogonia. This outcome result is either extra chromosomes (i.e., trisomy, tetrasomy, and so on) or one less chromosome (i.e., monosomy) (Fig. 1-85). Fertilization of such ova by normal spermatogonia results in two types of zygotes, trisomic (or tetrasomic) or monosomic. Trisomic or tetrasomic offspring are extremely rare in domestic animals, but an autosomal trisomy has been reported in a malformed Italian Friesian calf that had malformed limbs, congenital opisthotonus, brachygnathia, blindness, and absence of external genitalia. Monosomic offspring are more common in domestic animals, in which an X chromosome monosomy (Turner-like syndrome) affecting primarily fillies (mares) has been reported. Affected mares have smaller than normal vulvas, uteri, and ovaries, and most fail to cycle and show estrous behavior.
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Fig. 1-85 Nondisjunction.
A, Nondisjunction occurs in meiosis I when homologous chromosome pairs segregate to the same daughter cell. B, Nondisjunction occurs in meiosis II when sister chromatids segregate to the same daughter cell. When nondisjunction occurs in meiosis I, all gametes are abnormal, whereas when it occurs in meiosis II, there is a 50% chance that a normal gamete will be fertilized. (From Adkison L, Brown MS: Elsevier’s integrated genetics, St. Louis, 2007, Mosby.)





Occasionally, mitotic errors in early development give rise to two or more populations of cells with different chromosomal karyotypes in the same animal, a condition referred to as mosaicism. Mosaicism can result from mitotic errors during the division of the fertilized ovum or in somatic cells. Mosaicism affecting the sex chromosomes is relatively common. In the division of the fertilized ovum, an error may lead to one of the daughter cells receiving three sex chromosomes, whereas the other receives only one, yielding, for example, an n-1, X/n+1, XXX mosaic. All cells derived from each of these cells will have the same abnormal karyotype. An example of X (sex) chromosome mosaicism occurs in Tortoiseshell and Calico cats. In all female mammalian cells, the function of one X chromosome is inactivated through a random process called X chromosome inactivation. In the cells of these cats, approximately 50% of the cells have paternal X chromosomes that have been inactivated and a different 50% of the cells have maternal X chromosomes that have been inactivated. Thus normal female cats have roughly equal populations of two genetically different cell types and are therefore a type of mosaic that is expressed in the patterns of hair coloration (orange, black, and white).


Autosomal mosaicism seems to be much less common than that involving the sex chromosomes. An error in an early mitotic division affecting the autosomes usually leads to a nonviable mosaic fetus.








Structural Alterations: Changes in the structure of chromosomes are caused by deletion, inversion, isochromosome formation, or translocation of a portion of a sex or autosomal chromosome and occur during cell division (Fig. 1-86). During embryogenesis, structural alterations of sex chromosomes are more common than those of autosomes and can result in some cells having XX sex chromosomes and others having XY sex chromosomes. During embryogenesis, these cells coexist and both male and female reproductive structures develop to varying degrees dependent on the expression of the sex chromosomes. As a result, these diseases are characterized by sexual ambiguity of the fetus and include hermaphroditism and pseudohermaphroditism (see Chapters 18 and 19). Structural alterations also likely involve autosomes in animals, but their occurrence and significance have not been adequately characterized.
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Fig. 1-86 Types of chromosomal rearrangements.
Chromosome rearrangements are structural changes in chromosomes such as deletions, duplications, inversions, and translocations. They are caused by breakage of DNA double helices from errors in DNA replication and from damage caused by mutagens. (From Copstead L, Banasik J: Pathophysiology, ed 4, St Louis, 2010, Mosby.)















Complex Multigenic Disorders


Complex multigenic disorders are caused by interactions between variant forms of genes (e.g., polymorphisms) and environmental factors. Each variant gene confers a small increase in disease risk, but no single gene is necessary or able alone to produce disease. It is only when several polymorphisms are present in an animal that disease occurs, hence the terms multigenic or polygenic. Thus, unlike the single-mutant gene disorders (discussed previously) that commonly cause disease and give rise to Mendelian-inherited disorders, each individual polymorphism has a small effect and rarely causes disease by itself. Because environmental interactions are important in the pathogenesis of these diseases and the complex traits do not follow a Mendelian pattern of inheritance, the genes and polymorphisms that contribute to these diseases have been very difficult to determine. Assigning a disease to this mode of inheritance must be done with caution. Diagnosis of diseases that are considered complex multigenic disorders such as type I diabetes (a known human complex multigenic disorder) depends on many factors and the exclusion of Mendelian (single-gene) and chromosomal modes of transmission. The occurrence of complex multigenic disorders in animals has not been demonstrated except in laboratory animal models of human disease, but their existence in domestic animal species is highly likely.
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CHAPTER 2


Vascular Disorders and Thrombosis




Derek A. Mosier





Free-living unicellular organisms obtain nutrients and eliminate metabolic waste products directly into the external environment. Multicellular organisms require a circulatory system to deliver nutrients to and remove waste products from cells. The movement of fluid and cells through the circulatory system maintains homeostasis and integrates functions of cells and tissues in complex, multicellular organisms. In this chapter, the basic abnormalities that affect fluid circulation and balance within an animal are described.






Circulatory System


The circulatory system consists of blood, a central pump (heart), blood distribution (arterial) and collection (venous) networks, and a system for exchange of nutrients and waste products between blood and extravascular tissue (microcirculation) (Fig. 2-1). A network of lymphatic vessels that parallel the veins also contributes to circulation by draining fluid from extravascular spaces into the blood vascular system.
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Fig. 2-1 The vascular system.
Blood travels from the left to the right side of the heart via the systemic circulation, and from the right to the left side via the pulmonary circulation. Blood flow rate and pressure in the systemic arterial circulation decrease in conjunction with increased arterial cross-sectional area. In the venous systemic circulation, blood flow rate, but not pressure, increases in conjunction with decreased venous cross-sectional area. The flow, pressure, and cross-sectional area relationships are similar but reversed (i.e., veins deliver blood and arteries collect blood) in the pulmonary circulation. (Courtesy Dr. D.A. Mosier and L. Schooley, College of Veterinary Medicine, Kansas State University.)





The heart provides the driving force for blood distribution. Equal volumes of blood are normally distributed to the pulmonary circulation by the right side of the heart and the systemic circulation by the left side of the heart. The volume of blood pumped by each half of the heart per minute (cardiac output) is determined by the beats per minute (heart rate) and the volume of blood pumped per beat by the ventricle (stroke volume). Typically, each half of the heart pumps the equivalent of the entire blood volume of the animal per minute.


Arteries have relatively large diameter lumens to facilitate rapid blood flow with minimal resistance. Artery walls are thick and consist predominantly of smooth muscle fibers for tensile strength and elastic fibers for elasticity (Web Fig. 2-1). Elastic fibers allow arteries to act as pressure reservoirs, expanding to hold blood ejected from the heart during contraction and passively recoiling to provide continuous flow and pressure to arterioles between heart contractions.
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Web Fig. 2-1 Structure of a muscular artery. (From Kierszenbaum AL: Histology and cell biology: an introduction to pathology, ed 2, St Louis, 2007, Mosby.)








Arterioles are the major resistance vessels within the circulatory system; intravascular pressure can fall by nearly half after blood passes through an arteriole. Arterioles have relatively narrow lumens, the diameter of which is controlled by the smooth muscle cells that are the major component of their walls. Extrinsic sympathetic innervation and local intrinsic stimuli regulate the degree of arteriolar smooth muscle contraction, causing arterioles to dilate or constrict to selectively distribute blood to the areas of greatest need.


Capillaries are the site of nutrient and waste product exchange between the blood and tissue. Capillaries are the most numerous vessel in the circulatory system, with a total cross-sectional area nearly 1300 times that of the aorta. However, they normally contain only about 5% of the total blood volume. The velocity of blood flow through the capillaries is very slow, and red blood cells generally move through a capillary in single file to further facilitate the diffusion of nutrients and wastes. Capillaries have narrow lumens (approximately 8 µm) and thin walls (approximately 1 µm) consisting of a single epithelial cell layer (endothelium). At the junctions between capillary endothelia are interendothelial pores, which make the capillary semipermeable to facilitate diffusion of nutrients and waste products between the blood and tissues. There are three types of capillaries: continuous, fenestrated, and discontinuous. The basic functions and tissue locations of these types of capillaries are illustrated in Fig. 2-2. They are discussed in greater detail in the chapters covering the diseases of organ systems.
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Fig. 2-2 Types of endothelium lining capillaries. (From Kierszenbaum AL: Histology and cell biology: an introduction to pathology, St Louis, 2002, Mosby.)





The return trip of blood to the heart begins in the postcapillary venules. Venules have a composition similar to capillaries but may have thin layers of muscle as they become more distant from the capillary bed. Veins are composed mainly of collagen with smaller amounts of elastin and smooth muscle (Web Fig. 2-2). Venules and veins provide a low resistance pathway for the return of blood to the heart. Because of their distensibility, they can store large amounts of blood; nearly 65% of total blood volume is normally present within the systemic veins. Pressure and velocity of flow are low within venules and veins. Therefore other factors are necessary to help move venous blood toward the heart such as venous valves to prevent backflow of blood, skeletal muscle contraction, venous vasoconstriction, an increased pressure gradient due to decreased pressure in the heart during filling (cardiac-suction effect), and decreased pressure in the thoracic veins due to negative pressure within the thoracic cavity (respiratory pump).
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Web Fig. 2-2 The structure of a vein. (From Kierszenbaum AL: Histology and cell biology: an introduction to pathology, ed 2, St Louis, 2007, Mosby.)








The lymphatic system originates as blind-ended lymphatic capillaries, which permeate the tissue surrounding the microcirculation (arterioles, metarterioles, capillaries, and postcapillary venules [Fig. 2-3]).Lymphatic capillaries have overlapping endothelial cells and large interendothelial gaps so that external pressure allows movement of fluid and molecules into the vessel. However, intravascular lymphatic pressure forces these overlapping edges together to prevent the flow of lymph out of the vessel. Lymphatic capillary gaps are much larger than those between blood capillary endothelium, so they can accommodate movement of larger particles and substances. Lymphatic capillaries converge into progressively larger lymph vessels that drain into lymph nodes and then ultimately empty into the venous system. Similar to venous vessels, lymphatics are distensible, low-pressure vessels that require lymphatic valves and contraction of surrounding muscles to facilitate return of fluid to the blood.
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Fig. 2-3 The microcirculation.
The microcirculation consists of arterioles (small arteries proximal to a capillary bed), metarterioles (arterial capillaries), capillaries (thin, semipermeable vessels that connect arterioles and venules), and postcapillary venules (small vessels that merge to form veins after collecting blood from a capillary network). Smooth muscle of the arterioles and metarterioles regulates flow of blood into the capillary bed. There is a dramatic drop in pressure and flow rate from the arterial to the venous side of the microcirculation, facilitating interactions between capillary blood and interstitial fluid. Blind-ended lymphatic vessels that originate near capillary beds interact intimately with the microcirculation. (Courtesy Dr. D.A. Mosier and L. Schooley, College of Veterinary Medicine, Kansas State University.)





All components of the circulatory system are lined by a single layer of endothelium. Endothelium forms a dynamic interface between blood and tissue and is a critical participant in fluid distribution, inflammation, immunity, angiogenesis, and hemostasis (Fig. 2-4). Normal endothelium is antithrombotic and profibrinolytic and helps maintain blood in a fluid state, but when injured, endothelium becomes prothrombotic and antifibrinolytic. Endothelial activation by oxidative stress, hypoxia, inflammation, infectious agents, tissue injury, or similar events results in the production and release of numerous substances with wide-ranging roles in physiology and pathology (Fig. 2-5 and Box 2-1). Endothelial activation is typically localized to restrict a host response to a specific area, while not affecting the normal function of endothelium and flow of blood in other parts of the body.





BOX 2-1   Endothelial Properties in Health and Disease


Endothelial Products





 Fluid Distribution and Blood Flow




Semipermeable membrane for fluid distribution




• Interendothelial junctions





Vasodilation




• Nitric oxide


• Prostacyclin (PGI2)





Vasoconstriction




• Endothelin














 Hemostasis




Antihemostatic substances




• PGI2


• Endothelial cell protein C receptor


• Tissue factor pathway inhibitor (TFPI)


• Tissue plasminogen activator (tPA)


• Heparan sulfate


• Adenosine diphosphatase (ADPase) and adenosine triphosphatase (ATPase)


• Protein S





Prohemostatic substances




• von Willebrand’s factor


• Tissue factor (TF) (factor III)


• Plasminogen activator inhibitor-1 (PAI-1)














 Inflammatory Mediators




Cytokines




• Interleukin (IL) -1, IL-6, IL-8





Enhanced expression of TF


Expression of leukocyte adhesion molecules:




• Cell adhesion molecule family




• Mucosal addressin cell adhesion molecule 1 (MAdCAM-1)


• Intercellular adhesion molecule 1 (ICAM-1),


• Vascular cell adhesion molecule 1 (VCAM-1)


• Platelet/endothelial cell adhesion molecule 1 (PECAM-1)





• Selectin family




• P-selectin


• E-selectin

















 Growth Factors




Platelet-derived growth factor (PDGF)


Colony-stimulating factor (CSF)


Fibroblast growth factor (FGF)


Transforming growth factor-β (TGF-β)


Heparin











 Fibrinolysis




Synthesis and secretion of fibrinolytic components under certain circumstances


Regulation of formation of plasmin


tPA


Urokinase plasminogen activator receptor


PAI-1


Annexin II
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Fig. 2-4 Structure and function of the endothelium.
Endothelium is a physical barrier between intravascular and extravascular spaces, and it is an important mediator of fluid distribution, hemostasis, inflammation, and healing. (Courtesy Dr. D.A. Mosier and L. Schooley, College of Veterinary Medicine, Kansas State University.)







[image: image]


Fig. 2-5 Bioactive mediators from endothelial cells. (From Kierszenbaum AL: Histology and cell biology: an introduction to pathology, St Louis, 2002, Mosby.)












Microcirculation, Interstitium, and Cells


The exchange of fluid, nutrients, and waste products between blood and cells takes place through the interstitium, the space between cells, and the microcirculation. The interstitium is composed of structural, adhesive, and absorptive components collectively referred to as the extracellular matrix (ECM). Type I collagen is the major structural component of the ECM and forms the framework in which cells reside. This is intimately associated with type IV collagen of cell basement membranes. Adhesive glycoproteins provide sites of attachment for structural components and also serve as receptors for cells, such as phagocytes and lymphocytes, which move through the interstitium. Absorptive disaccharide complexes (glycosaminoglycans) and protein-disaccharide polymer complexes (proteoglycans) are hydrophilic and can bind large amounts of water and other soluble molecules. In most cases, no more than 1.0 mm of interstitial space separates a cell from a capillary.









Fluid Distribution and Homeostasis


Water comprises approximately 60% of body weight, of which about [image: image] is intracellular and [image: image] is extracellular (80% of which is in the interstitium and 20% is in the plasma). The distribution of fluid-nutrients, and waste products between the blood, interstitium, and cells is controlled by physical barriers, as well as pressure and concentration gradients between each compartment. The cell’s plasma membrane is a selective barrier that separates interstitial and intracellular compartments. Nonpolar (uncharged) lipid-soluble substances, such as O2, CO2, and fatty acids, move relatively freely across the plasma membrane based on concentration gradients. Polar (charged) lipid-insoluble particles and molecules, such as electrolytes, calcium, glucose, and amino acids, enter the cell by carrier-mediated transport. Water readily moves across the plasma membrane down its concentration gradient. Although approximately 100 times the volume of water in a cell crosses the plasma membrane in 1 second, cell fluid content remains relatively stable because of the activity of energy-dependent membrane pumps (e.g., Na+/K+-adenosine triphosphatase [ATPase] pump) and the balance between osmotic pressures exerted by interstitial and intracellular solutes.


The capillary wall is a semipermeable barrier that influences the movement of fluid, nutrients, and waste products between the blood and interstitium. Lipid-soluble substances can pass through capillary endothelium by dissolving in the membrane lipid bilayer, and large proteins can move through the cell by transport within vesicles. Most importantly, water and polar molecules move through interendothelial pores. Normally, these pores are large enough to allow the passage of water, small nutrients (ions, glucose, amino acids), and waste products, yet small enough to prevent the movement of cells and large proteins (albumin and other plasma proteins such as complement, kinin, and coagulation proteins). Local stimuli, such as inflammation, can cause endothelial cells to contract to widen interendothelial pores and allow the passage of larger molecules. Under normal conditions, the composition of plasma and interstitial fluid is very similar, with the exception of the large plasma proteins.


Movement of substances through interendothelial pores and cell membranes is generally passive in response to concentration and pressure gradients. Nutrient-rich arterial blood contains O2, glucose, and amino acids that move down their concentration gradients into the interstitium, where they are available for use by cells. CO2 and waste products generated by cells accumulate in the interstitium and move down their gradient into the venous blood. These gradients become larger in areas where cells are metabolically active.


Water distribution between the plasma and interstitium is determined mainly by osmotic and hydrostatic pressure differentials between the compartments and is described by the following formula (Fig. 2-6):
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Fig. 2-6 Factors affecting fluid balance in the microcirculation.
Fluid distribution is determined by physical characteristics of the microcirculation and lymphatics and osmotic and hydrostatic forces within the blood and interstitial fluid. Intercellular gaps between endothelium allow movement of fluid and small molecules between the blood and interstitial fluid (insets 1 and 2). A, High arteriolar hydrostatic pressure forces fluid into the interstitium. B, Plasma proteins (e.g., albumin) and molecules within the ECM exert an osmotic effect to attract and retain water. C, Interstitial hydrostatic pressure forces interstitial fluid into lower pressure venules. D, The slight excess of interstitial fluid not returned to the venules enters the lymphatics to be drained from the area. E, Exchange of intracellular and interstitial fluid is balanced by osmotic forces and concentration gradients of electrolytes and other molecules across the cell plasma membrane. Inset 1, Cross-section of a blood vessel capillary showing interendothelial junctions. Endothelium forms end-to-end junctions for movement of fluid and small molecules. Inset 2, Cross-section of a lymphatic capillary showing the interendothelial junctions. Endothelium overlaps to allow movement of larger particles and closure when intravascular pressure forces overlapping endothelium together. (Courtesy Dr. D.A. Mosier and L. Schooley, College of Veterinary Medicine, Kansas State University.)







K = Capillary endothelial permeability constant


P = Hydrostatic pressure


σ = Reflection coefficient


π = Colloid osmotic pressure


cap = capillary


int = interstitium





Although sodium and chloride account for approximately 84% of the total osmolality of plasma, free movement of these electrolytes through interendothelial pores balances their concentrations in the plasma and interstitium, so their contribution to differences in osmotic pressure between these compartments is minimal. In contrast, nonpermeable, suspended plasma proteins make up less than 1% of the total osmolality of plasma. However, because these proteins (particularly albumin) do not readily move through interendothelial pores, they exert a colloidal osmotic pressure that is responsible for the majority of the difference in osmotic pressure between the plasma and interstitium.


In the microcirculation, intravascular and interstitial osmotic pressures and interstitial hydrostatic forces remain relatively constant and favor intravascular retention of fluid. However, high hydrostatic pressures within the arteriolar end of the capillary bed result in a net filtration of fluid into the interstitium. Lower hydrostatic pressures in the venular end of the capillary bed result in a net absorption pressure and reentry of fluid into the microvasculature. Alternatively, filtration and absorption may not occur because of a drop in hydrostatic pressure across individual capillary beds. Instead, filtration may occur across the entire length of capillary beds with open precapillary sphincters and high rates of blood flow, whereas absorption may occur across the entire length of capillary beds with closed precapillary sphincters and low blood flow rates. The slight excess of fluid that is retained in the interstitium and any plasma proteins that have escaped the vasculature enter lymphatic capillaries to be drained from the area.


The constant flow of fluid between the microcirculation and interstitium allows exchange of nutrients and waste products between these two fluid compartments to support cell functions. Additionally, the interstitium provides a fluid buffer to either increase or decrease the plasma volume to assure effective circulatory function. Excessive fluid intake will expand plasma volume and increase hydrostatic pressure, resulting in greater filtration into the interstitium to maintain a relatively constant plasma volume. Reduced fluid intake will decrease plasma volume, shifting the movement of water from the interstitium into the plasma to increase circulating fluid volume.









Abnormal Fluid Distribution


Alteration in any of the factors that regulate normal fluid distribution between the plasma, interstitium, and cells can lead to pathologic imbalances between these compartments.






Imbalance Between Intracellular and Interstitial Compartments


Distribution of fluid between the interstitium and cells is generally dynamic but stable. This stability is necessary to maintain a relatively constant intracellular environment for cell function. Generalized conditions (e.g., alterations in plasma volume) and local stimuli (e.g., inflammation) can result in slight and usually transient shifts in fluid distribution between the interstitium and cells. Excess plasma volume (hypervolemia) results in movement of additional water into the interstitium and ultimately into the cell along both osmotic and hydrostatic gradients, causing cell swelling. In contrast, reduced plasma volume (hypovolemia) can result in a flow of water in the opposite direction resulting in cell shrinkage and decreased interstitial volume. Increased interstitial volume will also cause a slight flow of fluid into cells in the affected region.


Disruption of any of the mechanisms that maintain proper fluid distribution between the cell and interstitium can have serious consequences for the cell. Failure to maintain proper osmotic balance as a result of cell membrane damage or failure of the energy-dependent plasma membrane pumps results in cell swelling, which if not quickly corrected can lead to cell death by osmotic lysis.









Imbalance Between Intravascular and Interstitial Compartments (EDEMA)


Changes in distribution of fluid between the plasma and interstitium are most commonly manifested as edema, which is an accumulation of excess interstitial fluid. Edema occurs by four major mechanisms: (1) increased microvascular permeability, (2) increased intravascular hydrostatic pressure, (3) decreased intravascular osmotic pressure, and (4) decreased lymphatic drainage (Box 2-2).





BOX 2-2   Causes of Edema





 Increased Vascular Permeability




Vascular leakage associated with inflammation




Infectious agents




• Viruses (e.g., influenza and other respiratory viruses, canine adenovirus 1, equine and porcine Arterivirus, Morbillivirus)


• Bacteria (e.g., Clostridium sp., Shiga-like toxin–producing Escherichia coli, Erysipelothrix rhusiopathiae)


• Rickettsia (e.g., Cowdria ruminantium, Ehrlichia risticii, Ehrlichia equi, Rickettsia rickettsii)





Immune-mediated




• Type III hypersensitivity (e.g., feline infectious peritonitis, purpura hemorrhagica)








Neovascularization


Anaphylaxis (e.g., type I hypersensitivity to vaccines, venoms, and other allergens)


Toxins (e.g., endotoxin, paraquat, noxious gases, zootoxins)


Clotting abnormalities (e.g., pulmonary embolism, disseminated intravascular coagulation)


Metabolic abnormalities (e.g., microangiopathy caused by diabetes mellitus, encephalomalacia caused by thiamine deficiency)











 Increased Intravascular Hydrostatic Pressure




Portal hypertension (e.g., right-side heart failure, hepatic fibrosis)


Pulmonary hypertension (e.g., left-side heart failure, high altitude disease)


Localized venous obstruction (e.g., gastric dilation and volvulus, intestinal volvulus and torsion, uterine torsion or prolapse, venous thrombosis)


Fluid overload (e.g., iatrogenic, sodium retention with renal disease)


Hyperemia (e.g., inflammation, physiologic)











 Decreased Intravascular Osmotic Pressure




Decreased albumin production (e.g., malnutrition/starvation, debilitating diseases, severe hepatic disease)


Excessive albumin loss (e.g., gastrointestinal disease [protein-losing enteropathies] or parasitism [haemonchosis or trichostrongylosis in sheep], renal disease [protein-losing nephropathies], severe burns)


Water intoxication (e.g., hemodilution caused by sodium retention, salt toxicity)











 Decreased Lymphatic Drainage




Lymphatic obstruction or compression (e.g., inflammatory or neoplastic masses, fibrosis)


Congenital lymphatic aplasia or hypoplasia


Intestinal lymphangiectasia


Lymphangitis (e.g., paratuberculosis, sporotrichosis, epizootic lymphangitis of horses)


















Mechanisms of Edema Formation





Increased Microvascular Permeability


Increased microvascular permeability is most commonly associated with the initial microvascular reaction to inflammatory or immunologic stimuli. These stimuli induce localized release of mediators that cause vasodilation and increased microvascular permeability. Immediate increases in permeability are induced by mediators such as histamine, bradykinin, leukotrienes, and substance P, which cause endothelial cell contraction and widening of interendothelial gaps. Subsequent release of cytokines such as interleukin-1 (IL-1), tumor necrosis factor (TNF), and γ-interferon induces cytoskeletal rearrangements within endothelial cells that result in endothelial cell retraction and more persistent widening of interendothelial gaps. Movement of intravascular fluid through these gaps into the interstitium results in localized edema that can dilute an inflammatory agent. The reaction terminates as localized edema and regresses when the stimulus is mild. However, most cases progress to the leakage of plasma proteins and emigration of leukocytes as early events in the formation of an acute inflammatory exudate.









Increased Intravascular Hydrostatic Pressure


Increased intravascular hydrostatic pressure is most often due to increased blood volume in the microvasculature. This can be the result of an active increased flow of blood into the microvasculature (hyperemia), such as occurs with acute inflammation. But more commonly, it results from passive accumulation of blood (congestion), often caused by heart failure or localized venous compression or obstruction. Increased microvascular volume and pressure cause increased filtration and reduced or even reversed fluid absorption back into the vessel. When increased hydrostatic pressure affects a localized portion of microvasculature, the edema is localized. In the case of heart failure, congestion and increased hydrostatic pressure can occur in the portal venous system (right heart failure) causing ascites; in the pulmonary venous system (left heart failure) causing pulmonary edema; or in both venous systems (generalized heart failure) causing generalized edema. Generalized edema can result in a reduction of circulating plasma volume and renal hypoperfusion, which activate a variety of volume-regulating compensatory responses. Plasma volume is increased through sodium retention induced by activation of the renin-angiotensin-aldosterone pathways, and water retention mediated by antidiuretic hormone (ADH) release following activation of intravascular volume and pressure receptors. The resulting intravascular volume overload further complicates the dynamics of fluid distribution that accompany heart failure.









Decreased Intravascular Osmotic Pressure


Decreased intravascular osmotic pressure most commonly results from decreased concentrations of plasma proteins, particularly albumin. Hypoalbuminemia reduces the intravascular colloidal osmotic pressure, resulting in increased fluid filtration and decreased absorption and culminating in edema. Hypoalbuminemia is caused by either decreased production of albumin by the liver or excessive loss from the plasma. Decreased hepatic production most commonly occurs because of a lack of adequate protein for the synthetic pathway as a result of malnutrition or intestinal malabsorption of protein. Less often, severe liver disease with decreased hepatocyte mass or impaired hepatocyte function can result in inadequate albumin production. Loss of albumin from the plasma can occur in gastrointestinal diseases characterized by severe blood loss, such as that caused by parasitism. Renal disease, in which glomerular and/or tubular function is impaired, can result in loss of albumin into the urine and dilution of remaining albumin caused by sodium retention and expanded intravascular fluid volume (e.g., nephrotic syndrome). Plasma exudation accompanying severe burns is a less frequent cause of albumin loss. Because of the systemic nature of hypoalbuminemia, edema caused by decreased intravascular osmotic pressure tends to be generalized.









Decreased Lymphatic Drainage


Decreased lymphatic drainage reduces the ability of the lymphatic system to remove the slight excess of fluid that normally accumulates in the interstitium during fluid exchange between the plasma and interstitium. This can occur because of lymph vessel compression by a neoplastic or inflammatory swelling, lymph vessel constriction caused by fibrosis, or internal blockage of a lymph vessel by a thrombus. Edema occurs once the capacity of the damaged lymphatics is exceeded and is localized to the area served by the affected lymphatic vessels.












Morphologic Characteristics of Edema


Edema is morphologically characterized by clear to slightly yellow fluid that generally contains a small amount of protein (transudate), which thickens and expands affected interstitium (Fig. 2-7). When edema occurs in tissues adjacent to body cavities or open spaces, such as alveolar lumens, the increased interstitial pressure often forces fluid into these cavities and spaces. The result can be fluid within alveolar lumens (pulmonary edema; Fig. 2-8), the thoracic cavity (hydrothorax), the pericardial sac (hydropericardium), or the abdominal cavity (ascites or hydroperitoneum; Fig. 2-9). Histologically, edema is an amorphous, pale eosinophilic fluid (hematoxylin and eosin [H&E] stain) because of its protein content (Fig. 2-10). The clinical significance of edema is variable, depending mainly on its location. Subcutaneous edema results in doughy to fluctuant skin and subcutis that is often cooler than adjacent unaffected tissue, but alone has minimal clinical impact (Fig. 2-11). Likewise, ascites does not generally have an impact on the function of abdominal organs. In contrast, edema of a tissue within a confined space, such as the brain in the cranial vault, can result in pressure within the organ that results in serious organ dysfunction. Similarly, filling a confined space with fluid, such as in hydrothorax or hydropericardium, can have a substantial impact on the function of the lungs and heart, respectively. In these situations, edema can have immediate and life-threatening implications.
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Fig. 2-7 Edema, intestine, submucosa, horse.
Note the clear to slightly yellow fluid (that generally contains a small amount of protein [transudate]), which thickens and expands the affected submucosa. (Courtesy Department of Veterinary Biosciences, The Ohio State University; and Noah’s Arkive, College of Veterinary Medicine, The University of Georgia.)
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Fig. 2-8 Pulmonary edema, lung, pig.
The lung failed to collapse and is heavy and firm due to edema fluid in alveoli and the interstitium. Note the prominent interlobular septa caused by edema (arrowhead) and the frothy edema fluid exuding from the bronchus (arrow). (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)
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Fig. 2-9 Ascites (hydroperitoneum), peritoneal cavity, dog.
Slightly yellow fluid is present in the peritoneal cavity. When edema occurs in tissue adjacent to body cavities, the increased interstitial pressure forces the edema fluid, which is usually clear to slightly yellow (transudate), into these cavities. (Courtesy Dr. D.A. Mosier, College of Veterinary Medicine, Kansas State University.)
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Fig. 2-10 Pulmonary edema, lung, rat.
There is eosinophilic (pink staining) fluid distending the alveoli in the lower specimen. Histologically, edema is an amorphous, pale eosinophilic fluid, and the depth of the eosinophilia is proportional to its protein content. The fluid in this specimen has a high protein content. The upper specimen is normal rat lung. H&E stain. (Courtesy Dr. A. López, Atlantic Veterinary College; and Noah’s Arkive, College of Veterinary Medicine, The University of Georgia.)
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Fig. 2-11 Subcutaneous edema, congenital lymphedema, skin, dog.
This form of edema results in doughy to fluctuant skin and subcutis. Edematous skin is often cooler than adjacent unaffected skin. In congenital lymphedema, the lymph vessels are hypoplastic or aplastic. (Courtesy Dr. H. Liepold, College of Veterinary Medicine, Kansas State University.)















Hemostasis


Hemostasis is the arrest of bleeding. It is a physiologic response to vascular damage and provides a mechanism to seal an injured vessel to prevent blood loss (hemo = blood, stasis = halt, slow). Hemostasis is a finely regulated process that predominantly involves interactions between endothelium, platelets, and coagulation factors. It normally occurs only at the site of vascular injury, without affecting fluidity and flow of blood in normal undamaged vasculature. Disruption of the delicate balance of hemostasis can result in the pathologic states of blood loss (hemorrhage) or inappropriate thrombus formation (thrombosis).


Normal endothelium provides a surface that promotes the smooth, nonturbulent flow of blood. It produces and responds to mediators that enhance vasodilation, and inhibit platelet activation and coagulation. In contrast, after injury or activation, endothelium produces or responds to mediators that induce vasoconstriction, enhance platelet adhesion and aggregation, and stimulate coagulation (Box 2-3).





BOX 2-3   Endothelial Mediators of Hemostasis





 Anticoagulant





 Prostacyclin (PGI2)


Maintains vascular relaxation and inhibits platelet adhesion and activation.








 Nitric Oxide (NO)


Maintains vascular relaxation and inhibits platelet aggregation. Acts synergistically with the protein C pathway and antithrombin III (ATIII) to suppress thrombin production.








 Thrombomodulin


Membrane protein that binds thrombin to initiate activation of protein C.








 Protein S


Cofactor in protein C pathway; independently inhibits activation of factors VIII and X.








 Heparin-Like Molecules


Heparan sulfate proteoglycans bind and concentrate ATIII on the endothelial surface.








 Tissue Plasminogen Activator (tPA)


Activates fibrinolysis by stimulating plasminogen conversion to plasmin.








 Adenosine Diphosphatase (ADP)


Degradation of ADP to inhibit its procoagulant effects.








 Annexin V


Binds negatively charged phospholipids and calcium to displace phospholipid-dependent coagulation factors on the endothelial surface to inhibit formation of thrombin and factor Xa.








 Tissue Factor Pathway Inhibitor-1 (TFPI-1)


A cell-surface protein that directly inhibits the factor TF:VIIa complex and factor Xa.











 Procoagulant





 Tissue Factor


Produced after endothelial activation by substances such as cytokines, endotoxin, thrombin, immune complexes, and mitogens.








 von Willebrand’s Factor


Released after endothelial exposure to substances such as thrombin, histamine, and fibrin.








 Plasminogen Activator Inhibitor-1 (PAI-1)


Reduces fibrinolysis by inhibiting tPA and urokinase-like plasminogen activator (uPA).











 Vascular Repair





 Platelet-Derived Growth Factor (PDGF)


Stimulates mitogenesis of smooth muscle and fibroblasts.








 Fibroblast Growth Factor (FGF)


Stimulates fibroblast proliferation.








 Transforming Growth Factor-β (TGF-β)


Modulates vascular repair by inhibition of proliferation of various cell types, including endothelium.











Platelets are anucleate cell fragments derived from megakaryocytes. Their major role in hemostasis is to form the initial plug that covers and seals a small area of vascular damage. After vascular damage, platelets adhere to subendothelial collagen and other ECM components (e.g., fibronectin, adhesive glycoproteins, and proteoglycans). Adhered platelets express receptors that promote aggregation of additional platelets and become activated to release the products of their cytoplasmic granules and produce other mediators of coagulation (e.g., thromboxane; Box 2-4). The phospholipid surfaces of aggregated platelet membranes also provide a surface to concentrate activated coagulation factors to promote coagulation.





BOX 2-4   Platelet Mediators in Hemostasis





 Procoagulant





 Thromboxane A2 (TXA2)


Induces vasoconstriction and enhances platelet aggregation.








 Phospholipids (i.e., phosphatidyl serine)


Provides sites for coagulation reactions.








 Adenosine Diphosphate (ADP)


Mediates platelet aggregation and activation.








 Calcium


Cofactor in many coagulation reactions and promotes platelet aggregation.








 Platelet Factor 4


Promotes platelet aggregation and inhibits heparin action.








 Thrombospondin


Promotes platelet aggregation and inhibits heparin action.








 Fibrinogen


Fibrin precursor, concentrated by binding to platelet receptor GpIIb-IIIa.








 Factors V, XI, and XIII


Factors involved in coagulation reactions.








 von Willebrand’s Factor


Promotes platelet adhesion to subendothelial collagen via platelet receptor Gplb.








 α2-Antiplasmin and α2-Macroglobulin


Inhibition of plasmin.








 Plasminogen Activator Inhibitor-1 (PAI-1)


Inhibits tissue plasminogen activator (tPA) and activated protein C to promote clot stabilization.








 Serotonin


Promotes vasoconstriction.











 Anticoagulant





 Adenosine Triphosphate (ATP)


Inhibits platelet aggregation.








 Protease Nexin II


Inhibits factor XIa.








 Tissue Factor Pathway Inhibitor (TFPI)


Inhibits TF:factor VIIa of the extrinsic pathway.








 Protein S


Cofactor in the protein C pathway for inhibition of factors Va and VIIIa.











 Vascular Repair





 Platelet-derived Growth Factor (PDGF)


Stimulates mitogenesis of smooth muscle and fibroblasts for vessel repair.








 β-Thromboglobulin


Promotes fibroblast chemotaxis for vessel repair.








 Vascular Endothelial Growth Factor (VEGF)


Stimulates endothelial cell proliferation.








 Transforming Growth Factor-β (TGF-β)


Modulates vascular repair by inhibition of proliferation of various cell types, including endothelium.








 Epidermal Growth Factor (EGF)


Promotes fibroblast proliferation.











Coagulation factors are plasma proteins produced mainly by the liver. Their purpose in hemostasis is to form fibrin. Coagulation factors are divided into (1) a structurally related and functionally interdependent contact group (prekallikrein, high molecular weight kininogen [HMWK], and factors XII and XI); (2) a vitamin K–dependent group (factors II, VII, IX, and X); and (3) a highly labile fibrinogen group (factors I, V, VIII, and XIII). Circulating coagulation factors are activated in a cascade fashion by hydrolysis of arginine- or lysine-containing peptides to convert them to enzymatically active serine proteases (except for factor XIII, which has cysteine-rich active sites). The contact group factors are activated by contact with collagen or subendothelial components to initiate coagulation by the intrinsic pathway. The extrinsic pathway of coagulation is activated by release of tissue factor (TF, factor III) from damaged cells. The vitamin K–dependent coagulation factors play an important role in localizing coagulation by γ-carboxylating glutamic acid residues of N-terminal ends of precursor factors, so they can bind calcium to form calcium bridges with platelet phospholipids.






Hemostatic Process


The sequence of events that contribute to hemostasis are (1) transient vasoconstriction and platelet aggregation to form a platelet plug at the site of damage (primary hemostasis), (2) coagulation to form a meshwork of fibrin (secondary hemostasis), (3) fibrinolysis to remove the platelet/fibrin plug (thrombus retraction), and (4) tissue repair at the damaged site (Fig. 2-12).
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Fig. 2-12 Diagrammatic representation of the normal hemostatic process.
A, After vascular injury, local neurohumoral factors induce a transient vasoconstriction. B, After endothelial injury and disruption that exposes the subendothelial extracellular matrix (ECM), platelets adhere to the ECM via von Willebrand’s factor (vWF) and are activated, undergoing a shape change and granule release; released adenosine diphosphate (ADP) and thromboxane A2 (TXA2) lead to further platelet aggregation to form the primary hemostatic plug. C, Local activation of the coagulation cascade (involving tissue factor and platelet phospholipids) results in fibrin polymerization, “cementing” the platelets into a definitive secondary hemostatic plug. D, Counter-regulatory mechanisms, such as release of tissue plasminogen activator (tPA) (fibrinolytic) and thrombomodulin (interfering with the coagulation cascade), limit the hemostatic process to the site of injury. (From Kumar V, Abbas AK, Fausto N: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)









Primary Hemostasis


Primary hemostasis includes the initial vascular and platelet response to injury. Neurogenic stimuli and mediators released locally by endothelium and platelets cause vasoconstriction immediately after damage (Fig. 2-12, A). The nature and effectiveness of vasoconstriction is partially determined by the size of the affected vessel, the amount of smooth muscle it contains, and endothelial integrity. Narrowing of the vessel lumen allows opposing endothelial surfaces to come into contact with and sometimes adhere to each other to reduce the volume of blood flowing through the damaged area. Platelets can directly adhere to the exposed subendothelial matrix of collagen, fibronectin, and other glycoproteins and proteoglycans (Fig. 2-12, B). However, more efficient adhesion occurs when von Willebrand’s factor released by local activated endothelium coats subendothelial collagen to form a specific bridge between collagen and the glycoprotein platelet receptor GPIb. At this stage and without further stimulation, adhered and aggregated platelets may disaggregate. Otherwise, platelets within the aggregate secrete the contents of their dense bodies and α-granules and produce substances such as thromboxane to accelerate hemostasis. Adenosine diphosphate (ADP) released from dense granules triggers the binding of fibrinogen to platelet receptor GPIIb-IIIa, resulting in the formation of fibrinogen bridges that link platelets into a loose aggregate. Platelet contraction consolidates this loose aggregate into a dense plug, which covers the damaged area. When vascular injury is minimal, platelet plugs alone may resolve the damage. If not, the exposed collagen and aggregated platelet phospholipids promote secondary hemostasis at the site.









Secondary Hemostasis


In most cases of vascular damage, the formation of fibrin is important for the prevention of blood loss. Fibrin is the end-product of a series of enzymatic reactions involving coagulation factors, nonenzymatic cofactors, calcium, and phospholipid membranes derived mainly from platelets (Fig. 2-12, C). Three coagulation pathways have been classically used to describe the coagulation process and formation of fibrin in vitro. These pathways provide a useful starting point for understanding coagulation (Figs. 2-13 and 2-14). However, integrated models of coagulation more adequately emphasize the interrelatedness of these pathways, the multiple positive and negative control loops within the system, and amplification of the process on affected cell surfaces.
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Fig. 2-13 The coagulation cascade.
Note the common link between the intrinsic and extrinsic pathways at the level of factor IX activation. Factors in red boxes represent inactive molecules; activated factors are indicated with a lower case “a” and a green box. HMWK, High molecular weight kininogen. Not shown are the anticoagulant inhibitory pathways. (From Kumar V, Abbas AK, Fausto N: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)
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Fig. 2-14 Coagulation, fibrinolysis, and other pathways are highly integrated to balance the host response to injury.
Intrinsic coagulation is initiated by binding of high molecular weight kininogen (HMWK), factor XII, and prekallikrein (pK) to altered endothelial surfaces. Activated products of this reaction (factor XIIa and kallikrein [K]) directly or indirectly result in the formation of factor XIa (intrinsic coagulation pathway), factor VIIa (extrinsic coagulation pathway), plasmin (Pa) (fibrinolysis), and complement fragments C3a, C3b, C5a (complement cascade). Extrinsic coagulation is initiated by release of tissue factor (TF) from areas of damaged endothelium, with subsequent binding of TF to factor VII. The TF:VII complex can be activated by a wide variety of agents. Activation of factor X initiates the common cascade to ultimately result in cleavage of fibrinogen into fibrin. In addition to its role in the common pathway, factor IIa (thrombin) also influences both the intrinsic (factors XI and VIII) and extrinsic (TF:VII) coagulation pathways. Additional interactions between these factors, which are not shown in the figure, are described in the text. Specific effects of kallikrein include cleavage and activation of factors XII, IX, and VII, plasminogen, HMWK, and complement fragment C5. (Courtesy Dr. D.A. Mosier and L. Schooley, College of Veterinary Medicine, Kansas State University.)








Intrinsic Pathway: Intrinsic coagulation is a complex and highly interrelated process that is initiated by the contact group of coagulation factors (see Figs. 2-13 and 2-14). Prekallikrein and factor XI normally circulate bound to HMWK, which acts as a catalytic factor for their activation. After vascular injury, circulating prekallikrein-HMWK and factor XII form a complex on negatively charged endothelial or subendothelial surfaces, which results in activation of factor XII (factor XIIa). Factor XIIa initiates a series of reactions that affect coagulation, as well as kinin formation, complement activation, and fibrinolysis. Factor XIIa activates factor XI (XIa), interacts with prekallikrein to form kallikrein, and interacts with HMWK to form kinins. Cleavage of factor XIIa by kallikrein, plasmin, and other proteolytic enzymes forms fragments (factor XIIf), which have activity that is similar to but much weaker than factor XIIa. Both kallikrein and factor XIa in the presence of Ca2+ can activate factor IX (factor IXa). Factor IXa then binds to platelet phospholipids in a complex with Ca2+ and factor VIII. After modification of factor VIII by thrombin into factor VIIIa, the complex of factor VIIIa-factor IXa/Ca2+-phospholipid (tenase) activates factor X to initiate the common coagulation pathway.








Extrinsic Pathway: Release of factor III (TF) from cells underlying damaged endothelium, or from activated endothelium, initiates the extrinsic pathway (see Figs. 2-13 and 2-14). TF is a high molecular weight phospholipid-containing glycoprotein found in the plasma membrane of many cells, including activated, but not resting, endothelium. Endothelial cell production of TF is stimulated by substances such as endotoxin, TNF, IL-1, transforming growth factor-β (TGF-β), and thrombin. When circulating factor VII comes into contact with TF, it forms a Ca2+-dependent TF:VII complex on the TF-expressing surface. Although this complex may have some enzymatic activity, activation of factor VII by substances such as factors XIIa, XIIf, IXa, Xa, IIa, and kallikrein results in the much more active TF:VIIa complex. This complex along with Ca2+ activates factor X to initiate the common pathway.








Common Pathway: The intrinsic and extrinsic pathways merge with the activation of factor X (see Figs. 2-13 and 2-14). Factor Xa is bound to endothelial or platelet membrane phospholipids where it can directly convert factor II into factor IIa (thrombin). However, when factor Xa is combined with factor Va and Ca2+ (prothrombinase complex), this reaction occurs much more rapidly. Thrombin is a multifunctional mediator whose major function is to cleave fibrinopeptides A and B from factor I (fibrinogen) to form fibrin monomers (Fig. 2-15). Removal of these fibrinopeptides reduces intermolecular repulsive forces so that fibrin monomers spontaneously form weak H+ bonds and self-polymerize into soluble fibrin polymers. Factor XIIIa, formed by the action of factors Xa and IIa on factor XIII in the presence of Ca2+, catalyzes the formation of covalent bonds that cross-link adjacent fibrin molecules to make the polymer insoluble. Cross-linking of the fibrin network, along with concurrent platelet contraction and the presence of abundant calcium, thrombin, and adenosine triphosphate (ATP), causes retraction of the fibrin-platelet thrombus. Retraction reduces the size of the thrombus to allow blood flow to continue and to pull damaged vessel edges closer together for efficient healing.
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Fig. 2-15 The central roles of thrombin in hemostasis and cellular activation.
In addition to a critical function in generating cross-linked fibrin (via cleavage of fibrinogen to fibrin and activation of factor XIII), thrombin also directly induces platelet aggregation and secretion (e.g., TXA2). Thrombin also activates endothelium to generate leukocyte adhesion molecules and a variety of fibrinolytic (tPA), vasoactive (NO, PGI2), or cytokine (PDGF) mediators. Likewise, mononuclear inflammatory cells may be activated by the direct actions of thrombin. ECM, Extracellular matrix; NO, nitric oxide; PDGF, platelet-derived growth factor; PGI2, prostacyclin; TXA2, thromboxane A2; tPA, tissue plasminogen activator. (From Kumar V, Abbas AK, Fausto N: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)















Integrated Model of Coagulation


In vivo coagulation is more like an integrated web rather than a series of independent cascades. The major stimulus for coagulation in vivo is exposure of plasma to TF and subsequent extrinsic coagulation. Two important events occur after the formation of the TF/factor VIIa complex on damaged, TF-expressing surfaces. Factor X is activated as described for the common pathway, and factor IX is activated to allow a bypass of the contact phase of classical intrinsic coagulation. Factor Xa remains localized on the damaged cell surface to initiate the formation of a small amount of thrombin. Although the amount of thrombin generated is insufficient to convert significant amounts of fibrinogen into fibrin, it does activate platelets and factors V, VIII, XI, and XIII on TF-expressing surfaces. Factor IXa can bind to the surface of activated platelets in the area to initiate the formation of tenase complexes, which activates additional factor X of the common pathway. Thrombin-activated or intrinsically activated factor XIa can also participate by activating additional factor XI on platelet surfaces. The thrombin-initiated activation of these different factors provides an amplification of the critical reactions necessary to generate large amounts of thrombin for the subsequent conversion of fibrinogen into fibrin. Other, probably less important links between the pathways also exist. For example, intrinsic factors XIIa, XIIf, and IXa and kallikrein can activate extrinsic factor VII to provide additional amplification of this pathway.


The interrelatedness of coagulation pathways also extends to anticoagulant reactions. When excessive levels of thrombin are generated, thrombin destroys rather than activates factors V and VIII. When thrombin binds to thrombomodulin on endothelial surfaces, it activates protein C, a potent anticoagulant (see section on Coagulation Inhibitors). Intrinsic pathway factors XIIa, XIIf, and XIa and kallikrein not only participate in fibrin formation but also initiate fibrinolysis by cleaving plasminogen into plasmin (see section on Thrombus Dissolution).












Thrombus Dissolution


The purpose of a fibrin-platelet thrombus is to form a temporary patch that is dissolved after healing of the vessel (thrombolysis). The rate of dissolution must be balanced so that it does not occur so quickly that bleeding returns but is not prolonged so that vessel occlusion may occur (Fig. 2-16). Fibrin dissolution (fibrinolysis) is initiated immediately on vessel injury by the cleavage of the plasma protein plasminogen into plasmin (Fig. 2-17). Plasminogen is activated by a wide variety of proteases, including activated contact group coagulation factors, plasminogen activators present within endothelium and other tissues (tissue plasminogen activator [tPA]), and activators present in secretions and fluids. Plasminogen adsorbs to fibrin within a thrombus, so that on activation the plasmin is localized to the site of the thrombus. The presence of fibrin increases the efficiency of tPA-dependent plasmin generation by nearly twofold. Additionally, by binding to fibrin, plasmin is protected from its major inhibitor (α2-antiplasmin). The bound plasmin restricts thrombus size by degrading both cross-linked (insoluble) fibrin within the thrombus and fibrinogen, so that additional fibrin formation is inhibited. Dissolution of insoluble, but not soluble, fibrin by plasmin results in the formation of fibrin degradation products (FDPs). FDPs are various-sized fragments of fibrin and fibrinogen that can impair hemostasis. Collectively, FDPs inhibit thrombin, interfere with fibrin polymerization, and can coat platelet membranes to inhibit platelet aggregation.
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Fig. 2-16 Schematic illustration of some of the procoagulant and anticoagulant activities of endothelial cells.
Not shown are the profibrinolytic and antifibrinolytic properties. vWF, von Willebrand’s factor; PGI2, prostacyclin; NO, nitric oxide; tPA, tissue plasminogen activator. Thrombin receptor is referred to as protease-activated receptor (PAR). (From Kumar V, Abbas AK, Fausto N: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)
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Fig. 2-17 The fibrinolytic system, illustrating the plasminogen activators and inhibitors. (From Kumar V, Abbas AK, Fausto N: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)












Regulation of Hemostasis


The potent biologic effects of hemostatic products must be finely regulated to achieve appropriate hemostasis, without creating detrimental effects associated with too little or too much activity. Coagulation factors are continuously activated at a low, basal level to keep the system primed for a rapid response to an injurious stimulus. Proteins that inhibit or degrade activated hemostatic products are present in the plasma or are locally produced at the site of hemostasis (see Fig. 2-17). These products help confine hemostasis to a site of vascular damage and inhibit hemostatic reactions in normal vasculature. Regulation is also achieved by simple dilution of activated agents as blood removes them from the area, and the factors are removed from the circulation by the liver and spleen.






Coagulation Inhibitors


The major anticoagulant-antithrombotic systems on endothelial cells are the protein C-protein S-thrombomodulin system and endothelial heparan sulfate to which antithrombin III (ATIII) and tissue factor pathway inhibitor (TFPI) are bound. ATIII is the most potent and clinically significant of the coagulation inhibitors, accounting for nearly 80% of the thrombin-inhibitory activity of plasma. ATIII is a circulating serine protease produced by endothelium and hepatocytes that will degrade all activated coagulation factors except for factor VIIa. However, its most important action is the neutralization of thrombin and factor Xa. ATIII can bind heparan sulfate present on the surface of normal endothelium and platelets to localize it to the site where it is most needed to inactivate thrombin and factor Xa. Through this binding, heparin accelerates the rate of ATIII-induced serine protease inactivation by 2000- to 10,000-fold. ATIII also inhibits fibrinolysis (by inhibiting plasmin and kallikrein), kinin formation, and complement activation. Although the major role of heparin is to bind and enhance the activity of ATIII, it also inhibits coagulation by enhancing the release of TFPI from endothelial cells and interfering with binding of platelet receptors to von Willebrand’s factor.


The protein C pathway also plays a critical role in preventing thrombosis. Proteins C and S are vitamin K–dependent glycoproteins that, when complexed together on phospholipid surfaces, potently inhibit coagulation by destroying factors Va and VIIIa. An important step in this process is the activation of protein C by thrombin, a reaction that normally occurs at low levels but that increases nearly 20,000-fold after the binding of thrombin to the endothelial receptor thrombomodulin. This reaction is further enhanced by the presence of a protein C receptor on the surface of endothelial cells. Protein S, in addition to serving as a nonenzymatic cofactor with protein C, can independently inhibit factors VIIIa, Xa, and Va. Binding of thrombin to thrombomodulin also results in the loss of the procoagulant functions of thrombin. The protein C-S complex may also enhance fibrinolysis by neutralizing plasminogen activator inhibitors.


TFPI is a significant inhibitor of extrinsic coagulation, which functions synergistically with protein C and ATIII to suppress thrombin formation. TFPI is a plasma protein derived mainly from endothelium and smooth muscle cells that forms a complex with factor Xa on the endothelial-bound TF:VIIa molecule to inhibit subsequent factor X activation. TFPI can interact with VIIa without Xa but at a slow rate. Therefore TFPI does not substantially inhibit extrinsic coagulation until factor Xa levels increase, after which TFPI provides negative feedback for further generation of Xa by the TF:VIIa complex.









Fibrinolytic Inhibitors


Major inhibitors of fibrinolytic agents include plasminogen activator inhibitor-1 (PAI-1) and antiplasmins, which include α2-antiplasmin, α2-macroglobulin, α1-antitrypsin, antithrombin III, and C-1 inactivator. PAI-1 inhibits tPA and urokinase, therefore inhibiting fibrinolysis and promoting fibrin stabilization. PAI-1 also inactivates activated protein C, plasmin, and thrombin. The antiplasmins function in a cooperative fashion to prevent excessive plasmin activity so that a thrombus can dissolve at a slow and appropriate rate. α2-Antiplasmin is the first to bind and neutralize plasmin. When its binding capacity is saturated, excess plasmin is taken up by α2-macroglobulin. α2-Macroglobulin also binds to certain activated factors, such as thrombin, and physically entraps but does not degrade their active sites. When α2-macroglobulin is saturated, plasmin binds to α1-antitrypsin. α1-Antitrypsin is a weak inhibitor of fibrinolysis, but a potent inhibitor of factor XIa. In addition to their fibrinolytic roles, α1-antitrypsin and α2-macroglobulin are the major plasma inhibitors of activated protein C.












Hemostasis and Other Host Responses


Hemostatic pathways are highly integrated, and many factors within the pathways have multiple roles. Thrombin has a major procoagulant role to cleave factor I to yield fibrin monomers. Thrombin also activates factors V, VIII, XI, and XIII and is a potent activator of platelets. In contrast, high concentrations of thrombin destroy, rather than activate, factors V and VIII. When thrombin binds to thrombomodulin on endothelial surfaces, it activates protein C, a potent anticoagulant.


An important link between intrinsic and extrinsic pathways is the TF/factor VIIa complex. This complex is the major component of extrinsic coagulation, but it can also activate factor IX to allow a bypass of the contact phase of intrinsic coagulation. In turn, intrinsic factors XIIa, XIIf, and IXa and kallikrein can activate factor VII, which greatly increases the efficiency of extrinsic coagulation. These features give the TF/factor VIIa complex a central role in efficient hemostasis. Extrinsic coagulation and the TF/factor VIIa complex are probably the most important mechanisms for in vivo hemostasis because bleeding tendencies are not usually associated with factor XII, prekallikrein, and HMWK deficiencies and some factor XI deficiencies in humans and animals. Although the intrinsic pathway does not appear to be essential for in vivo hemostasis, it does appear to play an essential role in the formation of pathologic thrombi in response to major vascular damage.


Hemostasis is closely tied to inflammation and other host responses. A prothrombotic environment is also proinflammatory. Inflammatory stimuli, such as IL-1 and TNF, activate endothelium to produce TF and to increase their expression of leukocyte adhesion molecules. Thrombin and histamine released by degranulating mast cells also stimulate the expression of the adhesin P-selectin. In early stages of inflammation, leukocytes can loosely attach and roll along endothelium or adhered platelets by interacting with endothelial or platelet P-selectin. During this interaction, the neutrophil αMβ2 integrin may localize neutrophils to fibrinogen on the surface of activated platelets to promote the conversion of fibrinogen into fibrin. An enhanced prothrombotic environment during inflammation also occurs because of decreased thrombomodulin function in response to inflammatory products such as endotoxin, IL-1, TNF, and TGF-β. Additionally, adhered or migrating neutrophils and platelets can release lysosomal proteases (e.g., elastase, collagenase, and acid hydrolases), which cleave many products on endothelial or platelet surfaces. The conversion of prekallikrein to kallikrein during the contact phase of intrinsic coagulation is another source of integration between hemostatic, fibrinolytic, and inflammatory pathways. Kallikrein is chemotactic, can directly cleave C5 to C5a and C5b, can cleave HMWK to form bradykinin, and can convert plasminogen into plasmin. Plasmin also influences other host responses by cleaving C3 to generate C3a and C3b. Mitogenic factors produced by activated endothelium and platelets (e.g., platelet-derived growth factor [PDGF], TGF-β, and vascular endothelial growth factor [VEGF]) contribute to healing of damaged tissue. Some hemostatic reactions initiate pathways that have multiple and sometimes opposite outcomes. Intrinsic pathway factors XIIa, XIIf, and XIa and kallikrein not only initiate the formation of fibrin but also initiate fibrinolysis by cleaving plasminogen into plasmin. Factor XIIa not only participates directly in intrinsic coagulation and fibrinolysis but also indirectly initiates kinin formation and complement activation by converting prekallikrein to kallikrein. Additionally, both kallikrein and plasmin can directly activate factor XII to result in autoamplification of all factor XIIa pathways. Not all stimuli that activate factor XII lead to fibrin formation. Certain stimuli (e.g., misfolded proteins such as amyloid) activate inflammatory factor XII pathways (kallikrein-kinin) without concurrent activation of coagulation (via subsequent activation of factor XI). Other hemostatic products that influence other host systems include factor Xa, thrombin, and fibrinopeptides, all of which have inflammatory and coagulation functions. These interactions indicate the fine balance within the hemostatic system and the interrelatedness of hemostasis, inflammation, and other host responses.












Disorders of Hemostasis: Hemorrhage and Thrombosis


The purpose of hemostasis is to prevent blood loss after vascular damage, while at the same time maintaining blood in a fluid state so that it flows freely through a normal vasculature. Failure of hemostasis can result in the extravascular loss of blood (hemorrhage) or the inappropriate formation of intravascular clots (thrombosis).






Hemorrhage


Hemorrhage occurs because of abnormal function or integrity of one or more of the major factors that influence hemostasis—the endothelium and blood vessels, platelets, or coagulation factors.


Abnormalities in blood vessels can result from various inherited or acquired problems. Trauma can physically disrupt a vessel and cause hemorrhage by rhexis (rhexis = breaking forth, bursting). Hemorrhage by rhexis can also occur following vascular erosion by inflammatory reactions or invasive neoplasms. Certain fungi commonly invade and damage blood vessels to cause extensive local hemorrhage (e.g., internal carotid artery erosion secondary to guttural pouch mycosis in horses). More commonly, minor defects in otherwise intact blood vessels allow small numbers of erythrocytes to escape by diapedesis (dia = through, pedian = leap). Endotoxemia is a common cause of endothelial injury that results in small widespread hemorrhages (Fig. 2-18). Infectious agents, such as canine adenovirus-1, or chemicals, such as uremic toxins, can also damage endothelium. Similarly, immune complexes can become entrapped between endothelial cells and activate complement and neutrophil influx to result in damage to the endothelium and vessel wall (type III hypersensitivity reaction). Developmental collagen disorders, such as the Ehlers-Danlos syndrome, are sometimes accompanied by hemorrhage. Affected blood vessels contain abnormal collagen in their basement membranes and surrounding supportive tissue, resulting in vascular fragility and predisposition to leakage or damage. Similar hemorrhages occur due to collagen defects in guinea pigs or primates with vitamin C deficiency.
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Fig. 2-18 Hemorrhage, endotoxemia, heart, cow.
Note the epicardial and subepicardial hemorrhages in the fat of the coronary groove (a common site), from injury to the endothelium from endotoxin (component of the cell wall of Gram-negative bacteria). The smaller, pinpoint hemorrhages (1 to 2 mm) are petechiae. The larger, blotchy hemorrhages (3 to 5 mm) are ecchymoses. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)





Decreased platelet numbers (thrombocytopenia) or abnormal platelet function (thrombocytopathy) can cause hemorrhage. Thrombocytopenia can result from decreased production, increased destruction, or increased use of platelets. Decreased production generally occurs following megakaryocyte damage or destruction as a result of causes such as radiation injury, estrogen toxicity, cytotoxic drugs, and viral or other infectious diseases (e.g., feline and canine parvoviruses). Increased platelet destruction is often immune-mediated. Autoimmune destruction due to antibody production against platelet membrane components, such as GPIIb and GPIIIa, can occur after immune dysregulation (e.g., systemic lupus erythematosus). Alteration of platelet membranes by drugs or infectious agents may also stimulate immune-mediated destruction or removal of platelets from the circulation. Isoimmune destruction of platelets in neonatal pigs has occurred after ingestion of colostrum-containing antiplatelet antibodies. Viral diseases (e.g., equine infectious anemia and feline immunodeficiency syndrome) and arthropod-borne agents are often associated with platelet destruction and their removal by the spleen. The most common cause of increased platelet use is diffuse endothelial damage or generalized platelet activation, which initiates disseminated intravascular coagulation (DIC). With DIC there is widespread intravascular coagulation and platelet activation, which rapidly results in consumption of platelets and coagulation factors (see section on Thrombosis). This results in progressive thrombocytopenia and hemorrhage as the syndrome escalates. Another platelet consumption disease that is not accompanied by coagulation is thrombotic thrombocytopenic purpura. In this condition, platelet aggregates form in the microvasculature, possibly the result of increased release of proagglutinating substances by normal or damaged endothelium.


Decreased platelet function is usually associated with an inability to adhere or aggregate at a site of vascular injury. Inherited problems of platelet function in humans include deficiency of GPIb on the platelet surface (Bernard-Soulier syndrome), deficient or defective GPIIb and GPIIIa on the platelet surface (Glanzmann’s thrombasthenia), and deficient release of platelet granule content (“storage pool disease”). Glanzmann’s thrombasthenia is a rare disease that has been reported in Otterhound and Great Pyrenees dogs. In these dogs, there is prolonged bleeding and hematoma formation from minor injury and spontaneous epistaxis because of a mutation affecting a Ca2+-binding domain of the extracellular portion of GPIIb. Abnormal synthesis or release of platelet granule content has been reported in Simmental cattle, dogs (Spitz, Basset hound, and American foxhounds), cats, and fawn-hooded rats. Defective platelet storage of ADP occurs in the Chédiak-Higashi syndrome (Aleutian mink, cattle, Persian cats, and killer whales). Acquired platelet inhibition and dysfunction is most often associated with administration of nonsteroidal antiinflammatory drugs such as aspirin. Aspirin inhibits the cyclooxygenase pathway of arachidonic acid metabolism, thus decreasing thromboxane production to result in reduced platelet aggregation. Platelet function is also inhibited by uremia because of renal failure. Secondary platelet dysfunction can also occur because of deficiencies of factors necessary for normal platelet function. In von Willebrand’s disease, or in autoimmune or myeloproliferative disorders in which autoantibodies against von Willebrand’s factor are produced, the amount of functional von Willebrand’s factor is decreased. This results in decreased platelet adhesion following vascular damage with either subclinical or severe hemorrhage.


Decreased concentrations or function of coagulation factors can also result in hemorrhage. Inherited deficiencies in coagulation factors have been recognized in many different breeds of dogs and less often other species (Box 2-5). These conditions are characterized by hemorrhage that can range from subclinical to severe. In many cases, the coagulation factor deficiency is recognized because of prolonged bleeding after venipuncture or surgery, but otherwise has minimal significance to the animal. Other inherited deficiencies are characterized by severe episodes of hemorrhage that begin soon after birth.





BOX 2-5   Examples of Inherited Coagulation Deficiency Disorders





 Factor I


Rare, goats and dogs (Bernese mountain dogs, borzoi, Lhasa apso, vizsla, collie). Mild bleeding tendencies in dogs, more severe in goats.








 Factor II


Rare, dogs (boxer, Otterhound, English cocker spaniel). Mild bleeding in adults; epistaxis and umbilical cord bleeding in puppies.








 Factor VII


Rare, dogs (beagles, also Alaskan malamutes, boxer, bulldog, miniature schnauzer, mix breeds). Mild, more easily bruised.








 Factor X


Rare, dogs (cocker spaniels, mix breeds, Jack Russell terrier). Fatal in severely affected dogs, mild to moderate hemorrhage in less severe cases.








 Factor XII


Cats and rarely dogs (miniature poodle, standard poodle, German shorthair pointer, Shar-Pei). No bleeding.








 Factor XI


Cattle (Holstein and Japanese black) and dogs (Great Pyrenees, English springer spaniel, Kerry blue terrier). Spontaneous hemorrhage is insignificant but can be severe after surgery. Most common hereditary coagulation problem in cattle.








 Factor IX (Hemophilia B)


Dogs and cats. Variable bleeding depending on the molecular damage; generally mild in cats and small dogs, more severe in large dogs.








 Factor VIII (Hemophilia A)


Dogs, horses, cattle, sheep, and cats. Bleeding can be severe in large dogs and horses; mildly affected animals do not spontaneously bleed.








 Von Willebrand’s Disease


Dogs, cats, horses, and pigs. Mild-to-severe hemorrhage depending on form of molecular damage; epistaxis, mucosal hemorrhage, postsurgical bleeding. Most common inherited canine bleeding disorder.








 Vitamin K–Dependent Factors (II, VII, IX, X)


Rare, Devon Rex cats. Severe, sometimes fatal hemorrhages.








 Prekallikrein


Some dogs and Belgian horses and miniature horses. Mucosal or postsurgical bleeding.








Acquired defects in coagulation can be caused by decreased production or increased use of coagulation factors. Severe liver disease results in decreased synthesis of most coagulation factors. Production of coagulation factors II, VII, IX, X and proteins C and S is reduced by vitamin K deficiency. Decreased vitamin K production, absorption, or function will reduce conversion of glutamic acid residues into γ-carboxyglutamic acid on these factors. Common substances that competitively inhibit this conversion include dicumarol in moldy sweet clover (Melilotus alba), warfarin-containing rodenticides, and sulfaquinoxaline (Fig. 2-19). An inherited deficiency of binding of γ-glutamyl-carboxylase with vitamin K has been reported in British Devon Rex cats. The most common acquired cause of decreased coagulation factors is increased consumption associated with DIC.
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Fig. 2-19 Hemorrhage, anticoagulant (warfarin-containing) rodenticide toxicosis, skin and subcutis, medial aspect of the right hindleg, dog.
There is a large area of extensive hemorrhage in the subcutis. This lesion was attributed to decreased production of coagulation factors II, VII, IX, and X and proteins C and S resulting from a deficiency of vitamin K induced by warfarin. (Courtesy Dr. D.A. Mosier, College of Veterinary Medicine, Kansas State University.)





The appearance of hemorrhage depends on its cause, location, and severity. Hemorrhage within tissue is often characterized based on size. A petechia (pl. petechiae) is a pinpoint (1 to 2 mm) hemorrhage that occurs mainly because of diapedesis associated with minor vascular damage (see Fig. 2-18). An ecchymosis (pl. ecchymoses) is a larger (up to 2 to 3 cm in diameter) hemorrhage that occurs with more extensive vascular damage (Fig. 2-20), whereas suffusive hemorrhage affects larger contiguous areas of tissue than the other two types (Fig. 2-21). Hemorrhage that occurs in a focal, confined space forms a hematoma. Hematomas are most common in the ears of long-eared dogs or pigs and in the spleen after trauma to the vasculature (Fig. 2-22). The hematoma grows in size until the pressure exerted by the extravascular blood matches that within the injured vessel or the vessel seals internally by hemostasis. Hemorrhage into body cavities results in pooling of coagulated or noncoagulated blood within the cavity and is classified by terms such as hemoperitoneum (blood in the peritoneal cavity), hemothorax (blood in the thoracic cavity), and hemopericardium (blood in the pericardial sac) (Fig. 2-23).
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Fig. 2-20 Ecchymotic hemorrhages (ecchymoses), subcutis, rabbit.
Ecchymoses result from moderate injury to endothelial cells in the capillary beds. (Courtesy Dr. D.A. Mosier, College of Veterinary Medicine, Kansas State University.)
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Fig. 2-21 Suffusive hemorrhage, serosa, stomach, dog.
Suffusive hemorrhage results from severe injury to endothelial cells in the capillary beds. (Courtesy Dr. D.A. Mosier, College of Veterinary Medicine, Kansas State University.)
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Fig. 2-22 Organizing hematoma, spleen, horse.
Trauma to the spleen has caused damage to the splenic red pulp and its vessels, resulting in bleeding into the splenic parenchyma, forming a hematoma. Note that this hematoma is not acute but is several days old because the blood clot is being degraded. The hematoma is contained by the splenic capsule. (Courtesy Dr. H.B. Gelberg, College of Veterinary Medicine, Oregon State University.)
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Fig. 2-23 Hemopericardium, pericardial sac, dog.
Hemorrhage into the pericardial sac has caused its distention. Extensive hemopericardium can interfere with the dilatation and contraction of the ventricles, causing cardiac tamponade. Both coagulated and noncoagulated blood are present in the pericardial sac. (Courtesy Dr. D.A. Mosier, College of Veterinary Medicine, Kansas State University.)





The significance of hemorrhage depends mainly on the amount, rate, and location of the blood loss. In most cases, blood loss occurs locally and is quickly stopped by hemostatic processes that seal the damaged vessel. In more severe cases, blood loss continues until local tissue pressure matches intravascular pressure and ends the hemorrhage (such as occurs with hematoma formation). When these mechanisms fail to stop blood loss, significant hemorrhage can occur externally or internally into body cavities. Rapid loss of substantial amounts of blood, such as occurs because of traumatic injury of a large vessel, can lead to hypovolemia, decreased tissue perfusion, and hypovolemic shock (see later discussion in this chapter). In contrast, slow rates of blood loss can be totally or partially compensated for by increased hematopoiesis. Many cases of gastric ulceration and hemorrhage are characterized by persistent but slow rates of blood loss. Some hemorrhages can create pressure that interferes with tissue function. This is most significant in vital organs or in tissue with little room to expand in response to the pressure, such as the brain and heart.









Thrombosis


Thrombosis is characterized by the formation of an inappropriate clot of fibrin and/or platelets along with other blood elements (thrombus; pl. thrombi) on the wall of a blood or lymphatic vessel or heart (mural thrombus), or free in their lumens (thromboembolus). Major determinants of thrombosis are historically referred to as Virchow’s triad and include the endothelium and blood vessels (vascular injury), coagulation factor and platelet activity (coagulability), and the dynamics of blood flow (stasis or turbulence) (Fig. 2-24 and Box 2-6).





BOX 2-6   Causes of Thrombosis





 Endothelial Injury




Viruses (e.g., canine adenovirus 1, equine Morbillivirus, herpesvirus and Arterivirus, ovine orbivirus, bovine and porcine pestivirus)


Bacteria (e.g., Salmonella typhimurium, Mannheimia haemolytica, Erysipelothrix rhusiopathiae, Haemophilus somnus)


Fungi (e.g., Aspergillus, Mucor, Absidia, Rhizopus)


Nematode parasites (e.g., Strongylus vulgaris larvae, Dirofilaria, Spirocerca, Aelurostrongylus, angiostrongylosis)


Immune-mediated vasculitis (e.g., purpura hemorrhagica, feline infectious peritonitis)


Toxins (e.g., endotoxin, Claviceps)


Vitamin E/selenium deficiency (microangiopathy)


Local extension of infection (e.g., hepatic abscesses, metritis)


Disseminated intravascular coagulation (DIC)


Faulty intravenous injections


Renal glomerular and cutaneous vasculopathy of greyhounds











 Alterations in Blood Flow




Local stasis or reduced flow (e.g., gastric dilation and volvulus, intestinal torsion and volvulus, varicocele, external compression of vessel)


Cardiac disease (e.g., cardiomyopathy, cardiac hypertrophy)


Aneurysm (e.g., copper deficiency in pigs, Strongylus vulgaris, Spirocerca lupi)


Hypovolemia (e.g., shock, diarrhea, and burns)











 Hypercoagulability




Inflammation


Enhanced platelet activity (e.g., diabetes mellitus, nephrotic syndrome, malignant neoplasia, heartworm disease, uremia)


Increased clotting factor activation (e.g., nephrotic syndrome, DIC, neoplasia)


Antithrombin III deficiency (e.g., DIC, hepatic disease, glomerular amyloidosis)


Metabolic abnormalities (e.g., hyperadrenocorticism, hypothyroidism)


Glomerulopathies
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Fig. 2-24 Virchow triad in thrombosis.
Endothelial integrity is the single most important factor. Note that injury to endothelial cells can affect local blood flow and/or coagulability; abnormal blood flow (stasis or turbulence) can, in turn, cause endothelial injury. The elements of the triad may act independently or may combine to cause thrombus formation. (From Kumar V, Abbas AK, Fausto N: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)





Alterations in the endothelium are the most important factor in thrombosis and can result in increased production of procoagulant substances and decreased production of anticoagulant substances. Endothelial injury and exposure of TF and subendothelial components, such as collagen and fibronectin, are potent stimuli for platelet aggregation and coagulation. Causes of injury are widely varied in their severity and cause and include trauma, vasculitis caused by infection or immunologic reactions, metabolic disorders, neoplasia, and toxins. Additionally, loss of anticoagulant properties of normal endothelium combined with local release of procoagulant substances can result in fibrin formation. Platelets may also adhere to intact endothelium by interacting with altered proteoglycans in the endothelial glycocalyx. Reduced prostacyclin synthesis may also increase platelet adhesion to endothelium.


Abnormal blood flow increases the risk of thrombosis. Reduced blood flow may occur systemically with heart failure or in a local region of congestion caused by vascular obstruction or vascular dilation. Reduced blood flow is most important in veins, in which the slow flow rate favors accumulation of activated coagulation factors and contact of platelets with the endothelium. Venous thrombosis is common in horses with occlusion of intestinal veins secondary to intestinal torsion. Inactivity can also lead to venous stasis and thrombosis in the limbs, a common problem in humans but not in animals. Dilated heart chambers (e.g., dilatative cardiomyopathy) or dilated vessels (e.g., aneurysms) are also areas in which reduced blood flow predisposes to thrombosis.


Turbulent blood flow also enhances the potential for thrombosis. Turbulence disrupts laminar blood flow so the thin layer of plasma that normally separates the endothelium from cellular elements, particularly platelets, is disrupted, and platelets interact more readily with the endothelium. Similarly, turbulence results in mixing of the blood, which provides greater opportunity for interactions between coagulation factors. Turbulence can also physically damage endothelium, creating a strong stimulus for platelet adhesion and coagulation. Turbulence, along with increased risk of thrombosis, is usually greatest in areas in which vessels branch, there is narrowing of the vessel lumen, or at sites of venous or lymphatic valves.


Increased coagulability of blood (hypercoagulability) is another factor that predisposes to thrombosis. Hypercoagulability usually reflects an increase or decrease in the concentration of activated hemostatic proteins (e.g., coagulation factors and coagulation or fibrinolytic inhibitors) caused by enhanced activation or decreased degradation of these proteins. Less often, an alteration in hemostatic protein function may influence coagulability. Activity of coagulation and fibrinolytic proteins can increase in certain conditions such as inflammation, stress, surgery, neoplasia, pregnancy, and renal disease (e.g., the nephrotic syndrome). Inflammation is the most common cause of hypercoagulability, resulting in a variety of changes such as increased TF, increased platelet reactivity, increased fibrinogen, increased levels of phosphatidylserine, increased PAI-1, and decreased thrombomodulin. Transient increases in fibrinogen can also occur with stress and tissue necrosis. Factor I and factor VIII are elevated by trauma, acute illness, surgery, and increased metabolism that accompanies hyperthyroidism. Deficiency of ATIII, a major inhibitor of thrombin, occurs relatively often in dogs with the nephrotic syndrome. In this syndrome, ATIII is depleted because of loss through damaged glomeruli. In affected dogs, there is an increased incidence of venous thrombosis and pulmonary embolism. Increased platelet activation (e.g., heartworm disease, nephrotic syndrome, and neoplasia) can also contribute to hypercoagulability of blood.


The appearance of a thrombus depends on its underlying cause, location, and composition (relative proportions of platelets, fibrin, and erythrocytes). Thrombi composed predominantly of platelets and fibrin tend to be pale, whereas those containing many erythrocytes are red. Cardiac and arterial thrombi are usually initiated by endothelial damage. This damage provides a site for firm platelet attachment and subsequent incorporation of fibrin. Rapid blood flow in these arteries and arterioles inhibits passive incorporation of erythrocytes into the thrombus (Fig. 2-25). Cardiac and arterial thrombi are dull, usually firmly attached to the vessel wall, and red-gray (pale thrombi) (Fig. 2-26). The thrombus may or may not occlude the vessel lumen, and large thrombi tend to have tails that extend downstream from the point of endothelial attachment. Cardiac and larger arterial thrombi often have a laminated appearance created by rapid blood flow and characterized by alternating layers of platelets, interspersed by fibrin intermixed with erythrocytes and leukocytes (lines of Zahn) (Fig. 2-27).
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Fig. 2-25 Thrombus (mural), artery.
Thrombus formation is usually initiated by endothelial damage, forming a site of attachment for the thrombus. Growth of the thrombus is downstream, resulting in a tail that is not attached to the vessel wall. Portions of the tail can break off to form thromboemboli. (Courtesy Dr. D.A. Mosier and L. Schooley, College of Veterinary Medicine, Kansas State University.)
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Fig. 2-26 Arterial thrombus, pulmonary artery, dog.
Arterial thrombi are composed primarily of platelets and fibrin because of the rapid flow of blood, which tends to exclude erythrocytes from the thrombus; thus they are usually tan to gray (arrow). (Courtesy Dr. D.A. Mosier, College of Veterinary Medicine, Kansas State University.)
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Fig. 2-27 Arterial thrombus, lines of Zahn, cranial mesenteric artery, horse.
Cardiac and larger arterial thrombi often have a laminated appearance characterized by alternating layers of platelets (white-gray) and fibrin (white) intermixed with erythrocytes and leukocytes (lines of Zahn). These lines are the result of rapid blood flow in the heart and arteries/arterioles that favors the deposition of fibrin and platelets and the exclusion of erythrocytes from the thrombus. This horse had verminous arteritis (Strongylus vulgaris fourth stage larvae) in the affected artery. (Courtesy Dr. P.N. Nation, University of Alberta; and Noah’s Arkive, College of Veterinary Medicine, The University of Georgia.)





Venous thrombi often occur in areas of stasis. Because of the slow blood flow and reduced clearance rate of activated clotting factors in these areas, erythrocytes are commonly incorporated into a loose meshwork of fibrin and platelets (Fig. 2-28). Venous thrombi are typically gelatinous, soft, glistening, and dark red (red thrombi) (Fig. 2-29). They are almost always occlusive and molded to the vessel lumen and often extend for a considerable distance upstream from their point of origin. They commonly have points of attachment to the vessel wall, but these are often very loose and difficult to discern. Venous thrombi are morphologically similar to postmortem clots (see Fig. 1-24). Compared with venous thrombi, postmortem clots are softer and do not have a point of vascular attachment. In larger vessels or in the heart, erythrocytes may settle to the bottom of the clot, leaving a yellow upper layer (chicken fat clot) indicative of postmortem formation. The presence or absence of associated lesions is often a major factor in distinguishing between an antemortem venous thrombus and a postmortem clot.
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Fig. 2-28 Venous thrombus.
Thrombus formation often occurs in areas of slow blood flow or stasis. Venous thrombi are dark red and gelatinous as a result of large numbers of erythrocytes that are loosely incorporated into the thrombus because of the slow blood flow. Most venous thrombi are occlusive. (Courtesy Dr. D.A. Mosier and L. Schooley, College of Veterinary Medicine, Kansas State University.)
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Fig. 2-29 Venous thrombi, pulmonary vein, lung, horse.
Venous thrombi become molded to the shape of the lumen of the vein and grow upstream from the site of initiation. (Courtesy Dr. J. King, College of Veterinary Medicine, Cornell University; and Noah’s Arkive, College of Veterinary Medicine, The University of Georgia.)





The significance of a thrombus is determined by its location and its ability to disrupt perfusion in a dependent tissue. Disruption of tissue perfusion is influenced mainly by the size of the thrombus, its rate of formation, and its method of resolution or repair. In general, thrombi that rapidly develop are more detrimental than those that slowly develop. A slowly developing thrombus creates progressive narrowing of the vessel lumen, but the slow rate of development provides opportunity for collateral blood flow to increase into the affected area. Small thrombi are usually less damaging than large thrombi. Small thrombi are more easily removed by thrombolysis with little residual vessel damage or tissue compromise. In contrast, large thrombi substantially narrow the vessel lumen to restrict blood flow, are often occlusive, and are less readily dissolved by thrombolysis (Fig. 2-30). Occlusive thrombi block blood flow either into (occlusive arterial thrombus) or out of (occlusive venous thrombus) an area and often result in ischemia (decreased oxygenation of tissue) or infarction (necrosis of tissue caused by lack of oxygen).
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Fig. 2-30 Large thrombus, pulmonary artery, cow.
Large thrombi are less readily dissolved by thrombolysis and therefore heal by other methods. This thrombus consists of a large coagulum of fibrin that has undergone little to no resolution. H&E stain. (Courtesy Dr. M.A. Miller, College of Veterinary Medicine, University of Missouri; and Noah’s Arkive, College of Veterinary Medicine, The University of Georgia.)





Under most circumstances and after removal of the injurious stimulus, the well-regulated cascade of events in thrombosis results in the return to normal function of the endothelium and subendothelial collagen (Fig. 2-31, A). However, blood flow through a vessel containing a chronic large or occlusive thrombus can change over time. The thrombus provides an ongoing stimulus for platelet adhesion and coagulation, so thrombus propagation can result in progressive narrowing and possible occlusion of the vessel lumen. A thrombus can also be incorporated into the wall of the vessel by a process similar to that used to replace irreversibly damaged tissue. Products of the aggregated platelets stimulate permanent healing of the damaged area by recruiting fibroblasts to the damaged area. Thrombotic debris is removed by macrophages, and granulation tissue and subsequent fibrosis (organization) occur at the site of the thrombus. Concurrently, there is regrowth of endothelium over the surface of the scar. Although there is a permanent narrowing of the vessel lumen, the regrowth of endothelium over the healed thrombus decreases the stimulus for continued thrombosis (Fig. 2-31, B). In occlusive and some large thrombi, this healing process may be accompanied by invasion and growth of endothelial-lined blood channels through the fibrosed area (recanalization) (Fig. 2-31, C, and Fig. 2-32). This provides alternate routes for blood flow to reestablish through or around the original thrombus. Although reestablishment of blood flow increases tissue perfusion, the permanent vascular narrowing and altered, more turbulent blood flow at the site of a healed thrombus result in an increased risk for subsequent thrombosis at the site.
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Fig. 2-31 Thrombus resolution.
A, Small thrombi are removed by thrombolysis, and the blood vessel returns to normal structure and function. B, Larger, more persistent thrombi are resolved by removal of thrombotic debris by phagocytes with subsequent granulation tissue formation and fibrosis with regrowth of endothelium over the surface to incorporate the affected area into the vessel wall. C, In large mural or occlusive thrombi that are not removed by thrombolysis or phagocytosis of the thrombotic debris, the thrombus is organized by the invasion of fibroblasts and later by the formation of new vascular channels (recanalization), which provides alternate routes for blood flow through and around the site of the original thrombus. (A, B, and C courtesy Dr. D.A. Mosier and L. Schooley, College of Veterinary Medicine, Kansas State University.)
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Fig. 2-32 Occlusive mural thrombus, recanalization, cat.
In occlusive and large thrombi, the healing process may occur by fibrosis and the invasion and growth of endothelial-lined vascular channels through the fibrosed area (recanalization). Note the vascular channel, horizontally in the middle of the thrombus. This provides alternate routes for blood flow to reestablish through or around the original thrombus. The permanent vascular narrowing and altered, more turbulent blood flow at the site of a healed thrombus result in an increased risk for subsequent thrombosis at the site. H&E stain. (Courtesy Dr. B.C. Ward, College of Veterinary Medicine, University of Mississippi; and Noah’s Arkive, College of Veterinary Medicine, The University of Georgia.)





In some cases, a thrombus or portions of a thrombus can break loose and enter the circulation as an embolus (pl. emboli), a piece of free-floating foreign material within the blood. Thromboemboli (emboli derived from fragments of a thrombus) eventually become lodged in a smaller-sized vessel as the vessel diameter reaches a size that prevents the passage of the embolus, a process called embolization. Venous thromboemboli typically lodge in the pulmonary circulation where they can cause pulmonary infarcts or right-sided heart failure. Arterial thromboemboli typically lodge within a smaller artery downstream from the site of the thrombus, often near sites of vascular bifurcation. Arterial emboli frequently result in infarction of dependent tissue, depending on the tissue and nature of its vascular supply. Cardiac thromboemboli usually lodge at the bifurcation of the external iliac arteries with a portion of the thromboembolus entering each iliac vessel to form a saddle thrombus (Fig. 2-33).
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Fig. 2-33 Saddle thrombus, iliac-aortic bifurcation, cat.
Cardiac thromboemboli usually lodge at the bifurcation of the aorta into the external iliac arteries with a portion of the thromboembolus entering each iliac vessel to form a saddle thrombus. A saddle thrombus is not attached to the wall of the aorta or iliac arteries and is easily removed at necropsy. The thromboembolus is composed of layers of platelets and fibrin in which there are enmeshed erythrocytes. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)





Emboli can also originate from substances other than thrombi. Fat from the bone marrow can be released into the circulation after a fracture of a long bone. Most fat emboli lodge in the pulmonary circulation. Fibrocartilaginous emboli consist of portions of an intervertebral disk, which are released after rupture of a degenerative disk. These can result in occlusion of local vessels and sometimes cause localized spinal cord infarction. Bacteria from inflammatory lesions, such as vegetative valvular endocarditis, or abscesses can enter the blood to form bacterial emboli. When these lodge within vessels, they may cause infarction and secondary sites of infection. Intravascular parasites, such as heartworms (e.g., Dirofilaria), or flukes (e.g., schistosomes) can form parasitic emboli. Malignant neoplasms that invade a vessel result in the formation of neoplastic emboli composed of neoplastic cells. Less common sources of emboli include hematopoietic cells from the bone marrow, amniotic fluid, agglutinated erythrocytes, or clumps of other cells, such as hepatocytes, released after tissue trauma. In any case, the significance of these emboli is their potential to occlude a vessel and inhibit blood flow to dependent tissue.


A serious manifestation of abnormal coagulation is DIC. This is a severe dyshomeostasis caused by the generation of excess thrombin. There are many causes, including diffuse vascular damage (e.g., trauma, vasculitis, and burns), which results in exposure of blood to TF. Intravascular generation of TF by endothelial cells and monocytes can also occur in response to bacteremia, other systemic infections, or any other stimuli that activate the release of inflammatory mediators. The result is TF-induced activation of extrinsic coagulation to produce thrombin. Thrombin causes platelet aggregation and activation of coagulation factors V, VIII, and I to form fibrin, resulting in widespread microvascular clots. Concurrently, the high levels of thrombin stimulate clot dissolution by binding to thrombomodulin to activate protein C, by converting plasminogen into plasmin, and by binding to ATIII to become inactivated. The widespread nature of the coagulation response results in the consumption of these and other factors, resulting in widespread hemorrhages. This combination of microthrombosis with concurrent or rapidly sequential hemorrhage represents one of the most profound and dramatic examples of dyshomeostasis in animals.












Normal Blood Flow, Distribution, and Perfusion


The heart provides the driving pressure for blood distribution. Baroreceptors in the carotid sinus and aortic arch signal the cardiovascular control center in the medulla to balance sympathetic and parasympathetic output to maintain appropriate blood pressure. Left atrial volume receptors and hypothalamic osmoreceptors also help regulate pressure by altering water volume and sodium balance. Sodium concentration is an important contributor to blood volume, osmolality, and pressure and is controlled by the renin-angiotensin-aldosterone system. Secretion of ADH by the hypothalamus in response to a water deficit increases renal tubular reabsorption of water to help maintain blood volume.


Distribution of blood within the circulatory system is highly variable. Organs that alter or recondition blood (e.g., lungs, gastrointestinal tract, kidney, and liver) receive substantially greater blood flow than is required for their metabolic needs. O2 and CO2 are exchanged in the lungs, nutrients are obtained from the gastrointestinal tract and processed by the liver, wastes are removed and electrolytes are balanced by the kidneys, heat is dissipated in the skin, and regulatory hormones enter from endocrine tissues. Systemic neural and hormonal influences can cause general changes in blood distribution. Blood vessel β2 receptors, most abundant in cardiac and skeletal muscle, cause vasodilation and increased flow when stimulated by epinephrine. In contrast, vessel α-receptors, notably absent in the brain, induce vasoconstriction and reduced flow in most organs on stimulation with norepinephrine. Local intrinsic controls alter arteriolar diameter to adjust the blood flow to a tissue based on that tissue’s metabolic needs. These local controls generally override any central controls to maintain adequate blood flow to support normal cell function. At rest, more than 60% of the circulating blood volume is in the veins, providing a storage pool that can be quickly returned to the heart during periods of increased tissue need. In contrast, most capillary beds are closed at any given time; blood flows through only about 10% of the total capillaries of resting skeletal muscle. The orchestration of central pressure, blood composition, and blood distribution is critical to meet the varying perfusion needs of all the cells in the body despite constantly changing conditions.









Alterations in Blood Flow and Perfusion





Increased Blood Flow


Hyperemia is an active engorgement of vascular beds with a normal or decreased outflow of blood. It occurs because of increased metabolic activity of tissue that results in localized increased concentrations of CO2, acid, and other metabolites. These cause a local stimulus for vasodilation and increased flow (hyperemia). Hyperemia can occur as a physiologic mechanism within the skin to dissipate heat. It also occurs because of increased need such as increased blood flow to the gastrointestinal tract after a meal. Hyperemia is also one of the first vascular changes that occur in response to an inflammatory stimulus (Fig. 2-34). Neurogenic reflexes and release of vasoactive substances, such as histamine and prostaglandins, mediate the change to promote delivery of inflammatory mediators to the site. Tissues with hyperemic vessels are bright red and warm, and there is engorgement of the arterioles and capillaries.
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Fig. 2-34 Hyperemia versus congestion.
In both cases, there is an increased volume and pressure of blood in a given tissue with associated capillary dilation and a potential for fluid extravasation. In hyperemia, there is increased inflow leading to engorgement with oxygenated blood. In congestion, diminished outflow leads to a capillary bed swollen with deoxygenated venous blood resulting in cyanosis. (From Kumar V, Abbas AK, Fausto N: Robbins & Cotran pathologic basis of disease, ed 7, Philadelphia, 2005, Saunders.)












Decreased Blood Flow


Congestion is the passive engorgement of a vascular bed generally caused by a decreased outflow with a normal or increased inflow of blood (see Fig. 2-34). Passive congestion can occur acutely (acute passive congestion) or chronically (chronic passive congestion). Acute passive congestion can occur in the liver and lungs in response to acute heart failure (Fig. 2-35), after euthanasia, or in organs in which relaxation of smooth muscle from barbiturate anesthesia/euthanasia results in dilation of the vasculature and vascular sinusoids such as in the spleen. Most passive congestion is recognized clinically as chronic passive congestion. It can occur locally because of the obstruction of venous outflow caused by a neoplastic or inflammatory mass, displacement of an organ, or fibrosis resulting from healed injury. Generalized passive congestion occurs because of decreased passage of blood either through the heart or the lungs. This is most often caused by heart failure or conditions (e.g., pulmonary fibrosis) that inhibit the flow of blood through the lungs. Right-sided heart failure causes portal vein and hepatic congestion (Fig. 2-36). Left-sided heart failure results in pulmonary congestion (Fig. 2-37). Chronically, there may be fibrosis caused by the hypoxia and cell injury that accompanies congestion (e.g., chronic hepatic congestion). Congested tissues are dark red, swollen (edema), and cooler than normal. The microvasculature is engorged with blood, and there is often surrounding edema and sometimes hemorrhage caused by diapedesis.
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Fig. 2-35 Acute passive congestion, liver, dog.
The liver is enlarged and dark red. Acute passive congestion occurs in the vascular system and dependent organs (heart, lungs, portal system) when there is a sudden interruption of the return of blood to the heart, as occurs in heart failure resulting from arrhythmias and after euthanasia. (Courtesy Dr. D.A. Mosier, College of Veterinary Medicine, Kansas State University.)
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Fig. 2-36 Chronic passive congestion (nutmeg liver), liver, cut surface, dog.
The cut surface has a repeating pattern of red and tan mottling (an accentuated lobular pattern). Chronic passive congestion leads to persistent hypoxia in centrilobular areas and atrophy, degeneration, and/or eventually necrosis of centrilobular hepatocytes. The red areas are dilated central veins and adjacent areas of sinusoidal dilation and congestion caused by centrilobular hepatic necrosis. The tan areas are normal, uncongested parenchyma. (Courtesy Dr. D.A. Mosier, College of Veterinary Medicine, Kansas State University.)
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Fig. 2-37 Chronic passive congestion, lung, dog.
The lungs are moderately firm and yellow-brown because of alveolar macrophages containing hemosiderin. Inflammatory mediators produced by these macrophages also induce fibroplasia, thus there is extensive formation of interstitial collagen in the long term. This collagen is the reason the lungs fail to collapse after loss of negative pressure in the pleural cavity when the diaphragm is incised at necropsy. (Courtesy College of Veterinary Medicine, University of Illinois.)












Decreased Tissue Perfusion


Reduced blood flow to an area is usually caused by a local obstruction of a vessel, local congestion, or decreased cardiac output. Local obstruction results in either reduced blood flow into an area or inadequate blood flow out of an area. Ischemia occurs when the perfusion of tissue in the affected area becomes inadequate to meet the metabolic needs of the tissue. Ischemia caused by arterial disease is most commonly the result of incomplete luminal blockage by a thrombus or embolus. The result is a decreased flow of oxygenated blood into the area. Arteriolar vasoconstriction, if prolonged, can also result in ischemia. Ischemia resulting from venous lesions can be caused by intraluminal obstruction such as a venous thrombus. However, external pressure that occludes the vein, such as inflammatory or neoplastic masses, is a common cause. Venous obstruction leads to congestion characterized by slowing and stagnation of blood flow, with loss of tissue oxygenation, local increased hydrostatic pressure, and leakage of fluid into the interstitium (edema). Increased interstitial pressure may partially inhibit arterial inflow into the area to compound the problem. Capillaries can also become occluded by thrombi or external pressure. The severity of ischemia is determined by the local vascular anatomy and degree of anastomoses and collateral circulation, the number of microcirculatory vessels and degree of resistance of the arteriole supplying the capillaries, the extent of the decreased perfusion, the rate at which the occlusion occurred, and the metabolic needs of the tissue. Ischemia can be tolerated to different levels by different tissues. The brain and heart are most susceptible because of a high need for O2 and nutrients, combined with poor collateral circulation. In contrast, organs that recondition blood (e.g., lungs, gastrointestinal tract, kidneys, and skin) can tolerate substantial reductions in flow because they already receive more blood than necessary for their metabolic needs. Other tissues receive blood based on their immediate needs (e.g., skeletal muscle during physical activity). Rapid and complete occlusion that affects large areas of tissue is generally more severe because collateral circulation may not be able to reestablish flow to certain areas quickly enough to prevent tissue injury.


In tissue in which there has been a return of blood flow after brief ischemia, the tissue often returns to normal. The ATP of ischemic tissue is degraded to adenosine, a potent vasodilator, which relieves the ischemia and allows ATP production to resume. However, after prolonged ischemia, the return of blood flow can result in a variety of detrimental effects. Reflow results in fluid loss to the interstitium, resulting in high tissue pressure, which compresses veins and inhibits local venous return. The congested capillaries hemorrhage, TF is released, and vessels are occluded by thrombi. In ischemic cells, a breakdown product of ATP is hypoxanthine. In the absence of oxygen, this is nonreactive. However, on the return of oxygen, xanthine oxidase converts hypoxanthine into urates, hydrogen peroxide, and superoxide anions. Subsequent reaction of superoxide results in the formation of additional reactive oxygen species such as hydroxyl radicals. Collectively, these oxygen-free radicals formed during reperfusion can induce damage, in addition to that caused by ischemia and energy depletion of the cell.


An infarct is a local area of peracute ischemia that undergoes coagulative necrosis. Infarction is caused by the same events that result in ischemia and is most common secondary to thrombosis or thromboembolism. The characteristics of an infarct are variable based on the type and size of vessel that was occluded (artery or vein), the duration of the occlusion, the tissue in which it occurs, and the prior perfusion and vitality of the tissue. Complete arterial blockage usually results in immediate infarction (Fig. 2-38). In contrast, when venous obstruction occurs, such as from torsions or displacements of the bowel, there is extensive congestion and edema of the affected bowel that precedes and promotes infarction. Concurrent disease, decreased cardiovascular function, anemia, or decreased tissue vitality will increase the likelihood of localized areas of ischemia progressing to infarction. In tissue with a single blood supply and minimal anastomoses (e.g., brain, heart, kidney, and spleen), occlusion of nearly any sized vessel typically results in infarction of the dependent tissue (Fig. 2-39). In tissue with parallel blood supplies that have numerous anastomoses (e.g., skeletal muscle and gastrointestinal tract), occlusion is less serious unless it occurs in a large vessel. Tissues with dual blood supplies (e.g., liver and lung) are not commonly susceptible to infarction unless concurrent underlying disease compromises the overall blood supply.




[image: image]


Fig. 2-38 Infarction due to arterial obstruction.
Arterial obstruction results in loss of blood flow to downstream tissue, resulting in abrupt coagulative necrosis. The amount of necrosis depends on factors such as the type and prior health of the tissue affected, its metabolic rate (neurons versus myocytes and fibroblasts), and amount of collateral circulation or alternative blood supply. 1, Normal arterial flow; 2, arterial flow obstructed by an arterial thrombus. (Courtesy Dr. D.A. Mosier and L. Schooley, College of Veterinary Medicine, Kansas State University.)
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Fig. 2-39 Acute hemorrhagic infarct, kidney, dog.
There is a focal wedge-shaped hemorrhagic area of cortical necrosis. The capsular surface of the infarct bulges above that of the adjacent normal kidney, indicating acute cell swelling and hemorrhage. (Courtesy Dr. W. Crowell, College of Veterinary Medicine, The University of Georgia; and Noah’s Arkive, College of Veterinary Medicine, The University of Georgia.)





Most infarcts are dark red soon after their occurrence because of hemorrhage from damaged vessels in the infarcted area and backflow of blood into the area from surrounding vessels (see Fig. 2-39). As cells undergo necrosis, there is swelling of the affected area, which can force blood out of the infarcted region, giving it a pale appearance (Fig. 2-40). Additionally, hemolysis of erythrocytes and degradation and diffusion of hemoglobin give the infarct a progressively paler appearance. This change in color can occur within 1 to 5 days depending on the tissue and extent of the infarction. Certain types of tissue that have a loose (spongy) consistency, such as the lungs and storage-type spleens (e.g., dogs and pigs), usually remain red because the interstitial areas are expandable and necrosis-induced pressure does not build up to force blood out of the infarcted region (Figs. 2-41 and 2-42). Parenchymal tissues with a less expansible interstitium (e.g., kidney) generally become pale over time because of the pressure that forces blood from the necrotic area. Inflammation occurs at the periphery of the dead tissue so that leukocytes, then macrophages, enter the area to clear the necrotic debris, and subsequently neovascularization and granulation occur to replace the necrotic region with fibrous tissue. This process can occur over a period of weeks or months depending on the extent of the damage. In contrast to the coagulative necrosis caused by infarction in most tissue, infarction in the brain and nervous tissue is characterized by liquefactive necrosis. Subsequently, there is glial cell removal of damaged tissue and astrocytic production of glial fibers (astrogliosis) to replace the affected area.
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Fig. 2-40 Acute pale infarcts, kidney, rabbit.
Multiple, pale white to tan pyramidal-shaped infarcts extend from the renal cortex to the medulla. The infarcts bulge above the capsular surface (center top), indicative of acute cell swelling. The glistening areas on the right are highlights from the photographic lamps. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)
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Fig. 2-41 Infarction due to venous obstruction.
Venous obstruction results in stagnation of blood flow and reduction or loss of venous return. There is progressive ischemia and ultimately coagulative necrosis of the tissue upstream of the site of vessel obstruction. The amount of necrosis depends on factors such as the type and prior health of the tissue affected, metabolic rate, and amount of collateral circulation or alternative blood supply. 1, Venous return to a larger vein (note the valve) obstructed by a mass (M); 2, normal venous return to a larger vein. (Courtesy Dr. D.A. Mosier and L. Schooley, College of Veterinary Medicine, Kansas State University.)
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Fig. 2-42 Venous infarction, small intestinal volvulus, pig.
Note the intensely congested loops of small intestine undergoing early venous infarction. The veins have been compressed by a volvulus that has compressed the veins but not the arteries, thus preventing the venous return. If the volvulus had rotated further, it would also have compressed the arteries. (Courtesy Dr. D.A. Mosier, College of Veterinary Medicine, Kansas State University.)















Shock


Shock (cardiovascular collapse) is a circulatory dyshomeostasis associated with loss of circulating blood volume, reduced cardiac output, and/or inappropriate peripheral vascular resistance. Although causes can be diverse (e.g., severe hemorrhage or diarrhea, burns, tissue trauma, endotoxemia), the underlying events of shock are similar. Hypotension results in impaired tissue perfusion, cellular hypoxia and a shift to anaerobic metabolism, cellular degeneration, and cell death (Fig. 2-43). Although the cellular effects of hypoperfusion are initially reversible, persistence of shock results in irreversible cell and tissue injury. Shock is rapidly progressive and life threatening when compensatory responses are inadequate. Shock can be classified into three different types based on the fundamental underlying problem: (1) cardiogenic, (2) hypovolemic, and (3) blood maldistribution. Shock attributed to blood maldistribution can be further divided into septic shock, anaphylactic shock, and neurogenic shock.
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Fig. 2-43 Shock.
In hypovolemic shock, there is initially compensation characterized by increased cardiac rate and output, vasoconstriction of nonessential vascular beds, and predominantly oxidative metabolism by morphologically normal cells. With progression, cardiac output falls as peripheral vasodilation occurs, and cell metabolism shifts to glycolysis with progressive morphologic deterioration of cells. (Courtesy Dr. D.A. Mosier and L. Schooley, College of Veterinary Medicine, Kansas State University.)









Cardiogenic Shock


Cardiogenic shock results from failure of the heart to adequately pump blood. Cardiac failure can occur due to myocardial infarction, ventricular tachycardia, fibrillation or other arrhythmias, dilatative or hypertrophic cardiomyopathy, obstruction of blood flow from the heart (e.g., pulmonary embolism and pulmonary or aortic stenosis), or other cardiac dysfunctions. In all cases, there is a decrease in both stroke volume and cardiac output. Major compensatory mechanisms (e.g., sympathetic stimulation of the heart), which increase heart contractility, stroke volume, total cardiac output, and heart rate, are only variably successful depending on the nature of the cardiac damage and the ability of the damaged heart to respond. Unsuccessful compensation leads to stagnation of blood and progressive tissue hypoperfusion.









Hypovolemic Shock


Hypovolemic shock arises from reduced circulating blood volume as the result of blood loss caused by hemorrhage or the result of fluid loss secondary to vomiting, diarrhea, or burns. Reduced circulating blood volume leads to decreased vascular pressure and tissue hypoperfusion. Immediate compensatory mechanisms (e.g., peripheral vasoconstriction and fluid movement into the plasma) act to increase vascular pressure and maintain blood flow to critical tissues such as the heart, brain, and kidney. Increased pressure provides an adequate driving force on which local mechanisms can draw on to increase blood flow based on their needs. When the insult is mild, compensation is generally successful and the animal returns to homeostasis. Loss of about 10% of blood volume can occur without a decrease in blood pressure or cardiac output. However, if greater volumes are lost, adequate pressure and perfusion cannot be maintained and there is insufficient blood flow to meet the needs of the tissues. When blood loss approaches 35% to 45%, blood pressure and cardiac output can fall dramatically.









Blood Maldistribution


Blood maldistribution is characterized by decreased peripheral vascular resistance and pooling of blood in peripheral tissues. This is caused by neural or cytokine-induced vasodilation that can result from situations such as trauma, emotional stress, systemic hypersensitivity to allergens, or endotoxemia. Systemic vasodilation results in a dramatically increased microvascular area, and although the blood volume is normal, the effective circulating blood volume is decreased. Unless compensatory mechanisms can override the stimulus for vasodilation, there is pooling and stagnation of blood with subsequent tissue hypoperfusion. The three major types of shock caused by blood maldistribution are anaphylactic, neurogenic, and septic shock.


Anaphylactic shock is a generalized type I hypersensitivity. Common causes include exposure to insect or plant allergens, drugs, or vaccines. The interaction of the inciting substance with immunoglobulin E bound to mast cells results in widespread mast cell degranulation and the release of histamine and other vasoactive mediators. Subsequently, there is systemic vasodilation and increased vascular permeability, causing hypotension and tissue hypoperfusion.


Neurogenic shock may be induced by trauma, particularly trauma to the nervous system; electrocution, such as by lightning strike; fear; or emotional stress. In contrast to anaphylactic and endotoxic shock, cytokine release is not a major factor in the initial peripheral vasodilation. Instead, there are autonomic discharges that result in peripheral vasodilation, followed by venous pooling of blood and tissue hypoperfusion.


Septic shock is the most common type of shock associated with blood maldistribution. In septic shock, peripheral vasodilation is caused by components of bacteria or fungi that induce the release of excessive amounts of vascular and inflammatory mediators. The most common cause of septic shock is endotoxin, a lipopolysaccharide (LPS) complex within the cell wall of Gram-negative bacteria. Less often, peptidoglycans and lipoteichoic acids of Gram-positive organisms initiate shock. Local release of LPS from degenerating bacteria is a potent stimulus for many of the host responses induced by the infectious agent. LPS often gains entry from microflora of the bowel, entering the circulation into the reticuloendothelial system, then accumulating in the liver, spleen, alveoli, and leukocytes. LPS activates cells (mainly endothelium and leukocytes) through a series of reactions involving LPS-binding protein (an acute phase protein), CD14 (a cell membrane protein and soluble plasma protein) and Toll-like receptor 4 (TLR4, a signal-transducing protein). Endothelial activation by LPS inhibits production of anticoagulant substances (e.g., TFPI and thrombomodulin). Activation of monocytes and macrophages by LPS induces the direct or indirect release of TNF and IL-1 and other cytokines (e.g., IL-6, IL-8, chemokines). LPS directly activates factor XII to initiate intrinsic coagulation and other factor XIIa–related pathways (kinins, fibrinolysis, complement). LPS can also directly activate the complement cascade to generate the anaphylatoxins C3a and C5a. Although these events are important for enhancing the inflammatory response to control localized infections associated with relatively low concentrations of LPS, they can be detrimental if the response becomes more pronounced. This may occur with overwhelming infections by bacteria (generating large concentrations of LPS), or when prolonged intestinal ischemia as the result of other types of shock results in breakdown of the mucosal integrity and leakage of bacteria and toxins into the blood. These higher concentrations of LPS induce even more production of TNF, IL-1, and other cytokines, and the secondary effects of these cytokines become more prominent. TNF and IL-1 induce TF expression and endothelial activation of extrinsic coagulation and enhance the expression of endothelial leukocyte adhesion molecules. IL-1 also stimulates the release of platelet-activating factor (PAF) and PAI to enhance platelet aggregation and coagulation. PAF released from leukocytes, platelets, and endothelium can cause platelet aggregation and thrombosis, increased vascular permeability, and similar to TNF and IL-1, stimulation of arachidonic acid metabolite production (particularly prostacyclin [PGI2] and thromboxane). TNF and IL-1 induce nitric oxide production, which also contributes to vasodilation and hypotension. Neutrophils become activated by TNF and IL-1 to enhance their adhesion to endothelium, which further interferes with blood flow through the microvasculature. The end result of the activation of these myriad vascular, proinflammatory, and procoagulant alterations is the profound systemic vasodilation, hypotension, and tissue hypoperfusion characteristic of septic shock.









Stages and Progression of Shock


Regardless of the underlying cause, shock generally progresses through three different stages: (1) a nonprogressive stage, (2) a progressive stage, and (3) an irreversible stage.


Nonprogressive shock is characterized by compensatory mechanisms that counteract reduced functional circulating blood volume and decreased vascular pressure. Baroreceptors respond to decreased pressure by increasing medullary sympathetic nervous output and epinephrine/norepinephrine release, which increases cardiac output and causes arteriolar vasoconstriction (increased peripheral resistance) in most tissues in an attempt to raise vascular pressure. Notable exceptions are critical tissues, such as the heart, brain, and kidney, to which the blood flow is preserved. Left atrial volume receptors and hypothalamic osmoreceptors help regulate pressure by altering water and sodium balance. Reduced plasma volume stimulates ADH release and water retention and activates angiotensin II production by the renin-angiotensin system to result in aldosterone release and sodium retention. ADH and angiotensin II are also vasoconstrictors and help contribute to increased peripheral resistance. Vasoconstriction also results from endothelial release of endothelin, cold, increased O2, or decreased CO2. Decreased microvascular pressure results in a shift in fluid movement from the interstitium into the plasma to also help increase blood volume. The results of these and other responses are increased heart rate and cardiac output, as well as increased vascular pressure. This provides an adequate driving force on which local mechanisms can draw on to increase blood flow based on their needs. When the insult is mild, compensation is generally successful and the animal returns to homeostasis.


In the case of severe or prolonged hypovolemia or cardiac damage that inhibits the ability of the heart to increase output, compensatory mechanisms are inadequate and shock enters the progressive stage. In this stage, there is blood pooling, tissue hypoperfusion, and progressive cell injury. Cellular metabolism becomes less efficient and shifts from aerobic to anaerobic with pyruvate converted to lactate without entering the Krebs cycle. The deficient production of ATP and overproduction of lactic acid inhibits normal cell functions and results in cellular and systemic acidosis. Metabolic products (e.g., adenosine and potassium), increased local osmolarity, local hypoxia, and increased CO2 eventually result in arteriolar relaxation and dilation. In the case of septic shock, these events exacerbate preexisting cytokine- and mediator-induced vasodilation of the microvasculature. In hypovolemic and cardiogenic shock, the decreased vascular resistance initiates pooling and stagnation of blood within previously closed vascular beds. Widespread arteriolar dilation caused by local influences overrides systemic controls and dramatically contributes to further decreases in vascular plasma volume and pressure. When oxygen and energy stores of the cell are depleted, membrane transport mechanisms are impaired, lysosomal enzymes are released, structural integrity is lost, and cell necrosis occurs. In addition to the detrimental metabolic effects of deficient oxygenation, cell and tissue injury occur in response to the dramatic accumulation of mediators that is characteristic of progressive shock, regardless of its underlying cause. These include histamine, kinins, PAF, complement fragments, and a wide variety of cytokines (e.g., TNF, IL-1, IL-8). These mediators are associated with inappropriate systemic inflammation and systemic activation of complement, coagulation, fibrinolysis, and kinin pathways.


The exact point in which shock enters the irreversible stage is not clear. At the cellular level, metabolic acidosis that results from anaerobic metabolism inhibits enzyme systems needed for energy production. Decreased metabolic efficiency allows vasodilatory substances to accumulate in the ischemic cells and tissues. Once these local products and reflexes override centrally mediated vasoconstriction to produce vasodilation, it is unlikely that shock will be reversed. The fall in peripheral resistance as the result of widespread peripheral vasodilation decreases vascular pressure even more. Irreversibility is generally assured when shock progresses into the syndrome of multiple organ dysfunction. As each organ system fails, particularly the lung, liver, intestine, kidney, and heart, there is a reduction in the metabolic support each system provides to the others. Vicious cycles occur in which the failing function of one organ or tissue contributes to the failure of another (e.g., decreased cardiac output causes renal and pancreatic ischemia; electrolyte imbalances caused by renal ischemia then result in cardiac arrhythmias and myocardial depressant factor released by the ischemic pancreas contribute to even greater reductions in cardiac output). The endpoint of irreversible shock is often manifested as DIC, which is the profound and paradoxic dysfunction of hemostasis.









Clinical and Morphologic Features of Shock


Clinical features of shock are rapidly progressive and include hypotension, weak pulse, tachycardia, hyperventilation with pulmonary rales, reduced urine output, and hypothermia. Organ and system failure occurs in later stages, each manifesting with signs specific to that organ or tissue.


The lesions of shock are variable and depend on the nature and severity of the initiating stimulus and the stage of progression of shock. Characteristically, there are vascular changes accompanied by cell degeneration and necrosis. Generalized congestion and pooling of blood are present in most cases, unless there has been substantial blood loss. Edema, hemorrhage (petechial and ecchymotic), and thrombosis may be present as reflections of the vascular deterioration that accompanies shock. Thrombosis and platelet plugging of capillaries can be prominent in septic shock. Vascular abnormalities are most obvious in those cases that progress to DIC. Cell degeneration and necrosis are most prominent in those cells that are most susceptible to hypoxia, such as neurons and cardiac myocytes, and cells that do not obtain adequate preferential blood flow during shock. Hepatocytes, renal tubular epithelium, adrenal cortical epithelium, and gastrointestinal epithelium are often affected. With the exception of loss of neurons and myocytes, virtually all of these tissue changes can revert to normal if the animal survives. Specific changes may include severe pulmonary congestion, edema, and hemorrhage with alveolar epithelial necrosis, fibrin exudation, and hyaline membrane formation. Passive congestion and centrilobular hepatic necrosis, as well as renal tubular necrosis, are often present in these metabolically important organs. Intestinal congestion, edema, and hemorrhage with mucosal necrosis may occur. In the heart, myofibril coagulation is caused by hypercontraction of sarcomeres and is most likely a response to high sarcoplasmic calcium levels as the result of lack of energy and membrane damage. Cerebral edema and in some cases cerebrocortical laminar necrosis as a result of cerebral ischemia may be present.
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CHAPTER 3


Inflammation and Healing




Mark R. Ackermann





Injury or death of cells caused by infectious microbes, mechanical trauma, heat, cold, radiation, or cancerous cells can initiate a well-organized cascade of fluidic and cellular changes within living vascularized tissue called acute inflammation (Fig. 3-1). These changes result in the accumulation of fluid, electrolytes, and plasma proteins, as well as leukocytes, in extravascular tissue and are recognized clinically by redness, heat, swelling, pain, and loss of function of the affected tissue. Inflammation is often a protective mechanism whose biologic purpose is to dilute, isolate, and eliminate the cause of injury and to repair tissue damage resulting from the injury. Without inflammation, animals would not survive their daily interactions with environmental microbes, foreign materials, and trauma and with degenerate, senescent, and neoplastic cells.
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Fig. 3-1 The major steps of the acute inflammatory process. (Modified from Young B, O’Dowd G, Stewart W: Wheater’s basic pathology: a text, atlas and review of histopathology, ed 5, New York, 2010, Churchill Livingstone.)





Acute inflammation, a provoked response, is the progressive reaction of vascularized living tissue to injury over time. This process is usually a well-ordered cascade mediated by chemoattractants, vasoactive molecules, proinflammatory and antiinflammatory cytokines and their receptors, and antimicrobial or cytotoxic molecules. Acute inflammation has a short duration, ranging from a few hours to a few days, and its main characteristics are exudation of electrolytes, fluid, and plasma proteins and leukocytic emigration, principally neutrophils from the microvasculature, followed by rapid repair and healing. For convenience, acute inflammation is divided into three sequential phases: fluidic, cellular, and reparative.


Chronic inflammation is considered to be inflammation of prolonged duration, usually weeks to months and even years, in which the response is characterized predominately by lymphocytes and macrophages, tissue necrosis, and accompanied by tissue repair, such as healing, fibrosis, and granulation tissue formation, all of which may occur simultaneously. Chronic inflammation can be a sequela to acute inflammation if there is failure to eliminate the agent or substance that incites the process. With such persistent substances, the inflammatory reaction and exudates gradually transition from seroproteinaceous fluids and neutrophils to macrophages, lymphocytes, and fibroblasts with the potential for formation of granulomas. Alternatively, some inciting substances can invoke chronic inflammation directly and almost immediately. Examples include infections by Mycobacterium spp.; exposure to foreign materials, such as silicates and grass awns; and immune-mediated diseases, such as arthritis.






WEB TABLE 3-1


Highlights of the Historical Contributions to the Understanding and Characterization of Inflammation






	Contributor

	Time

	Contribution






	Egyptians

	1600 bc


	Descriptions of inflammation






	Celsus (Italy)

	25 bc-50 ad


	Four cardinal signs of inflammation: rubor (redness), tumor (swelling), calor (heat), dolor (pain)






	John Hunter (Scotland)

	1793

	Inflammation is a salutary (favorable to health) effect, not a disease per se






	Julius Cohnheim (Germany)

	1839-1884

	Observed inflamed vessels microscopically






	Elie Metchnikoff (Russia)

	1882

	Observed and described phagocytosis






	Rudolf Virchow (Germany)

	1821-1902

	Fifth cardinal sign of inflammation: functio laesa (loss of function); cellular injury






	Sir Thomas Lewis (England)

	1927

	Determined that chemicals (histamine) induce vascular changes






	Jules Bordet (Belgium)

	1898

	Antibacterial effects of serum






	Paul Ehrlich (Germany)

	1908

	Complement mediates antibacterial effects of serum



















Evolution of the Current Understanding of Inflammation



The current understanding of inflammation has evolved over the last 3600 years of recorded history (Web Table 3-1). Clinical signs attributable to inflammation were first described in Egypt in 1600 bc. Aulus Cornelius Celsus, 25 bc to 50 ad, was a Roman writer (de Medicina) and the first individual to describe the four cardinal signs of inflammation (redness, heat, swelling, and pain) that are commonly used today to diagnose inflammation in medicine. In the mid-1800s, Rudolf Virchow, the founder of modern pathology, added the fifth cardinal sign of inflammation: loss of function. In addition to his numerous contributions to cellular pathology, Dr. Virchow, by the age of 25, had discovered fibrinogen, described the processes of leukocytosis, and later characterized pus and necrosis. In 1859, his book, Cell Pathology, became the basis for all microscopic study of disease. Phagocytosis by macrophages, an important component of inflammation and immunologic responses, was first described by Illya Mechnikov (Elie Metchnikoff) in 1883, and he was awarded the Nobel Prize in Medicine in 1908. Jules Bordet, a Belgian scientist, demonstrated antibacterial activity of serum, which Paul Ehrlich, of Germany, later defined as complement. The first experiment to demonstrate the role of a chemical mediator (histamine) in inducing vascular changes (flare and wheal reactions) was conducted by Sir Thomas Lewis in 1927. The work of these pioneers, as well as additional experimental studies conducted during the past century, has provided (1) an in-depth and clearer understanding of inflammation and (2) the foundation for development of therapeutic compounds to treat undesirable effects of inflammatory responses. In fact, such treatments are so widely used and commonplace in veterinary medicine today that the contributions and discoveries of these scientists are often taken for granted.









Beneficial and Harmful Aspects of Inflammation


As a general rule, inflammatory responses are beneficial in the following ways:




• Diluting and/or inactivating biologic and chemical toxins


• Killing or sequestering microbes, foreign material, necrotic tissue (e.g., bone sequestrum), and neoplastic cells


• Degrading foreign materials


• Providing wound healing factors to ulcerated surfaces and traumatized tissue


• Restricting movement of appendages and joints to allow time for healing and repair


• Increasing temperature in the body or locally to induce vasodilation and inhibiting replication of some microbial agents





However, in some instances, an excessive and/or prolonged inflammatory response can be detrimental and even more harmful than that of the inciting agent/substance. In several disorders of humans, such as myocardial infarction, cerebral thrombosis and infarction, and atherosclerosis, excessive and prolonged inflammatory responses can exacerbate the severity of the disease process. In veterinary medicine, exuberant or uncontrolled inflammatory responses occurring in the diseases listed in Box 3-1 can also result in increased severity of disease.





BOX 3-1


Selected Disorders that Are Induced or Exacerbated by Inflammatory Responses





 Disorders in Which the Mechanism of Injury Is Inflammation




Humans: Alzheimer’s disease, atherosclerosis, atopic dermatitis, chronic obstructive pulmonary disease (COPD), Crohn’s disease, gout, graft rejection, Hashimoto’s thyroiditis, multiple sclerosis, pemphigus, psoriasis, rheumatoid arthritis, sarcoidosis, systemic lupus erythematosus (SLE), type I diabetes mellitus, ulcerative colitis, vasculitis (Wegener’s granulomatosis, polyarteritis nodosa, Goodpasture’s disease)


Cats: Eosinophilic stomatitis, lymphoplasmacytic syndrome, pemphigus


Dogs: Granulomatous meningoencephalitis, pemphigus, systemic and discoid lupus erythematosus


Common to many species: Anaphylaxis, spondylitis, asthma, reperfusion injury, osteoarthritis, glomerulonephritis











 Infectious Disease Exacerbated by Inflammation




Humans: dysentery, Chagas’ disease, cystic fibrosis pneumonia, filariasis, Helicobacter pylori gastritis, hepatitis C, influenza virus pneumonia, leprosy, Neisseria/pneumococcal meningitis, poststreptococcal glomerulonephritis, schistosomiasis, sepsis, tuberculosis


Dogs: H. pylori gastritis


Cattle: Mannheimia haemolytica pneumonia, mastitis, Mycobacterium bovis, Mycobacterium avium-intracellularis-paratuberculosis


Pigs: Circovirus


Ferrets/mink: Aleutian mink disease


Common to many species: Vegetative valvular endocarditis











 Conditions in Which Postinflammatory Fibrosis Occurs




Humans: Bleomycin pulmonary fibrosis, allograft rejection, idiopathic pulmonary fibrosis, hepatic cirrhosis (postviral, alcohol, or toxin), radiation-induced pulmonary fibrosis


Dogs: Idiopathic pulmonary fibrosis (West Highland white dogs)


Cattle/sheep/horses: Plant toxins (hepatic fibrosis)








Modified from Nathan C: Nature 420:846-851, 2002.












Acute Inflammation


The acute inflammatory response (Fig. 3-2) can be initiated by a variety of exogenous and endogenous substances that injure vascularized tissue. The response to injury begins as active hyperemia, characterized by an increased flow of blood to injured tissue secondary to dilation of arterioles and capillaries (vasodilation), and it is this response that is responsible for redness and heat. It is facilitated by chemical mediators such as prostaglandins, endothelin, and nitric oxide (Box 3-2). With vasodilation, vascular flow is slowed (vascular congestion), allowing time for fluid leakage that occurs as a result of changes in junctional complexes of endothelial cells induced by vasoactive amines, complement components C3a and C5a, bradykinin, leukotrienes, prostaglandins, and platelet-activating factor (PAF), resulting in leakage of plasma and plasma proteins into the extracellular space (swelling and pain [stretching of pain receptors]) mainly from interendothelial cell gaps in the postcapillary venules.





BOX 3-2


Key Responses of Acute Inflammation and the Principal Inflammatory Mediators that Mediate These Processes





 Vasodilation




Nitric oxide


Bradykinin


Prostaglandins: PGD2


Leukotrienes: LTB4











 Increased Vascular Permeability




Vasoactive amines: histamine, substance P, bradykinin


Complement factors: C5a, C3a


Fibrinopeptides and fibrin breakdown products


Prostaglandins: PGE2


Leukotrienes: LTB4, LTC4, LTD4, LTE4


PAF, substance P


Cytokines: IL-1, TNF











 Smooth Muscle Contraction




Histamine


Serotonin


C3a


Bradykinin


PAF


Leukotriene D4











 Chemotaxis, Leukocyte Activation




Complement factors: C5a


Leukotrienes: LTB4


Chemokines: IL-8


Defensins: α- and β-Defensins


Bacterial products: LPS, peptidoglycan, teichoic acid


Collagenous lectins: Ficolins, surfactant proteins A and D, mannan-binding lectin


Cytokines: IL-1, TNF


Surfactant proteins A and D











 Fever




Cytokines: IL-1, TNF, IL-6


Prostaglandins: PGE2











 Nausea




Cytokines: IL-1, TNF, high mobility group factors











 Pain




Bradykinin


Prostaglandins: PGE2











 Tissue Damage




Neutrophil and macrophage lysosomal/granule contents: Matrix metalloproteinases


Reactive oxygen species: Superoxide anion, hydroxyl radical, nitric oxide








C3a, Complement factor C3a; C5a, complement factor C5a; IL-1, interleukin-1; IL-6, interleukin-6; IL-8, interleukin-8; LTB4, leukotriene B4; LTC4, leukotriene C4; LTD4, leukotriene D4; LTE4, leukotriene E4; PGD2, prostaglandin D2; PGE2, prostaglandin E2; TNF, tumor necrosis factor.
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Fig. 3-2 The principal cellular and vascular responses during the inflammatory response.
The majority of leukocyte transmigration and hemorrhage occurs in the capillaries and postcapillary venules. (Modified from McCance KL, Huether SE: Pathophysiology: the biologic basis for diseases in adults and children, ed 3, St Louis, 1998, Mosby.)





The volume and protein concentration of leaked fluid is a function of the size of gaps between endothelial cells and the molecular weight, size, and charge of electrolytes and plasma proteins, such as albumin and fibrinogen. With more severe injury resulting in destruction of individual endothelial cells, hemorrhage, as well as plasma and plasma proteins, can leak directly through a breach in the wall of the capillary or venule. Once activated, endothelial and perivascular cells, such as mast cells, dendritic cells, fibroblasts, and pericytes, can produce cytokines and chemokines that regulate the expression of receptors for inflammatory mediators and adhesion molecules within the lesions.


The plasma proteins and fluid that initially accumulate in the extracellular space in response to injury is classified as a transudate (Fig. 3-3). A transudate is a fluid with minimal protein (specific gravity <1.012 [<3 g of protein/dL]) and cellular elements (<1500 leukocytes/mL) and is essentially an electrolyte solution similar to that of plasma. Most commonly, the formation of a transudate occurs with hypertension, hypoproteinemia, and/or early in the acute inflammatory response. With these conditions, there is increased permeability because of small physiologic gaps between endothelial cells. Hypertension in veins and capillaries can be secondary to arterial hypertension or venous/lymphatic obstruction. Hypoproteinemia is often due to loss of albumin, the major intravascular colloidal protein, and an inability of the liver to rapidly synthesize replacement albumin. The loss of albumin allows intravascular fluid to move toward the extravascular colloids (extravascular proteins). Loss of albumin and other intracellular proteins can occur secondary to renal disease (urinary loss), severe burns, and severe hepatic disease (decreased albumin production). During the early stages of the acute inflammatory response, intercellular gaps form between endothelial cells caused by endothelial cell contraction. The gaps are very small and only allow water and electrolytes to pass through them. With persistent and widening endothelial gap formation or with endothelial cell injury, neutrophils and additional protein can enter injured areas resulting in the formation of an exudate (see Fig. 3-3). An exudate is an opaque and often viscous fluid (specific gravity >1.020) that contains more than 3 g of protein/dL and more than 1500 leukocytes/mL. As discussed in a later section, the morphologic classification of inflammatory responses into categories, such as serous, fibrinous, and/or suppurative, is based on the character of the fluid that leaks from the vessel and of the leukocytes that migrate from the vascular lumen into the extracellular space.
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Fig. 3-3 Formation of transudates and exudates.
A, Normal hydrostatic pressure (blue arrows) is about 32 mm Hg at the arterial end of a capillary bed and 12 mm Hg at the venous end; the mean colloid osmotic pressure of tissues is approximately 25 mm Hg (green arrows), which is equal to the mean capillary pressure. Therefore the net flow of fluid across the vascular bed is minimal. B, A transudate forms when fluid leaks out because of increased hydrostatic pressure or decreased osmotic pressure. C, An exudate forms in inflammation because vascular permeability increases as a result of increased interendothelial spaces. (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)





Fibrinogen is an important plasma protein in exudates that polymerizes in extravascular tissues to form fibrin (Fig. 3-4). Plasma dilutes the effects of the inciting stimulus, whereas polymerized fibrin confines the stimulus to an isolated area, thus preventing its movement into adjacent tissue. This confinement provides leukocytes with a well-defined target for migration during the cellular phase of the acute inflammatory response. Neutrophils are the first leukocytes to enter the exudate, and their accumulation in the exudate after they liquefy is termed pus. Neutrophils have a variety of cytoplasmic granules, such as lysosomes, that contain antimicrobial peptides and proteins, as well as matrix metalloproteinases, elastases, and myeloperoxidases. They kill pathogens and degrade foreign material by two mechanisms: (1) phagocytosis and fusion with primary and secondary lysosomes and (2) secretion of the contents of granules into the exudate. Because of the enzymes released, these cells can contribute to tissue injury. Fibrin and its products have additional activities, including chemotactic properties and blood clot formation. Fibrin also forms a framework/scaffold for fibroblast and endothelial cell migration during the initial stages of wound healing.
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Fig. 3-4 Examples of the appearance of fibrin in acute inflammation in the lung and mammary gland.
A1, Lungs (in situ) from an ox with acute pleuritis. The lungs have a thick mat of fibrin covering the cranioventral region. A small area of fibrin is torn away revealing the subjacent clear, yellow fluid subjacent. The fibrin coating the lung surface was released as fibrinogen from inflamed pleural vessels and polymerized on the serosal surface. The remaining lung surface is less affected. A2, Higher magnification of fibrin on the surface of the lung. B, Acute fibrinonecrotic mastitis, mammary gland, horizontal section, cow. The left quarters of the mammary gland (lower half of the image) are swollen as a result of edema and fibrin exudation and are reddened because of hyperemia, vascular congestion, and hemorrhage. The right quarters (upper half of the image) are unaffected. (A1 and B courtesy Dr. J.S. Haynes, College of Veterinary Medicine, Iowa State University; A2 courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)





Neutrophils and other leukocytes leave capillaries and venules and migrate into tissue exudates in response to chemoattractant molecules released from host cells, microbes, foreign substances, and some neoplastic cells. As would be expected, the greatest concentration of chemoattractant exists nearest the microbes or foreign substance, and the concentration decreases in a gradient-like manner with increasing distances from the source. This forms a “chemotactic gradient” that essentially creates a pathway for leukocytes to follow to reach the site of tissue injury. Chemoattractants activate receptors and molecules on neutrophils that result in neutrophil (1) movement and attachment to the luminal surface of capillaries and venules, (2) migration through the intercellular junctions formed by gaps between endothelial cells, and (3) migration within the exudate up the concentration gradient to the source of injury. This transmigration process, called the leukocyte adhesion cascade, has a well-characterized sequence of events occurring on the luminal surface of endothelial cells. These events, discussed in detail in a later section, lead to the transmigration of leukocytes into the exudate.


The reparative phase of the acute inflammatory response begins early and is only completed after the process or substance causing injury is removed. In the reparative phase, necrotic cells and tissue are replaced by differentiation and regeneration of parenchymal and mesenchymal stem cells, coupled by filling the defect with connective tissue and covering denuded surfaces with a basement membrane and reepithelialization. When the acute inflammatory response has been completed in the proper sequence and the stimulus of injury removed, the inflammatory process is terminated. Failure to remove the stimulus can result in a persistent, unresolved lesion that becomes chronic and can form into granulation tissue or fibrosis.









Substances Inducing the Acute Inflammatory Response


There are two classes of substances, endogenous and exogenous, capable of injuring cells and tissue and inducing the acute inflammatory response. Endogenous substances include those that primarily cause autoreactive inflammatory responses, such as those induced by newly developed antigens and intracellular molecules released from degenerate, dysplastic, or neoplastic cells, and hypersensitivity reactions. Exogenous substances include microbes, such as viruses, bacteria, protozoa, and metazoan parasites; foreign bodies, such as plant fibers and suture material; mechanical actions, such as traumatic injury; physical actions, such as thermal or freezing injury, ionizing radiation, and microwaves; chemical substances, such as caustic agents, poisons, and venoms; and nutritive actions, such as ischemia and vitamin deficiencies. These substances or actions trigger cells to release mediators that lead to an acute inflammatory reaction and include preformed (in cytoplasmic granules) and synthesized (released from cell immediately after synthesis) chemical mediators from effector cells such as mast cells (histamine and tumor necrosis factor-α [TNF-α), leukocytes (cytokines, degradative enzymes), macrophages (cytokines), endothelial and epithelial cells (chemokines, interferons). These cells also produce inflammatory mediators such as prostaglandins, leukotrienes, and PAF from products released from plasma membranes.


The acute inflammatory response to either endogenous or exogenous substances occurs simultaneously with activation of the innate immune system (see Chapter 5). Innate immunity is a nonspecific defense against potentially harmful environmental substances and consists of the following:




• Physical barriers and microenvironments provided by epithelia of the skin (low pH, lactic and fatty acids) and mucosae such as in the respiratory mucociliary escalator, reproductive tracts (secretions), and alimentary system (gastric and duodenal secretions, peristalsis, saliva)


• Molecular products released by mucosae including lactoferrin, antimicrobial peptides (α- and β-defensins, cathelicidins), and collectins. These products have immune activity but also contribute to proinflammatory and antiinflammatory reactions, leukocyte activation, and wound healing.


• Effector molecules in the blood, such as plasma proteases (complement, kinin, and clotting systems), and inflammatory mediators released from nerve fibers (sensory fibers, C-reactive fibers), such as substance P.





The physical and biologic processes that activate the acute inflammatory and innate immune responses can exert their actions directly on the following:




• Effector cells in mucosae and vascularized connective tissue


• Effector molecules in the blood, on endothelial cells


• A combination of these components





The location, severity, and clinical signs of the acute inflammatory response depend on the route of exposure, such as dermal, alimentary, respiratory, urinary, or hematogenous, and the physical or biologic characteristics of the stimulus. More specifically, causes of the acute inflammatory response include but are not limited to the following:




• Visible and ultraviolet light spectra (sunburn and photosensitization)


• Radiation, blunt force trauma (abrasion, bruising, incision, and laceration)


• Thermal injury (hot and cold)


• Chemotherapeutics


• Environmental chemicals


• Microbial molecules (lipids and proteins)


• Venom (insect, snake, and reptile)


• Responses of the adaptive immune system (type I to IV hypersensitivities) to microbial and environmental antigens





These must either penetrate (light spectra) or break/penetrate (microbes and foreign bodies) epithelial barriers of the skin and alimentary, urinary, and respiratory systems to irritate the tissue and incite an acute inflammatory response. Microbes have a few highly conserved ligands called pathogen-associated molecular patterns (PAMPs), and when in contact with mucosae, they immediately encounter cells that express membrane pattern-recognition receptors (PRRs), which include Toll-like receptors (TLRs), expressed on the cell surface or in its cytoplasm. These patterns include the lipopolysaccharide (LPS; Gram-negative bacterial cell wall), lipoteichoic acids (Gram-positive bacterial cell wall), mannose, peptidoglycan, bacterial DNA, N-formylmethionine (in bacterial proteins), double-stranded RNA (dsRNA; viruses), and glucans (fungal cell walls). When these molecular patterns are recognized by receptors, such as TLRs, on macrophages, leukocytes, and mucosal epithelia, they trigger the release of chemokines and cytokines and cellular activation, all of which initiate and/or participate in the acute inflammatory response and the innate immune response.


In contrast to the innate immune system, adaptive immunity results in an antigen-specific immune response characterized by the production of protective antibodies and effector leukocytes that attempt to eliminate the inciting cause of injury and the generation of memory cells that make subsequent adaptive immune responses against a specific microbial antigen more efficient and effective (see Chapter 5). Because acute inflammation is a vasocentric response, it would be reasonable to assume that just about any exogenous or endogenous cause could induce inflammation. This is true, but because the inflammatory response has numerous redundant checks and balances that regulate the occurrence and severity of expression of the response, harmful effects of inflammation are minimized.


The effects of inflammation are mediated through chemical mediators of inflammation, which include the following:




• Vasoactive amines such as histamine and serotonin


• Plasma proteases such as complement, kinin, and clotting system proteins


• Lipid mediators such as arachidonic acid metabolites and platelet-activating factor (PAF)


• Cytokines


• Chemokines


• Chemerin


• Nitric oxide (NO)





Mast cells are rich in histamine and many of the chemical mediators listed previously and are widely distributed in connective tissue adjacent to blood vessels. Changes in the permeability of these vessels in the fluidic phase of the acute inflammatory response often occur as the result of mast cell activation. Histamine, preformed in mast cell granules, is released through a process called degranulation. Bradykinin, another vasoactive amine, is produced where there is vascular and/or endothelial cell injury. Both histamine and bradykinin cause changes in the caliber of arterioles, capillaries, and postcapillary venules and permeability in capillaries and postcapillary venules. These occur early in the fluidic phase of the acute inflammatory response and are quickly followed by the cellular phase.









Fluidic (Exudative) Phase of the Acute Inflammatory Response


The principal function of the fluidic phase of the acute inflammatory response is to dilute and localize the inciting agent/substance. In this phase, there is an immediate vasocentric reaction (arterioles, capillaries, and postcapillary venules) to the inciting agent/substance. The sequence of vascular events in the acute inflammatory response includes the following:




• Increased blood flow (active hyperemia) to the site of injury


• Increased permeability of capillaries and postcapillary venules to plasma proteins and leukocytes through release of inflammatory mediators


• Emigration of leukocytes (via the leukocyte adhesion cascade) into the perivascular area





Initially, arterioles dilate and capillary beds in the affected area expand in volume to accommodate an increased blood flow (heat and redness) in response to the stimulus. Second, as a result of permeability changes induced by inflammatory mediators, blood flow through the capillary beds is slowed as a result of increased viscosity and hemoconcentration after leakage of water from capillary beds into extracellular space. Because of the reduced blood flow and pressure, microscopically, capillaries are often packed with erythrocytes and the microenvironment facilitates leukocytic margination along the luminal surface of endothelial cells. This stage precedes leukocyte emigration through intercellular junctions of endothelial cells into the extravascular space. Inflammatory mediators induce endothelial cell contraction, resulting in the formation of interendothelial cell gaps, which further allow fluid leakage and leukocyte migration. In general, the endothelium of the normal vascular capillaries limits exchange of molecules to those less than 69,000 MW, the size of albumin. The exchange of small molecules and water between the vessel lumen and the interstitial space is extremely rapid. For example, the water of plasma is exchanged with the water of the interstitial space 80 times before the plasma can move the entire length of the capillary. Physiologically, increased amounts of fluid can pass across the vascular wall when there is (1) excessive hydrostatic pressure caused by hypertension and/or sodium retention, (2) decreased plasma proteins (colloid), or (3) lymphatic and/or venous obstruction. If fluid leakage is excessive, edema (transudate) develops (see Fig. 3-3). If the leakage is not excessive and postcapillary venules and lymphatic vessels are functioning normally, all of the fluid released from arterioles and small capillaries is returned to the circulation via paracellular gaps of postcapillary venular and lymphatic vessels. During acute inflammatory responses, there is a net outflow of fluid from arterioles, capillaries, and venules into extracellular tissue, which overwhelms the capacity for resorption by postcapillary venules and lymphatic vessels).






Endothelial Cell Dynamics During the Acute Inflammatory Response


Endothelial cells are the interface between plasma in the lumen and the perivascular connective tissue. They are polarized cells that have specific luminal versus abluminal surfaces, which serve the physiologic needs of the vascular bed of each organ. Transport across the endothelial cell layer occurs by (1) transcytosis (transcellular passage) via small vesicles and caveolae or (2) paracellular passage. Transcytosis, the process of transporting substances across the endothelium by uptake into and release from coated vesicles, facilitates the transport of albumin, low-density lipoproteins (LDLs), metalloproteinases, and insulin. Paracellular passage allows transport of water and ions between cells (cell junctions). Paracellular passage is especially active in postcapillary venules. Roughly 30% of endothelial cell junctions in postcapillary venules can open to a width of 6 mm, roughly the width of a red blood cell. Leakage of fluid from the vasculature can occur within seconds after the acute inflammatory response is induced.


The mechanisms of leakage (Fig. 3-5) depend on the biologic and physical characteristics of the inciting agent or substance and include the following:
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Fig. 3-5 Principal mechanisms of increased vascular permeability in inflammation and their features and underlying causes.
NO, Nitric oxide; VEGF, vascular endothelial growth factor. (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)







• Opening of junctional complexes (endothelial gaps) between endothelial cells responding to inflammatory mediators


• Direct injury that results in necrosis and detachment of endothelial cells, as occurs with certain viral, protozoal infections, toxins, and radiation


• Leukocyte-dependent injury that results in necrosis and detachment of endothelial cells and is induced by enzymes and mediators released from leukocytes during the transmigration phase of the acute inflammatory response


• Increased endothelial cell transcytosis mediated by vascular endothelial growth factor (VEGF)












Formation of Endothelial Cell Gaps


Endothelial gaps, resulting in vascular leakage, can occur by (1) contraction (actin/myosin) of adjacent endothelial cells and through (2) the reorganization of the cytoskeletal microtubule and microfilament proteins within the endothelial cells. With both of these changes, gaps result from the opening of junctional complexes between endothelial cells. Gaps by cell contraction in postcapillary venules where there is a high density of receptors for histamine, serotonin, bradykinin, and angiotensin II. Gaps formed by cytoskeletal reorganization occur most commonly in postcapillary venules and to a lesser extent, in capillaries in response to cytokines, such as interleukin-1 (IL-1) and TNF and hypoxia. Gap formation is transient and lasts 15 to 30 minutes after the stimulus occurs.


Vascular leakage resulting from direct injury to endothelial cells can cause detachment of the cell from the underlying basement membrane. Such damage establishes conditions favorable for the activation and attachment of platelets, clotting, and complement cascades. This type of extravasation usually occurs immediately after necrotizing injury induced by, for example, thermal injury, chemotherapeutic drugs, radiation, bacterial cytotoxins, and inhaled gases such as hydrogen sulfide. It affects arterioles, capillaries, and postcapillary venules. Vascular leakage resulting from leukocyte-induced damage occurs secondary to neutrophils and other leukocytes interacting with endothelial cells during the leukocyte adhesion cascade. Activated leukocytes release reactive oxygen species, such as singlet oxygen and oxygen free radicals, and proteolytic enzymes, such as matrix metalloproteinases and elastase from lysosomes during degranulation of the cells, which then result in endothelial cell necrosis and detachment and thus an increase in vascular permeability. This type of extravasation usually affects capillaries and postcapillary venules.












Cellular Phase of the Acute Inflammatory Response


The principal function of the cellular phase of the acute inflammatory response is to deliver leukocytes into the exudate at the site of injury so they can internalize agents/substances through phagocytosis and as required, for killing and/or degradation. Neutrophils, eosinophils, basophils, monocytes, mast cells, lymphocytes, natural killer T (NK-T) cells, and dendritic cells play an integral role in protecting mucosa, skin, and other surfaces of the body, as well as the pleura, pericardium, and peritoneum, from infection by microbes through phagocytosis or release of proteolytic degradative enzymes, chemical mediators, and reactive oxygen species. Neutrophils also have an important role in responding to foreign materials and toxins and in responding to neoplastic cells.






Leukocyte Adhesion Cascade


The movement of leukocytes from the lumina of capillaries and postcapillary venules into the interstitial connective tissue occurs through a process called the leukocyte adhesion cascade (Fig. 3-6). Chemokines, cytokines, and other inflammatory mediators influence this process by modulating the surface expression and/or avidity of adhesion molecules on both endothelial cells and leukocytes. It has a well-characterized sequence of events, including margination, rolling, activation and stable adherence (adhesion), and transmigration of leukocytes toward a chemotactic stimulus.
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Fig. 3-6 Leukocyte adhesion cascade.
Steps involved with neutrophil migration across the vascular wall include rolling, activation, stable adhesion, and migration across the endothelial layer and vascular wall. Neutrophils express receptors for E- and P-selectin, which bind to ligands expressed on endothelial cells. L-selectin is also expressed by bovine neutrophils and to a varying degree in other species. The rolling process slows neutrophil movement within the vessel and brings the neutrophil closer to the vascular endothelial cell surface. Activation is induced by inflammatory mediators, including chemokines, such as interleukin-8 (IL-8), and cytokines, such as interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α), which are released by nearby leukocytes and endothelial cells. These activate both neutrophils and endothelial cells which then changes the conformation of integrins allowing for enhanced binding avidity to integrin receptors and increased expression of additional adhesion molecules. Binding of β2 integrins (Mac-1; CD11a/CD18) expressed by leukocytes to intercellular adhesion molecule-1 (ICAM-1) expressed by endothelial cells leads to stable adherence of the cell to the endothelial cell surface. Once leukocytes are attached to the vascular endothelium, they adhere to platelet-endothelial cell adhesion (PECAM-1) and other junctional adhesion molecules present at the endothelial cell junction and transmigrate through the junction into the perivascular tissue, where they express β1 integrins that adhere to extracellular matrix proteins such as laminin, fibronectin, vitronectin, and collagen. The process is mediated by chemokines (CXCL8; IL-8), complement fragments, vasoactive amines, cytokines, and membrane-derived mediators such as platelet-activating factor (PAF) and leukotrienes. (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)







• Margination. As vessels vasodilate and have reduced hydrostatic pressure and blood flow, leukocytes exit the central region of the vascular lumen and move to the periphery of the vascular lumen near the endothelial cell surface (marginization).


• Rolling. The initial contact between leukocytes and endothelial cells occurs by transient, weak binding interactions between the selectin family of adhesion molecules and their receptors. During rolling, leukocytes temporarily bind to endothelium and then release, which brings the leukocyte close to endothelial cell surface and reduced velocity of the traveling leukocyte. This process is mediated by selectins, including L-selectin expressed by neutrophils and P-selectin, a carbohydrate binding molecule stored in Weibel-Palade bodies of endothelial cells and α-granules of platelets, as well as E-selectin expressed by endothelial cells. L-selectin is expressed on all leukocytes, but at low concentrations in normal human neutrophils and binds sialyl Lewis X receptor (and other receptors) on endothelial cells. P-selectin molecules expressed on endothelial cell surfaces bind to P selectin glycoprotein ligand 1 (sialyl Lewis X–modified proteins) present on neutrophils, eosinophils, monocytes, and lymphocytes. E-selectin also mediates leukocyte-endothelial cell adherence and is expressed on endothelial cell surfaces for binding glycoprotein receptors expressed on leukocytes. Selectin-mediated attachments are formed at the leading edge of the rolling leukocyte and broken at the trailing edge. Even slight disturbances, such as surgical manipulation, heat, temporary ischemia, and mast cell products, induce rolling of neutrophils along the surface of endothelial cells. By slowing leukocyte transit time through capillaries and postcapillary venules, combined with the continual close proximity of slow rolling leukocytes to the endothelium, and the continued release of chemokines and proinflammatory cytokines, the proper microenvironment for progression to the “stable adhesion” stage occurs.


• Stable adhesion. For stable adhesion to occur, neutrophils and endothelial cells become activated by a variety of cytokines (such as IL-1, interleukin-6 [IL-6], TNF), complement factors (C5a), PAF, platelet-derived growth factor (PDGF), chemokines, and other inflammatory mediators. Once neutrophils are activated, L-selectin molecules are proteolytically cleaved from the neutrophil surface by ADAM17, and the neutrophils express a new set of membrane proteins (integrins) by rapid exocytosis of cytoplasmic vesicles. Firm adhesion of neutrophils to endothelial cells is mediated by binding of β2 integrin molecules, such as Mac-1 (CD11a/CD18), that are expressed on stimulated neutrophils in an active conformation, to intercellular adhesion molecule-1 (ICAM-1) and other ICAM molecules on endothelial cells. P- and E-selectin adherence also contributes to the process of firm adhesion. There are four β2 integrins (lymphocyte function antigen-1 [LFA-1], Mac-1, p150,95, and αdβ2), each of which are heterodimers that differ only in their subunit CD11 a, b, c, and d for LFA-1, Mac-1, p150,95, and αdβ2, respectively. CD18 (the β-subunit) is identical in all four β2 integrins. Three β2 integrins (LFA-1, Mac-1, and p150,95) are involved with leukocyte adherence; however, the β2 integrin αdβ2, which was first identified in dogs and subsequently in humans, is apparently not meaningfully involved with the adherence of neutrophils or other leukocytes to endothelium. Once stable adherence is achieved, neutrophils move to endothelial cell junctions for transendothelial cell migration.


• Transendothelial cell migration. In postcapillary venules, neutrophil movement decreases from 10 µm/sec to a complete stop after margination. Firmly adhered leukocytes emigrate (transmigrate) across the endothelial layer by passing between endothelial cells. A number of leukocyte adhesion molecules are involved in this process (Table 3-1). Adhesion molecule activity and expression differ slightly for different tissues and cell types. In noninflamed skin, for example, there is a higher level of E- and P-selectin expression on endothelial cells, which facilitates rolling of leukocytes. In inflamed liver, CD44 of neutrophils binds serum-derived hyaluronan-associated protein (SHAP) that is bound to hyaluronic acid present on the luminal surface of endothelial cells. Nonactivated lymphocytes and monocytes utilize L-selectin to mediate adherence to high endothelial venules (HEVs) in lymph nodes. These cells also utilize α4β1 (very-late antigen-4 [VLA-4]) to mediate stable adherence to the endothelial ligand, vascular cell-adhesion molecule-1 (VCAM-1). Neutrophils and other leukocytes transmigrate between endothelial cells at the intercellular junctions. Platelet-endothelial cell adhesion molecule-1 (PECAM-1), a molecule that is present on endothelial cell membranes, and junctional adhesion molecules (JAM) A, B, and C mediate adherence activities and the adherence process. Contributions to this process also include β2 integrin binding of ICAM-1 and E-selectin binding. Pseudopodia of neutrophils and other leukocytes extend between endothelial cells and come into contact with and bind to the basement membrane (composed of laminin and collagens) and subjacent extracellular matrix (ECM) proteins (proteoglycans, fibronectin, and vitronectin). This binding interaction is mediated, at least in part, by the β1 integrins. Neutrophils that pass across the vascular wall accumulate in the perivascular connective tissue stroma within the inflammatory exudate. Once within the perivascular stroma, neutrophils migrate along a pathway established by the chemotactic gradients and inflammatory mediators.




TABLE 3-1


Endothelial Cell/Neutrophil Adhesion Molecules






	Endothelial Molecule

	Leukocyte Receptor

	Major Role






	P-selectin

	Sialyl-Lewis X
PSGL-1

	Rolling (neutrophils, monocytes, lymphocytes)






	E-selectin

	Sialyl-Lewis X
ESL-1, PSGL-1

	Rolling, adhesion to activated endothelium (neutrophils, monocytes, T-lymphocytes)






	ICAM-1

	CD11/CD18 (integrins)
(LFA-1, Mac-1)

	Adhesion, arrest, transmigration (all leukocytes)






	PECAM-1

	PECAM-1

	Transendothelial cell migration






	JAM A

	JAM A, LFA-1

	Transendothelial cell migration






	JAM C

	JAM B, Mac-1

	Transendothelial cell migration







ESL-1, E-selectin ligand-1; ICAM-1, intercellular adhesion molecule-1; JAM, junctional adhesion molecule; LFA-1, lymphocyte function antigen-1; Mac-1, macrophage antigen-1; PECAM-1, platelet endothelial cell adhesion molecule-1; PSGL-1, P-selectin glycoprotein ligand-1; VCAM-1, vascular cell adhesion molecule-1; VLA, very late antigen.


From Cotran RS, Kumar V, Collins T, et al: Robbins pathologic basis of disease, ed 7, Philadelphia, 2005, Saunders.








This process is actually initiated during the fluidic phase of the acute inflammatory response and is driven by chemokines, cytokines, and chemoattractant substances such as complement. Temporally, margination, rolling, activation and firm adhesion, and transmigration all occur concurrently, involving different leukocytes in the same capillaries and postcapillary venules. This process is largely mediated by the interaction of ligands expressed on the surface of neutrophils, lymphocytes, and macrophages and their receptors expressed on luminal surfaces of activated endothelial cells (see Table 3-1). Adhesion molecules are divided into (1) selectins (E-, L-, and P-selectin), (2) integrins (VLA family of β1 integrins; β2 integrins [Mac-1, LFA-1, p150,95, αdβ2]), (3) cytoadhesin family (vitronectin, β3 integrins, and β7 integrins used predominately by lymphocytes), (4) the immunoglobulin superfamily (ICAM-1 to ICAM-3, VCAM-1, PECAM-1) and mucosal addressin adhesion molecule-1 (MAdCAM-1), and (5) other molecules such as CD44 (Web Table 3-2).






WEB TABLE 3-2


Summary of Various Leukocyte Adhesion Molecules




This table is not comprehensive for cellular expression and binding activity.


DC, Dendritic cells; EC, endothelial cells; ECM, extracellular matrix; ESL-1, E-selectin ligand; GlyCAM-1, glycoprotein cell adhesion molecule-1; HEV, high endothelial venules; L, leukocytes; lympho, lymphocytes; M, monocytes; Mac, macrophages; MAdCAM-1, mucosal addressin cell adhesion molecule-1; PMN, polymorphonuclear cells (neutrophils); PSGL-1, P-selectin glycoprotein ligand-1; SC, Schwann cells; sLex, Sialyl-Lewis X. See text for definition of adhesion molecule abbreviations.












WEB TABLE 3-3


Leukocyte Defects Identified in Animals and Humans




NADPH, Nicotinamide adenine dinucleotide phosphate.


From Cotran RS, Kumar V, Collins T, et al: Robbins pathologic basis of disease, ed 7, Philadelphia, 2005, Saunders.
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Web Fig. 3-1 Bovine leukocyte adhesion deficiency (BLAD), gross and microscopic characteristics.
A, The oral cavity has irregularly arranged molar teeth (arrow), oral ulcers (arrowhead), and grass material within the oral cavity secondary to impaired mastication. B, The serosa of the small intestine is thickened (arrow), and there are fibrous tags between serosal surfaces (arrowheads). C, Microscopically the mucosa underlying the areas of thickened serosa is ulcerated and covered by cell debris. Vascular lumina contain elevated numbers of neutrophils, which do not adhere to the vascular endothelium (arrows) despite the ulcerated and “inflamed” mucosa. Lymphocytes, macrophages, and plasma cells are present in perivascular areas of Peyer’s patches, but the surrounding lymphoid tissue virtually lacks neutrophils. The lack of neutrophil adherence to the vascular endothelium and of infiltration into the perivascular areas is caused by the lack of expression of β2 integrins in BLAD. The lumen of the intestine is to the right. H&E stain. (Courtesy Dr. M.R. Ackermann, College of Veterinary Medicine, Iowa State University.)
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Web Fig. 3-2 Reduced neutrophil infiltration in lung of a calf with bovine leukocyte adhesion deficiency (BLAD).
Both lungs were inoculated with Mannheimia haemolytica and in the animal with normal CD18 expression, neutrophils pass across the vascular wall into the extravascular space and the nearby airway lumen. In contrast, neutrophils in the calf with BLAD are confined to the vascular lumen and do not pass across the vascular wall. Thus the lack of CD18 expression impaired neutrophil stable adherence and migration across the vascular wall, despite the bacterial stimulus. (Courtesy Dr. M.R. Ackermann, College of Veterinary Medicine, Iowa State University.)
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Web Fig. 3-3 Bovine leukocyte adhesion deficiency (BLAD), intravascular neutrophils partially adhered (rolling) on endothelial cells, capillary, alveolar septum, lung.
The septum is thickened because of two neutrophils (A) within the septal wall and a neutrophil (B) within the lumen of a vascular capillary (adherence). Transmission electron microscopy (TEM). Uranyl acetate and lead citrate stain. (Courtesy Dr. M.R. Ackermann, College of Veterinary Medicine, Iowa State University.)













Leukocyte Adhesion Deficiencies



The three types (I, II, and III) of leukocyte adhesion deficiencies (LADs) are the result of one or more defects in the sequence of steps leading to migration of leukocytes into the site of inflammation. These deficiencies are rare in humans, cattle, and dogs (Web Table 3-3), although debilitation often occurs in humans and animals with severe forms of LADs. These clinical conditions underscore the importance of leukocytes in host defense and the vital role that these adhesion molecules serve in the transmigration process. Cattle, dogs (Irish setters), and humans with LAD type I lack functional expression of the β2 integrins. Affected individuals often have high numbers of neutrophils, exceeding 125,000/µL in the blood; however, in cattle, these neutrophils have impaired passage across vascular walls (Web Fig. 3-1) and numerous other functional abnormalities related to inadequate membrane adherence activity. As a result, lesion sites lack significant neutrophils. Cattle with bovine LAD (BLAD) develop severe oral ulcers, gingivitis, tooth loss, enteric ulcers, cutaneous ulcers, abscesses that lack pus formation, and pneumonia (see Web Fig. 3-1). Most affected cattle die within few days or weeks after birth as the result of diarrhea and/or pneumonia. The hallmark lesion histologically is a sparse infiltration of neutrophils into ulcerated mucosal surfaces or pulmonary alveoli, despite high numbers of neutrophils within lumen of submucosal and pulmonary septal blood vessels (Web Figs. 3-2 and 3-3). There are no effective treatments for calves and Irish setters with LAD, although cattle with BLAD can survive into adulthood with intensive medical care.




The deficiency in β2-integrin expression in Holstein calves is due to a single-point mutation (adenine → guanine) at position 128 resulting in a single amino acid change (aspartic acid → glycine) in the β-subunit (CD18) of the β2 integrins. This defect occurs in a highly conserved extracellular region (amino acids 96 through 389) of the protein. A second, silent mutation has also been detected in cattle with BLAD and does not alter the amino acid sequence. In Irish setters with canine LAD (CLAD), there is a single missense mutation resulting in a G to C transversion at nucleotide 107 of the cDNA sequence, resulting in a serine that replaces a highly conserved cysteine. In 1992, a second form of LAD was discovered in humans and called LAD type II (see Table 3-3). In LAD type II, patients lack fucosylated sialyl Lewis X used for selectin-mediated adherence caused by a mutation in a fucose transporter gene. Their CD18 binding remains intact; however, these patients suffer from the same types of lesions and infections, as do patients with CD18 deficiency. Therefore these observations demonstrate the importance of CD18-independent adherence. More recently, a third type of LAD (LAD type III) has been identified. LAD type III is caused by a defect in kindlin-3, which is a cytoplasmic protein essential for integrin activity in the cytosol. LAD type III patients have defects in leukocyte function and platelet aggregation. Both LAD types II and III have not been identified in animals.










Therapeutic Strategies to Modulate Leukocyte Infiltration



Inhibition of leukocyte infiltration may be useful treating diseases such as stroke, myocardial infarction, asthma, and autoimmune diseases in humans and laminitis, reperfusion injury of intestine after colic, gastric dilation/volvulus, mastitis, enteritis, allergic lung disease, pneumonia, and autoimmune diseases in domestic animals. In animal models, antibodies and small molecule antagonists have diminished the severity of rheumatoid arthritis, type 1 diabetes, asthma, and other conditions. In humans, antibody (efalizumab) to αLβ2 integrin (LFA-1) is effective against psoriasis, whereas antibody (natalizumab) to α4β1 integrin reduces the severity of multiple sclerosis and Crohn’s disease. However, complete inhibition of integrin activity can have side effects. Additional strategies to modulate integrin function therapeutically include inhibition of integrin-associated proteins, such as paxillin, to regulate α4β1 integrin, talin effects on β2 integrins, and inhibition of membrane protein CD98 to regulate β1 and β3 integrins.












Additional Regulation of Inflammation


There are many regulatory mechanisms that closely control the onset, intensity, duration, and resolution of inflammation. In addition to those discussed, additional factors influence the type of inflammatory response by specific individuals. These include mechanisms that affect the expression level and activity of individual inflammatory genes and gene products. First, single nucleotide polymorphisms (SNPs) within the pyrin domain of the inflammasome receptor allow enhanced IL-1β production in patients with familial Mediterranean fever. SNPs in TLR are associated with altered responses to ligands and thus altered inflammatory responses. Similarly, SNP alterations in expression or regulation cytokines, chemokines, and their receptors can change the type and magnitude of inflammatory reactions. Second, premature truncation codons (PTC) are genes with stop codons within a critical location resulting in truncation of the mRNA and protein product. Thus the protein product, whether a cytokine or other inflammatory molecule, has an altered function or may even lack function. Third, gene copy number (the number of copies of a gene in a chromosome) directly affects the amount of protein produced. Some antimicrobial peptides have low gene copy numbers, therefore there is a very limited amount of peptide produced even in the presence of inflammatory stimuli. Fourth, there are latent forms of some molecules such as transforming growth factor-β (TGF-β). The latent forms are present within the tissue stroma and become functional on activation by matrix metalloproteinases. Fifth, there are isoforms of some genes that inhibit activity. VEGF-A, for example, has an isoform that when bound to the VEGF receptor-2 (VEGFR-2) reduces rather than enhances signaling. Sixth, there are soluble receptors such as soluble ICAM-1, which bind ligands but do not transmit signals because the receptor is detached from a cell.









Effector Cells of the Acute Inflammatory Response





Vascular Endothelial Cells


Central to the integrity of the vasculature and any type of acute inflammation is the endothelial cell. Once considered a cell that, in the most simplistic view, forms separation between the blood and the surrounding tissue, endothelial cells are now known to have an extremely sophisticated role in regulating (1) hemostasis/coagulation, (2) vascular pressure, (3) angiogenesis during wound healing, (4) carcinogenesis, (5) leukocyte homing, and (6) inflammation. Under physiologic conditions, transcytosis (transcellular passage) of albumin, LDLs, metalloproteinases, and insulin occur via small vesicles and caveolae in the cytoplasm of the endothelial cell. Paracellular passage (between cell junctions) of water and ions occurs with endothelial cell contraction secondary to physiologic stimuli and/or inflammatory mediators. Secondary to inflammatory mediators, endothelial cells are activated and contract, allowing fluid to lead into the extravascular tissue. Vascular tone is held in check in part by endothelin, a vasoconstrictive molecule and angiotensin II, both of which are produced by endothelial cells, along with vasodilatory substances such as NO and prostacyclin (PGI2). Activated endothelial cells release these chemical mediators and express adhesion molecules and receptors, including E-selectin, P-selectin, L-selectin ligand, PECAM-1, JAM A, JAM B, and JAM C, and the immunoglobulin superfamily such as ICAM-1. These adhesion molecules serve as ligands for leukocyte adherence. With the onset of inflammation, endothelial cells tend to increase procoagulative properties through release of tissue factor and other procoagulative substances.









Mast Cells and Basophils


The origin and relationship between mast cells and basophils has been a traditional point of debate and confusion. Current research clearly indicates that mast cells and basophils represent distinct cell types even though they share several morphologic and functional characteristics. Mast cells and basophils, along with other granulocytes and monocytes, originate and differentiate in bone marrow from a common CD34+ precursor cell. Differentiation of CD34+ precursor cells into mast cells or basophils depends on stem cell factor, a glycoprotein that acts with other cytokines and is produced in the bone marrow by fibroblasts and vascular endothelial cells. There is no evidence to suggest that basophils differentiate into tissue mast cells.


Mammalian mast cells are normally distributed throughout connective tissue adjacent to small blood and lymphatic vessels of skin and mucous membranes. In this location, they respond rapidly to foreign proteins, microbes, and other substances and contribute significantly to the initiation of acute inflammation. This location also allows mast cells to interact with resident dendritic cells and release inflammatory mediators that activate endothelial cells. Experimental studies suggest that cutaneous mast cells in tissue have a lifespan of 4 to 12 weeks, depending on their location. Mast cells represent an extremely heterogeneous population of cells. In the 1960s, Enerback identified two separate types of mast cells: mucosal and connective tissue. The mucosal mast cells are typically located in the respiratory and intestinal mucosa and can increase in numbers during some types of T helper 2 (TH2) lymphocyte–dependent immune responses. In contrast, the connective tissue mast cells show little or no T lymphocyte dependence. Mast cells express high affinity receptors for immunoglobulin E (IgE; Fc ε-RI) on their surface, and the release of mast cell granules is stimulated by the cross-linking of IgE receptors by antigens such as pollens, allergens, and parasites. Substance P released from sensory (C-reactive) nerve fibers and macrophages also causes degranulation of mast cells. Degranulation results in the release of preformed TNF-α histamine, neutral proteases, proteoglycans (chondroitin sulfates and heparin), serotonin (in rodent species but not humans), tryptase, chymase, and stem cell factor into tissue. Histamine and substance P activity appears interrelated because histamine released by mast cells can downregulate the release of substance P by nerve fibers, thereby reducing excessive amounts of the two proinflammatory molecules. The mast cell–substance P fiber interrelationship is an often-cited example of the neuroinflammatory-neuroimmune pathway.


Mast cells also synthesize leukotriene (LT) C4 (LTC4), PAF, prostaglandin (PG) D2 (PGD2), numerous cytokines, serotonin (in some species), heparin, and C-C chemokines (macrophage inflammatory protein [MIP]-1-α and macrophage chemotactic protein [MCP]-1). The release of these mediators contributes significantly to the initiation of the acute inflammatory response. In addition, at physiologic concentrations these products likely counteract the effects of dense populations of mast cells in tissue and thus assist in regulating vascular permeability. Mast cells also release proteolytic enzymes, such as tryptase and chymase, which are involved with remodeling of the ECM. Tryptase is mitogenic to epithelial cells and likely contributes to proliferation of epithelial cells during wound repair.


Basophils are similar to neutrophils and eosinophils in that they mature in the bone marrow, circulate in the peripheral blood, are recruited into the tissue, and have a lifespan of several days in tissue. Basophils express high affinity IgE receptors, similar to mast cells, and release granules and inflammatory mediators. Basophils appear to lack heparin, have a more limited cytokine repertoire than mast cells, and release mainly IL-4 and IL-13. Basophils express CD40L and CCR3 (eotaxin receptor). The presence of these suggests that they have a role as a cell that can enter sites of inflammation, release regulatory cytokines where they upregulate VCAM-1 expression by endothelial cells, and switch B lymphocytes to produce IgE, further contributing to the IgE type of response. Basophils can be prominent in IgE-mediated leukocyte infiltration into the mucosa of the nose, sinuses, respiratory tract, and skin, and all of these sites are particularly predisposed to allergic conditions.


The role of mast cells and basophils in IgE-mediated hypersensitivity reactions has been known for decades. These cells are critical effector cells in disorders of IgE-dependent immediate type I hypersensitivities (see Chapter 5). The release of their granules and mediators at inflammatory concentrations in the lung, for example, results in mucus secretion, accumulation of seroproteinaceous fluid in airways, bronchoconstriction, and vasodilation. The excessive release of tryptase and chymase by mast cells may enhance degradation of the ECM, which contributes to fibrosis and tissue remodeling. Chemokines and cytokines from mast cells and basophils contribute to innate immune defenses through chemotaxis and release of antimicrobial peptides. The mediators also enhance adhesion molecule expression on endothelial cells of nearby blood vessels and leukocytes that enter the area.









Neutrophils


Neutrophils are often the first type of leukocyte recruited into the inflammatory exudate. Their purpose is to (1) kill microbes, such as bacteria, fungi, protozoa, and viruses; (2) kill tumor cells; or (3) eliminate foreign materials. The biologic activities of neutrophils are primarily designed to kill microbes through lysosomal degradation, but if killing does not occur, neutrophils can limit the growth of microbes, allowing time for adaptive immunologic responses to develop.


Neutrophils perform two important functions to accomplish their effects: (1) phagocytosis of microbes or foreign material and then fusion of the phagosome with primary lysosomes to form a phagolysosome in which the microbes or foreign material are killed or degraded, respectively (Web Fig. 3-4), and (2) secretion and/or release of the contents of their granules into the inflammatory exudate to enhance the acute inflammatory response. They also infiltrate areas of acute tissue necrosis, such as those that occur in infarcts and necrotic areas of tumors.
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Web Fig. 3-4 Phases of phagocytosis with and without opsonization.
A, Opsonized microbes (1) bind to the surface of a phagocyte and (2) are ingested into a phagocytic vacuole or phagosome (3). Lysosomes fuse with the phagosome (4), releasing their digestive enzymes into the vacuole. This process results in the formation of a phagolysosome (5), within which the microbe is killed and digested. B, Enlargement showing microbe opsonization. IgG, Immunoglobulin G; C3b, complement component. C, Microbial pathogens express pathogen-associated molecular patterns (PAMPs), which bind receptors on neutrophil membranes that can trigger the steps of phagocytosis: attachment, pseudopodia formation, granule fusion and killing, and release of microbial products. (A and B from McCance K, Huether S: Understanding pathophysiology, St Louis, 1996, Mosby. C from Goering R, Dockrell H, Roitt I, et al: Mims’ medical microbiology, ed 4, St Louis, 2008, Mosby.)








Neutrophils are produced in the bone marrow, circulate in the bloodstream, and if not recruited into tissue by an acute inflammatory response, can enter tissue where they eventually are destroyed by macrophages via apoptosis and phagocytosis or are lost from the body by migration across mucosae such as the alimentary and respiratory tracts. The average transit time in the blood is 10 hours, and the half-life in the blood varies between species but ranges from 5 to 10 hours; neutrophils within tissue survive from 1 to 4 days. Cytokines, such as IL-1 and TNF, and growth factors, such as granulocyte-macrophage colony-stimulating factor (GM-CSF), granulocyte colony-stimulating factor (G-CSF), and IL-3 can increase release of neutrophils from the bone marrow and induce granulopoiesis in 2 to 4 days. GM-CSF and G-CSF are also present in tissue during acute inflammatory response and prevent apoptosis of tissue neutrophils. Within areas of intense inflammation, neutrophils and other leukocytes must function under hypoxic conditions and do so through the stabilization of hypoxia-inducible factor-1α (HIF-1α). HIF-1α induces transcription of genes that promote phagocytosis, inhibition of apoptosis, release of antimicrobial peptides, granule proteases, VEGF, cytokine release, and inducible NO synthetase (iNOS). Growth factor withdrawal, which occurs during resolution of acute inflammation, induces apoptosis, and this outcome can be accelerated by TNF. During apoptosis, neutrophils lose the capacity to degranulate and become activated, which prevents release of their lysosomal enzymes and thus excessive tissue damage and allows for their phagocytosis by macrophages.


Neutrophils entering tissue become activated, which enhances migration, phagocytosis, and microbial killing, through stimulation by inflammatory mediators and by adherence to ligands by surface adhesion molecules. Inflammatory mediators bind receptors on neutrophils, such as receptors for PAF, C5a, IL-8 and substance P (the neurokinin-1 receptor), leukotrienes, kallikrein, GM-CSF, and cytokines such as TNF. Many of these mediators induce chemotaxis; when leukocyte adhesion molecules, such as the selectins and integrins, bind to their respective ligands, they induce mitogen-activated protein kinase (MAPK) and G proteins, resulting in migration of neutrophils, usually toward a chemotactic gradient and activation.


Neutrophils can internalize large particles up to 0.5 µm in diameter by phagocytosis, including microbes, foreign bodies, senescent cells, and debris. Although neutrophils can internalize nonopsonized particles, opsonization greatly facilitates phagocytosis. The principal opsonin receptors present on neutrophil membranes are complement (CR1 and CR3) and Fc receptors (Fc γ-receptor I, IIA, IIIB), which bind complement fragments (C3b and C3bi) and the Fc portion of immunoglobulins such as IgG1 and IgG3. Such binding initiates activity of the guanosine triphosphatase (GTPase) Rac1 and the β2 integrin Mac-1 (CD11b/CD18), which also binds complement fragment C3bi and initiates GTPase-ρ. Such binding-inducing proteins and lipid kinases (e.g., protein kinase C and phosphatidylinositol 3-kinase) mediate actin assembly for formation of filopodia or lamellipodia, which surround and then internalize particles via phagocytosis by activated neutrophils. The activation process also leads to the release of calcium stored in the endoplasmic reticulum, which induces a respiratory (oxidative) burst (Table 3-2). Oxidative burst is the process by which nicotinamide adenine dinucleotide phosphate (NADPH) oxidase composed of five phox protein subunits in the membrane of phagosomes is formed. It catalyzes the formation of superoxide free radical that is used to kill microbes or degrade internalized material. Superoxide can react to form hydrogen peroxide, and additional free radicals such as hydroxyl radical, and hypochlorous acid. Neutrophils also express iNOS, which generates NO, and myeloperoxidase, which also produces hypochlorous acid. Superoxide anion and NO can form peroxynitrite, which is highly reactive.




TABLE 3-2


Antimicrobial Mechanisms in Phagocytic Vacuoles
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Microbicidal species in bold letters. Fe/RSH, a complex of iron with a general sulfhydryl molecule; Fe(RS)2, oxidized Fe/RSH; O2−, superoxide anion; 1O2, singlet (activated) oxygen; ·OH, hydroxyl free radical; NADPH, reduced nicotinamide adenine dinucleotide phosphate; NADP+, oxidized NADPH; H2O2, hydrogen peroxide; OCl−, hypochlorite anion; NO; nitric oxide; ·ONOO−, peroxynitrite radical.


From Goering R, Dockrell H, Roitt I, et al: Mims’ medical microbiology, ed 4, St Louis, 2008, Mosby.





Once a particle is internalized, phagosomes can “mature” by fusing with lysosomes and endosomes or remove parts of internalized particles. The fusion process is likely mediated by calmodulin, a calcium-binding protein, and soluble N-ethylmaleimide-sensitive factor (NSF) attachment protein receptors (SNARE; a fusion protein) that bind ligands on another vesicle to bring the membranes together for fusion. The maturation process results in lowering of the pH within the phagosome and the activation of microbicidal enzymes, including NADPH oxidase and myeloperoxidase complexes. Smaller particles are internalized by receptor-mediator endocytosis.


The ability of neutrophils to kill microbes or to degrade foreign material depends largely on the contents of the neutrophil granules, which store degradative enzymes, peroxidative enzymes, adhesion molecules, and antimicrobial peptides and/or proteins (Web Box 3-1). Myeloperoxidase is an enzyme used to convert hydrogen peroxide to hypochlorous acid. Hypochlorous acid, hydrogen peroxide, and a halide cofactor (chloride) form the myeloperoxidase system, which is an effective microbicidal mechanism used by neutrophils to kill internalized microbes and degrade internalized substances. Defensins, cathelicidins, and antimicrobial proteins contribute to the degradation of microbes by forming pores in microbial membranes. They also affect chemotaxis and activation of the adaptive immune response. Lactoferrin inhibits the growth of phagocytosed bacteria by sequestering free iron, and elastase hydrolyzes bacterial cell wall proteins and tissue elastin. The enzymatic contents of granules, such as gelatinase (matrix metalloproteinase-9 [MMP-9]) and myeloperoxidase, and nonenzymatic substances, such as antimicrobial peptides and lactoferrin, are also commonly released by the cell into the extracellular space and contribute to killing of extracellular microbial pathogens and with degradation of the ECM. The effects of extracellular neutrophil proteases, if not inactivated, can cause serious injury to tissue; therefore protease inhibitors are present in plasma and are present in inflammatory lesions after vascular leakage.







WEB BOX 3-1


Enzymes and Molecules Present in Neutrophil Granules





 Specific Granules


Lactoferrin


Lysozyme


Alkaline phosphates


Type IV collagenase


Leukocyte adhesion molecules


Plasminogen activation


Phospholipase A2








 Azurophil Granules


Myeloperoxidase


Lysozyme–bactericidal factors


Cationic proteins


Acid hydrolases


Elastase


Nonspecific collagenase


BPI


Defensins


Cathepsin G


Phospholipase A2


BPI, Bactericidal/permeability-increasing protein.





From Cotran RS, Kumar V, Collins T, et al: Robbins pathologic basis of disease, ed 6, Philadelphia, 2000, Saunders.








Neutrophil granule formation begins during myeloid cell differentiation in the bone marrow (see Web Box 3-1). Granules are observed initially in myeloblasts and promyelocytes when immature transport vesicles bud from Golgi and fuse to form primary granules. Primary granules are also called azurophilic granules because of their affinity for the dye azure A. These granules contain myeloperoxidase, elastase, defensins, and small amounts of lysozyme. Myelocytes and metamyelocytes form secondary (specific) granules that contain defensins, lactoferrin, lysozyme, and lesser amounts of myeloperoxidase, CD11b/CD18, and elastase. Band cells, the penultimate stage of neutrophil development, form tertiary (gelatinase) granules that contain lysozyme, gelatinase (MMP-9), cysteine-rich secretory protein-3 (CRISP-3), and adhesion molecules CD11b/CD18 (Mac-1) but have smaller amounts of myeloperoxidase, lactoferrin, proteinase 3, elastase, and defensins. Band and mature neutrophils also have secretory vesicles that contain plasma proteins, alkaline phosphatase, and numerous CD antigens, including CD11b/CD18 adhesion molecules. The secretory vesicles are mobilized quickly after neutrophil activation resulting in rapid expression of adhesion molecules, which mediate leukocyte infiltration.


Neutrophil granules have evolved phylogenetically and are specially adapted for each species. In most mammals, enzymes released into an exudate from neutrophil granules cause liquefaction of the exudate and the process results in the formation of pus. Reptiles and birds either lack or have reduced concentrations of these enzymes, particularly myeloperoxidase, and cannot liquefy the exudate. Thus a caseous material forms to be degraded by the next available line of inflammatory cells, macrophages. Granules in chicken heterophils (the avian, rabbit, and guinea pig neutrophil equivalent is termed heterophils) have little myeloperoxidase, but concentrations are also reduced in neutrophils of cattle and pigs. Cattle and sheep neutrophils have limited lysozyme levels. α-Defensins are present in rabbits, guinea pigs, hamsters, rats, and cattle neutrophils but have not been identified in those of dogs, cats, mice, pigs, and horses. The effect of these granule differences in various animal species on host defense and neutrophil function is not fully understood.


On cell death, neutrophils can release neutrophil extracellular traps (NETs) composed of a DNA backbone embedded with antimicrobial peptides and proteins and peptides that include histones, primary granule contents, lactoferrin, gelatinase, cathelicidins, and α-defensins. NETs entrap bacteria and can be microbicidal. Actin is also released from dead neutrophils, and in the lung, it can increase the viscosity of respiratory mucus. This outcome may occlude airways in dehydrated animals.









Eosinophils


Eosinophils are recruited from the bloodstream into vascularized connective tissue of most organs in response to eosinophil chemoattractants present in allergic and parasitic diseases. Eosinophils frequently enter lesions during the transition from acute to chronic inflammation. Eosinophils have prominent granules that release basic proteins and when activated produce cytokines, chemokines, proteases, and oxidative radicals. This array of mediators is often released in response to helminthic infections, and eosinophilic infiltration has been more recently implicated in resistance to the development of some cancers. On the other hand, eosinophil products contribute to tissue damage in several organs, including the lungs (asthma), heart, skin, and gastrointestinal tract.


Eosinophils were first recognized as blood cells (leukocytes) having numerous cytoplasmic granules with affinity for acidic dyes such as eosin. Therefore the name eosinophil (“eosin-loving”) was proposed by Ehrlich in the late 1800s for these unique cells. By 1939, eosinophils were postulated to have a role in the immune response to helminths, and by the 1970s, eosinophils were well known to increase in the blood (eosinophilia) in parasitic and allergic diseases. Eosinophils are slightly larger than neutrophils. The nucleus is lobulated (bilobed) and composed primarily of heterochromatin (condensed). Eosinophil granules are known for their large size, especially in horses, and are rich in arginine with reddish brown tinctorial properties.


Eosinophils have several types of granules listed in Web Table 3-4, including large specific granules, small granules, primary granules, and secondary granules. Large specific granules contain four distinct basic proteins: (1) major basic protein, (2) eosinophil cationic protein, (3) eosinophil-derived neurotoxin, and (4) eosinophil peroxidase. These proteins exert biologic effects on microbes and on the tissue in which the microbes replicate by damaging lipid membranes. In addition, histaminase and a variety of hydrolytic lysosomal enzymes, such as collagenase and gelatinase, are also present in the large specific granules. Small granules contain enzymes such as arylsulphatases, acid phosphatases, MMPs, and gelatinases. Eosinophils also elaborate cytokines such as IL-1 to IL-6, IL-8, IL-10, IL-12, IL-16, GM-CSF, TGF-α and TGF-β, and chemokines. The content of eosinophil granules are released in response to inflammatory stimuli in a manner similar to those used to activate neutrophils. However, products of eosinophil granules can result in extensive tissue degradation, including the degradation of collagen, which is commonly seen in eosinophilic granulomas of cats, horses, and dogs. Nearly all mast cell tumors in dogs and some mast cell tumors in cats contain eosinophils.






WEB TABLE 3-4


Morphologic Features and Function of Eosinophilic Granules










Major chemoattractants for eosinophils include histamine and eosinophilic chemotactic factor A (from mast cells), C5a, cytokines (IL-4, IL-5, and IL-13), and chemokines (CCL-5, known as regulated on activation, normal T lymphocytes expressed and secreted [RANTES], and CCL-11 [known as eotaxin]) released from epithelial cells, eosinophils, mast cells, and helminths. 5-Oxo-6, 8, 11, 14-eicosatetraenoic acid (5-oxo-ETE) is a strong activator of human eosinophils with a chemotactic potency comparable with those of eotaxin and RANTES, both of which enhance 5-oxo-ETE–induced chemotaxis. 5-Oxo-ETE and these chemokines contribute to the accumulation of eosinophils in the respiratory system in diseases such as asthma.









Natural Killer Cells and Natural Killer T lymphocytes


Natural killer (NK) cells are sentinels of the immune system named for lysis of tumor cells and virus-infected cells without previous encounter. These cells enter regions of acute inflammation hours and even days after initiation of the lesion. NK cells kill target cells through release of perforin from cytoplasmic granules. NK cells express CD161, a C-type lectin, but do not express CD3, the T lymphocyte antigen. Roughly 95% of NK cells expression CD56 and produce interferon-γ (IFN-γ); these are type I NK cells. Type II NK cells lack CD56 expression and produce IL-4, IL-5, and IL-13, thus supporting a TH2 response.


IL-21 regulates differentiation and apoptotic death induced by NK cells. Inactive NK cells can be stimulated by Flt-3 ligand, a hematopoietic cytokine that stimulates proliferation of dendritic cells and antitumor immune responses, and also by IL-4, IL-12, IL-15, and IL-21. Once activated, IL-21 induces NK cell differentiation and upregulation of CD16, the low affinity IgG receptor necessary for antibody-dependent cellular cytotoxicity (ADCC), and also NK release of IFN-γ required for macrophage and dendritic cell activation. Finally, IL-21 initiates a delayed apoptotic program for death of the differentiated NK cell and prevents recruitment of uninvolved NK cells. NK-T lymphocytes are T lymphocytes (express CD3 antigen) that have T and NK cell properties. NK-T lymphocytes recognize CD1d molecule, which is an antigen-presenting molecule that binds self and foreign lipids and glycolipids, and on activation of the NK-T lymphocyte, induce release of IFN-γ, IL-4, and GM-CSF. Because of this close discretion of self and nonself, NK-T lymphocytes can have important roles in the development of autoimmune disease.









Monocytes and Macrophages


Macrophages arise from bone marrow–derived monocytes, which circulate hematogenously with some monocytes localizing in tissues physiologically. They enter acute inflammatory lesions roughly 12 to 48 hours after the initiation of a lesion, depending on the inciting agent/substance. Differentiation of monocyte stem cells into blood monocytes proceeds rapidly in the bone marrow (i.e., 1.5 to 3 days) and is regulated by growth and differentiating factors, cytokines, and adhesion molecules such as IL-3, CSFs, and TNF. Under physiologic conditions, monocytes in the blood localize throughout the body and differentiate into tissue macrophages. Recently, nonclassical monocytes have been identified; they migrate slowly along the luminal side of endothelium and monitor healthy tissue. When these monocytes sense damage or infection, they migrate rapidly into the tissue.


There are two types of tissue macrophages: macrophages that reside within specific organs/tissue (free macrophages and fixed macrophages) and macrophages derived from monocytes in response to inflammatory stimuli. Macrophages residing in organs/connective tissue first enter these sites as blood monocytes under physiologic (rather than inflammatory) conditions. These macrophages form the monocyte-macrophage system and include macrophages in connective tissue (histiocytes [free macrophages]), liver (Kupffer cells [fixed macrophages]), lung (alveolar macrophages [free macrophages], and intravascular macrophages [fixed macrophages]), lymph nodes (free and fixed macrophages), spleen (free and fixed macrophages), bone marrow (fixed macrophages), serous fluids (pleural and peritoneal macrophages [free macrophages]), brain (microglial cells), and skin (histiocytes [fixed macrophages]). The number of macrophages in tissue is maintained by (1) influx of monocytes from the blood, (2) proliferation of recruited monocytes locally in tissue, and (3) biologic turnover of macrophages via apoptotic cell death (lifespan in tissue of less than 3 weeks).


During inflammatory responses, monocytes express receptors (IgG Fc-domains, C3b) for chemical mediators of inflammation that exert migratory, chemotactic, pinocytic, and phagocytic activities in response to inflammatory stimuli. Once within inflammatory lesions, monocyte receptors are bound by cytokines, antigens, and other stimuli, which rapidly activate the maturation of monocytes into macrophages. This process can occur virtually anywhere in the body and often sets the stage for the development of chronic inflammation. In chronic inflammatory lesions, macrophages are the cell of last resort and accumulate in sites of persistent antigen, persistent microbes, foreign material, or repeated injury. Functionally, macrophages are a component of the innate immune system in terms of their role in phagocytosis and cytokine release during the acute inflammatory response. However, macrophages are one of the main triggers of the adaptive immune response because of their ability to process and present antigen and regulate T lymphocyte activity.












Chemical Mediators of the Acute Inflammatory Response


Chemical mediators of the acute inflammatory response include molecules such as histamine, serotonin, bradykinin, and tachykinins (Web Fig. 3-5; Web Appendix 3-2). Many are produced as preformed or synthesized molecules in the liver and in neutrophils, basophils, macrophages/monocytes, platelets, mast cells, endothelial cells, smooth muscle cells, fibroblasts, and most epithelial cells. Preformed molecules, such as histamine, are transcribed, translated, processed, and stored, often in granules or vacuoles within inflammatory cells. They can be released immediately on cellular activation and are therefore active in seconds. Other molecules, such as most cytokines, adhesion molecules, and prostaglandins, are largely synthesized after an inflammatory cell becomes activated or injured. Endothelial cells, for example, often express low, basal levels of the adhesion molecule ICAM-1, but after the cells become activated (by cytokines such as IL-1), they rapidly transcribe the ICAM-1 gene to generate ICAM-1 messenger RNA (mRNA), which is translated into ICAM-1 protein, that is, processed, transported, and expressed on the cell surface. This is a quick process, resulting in ICAM-1 expression within hours; however, it is not nearly as rapid as the release of histamine, which occurs in seconds. Inflammatory mediators originating from plasma proteins, such as kinin, and the coagulation and complement system proteins are constantly secreted by the liver in precursor forms that must be activated via proteolytic cleavage in the circulatory system to their active forms; however, once the proteolytic cleavage is initiated, kinin and complement activity is immediate, similar to histamine.
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Web Fig. 3-5 Chemical mediators of inflammation.
EC, Endothelial cells. (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)








Inflammatory mediators, whether preformed, synthesized, or derived from plasma, generally bind to receptors on target cells and often activate target cells or cause the target cell to secrete additional inflammatory mediators. In the latter case, the mediators may amplify or suppress secretion by target cells of additional mediators. Once activated and released or secreted, most inflammatory mediators:




• Have short half-lives and decay rapidly


• Are destroyed enzymatically


• Are scavenged by protective mechanisms such as antioxidants


• Are blocked by endogenous inhibitors such as complement inhibitors and decoy receptors





This arrangement provides a check and balance system on the severity of the acute inflammatory response and also can be exploited in the development of drugs to inhibit excessive inflammatory responses. Inflammatory mediators, if excessively unregulated, have the potential to cause severe injury to tissue in and surrounding the acute inflammatory response.


In addition to histamine, other preformed inflammatory proteins include serotonin, bradykinin, and tachykinins (substance P and neurokinins). Mast cells and basophils are the principal sources of histamine and serotonin. Bradykinin is released by leukocytes and vascular endothelial cells, and substance P is released by mast cells, basophils, and C-reactive (sensory) nerve fibers. As indicated, the mediators are rapidly active (in seconds to minutes) and contribute to increased vascular permeability that lasts from minutes to hours.


Histamine rapidly enhances vascular permeability and is one of the earliest recognized mediators of inflammation. Experiments by Sir Thomas Lewis in 1927 and Dale and Laidlaw in 1911 indicated the potential role of histamine and other local mediators in acute inflammation. Histamine is derived from the amino acid histidine through the action of histidine decarboxylase. This enzyme catalyzes the decarboxylation of histidine to histamine and carbon dioxide. Histamine is stored in granules of mast cells, basophils, and platelets.


As a mediator of inflammation, major effects of histamine are (1) vasodilation (active hyperemia), (2) increased microvascular, (3) neural reflexes, vagal reflexes, bronchial constriction, (4) release of PGF2α, (5) pain and itching, (6) tachycardia, and (7) eosinophil chemotaxis (Web Table 3-5). The acute vascular effects of histamine are immediate (within minutes) and transient (last about 30 to 90 minutes). Whether histamine has a role in chronic inflammation is speculative, but it may act to modulate the inflammatory response and the reactivity of various leukocytes, including lymphocytes. There are four G protein–coupled receptors (GPCR) for histamine. Two of these, H1 and H4, are present on leukocytes, whereas H2 and H3 are present on gastric mucosa and nerve terminals, respectively.






WEB TABLE 3-5


Distribution and Function of Histamine Receptors






	Histamine Receptor Type

	Cellular Distribution

	Major Function






	H1


	Leukocytes, endothelial cells, smooth muscle cells

	Acute inflammatory/allergic reactions






	H2


	Gastric mucosa, endothelial cells, neurons

	Gastric acid secretion






	H3


	Histamine-containing nerve terminals

	Neurotransmitter modulation






	H4


	Mast cells, dendritic cells, eosinophils, monocytes, basophils, T lymphocytes

	Immunomodulator













The release of histamine from mast cells is in response to a variety of stimuli including IgE, C3a, C5a, heat, cold, substance P, adenosine triphosphate (ATP), and products from leukocytes, endothelial cells, and platelets. Free histamine reacts within minutes with H1 receptors on venular endothelium to cause contraction and gap formation (cytoskeletal reorganization [actinomycin filaments]), resulting in increased vascular permeability. Histamine H1-receptor activation may lead to the production of cytokines and antibodies by T lymphocytes and B lymphocytes, respectively. In addition, H1 receptors are also found on a variety of blood leukocytes, such as T lymphocytes, B lymphocytes, and monocytes.


There is substantial overlap of activities by these receptors on many types of cells. Many of the actions of histamine can be mimicked by H1- and H2-receptor agonists (a molecule or drug that binds to a receptor and triggers a response by the cell), whereas these actions can be blocked by H1 and H2 antagonists, molecules or drugs that block a receptor and prevent a response by the cell. This latter effect is the basis for therapies used in veterinary medicine today. Histamine receptors, for example, are involved in the pathogenesis of allergies, and H1-receptor antagonists (antihistamines) reduce symptoms associated with allergic rhinitis such as sneezing, pruritus, and rhinorrhea (runny nose). In allergic bronchiolitis of cats and horses, H1-receptor activation results in increased vascular permeability leading to serous inflammation in the bronchi and bronchioles. If this response can be blocked, the effects of allergens can be minimized in affected patients. Eosinophils produce histaminases that degrade histamine.


Serotonin (5-hydroxytryptamine) is an important preformed vasoactive amine with actions similar to those described previously for histamine. Serotonin is also an important neurotransmitter. Serotonin is found in mast cell granules of rodents and platelets of mammals. Serotonin and histamine are released from platelets after they are activated by the following:




• Aggregation and after contact with collagen in an exposed basement membrane from areas of endothelial necrosis and detached cells


• Thrombin from activation of the coagulation cascade


• Adenosine diphosphate (ADP) released from injured endothelial cells


• Immune complex activation of the complement cascade (C3a, C5a)





Kinins, such as the tachykinins and bradykinin, are chemical mediators of the acute inflammatory response and also act by modulating the responses of the clotting and complement cascades. Kinin system activation leads ultimately to the formation of bradykinin. Bradykinin, a prototype kinin and a vasoactive peptide, has proinflammatory (makes the disease worse) properties that result in the following:




• Increased vascular permeability


• Vasodilation (venules)


• Increased sensitivity to pain


• Smooth muscle contraction


• Increased arachidonic acid metabolism (stimulation of phospholipase A2)


• Hypotension


• Bronchoconstriction





Kinins are formed by two distinct pathways: the plasma kinin pathway and the tissue kinin pathway. The plasma kinin pathway is activated by contact of a protein complex formed by high molecular weight kininogen (HMWK), factor XI, and prekallikrein with negatively charged surfaces, such as exposed basement membrane. When factor XII (Hageman factor [HF]) binds to this surface and interacts with the bound protein complex, there is reciprocal activation/generation of activated HF (HFa) and kallikrein (contact activation system). Kallikrein then acts on HMWK to yield bradykinin, an oligopeptide containing nine amino acid residues.


The tissue kinin pathway is generated by the action of tissue kallikrein on a low molecular weight kininogen (LMWK) to produce lysyl bradykinin and finally bradykinin. Tissue kallikrein is chemically and antigenically distinct from plasma kallikrein, although it is capable of acting on either HMWK or LMWK to generate bradykinin. Bradykinin binds to two GPCRs, B1R in inflamed tissue and B2R in normal tissues. Control of the proinflammatory effects of kinins is through rapid inactivation of bradykinin and kallikrein. Bradykinin is broken down by aminopeptidase M, neutral endopeptidase, carboxypeptidase (kininase I) and angiotensin-converting enzyme (kininase II). Plasma kallikrein is inhibited by C1-INH esterase (serum α2-macroglobulin), a member of the serpin family of proteases. This family of proteases forms approximately 20% of the proteins in blood plasma and includes α1-antichymotrypsin, α1-antitrypsin, and antithrombin III. They act to block proteolytic activity in the clotting and complement systems and thus serve as a regulatory check on these systems.


Tachykinins are a family of vasoactive neuropeptides that includes substance P, neurokinin A and B, neuropeptide Y, and hemokinin-1. Substance P and NK A and B synthesized by sensory afferent nerve fibers of the lungs and alimentary system. These substances are involved in allergic reactions and asthma. Substance P can induce vasoconstriction, vasodilation, increased permeability changes leading to edema, leukocyte activation, and chemotaxis. Substance P also induces activation and degranulation of mast cells, basophils, and eosinophils and their release of histamine and other inflammatory mediators. The released histamine, in a feedback mechanism, binds the H3 receptors of nerve fibers and partially inhibits the production of substance P, thus regulating the level of activity. One of the main receptors for substance P, neurokinin-1 receptor (NK-1R), is expressed on a variety of cells including mast cells, epithelial cells, endothelial cells, and macrophages. NK-1R is regulated by substance P expression. Frequently, increased levels of substance P result in decreased NK-1R expression. Neurokinin 2 and 3 receptors have a lower affinity for substance P than NK-1R.


The release of substance P from afferent sensory nerve fibers in skin and mucous membranes can also be induced by capsaicinoids such as capsaicin and dihydrocapsaicin. Capsaicinoids are natural compounds present in chile peppers of the genus Capsicum, which cause the burning sensation in commercial pepper sprays (less-than-lethal, self-defense weapons). Capsaicin binds the vanilloid receptor-1 of afferent sensory fibers, leading to release of substance P from these fibers. Thus the tachykinins induce inflammatory responses when released by activated and degranulated mast cells, basophils, and eosinophils and also from stimulated nerve fibers.






Complement Cascade


The complement cascade is a unique sequence of molecular events occurring within the vascular system in which inactive complement plasma proteins synthesized by the liver are activated after tissue injury (Fig. 3-7; Web Fig. 3-6), inflammation, clotting, or immune responses. This cascade results in the generation of numerous biologically active molecules, which have effects that are proinflammatory, chemotactic, opsonizing, antigen solubilizing, antibody inducing, permeability enhancing, and microbicidal (cell lysis) and usually beneficial to the animal (Table 3-3). A large number of plasma proteins make up the complement system, and nearly 10% of serum proteins are complement factors. Divided by the “classical,” “alternative,” and lectin pathways, activation or “fixation” of complement proteins eventually results in formation of a membrane attack complex (MAC) that perforates the cell membranes of foreign invaders and naïve host cells alike. In the generation of MAC, a variety of complement components are elaborated that have important inflammatory and immune effects.




TABLE 3-3


The Main Functions of Complement




Adapted from Mackay IR, Rosen FS: N Engl J Med 344:1058, 2001.
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Fig. 3-7 Activation of complement cascade.
Complement is activated by classic, mannose-binding lectin and alternative pathways. The classical pathway is triggered by antibody opsonization, the mannose-binding pathway is induced by binding of the mannose-binding lectin to mannose residue on the surface of microbes, while the alternative pathway is first initiated by binding of C3b to hydroxyl group residues of carbohydrates and proteins and subsequent Factor D cleavage of C3b in plasma. After initiation by these three pathways, the complement cascade continues with formation of C5a and C3a which induce inflammation through attraction of leukocytes, C3b which opsonizes pathogens and induces phagocytosis, and formation of the membrane attack complex (MAC) that creates a pore in the microbial surface. (Redrawn from MJ Walport: Complement, N Engl J Med 344:1058-1066, 2001.)
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Web Fig. 3-6 Complement cascade.
A, Components and pathways of the complement cascade. B, Effector functions of the complement system. IgG, Immunoglobulin G; IgM, immunoglobulin M. (From Kumar V, Abbas A, Fausto N: Robbins & Cotran pathologic basis of disease, ed 7, Philadelphia, 2005, Saunders.)








Complement proteins C1 through C9 are inactive components of plasma that are activated by substances, including microbial molecules such as endotoxins, aggregated immunoglobulin, complex polysaccharides, and venoms. The critical step in unleashing the biologic functions of the complement cascade in the classical pathway is activation of C3 through either the classical or alternative complement activation pathways. The classical pathway of the complement cascade can be activated by antibody complexes. Activation occurs when IgG and/or IgM are cross-linked with C1. C1 has three components: C1q, r, and s. C1q binds the Fc regions of IgG and/or IgM and brings C1r, which is proteolytic, into proximity to C1s, which is cleaved, through interactions with C4 and C2. This leads to the formation of classical pathway C3 convertase (C4b2a) and the eventual formation of classical pathway C5 convertase (C4b2a3b). Classical pathway C3 convertase converts C3 to C3a, and classical pathway C5 convertase converts C5 to C5a.


The alternative pathway is initiated by products from microorganisms, including LPS from Gram-negative bacteria and polysaccharides from fungal cell walls (see Web Fig. 3-6). In addition, other activated plasma proteins, including kallikrein, plasmin, and activated factor XII, can cleave C3, resulting in its activation to C3b. C3b combines with factor B and coupled with factor D activity, forms the alternative pathway C3 convertase (C3bBb). Alternative pathway C3 convertase converts C3 to C3b. C3b combines with alternative pathway C3 convertase to form alternative pathway C5 convertase (C3bBb3b), which converts C5 to C5a. Because the alternative pathway can be activated by clotting and kinin factors, once the clotting or the kinin systems are activated, complement activity follows and vice versa. Therefore the clotting, kinin, and complement systems are closely interactive, and often activation of one system leads to activation of others (Fig. 3-8). When bound to a microbial product, mannose-binding lectins (MBLs) and ficolins can also activate complement through MBL-associated serine proteases (MASPs). MASP-2 cleaves C4 and C2 to activate steps of the classical pathway.




[image: image]


Fig. 3-8 Interrelationships between the four plasma mediator systems triggered by activation of factor XII (Hageman factor).
Note that thrombin induces inflammation by binding to protease-activated receptors (PARs) (principally PAR-1) on platelets, endothelium, smooth muscle cells, and other cells. (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)





C3a increases vascular permeability by inducing histamine release from mast cells. C5a, once formed, is released into the inflammatory exudate and behaves as an anaphylatoxin (a molecule that causes the release of histamine and other chemical mediators from mast cells or basophils), a chemoattractant for leukocytes, and an inducer of adhesion molecule expression by endothelial cells. C3b and C3bi are important opsonins and enhance neutrophil phagocytosis through CR1 and CR3 receptors. The plasma enzyme carboxypeptidase can degrade both C3a and C5b.


The MAC results from the cleavage of C5 by C5 convertase, leading to the formation of C5a and C5b. C5b serves as the anchor for the assembly of a single molecule composed of C6, C7, and C8. This MAC (C5b with C6, C7, C8) facilitates polymerization of C9 (up to 18 molecules of C9) into a tube that is inserted into the lipid bilayer of the plasma membrane of, for example, a bacterium. A channel is formed through the cell membrane allowing the passage of ions, small molecules, and water into the bacterium by osmosis. Bacterial lysis ensues. This process can also injure naïve host cells such as occurs in hemolytic anemia.









Arachidonic Acid Metabolites


When inflammation or inflammatory mediators injure cells, the cell membrane lipids are rapidly rearranged to create a variety of biologically active lipid mediators derived from arachidonic acid. Arachidonic acid metabolites are lipid-derived autocoid (acting as a local hormone) mediators of inflammation that serve as intracellular and extracellular signals influencing the coagulation cascade and mediating nearly every step of the acute inflammatory response (Fig. 3-9; Web Fig. 3-7). Effects are short-lived because these lipid metabolites decay rapidly or are destroyed by enzymes. Arachidonic acid metabolites include prostaglandins, leukotrienes, and lipoxins that are produced by cyclooxygenase (COX) and lipoxygenase enzyme pathways.
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Fig. 3-9 Key inflammatory mediators derived from the plasma membrane.
Cytoplasmic phospholipase A2 (cPLA2) activity on the plasma membrane leads to free arachidonic acid (AA) and lysophosphatidylcholine (LPC). Arachidonic acid metabolites include prostaglandins and leukotrienes, and LPC is a substrate for platelet-activating factor (PAF). The type of prostaglandin formed by a cell is dependent on the cell type. Platelets, for example, form thromboxane, whereas endothelial cells form prostacyclin. Leukotrienes are formed by leukocytes. Inhibitors specific to the various enzymes or products are indicated in red text and lines. COX, Cyclooxygenase; EETS, epoxyeicosatrienoics; FLAP, 5-lipoxygenase-activating protein; HETE, hydroxyeicosatetraenoic acid; LOX, lipoxygenase; LTA4, leukotriene A4; LTB4, leukotriene B4; LTC4, leukotriene C4; LTD4, leukotriene D4; LTE4, leukotriene E4; LTA4H, leukotriene A4 hydrolase; LTC4S, leukotriene C4 synthase; PGD2, prostaglandins D2; PGE2, prostaglandins E2; PGF2, prostaglandins F2; PGH2, prostaglandins H2; PGI2, prostaglandins I2; PGHS, prostaglandin H synthase; PS, polysaccharides; sPLA2, soluble phospholipase A2; TXA2, thromboxane A2. (Modified from Dr. M.R. Ackermann, College of Veterinary Medicine, Iowa State University.)
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Web Fig. 3-7 Generation of arachidonic acid metabolites and their roles in inflammation.
The molecular targets of action of some anti-inflammatory drugs are indicated by a red X. Not shown are agents that inhibit leukotriene production by inhibition of 5-lipoxygenase (e.g., Zileuton) or block leukotriene receptors (e.g., Montelukast). COX, Cyclooxygenase; HETE, hydroxyeicosatetraenoic acid; HPETE, hydroperoxyeicosatetraenoic acid. (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)








Arachidonic acid (eicosapentaenoic acid) is an essential 20-carbon, polyunsaturated fatty acid derived from linoleic acid, which is present in plasma membranes of dietary red meats. Arachidonic acid is an integral component of esterified membrane phospholipids that, when cleaved from the plasma membrane by phospholipase, serves as the major precursor for eicosanoids. Eicosanoids are synthesized by two main classes of enzymes: (1) COXs and (2) lipoxygenases and also (3) cytochrome P450 enzymes. Their respective products (eicosanoids) are (1) prostaglandins and thromboxanes and (2) leukotrienes and lipoxins. These molecules are synthesized in endothelial cells, leukocytes, and platelets and principally exert their biologic effects on vascular and airway smooth muscle cells, endothelial cells, and platelets during the acute inflammatory response.


Arachidonic acid is released from membrane phospholipids of many cell types, but particularly endothelial cells and leukocytes, through the action of cytoplasmic phospholipase A2 (cPLA2) and to a lesser degree, soluble (extracellular) phospholipase A2 (sPLA2). This occurs in response to physical and chemical stimuli, including C5a. cPLA2 is translocated from the endoplasmic reticulum to plasma membrane when intracellular calcium concentrations increase. The activity of sPLA2 also requires the participation of calcium; however, its contribution to the formation of intracellular arachidonic acid varies among the different cell types when compared with that of cPLA2. Membrane phospholipids contain a glycerol backbone attached to which is often a saturated fatty acid at the sn-1 position, an unsaturated fatty acid at the sn-2 position, and a base at the sn-3 position. Arachidonic acid is often in the sn-2 position and released by cPLA2 or sPLA2 to become free arachidonic acid.


Free arachidonic acid is metabolized in one of three pathways: (1) the COX pathway for the formation of prostaglandins and thromboxanes, (2) the lipoxygenase pathway for the formation of leukotrienes and lipoxins, and (3) the cytochrome p450 pathway for the formation of epoxyeicosatrienoic acids (hydroperoxyeicosatetraenoic acid [HPETE] and hydroxyeicosatetraenoic acid [HETE]). There are three COX isoenzymes—COX-1, COX-2, and COX-3—that are actually components of prostaglandin H synthase and work in concert with a peroxidase heme group. The COX-1 isoenzyme is constitutively expressed, is present in almost all tissues, and is considered a housekeeping enzyme with physiologic roles in hemostasis and gastric mucosa protection. COX-2 isoenzyme expression is induced by exogenous and endogenous stimuli and occurs locally in sites of inflammation. It is present in leukocytes, endothelial cells of blood vessels, and synovial fibroblasts. COX-3 isoenzyme is a splice variant of COX-1 (and also termed COX-1b or COX-1v). It is present in greatest abundance in the cerebral cortex of dogs and humans and is also detected in human aortas and rodent cerebral endothelia, heart, kidney, and neuronal tissues.









Prostaglandin Formation and Inhibition


Arachidonic acid metabolites from COX isoenzymes induce an intermediate prostaglandin, PGH2, that is converted into at least five metabolites (PGD2, PGF2, PGE2, PGI2, and thromboxane A2 [TXA2]) by prostanoid synthase enzymes unique for each of these five metabolites (see Web Fig. 3-7). The relative concentration of each of these five types of prostaglandins synthesized after stimulation depends on the cell type stimulated. For example, PGI2—a thromboresistant prostaglandin termed prostacyclin—is produced by endothelial cells via PGI2 (prostacyclin) synthase, whereas TXA2—a thrombogenic prostaglandin termed thromboxane—is produced by platelets via TXA2 (thromboxane) synthase. PGD2 is the major prostanoid produced by mast cells; PGE2 is the major prostanoid produced by epithelial cells, fibroblasts, and smooth muscle cells. Specific prostaglandins inhibit (PGI2) or induce (TXA2) coagulation/thrombosis, whereas others affect vascular permeability (PGD2 and PGE2). Prostaglandins bind GPCRs that are specific for each prostaglandin. Activated prostaglandin receptors trigger cyclic adenosine monophosphate (cAMP) or increased cytoplasmic calcium. PGE2 is long known for immunomodulatory activity; mechanistically, recent work suggests that PGE2 receptor EP4 promotes differentiation of both T helper 1 (TH1) and T helper 17 (TH17) CD4+ T lymphocytes.


Prostaglandins contribute to the following:




• Fever (via PGE2)


• Inflammatory tachycardia


• Adrenocorticotropic hormone (ACTH) response (neurons of the paraventricular nucleus of the brain release ACTH)


• Behavior stress syndrome (reduced movement and loss of social contact)


• Clotting/hemostasis (via prostacyclin and thromboxane)





Aspirin, indomethacin, ibuprofen, and naproxen are COX-1 inhibitors. Aspirin, naproxen, and ibuprofen also inhibit COX-2, as do the highly selective COX-2 inhibitor drugs celecoxib, rofecoxib, valdecoxib, lumiracoxib, and etoricoxib. Acetaminophen was thought to inhibit COX-3; however, acetaminophen’s activity in humans and rodents is not fully defined. Because COX-3 is present in greatest abundance in the cerebral cortex and acetaminophen crosses the blood-brain barrier (unlike other nonsteroidal antiinflammatory drugs [NSAIDs]), these observations were initially thought to explain why acetaminophen was sometimes more effective for treating headaches and pain relief and less effective in inhibiting inflammation in the body. Although this may be the case in dogs, the mechanistic basis of acetaminophen’s activity in humans is not fully understood at this time. Acetaminophen may inhibit COX-2 to a minor degree and also slightly inhibit COX-3 (COX-1b), and yet have other activity/activities. Much of the antiinflammatory effect of corticosteroids is due to their inhibition of phospholipase A2, the enzyme that releases arachidonic acid from membrane phospholipids. Corticosteroids signal the cell to synthesize a polypeptide known as lipocortin (lipomodulin), which then acts to inhibit phospholipase A2. Therefore the antiinflammatory effect of corticosteroids is delayed. A variety of other natural and synthetic compounds can inhibit phospholipase A2.









Leukotriene Formation and Inhibition


In leukocytes, arachidonic acid can be metabolized through the 5-lipoxygenase pathway to form leukotrienes and lipoxins (see Web Fig. 3-7), which have profound effects on inflammation. 5-Lipoxygenase works in concert with 5-lipoxygenase-activating protein as an arachidonic acid binding protein, which optimizes the proximity of 5-lipoxygenase to interact with arachidonic acid. The complex formed by 5-lipoxygenase and 5-lipoxygenase-activating protein (HPETE) is converted to an intermediate complex, LTA4, which is subsequently converted to either LTB4 or LTC4, via LTA4 hydrolase or LTC4 synthetase, respectively. LTC4 synthetase is a glutathione transferase, and once LTC4 is secreted from a cell, it is metabolized to LTD4 and LTE4 by sequential removal of the glutathione, glutamic acid, and glycine moieties.


The major effects of the leukotrienes include (1) increased vascular permeability, (2) chemotaxis for leukocytes, and (3) vasoconstriction, all of which exacerbate the acute inflammatory response. Neutrophils produce primarily LTB4, which is one of the most potent chemotactic factors for neutrophils and macrophages. LTB4 also stimulates leukocytes to release their lysosomal contents further contributing to inflammation. Mast cells and eosinophils produce primarily leukotriene C4, and the group of leukotrienes—LTC4, LTD4, and LTE4, formerly known as “slow-reacting substance”—causes intense vascular leakage from the venules. Macrophages produce both LTB4 and LTC4. In addition to the leukotrienes, 5-HPETE and its end-product 5-HETE are highly chemotactic for neutrophils and macrophages. Leukotrienes also bind GPCR. LTC4, LTD4, and LTE4 bind the leukotriene receptors CysLT1 and CysLT2, which mediate bronchoconstriction and vasoconstriction, and LTB4 binds two receptors, BLT1 and BLT2, which mediate neutrophil chemotaxis.


Lipoxins, secreted primarily by platelets, are also produced from arachidonic acid via the lipoxygenase pathway. Platelets cannot form lipoxins directly, but through cell-to-cell interactions with leukocytes and the transfer of arachidonic acid metabolites to platelets, cooperation between different cells types can result in the formation of eicosanoids via transcellular biosynthesis. Neutrophils can transfer their LTA4 to platelets. Platelets contain 12-lipooxygenase, which converts the neutrophil derived and transferred LTA4 to lipoxin A4 and lipoxin B4. Lipoxins have proinflammatory and antiinflammatory effects and appear to counteract the effects of leukotrienes. They stimulate macrophage adhesion to endothelial cells in blood vessels, but inhibit LTB4 activation of neutrophils, thus decreasing neutrophil adhesion and chemotaxis, and also inhibit angiogenesis. Lipoxin A4 causes vasodilation and dampens the actions of LTC4–induced vasoconstriction. Resolvin is a product of eicosapentaenoic acid which also has antiinflammatory effects, including inhibition of BLT1 (LTB4 receptor) and dendritic cell migration.


The 5-lipoxygenase pathway can be inhibited by a variety of new chemical agents (5-lipoxygenase inhibitors and leukotriene receptor antagonists) (see Fig. 3-9). In addition, eosinophils release arylsulfatase from granules, which inactivates leukotrienes.










Omega-3 Fatty Acids (Fish Oils) and Inhibition of Eicosanoid Activity


Many studies have demonstrated that omega-3 fatty polyunsaturated fatty acids, which are in high concentrations in certain fish, particularly salmon, can reduce inflammatory responses mediated by prostaglandin and leukotriene activity (see Web Fig. 3-7). This effect occurs because omega 3 fatty acids, when acted on by phospholipase A and subsequent enzymes, form the “3” series of prostaglandins (TXA3) and the “5” series of leukotrienes (LTB5) instead of the “2” series of prostaglandins (TXA2) and the “4” series of leukotrienes (LTB4), which occur with omega-6 fatty acids. The “3” and “5” series of prostaglandins and leukotrienes derived from omega-3 fatty acids are less biologically active than their omega-6 series counterparts. Roughly two-thirds of the polyunsaturated fatty acids in the body have an omega-6 structure; the remaining have an omega-3 structure. The two-thirds to one-third ratio can be altered by consumption of diets high in the proper fish oils and thereby result in more omega-3 in the tissue and less active prostaglandin and leukotriene products.









Platelet-Activating Factor


PAF is another potent molecule of phospholipid origin derived from cell membranes of platelets, basophils, mast cells, neutrophils, macrophages, and endothelial cells. PAF has potent pathophysiologic effects and contributes to inflammation, endotoxic shock, and allergic reactions (asthma) through vasoconstriction, bronchoconstriction, platelet aggregation, and leukocyte adhesion, chemotaxis, and degranulation. However, at low concentrations (experimentally induced), PAF can cause vasodilation and increased vascular permeability. PAF also contributes to the inflammatory response by increasing the oxidative burst in neutrophils following phagocytosis of bacteria and enhances the synthesis of eicosanoids by leukocytes. During IgE-mediated hypersensitivity reaction in the lung, PAF induces mast cell release of serotonin and histamine as well as platelet aggregation. Thus platelet aggregation can increase vascular permeability in acquired immunologic responses and result in inflammation.


Two enzymes, lysoPAF acetyltransferase (lysoPAF-AT) and PAF-synthesizing phosphocholinetransferase (PAF-PCT), control the final synthesis of PAF from lipid membranes and thus promote PAF production. PAF mediates its effects on target cells through a single GPCR. These receptors have been identified on endothelium, neutrophils, eosinophils, macrophages, smooth muscle, and glial cells in the brain. PAF activity is reduced/regulated by PAF acetylhydrolase, which is expressed by cells expressing PAF receptor. PAF acetylhydrolase degrades PAF through hydrolysis of its acetate moiety in the sn-2 position of glycerol, which inhibits the proinflammatory activity of PAF. PAF acetylhydrolase is thus potentially an enzyme that could be used for the development of drugs to reduce inflammatory responses.









Cytokine Family





Overview in Inflammation and Induction of CD4 TH Subsets


Cytokines are a group of proteins produced by many cell types including lymphocytes, macrophages, endothelial cells, neutrophils, basophils, mast cells, eosinophils, epithelial cells, and connective tissue cells (see Web Appendix 3-2). The primary purpose of cytokines is to modulate, via enhancement or suppression, the functional expression of other cell types during the inflammatory response. Chemokines are produced from almost all cell types and are cytokines that promote leukocyte chemotaxis and migration across capillaries and postcapillary venules. Cytokines also play major roles in (1) hematopoiesis, including granulopoiesis by cytokines such as IL-3, G-CSF, and GM-CSF; and (2) adaptive immunity, such as the proliferation of lymphocytes by cytokines, including IL-2, and activation of Th1 or Th2 responses. The CD4 TH cell response consists of subsets of T-lymphocytes characterized by the secretion of different cytokines, including IFN-γ–producing TH1 cells and IL-4–producing TH2 cells, which are involved in cellular or humoral immunity, respectively. The cytokines have been organized into the following categories according to their principal functional activities:




• Hematopoietic growth factors, including IL-3, G-CSF, GM-CSF, possibly IL-9, IL-11, and stem cell factor


• Inflammatory mediators, which induce acute phase reactants and natural immunity (IL-1, IL-6, TNF-α, and TNF-β)


• Chemotactic cytokines (IL-8)


• T lymphocyte proliferation, activation, and differentiation cytokines (IL-2, IL-4, IL-5, IL-7, IL-9, IL-10, IL-12, and IL-17 on up to IL-29)





Stimuli that invoke expression of these families of cytokines are varied and secondary to activation of a wide variety of receptors, including soluble receptors, receptors on the cell surface, endosomal receptors, and cytoplasmic receptors, which activate nuclear factor (NF) kappa B, extracellular signal-related kinase (ERK), Jun, p38, and other signaling pathways.


Concerning T-lymphocyte activity, there are cytokines and proteins that exert T-lymphocyte regulatory activity (IFN-γ, TGF-β). Of particular importance is the presentation of antigen by dendritic cells to T-lymphocyte cells that release cytokines, which mediate formation of lineages of T-lymphocyte helper cells (Th1, Th2, TH17, and T regulatory [T reg] cells). Dendritic cells are present in tissues that are in contact with the environment such as Langerhans’ cells of the skin and dendritic cells of the mucosal surfaces of the respiratory and alimentary systems. These dendritic cells are sentinels constantly monitoring for and phagocytosing microbes and foreign materials. In cooperation with lymphocytes and macrophages in lymphoid tissue, they act as antigen-presenting cells to activate T helper lymphocytes and cytotoxic T lymphocytes and B lymphocytes. The Th1 lineage of CD4 T lymphocytes, normally driven by IL-12, expresses the transcription factor T-bet, releases IFN-γ, and induces cell-mediated immune responses within specific diseases such as the granulomatous inflammatory response to mycobacterial infections. Whereas Th2 CD4 cells form in response to IL-4, IL-6, and thymic stromal lymphopoietin (TSLP); express transcription factor GATA-3; produce IL-4, IL-5, IL-10, and IL-13; and induce humoral responses and humoral-related diseases, such as asthma and atopy, TH17 CD4 T lymphocytes form in response to TGF-β, IL-6, and IL-23, express transcription factor Rorγt, and release IL-17. These cells bridge innate and adaptive immune responses through the production of IL-17 cytokines, which promote inflammatory responses such as neutrophil recruitment and development of autoimmune responses. T reg cells develop in the thymus and also in response to antigenic stimulation in the presence of TGF-β, which induces transient or stabile expression of transcription factor forkhead box P3 (FOXP3). T reg cells modulate adaptive responses through the release of IL-10. Follicular CD4 T lymphocytes (TFH) develop in the presence of IL-6 and IL-21, express transcription factor Bcl6 and cMaf (BLIMP-1 is inhibitory), and release IL-21. Through secretion of IL-21, TFH cells support B lymphocyte development and antibody production. Follicular dendritic cells are present in the follicles of lymph nodes and present antigen to B lymphocytes.


Biochemically, cytokines can be divided into type I and type II cytokines. Type I cytokines have four α-helix units. Type II cytokines have six α-helix units and are likely derived from a single ancestral gene. Type I and II cytokines bind receptors specific for the I and II ligand structures. Despite the similarities within type I and type II cytokines and their receptors, there is still much diversity in structure and function of cytokines within each type.










Cytokine Receptors and Signaling


Cytokine activity can be altered in several ways, usually via binding to and activating cytokine receptors. Briefly, there are immunoglobulin superfamily receptors (such as IL-1), hematopoietic growth factor family (type 1) receptors (receptors for IL-2 through IL-9, IL-11 through IL-13, IL-15, IL-21, IL-23, IL-27, erythropoietin [EPO], G-CSF, GM-CSF, leptin, and others), interferon family (type II) receptors (receptors for IFN-α, IFN-β, IFN-γ, and IL-10, IL-19, IL-20, IL-22, IL-24, IL-26, IL-28, and IL-29), and TNF (type 3) receptors. Agonists and inhibitors to some of these receptors have been developed. For example, EPO agonists are commonly used for patients with anemia and are drugs abused by endurance athletes such as marathoners, cross-country skiers, and cyclists. Other G-CSF agonists, such as Neupogen (Amgen Inc., Thousand Oaks, CA), increase granulopoiesis and are commonly used for cancer patients with decreased blood neutrophil levels (neutropenia) secondary to chemotherapy.


Many cytokine receptors, including those for the interferons IL-2 through IL-7, IL-11, IL-13, IFN-γ, EPO, and GM-CSF, activate the Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling pathway (Web Fig. 3-8). Members of the JAK family are cytoplasmic protein tyrosine kinases physically associated with ligand-bound receptors. JAK phosphorylates amino acids in a protein on STAT, and STAT dimers (a molecule consisting of two identical simpler molecules) enter the nucleus to bind DNA and induce transcription and the expression of specific gene products and cellular responses to activation. There are three isoforms of JAK (JAK1 to JAK3) and a fourth JAK family member, TYK2. All of these have slightly different activities, depending on the stimulus. JAK1, for example, is integral to lymphocyte development, whereas JAK2 mediates erythropoiesis. There are several isoforms in the STAT family, including STAT1 to STAT6, which also have subtle signaling differences. STAT1 and STAT2 are especially involved with interferon signaling, including IFN-γ signaling (STAT1) for Th1 responses; STAT3 mediates responses to IL-6, IL-10, IL-23 to induce Th17 responses; STAT4 is involved with Th1/IL-12 activity; STAT5A and STAT5B mediate cell growth and proliferation, including NK growth, and inhibit apoptosis; and STAT6 is activated by IL-4 and IL-13 to mediate Th2 responses. Suppressors of cytokine signaling (SOCS) are signaling proteins that inhibit activity of some cytokines whose receptors induce the JAK/STAT pathway of signaling through the inhibition of JAK. Protein tyrosine phosphatases (PTPs) such as SH2-domain–containing PTP (SHP2) can inhibit JAK and STAT. Phosphorylated STAT proteins in the nucleus can be inhibited by protein inhibitor of activated STAT (PIAS) proteins as well. These proteins regulate the activity of cytokine activity on cells and may be potentially useful as a mechanism to target and inhibit specific components of the acute inflammatory response with existing or newly developed antiinflammatory drugs. In contrast to the Th1 and Th2 signaling that occurs through JAK/STAT signaling, Th17 cytokines signal through the adaptor protein ACT1 (also known as CIKS), TNF-receptor–associated factor 6 (TRAF 6), and NF kappa B. Thus the Th17 signaling pathway resembles receptors involved with inflammation and innate immunity (e.g., IL-1 and TLRs) and is consistent with the Th17 induction of inflammatory events and bridging of innate/adaptive responses.
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Web Fig. 3-8 Several families of cytokines activate the Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway.
The STAT class of proteins function both as a signal transducer and transcription activator. Activation of STAT involves dimerization and phosphorylation by JAK, a tyrosine kinase. Signaling by JAK/STAT proteins is regulated by proteins such as the SOCS (suppressor of cytokine signaling). JAK/STAT signaling leads to transcription of genes that drive inflammatory responses, including cell activation, immune regulation, and cell proliferation. CIS, Cytokine-inducible SH2 domain-containing protein; PIAS, protein inhibitor of activated signal; PTPs, protein tyrosine phosphatases; TYK, tyrosine kinase (of the JAK family). (Modified from Leonard W: Nat Rev Immunol 1:200-208, 2001.)








TNF-α receptors are trimers of three identical cell-surface transmembrane proteins. Binding of the receptor activates the receptors intracytoplasmic domain (TRADD) to trigger signaling cascades involving IRAK and NEMO, which invoke phosphorylation of I kappa B (IKB) and which allows release of IKB from NF kappa B in the cytosol. IKB becomes ubiquinated and degraded, and NF kappa B moves to the nucleus, where it binds promoter and enhancer regions of DNA of more than 60 genes, including genes for IL-1 and other cytokines and genes for cell proliferation, cell adhesion, and angiogenesis. TNF can also bind receptor death domains that that lead to apoptosis.


Cytokine activity can also be inhibited. Nonspecific inhibitors include corticosteroids, aspirin, and ibuprofen. More precisely, “molecular” inhibitors can inhibit cytokine activity through anticytokine antibodies, such as the IL-1 receptor antagonist anakinra (Kineret, Amgen/Biovitrum, Stockholm), the IL-1 trap rilonacept (Arcalyst, Regeneron Pharmaceuticals, Tarrytown, NY), anti-TNF monoclonal antibodies (infliximab [Remicade, Johnson & Johnson, New Brunswick, NJ]; etanercept [Enbrel, Immunex Corporation, Thousand Oaks, CA]; certolizumab pegol [Cimzia, UCB Pharmaceuticals, Brussels]), and anti-IL-23 (ustekinumab, Stelara, Centocor Ortho Biotech, Horsham, PA). Specific inhibitors are also under development for cytokine receptors, including SOCS and PTP. Anti-IL-1 drugs are more effective against autoinflammatory diseases, whereas anti-TNF drugs are more effective against autoimmune diseases (e.g., rheumatoid arthritis, Crohn’s disease, psoriasis).









Inflammatory Proteins





Interferons: Interferons are glycoprotein cytokines produced by lymphocytes and many other cell types in response to viruses and virus-infected cells, parasites, and neoplastic cells. They inhibit viral replication within host cells, activate NK cells and macrophages, increase antigen presentation to T lymphocytes, and increase the resistance of host cells to viral infection. Type 1 interferons (IFN-α and IFN-β) bind IFN-α receptors (IFNAR) 1 and 2 to signal through JAK1 and STAT1 and STAT2 and mediate antiviral responses; type II interferons (IFN-γ) bind IFN-γ receptors (IFNGR) 1 and 2, signal through JAK1, JAK2, and STAT1, to induce TH1 and TH17 responses. Type III interferons bind IL-10 receptors and have been described, but their function is not fully clarified. The antiviral activity of type I interferons involves expression activation of the ISGlyation pathway, MxA protein, 2′,5′-oligoadenylate synthetase 1 (OAS1) activation of ribonuclease L (RNaseL), and protein kinase R (PKR). ISGlyation is a process in which interferon-stimulated gene 15 (ISG15) protein binds key interferon antiviral proteins (e.g., JAK1, STAT1, MxA, PKR, and RNaseL) and prevents their degradation, thus enhancing the antiviral response. MxA protein binds and traps viruses. The OAS1/RNaseL process cleaves viral RNA and PKR protein dimerizes on itself and in the presence of viral RNA phosphorylates, thus inhibiting host cell translation initiation factor-2α (EIF-2α), which blocks viral replication.








High Mobility Group Box Protein-1: High mobility group box protein 1 (HMGB-1) is a proinflammatory cytokine released by monocytes and macrophages. It is a nonhistone nuclear protein that binds DNA to regulate gene expression and the chromosomal architecture. HMGB-1 is released by nearly all cells during necrosis, and once outside the cell, it is an alarmin, which is an endogenous molecule that triggers host inflammatory responses. HMGB-1 binds macrophage receptor for advanced glycosylation end-products (RAGE) and TLRs 2 and 4, activating the innate immune system and pathologic responses that include release of IL-1, TNF-α, and IFN-γ. HMGB-1 and cytokines, such as IL-1, TNF, and IL-6, and prostaglandins, such as PGE2, are involved with hypothalamic function in food aversion, hypophagia, anorexia, weight loss, and sickness behavior (see section on Febrile Response) and serve to amplify the inflammatory response.












Chemokines


Chemokines, released in response to inflammatory stimuli, are secreted proteins that induce leukocyte chemotaxis into inflammatory exudates (Fig. 3-10). They also activate inflammatory cells, induce antiviral activity, regulate immune responses, and induce hematopoiesis, angiogenesis, and cell growth. Chemokines are produced by all nucleated cells in the body, including epithelial cells, fibroblasts, macrophages, mast cells, keratinocytes, dendritic cells, and endothelial cells. Leukocytes secrete all types of chemokines, except for fractalkine (used for monocyte chemotaxis), which is produced by nonhematopoietic cells such as vascular endothelial cells.
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Fig. 3-10 Chemokine responses to vascular injury.
A, The atherosclerotic plaque illustrates the interactions of chemokine ligands with their receptors during an inflammatory reaction. While neutrophils respond to IL-8 (a C-C chemokine), monocytes respond to CX3CL1, CXCL1, CCL2 and their respective receptors to attract cells along the vascular wall for adhesion molecule adherence and leukocyte infiltration. B, Higher magnification of the area defined by the box in A. (Redrawn from Charo IF, Ransohoff RM: The many roles of chemokines and chemokine receptors in inflammation, N Engl J Med 354(6):610-621, 2006.)










Classification of Chemokines: Chemokines can be classified based on biochemical structure (position of their cysteine residues) or by the functional behavior they induce (inflammatory or homing). Structural classification of chemokines is based on their primary amino acid structure, depending on their cysteine residues that induce secondary folding: (1) the CC family, which bind the CCR (receptor); (2) the CXC family, which bind the CXCR; (3) the C chemokine lymphotoxin, which binds CR; and (4) the CX3C chemokine fractalkine, which binds CX3CR.


The functional classification of chemokines includes inflammatory chemokines or homing chemokines (Web Table 3-6). Inflammatory chemokines (IL-8, GCP-2, ENA-78, Gro, NAP-2, IP-10, Mig, I-Tac, RANTES, MIP-a and MIP-b, MCP-2,3, HHC-1, MCP 1 to 5, and eotaxins 1 to 3) are expressed by resident cells and infiltrating leukocytes in response to cytokines, bacterial toxins, and other agents during the acute inflammatory response. Receptors for these chemokines include CXCR1, 2, 3 and CCR1, 2, 3, and 5; these receptors often bind several different chemokines (Web Tables 3-7 and 3-8). Neutrophils express chemokine receptors CXCR1 and CXCR2, which bind CXCL8 (IL-8) and follows this ligand along a gradient. Monocytes are drawn to areas of inflammation by chemokine ligands CCL2, CCL7, CCL8, and CCL13. CCL2 and CCL13 bind CCR2; CCL8 binds CCR2 and CCR5; and CCL7 binds CCR1, CCR2, CCR3. Monocyte chemokine also attracts basophils and eosinophils. Chemokines for leukocyte homing are generally produced constitutively in lymphoid tissue. Receptors for these chemokines are usually present on lymphocytes and dendritic cells, and they typically bind only one or maybe two chemokines. The expression of receptors by these cells varies with the state of cellular differentiation, thereby preventing immature cells from entering sites lacking lesions.






WEB TABLE 3-6


Name, Abbreviation, and Common Name of Chemokines






	Name

	Abbreviation

	Common Name






	CCL1

	TCA

	T-lymphocyte activation (I-309)






	CCL2

	MCP-1

	Macrophage chemotactic protein-1






	CCL3

	MIP-1-α

	Macrophage inflammatory protein-1-α






	CCL4

	MIP-1-β

	Macrophage inflammatory protein-1-β






	CCL5

	RANTES

	Regulated on activation, normal T-lymphocytes expressed and secreted






	CCL7

	MCP-3

	Macrophage chemotactic protein-3






	CCL8

	MCP-2

	Macrophage chemotactic protein-2






	CCL11

	 

	Eotaxin






	CCL12

	MCP-5

	Macrophage chemotactic protein-5






	CCL13

	MCP-4

	Macrophage chemotactic protein-4






	CCL17

	TARC

	Thymus and activated regulated cytokine






	CCL19

	MIP-3-β

	Macrophage inflammatory protein-3-β






	CCL20

	LARC/MIP-3-α

	Liver and activation-regulated chemokine/Macrophage inflammatory protein-3-α






	CCL21

	SLC

	Secondary lymphoid organ chemokine






	CCL22

	MDC

	Macrophage-derived chemoattractant






	CCL24

	 

	Eotaxin-2






	CCL26

	 

	Eotaxin-3






	CXCL1

	Gro-α

	Growth-related oncogene-α






	CXCL2

	Gro-β

	Growth-related oncogene-β






	CXCL3

	Gro-γ

	Growth-related oncogene-γ






	CXCL5

	ENA-78

	Epithelial neutrophil-activating peptide-78






	CXCL6

	GCP-2

	Granulocyte chemotactic protein-2






	CXCL8

	IL-8 (NAP-1)

	Interleukin-8






	CXCL9

	MIG

	Monokine induced by interferon-γ






	CXCL10

	IP-10

	Interferon-inducible protein






	CXCL11

	ITAC

	Interferon-inducible T-lymphocyte α chemoattractant






	CXCL12

	SDF-1

	Stromal derived factor-1






	CXCL13

	BCA-1/BLC

	B lymphocyte attracting chemokine






	CXCL14

	BRAK

	Breast and kidney expressed chemokine






	CXCL16

	 

	 















WEB TABLE 3-7


Chemokine Ligands of the C-C and C-X-C Families and Their Receptors









WEB TABLE 3-8


CC, CXC, CX3C, and XC Families of Chemokine Receptors, Ligands, Cell Localization And Associated Disease Conditions In Humans




BCA-1, B lymphocyte chemoattractant 1; COPD, chronic obstructive pulmonary disease; CTACK, cutaneous T cell-attracting chemokine; ELC, Epstein-Barr I1-ligand chemokine; ENA, epithelial cell–derived neutrophil activating peptide; GCP, granulocyte chemotactic protein; GRO, growth-regulated oncogene; HHC, hemofiltrate chemokine; HIV, human immunodeficiency virus; IP-10, interferon-induced protein 10; I-TAC, interferon-inducible T lymphocyte α chemoattractant; LARC, liver and activation-regulated chemokine; MCP, monocyte chemoattractant protein; MDC, macrophage-derived chemokine; MEC, mammary-enriched chemokine; MIG, monokine induced by interferon-γ; MIP, macrophage inflammatory protein; PF, platelet factor; SDF, stromal cell-derived factor; SLC, secondary lymphoid-tissue chemokine; SR-PSOX, scavenger receptor for phosphatidylserine containing oxidized lipids; TARC, thymus and activation-regulated chemokine; TECK, thymus-expressed chemokine; TH2, type 2 helper T lymphocytes.


From Charo IF, Ransohoff RM: N Engl J Med 354: 2006.





Naïve T lymphocytes express CCD7, which binds to CCL21 expressed on HEVs of lymph nodes to localize into the parafollicular (T lymphocyte region) of the node. B lymphocytes express CXCL13, which binds to CXCR5 for entrance into the follicular area of lymph nodes. Dendritic cells and macrophages from peripheral sites of inflammation enter the lymph node through the afferent lymph vessel and express CCR7 and CCR2, respectively, which bind their ligands, CCL19 and CCL21.


Chemerin is a recently described molecule that is a chemoattractant for dendritic cells and macrophages. Chemerin is activated by proteolytic cleavage and binds chemokine-like receptor-1 (CMKLR1), which is a GPCR.













Chemokine Receptors and Signaling


Chemokines are the only cytokines that bind G protein–coupled seven transmembrane (7TM) spanning receptors, and although chemokines are relatively small (8 to 10 kDa), they are somewhat large for the 7TM receptor family, which serves as receptors for larger proteins such as histamine, dopamine, and serotonin. Once bound, the 7TM receptor activates a G protein, which initiates production of second messengers, most commonly cAMP and inositol 1,4,5-trisphosphate (IP3). cAMP and IP3, in turn, phosphorylate enzymes and stimulate the release of calcium. Enzymatic activity induced by cAMP activates the transcription factor cAMP responsive element-binding protein (CREB). Chemokine receptors bound by ligand are endocytosed and either recycled or degraded by the cell.


Experimentally, chemokines can be inhibited at several stages: (1) inhibition of interaction between the ligand and the glycosylated molecules on the cell surface, (2) inhibition of ligand/receptor binding, (3) inhibition of receptor activity, and (4) inhibition of cell signaling. The development of new drugs to treat specific aspects of inflammatory diseases will likely target one or all of these pathways in the chemokine cascade.












Oxygen-Derived Free Radicals and Nitric Oxide


Free radicals, such as superoxide anion, hydroxy radical, and NO derivatives, can (1) injure vascular endothelial cells, leading to increased vascular permeability; (2) inactivate antiproteases, such as α1-antitrypsin, resulting in damage to ECM proteins; (3) enhance cytokine and chemokine expression secondary to signaling changes and cell damage; (4) activate endothelial cells and increase adhesion molecule expression; and (5) increase the formation of chemotactic factors (LTB4). They can also inactivate neurotransmitters (adrenaline and noradrenaline), leading to hypotension.


Oxygen-derived free radicals are released from neutrophils and macrophages after exposure to chemokines and immune complexes and after phagocytosis by the leukocyte (see Table 3-2). They damage cells through peroxidation of cell membrane lipids, cross-linking of proteins and oxidizing thiol groups on methionine and cysteine, cleaving glycoconjugates, directly damaging DNA phosphate backbone and bases, and inducing the formation of DNA adducts. Because of damage to proteins, the activity of key enzymes and transcription factors needed by the cell can be impaired. Fortunately, the body has antioxidants that are (1) enzymatic, such as superoxide dismutase (SOD) isoforms 1, 2, and 3, catalase, thioredoxin, peroxiredoxins, and glutathione reductase; (2) nonenzymatic endogenous substances, such as ceruloplasmin, transferrin, metallothionein, uric acid, and melatonin; and (3) nonenzymatic dietary substances, such as vitamins A, C, and E and lycopenes, flavonoids, resveratrol genistein, anthocyanins, naringenin, and reserpines. All of these minimize the damage to tissue caused by free radicals.


NO is a chemical mediator of inflammation that causes vasodilation by relaxing vascular smooth muscle cells. In response to injury and inflammatory stimuli, NO derivatives are synthesized by endothelial cells, macrophages, and specific populations of neurons in the brain from l-arginine, molecular oxygen, NADPH, other cofactors, and the enzyme NO synthetase (NOS). There are three forms of NOS that mediate NO formation: neuronal (nNOS), iNOS, and endothelial (eNOS). In addition to its vasodilatory activities, NO inhibits platelet aggregation and adhesion, inhibits mast cell-induced inflammation, oxidizes lipids and other molecules, and regulates leukocyte chemotaxis.









Receptors for Exogenous and Endogenous Inflammatory Stimuli and Toll-Like Receptors


Inflammatory responses occur in response to endogenous and exogenous substances. The body’s inflammatory reaction to exogenous pathogens has been understood and studied for many years. Increasingly, it is clear that the body also produces inflammatory reactions to host endogenous molecules released under sterile conditions. Thus both endogenous and exogenous stimuli produce “danger” signals, termed danger-associated molecular patterns (DAMPs).


Exogenous microbial products, often with redundant molecular structure, are PAMPs and include substances such as LPS, peptidoglycan, and lipoteichoic acid. PAMPs can bind several types of PRRs (Fig. 3-11; Table 3-4; Web Fig. 3-9). These receptors include secreted receptors that circulate in the blood (LPS binding protein), surface receptors (macrophage mannose receptors; and TLRs), nucleotide-binding oligomerization domain (NOD) -like receptors (NLRs), and endosomal receptors (TLR and endosomal viral receptors). These receptors have different mechanisms by which they activate the cell and some work together. LPS, for example, is bound by LPS-binding protein (LBP), which in turn binds CD14 and TLR4. The formation of a PRR-PAMP complex initiates transmembrane signaling that often involves a MyD88 protein event leading to NF kappa B activation and MAPK (p38) signaling. The NF kappa B family of transcription factors initiates gene transcription and translation, resulting in the expression of proteins involved in many cellular processes such as cell proliferation, differentiation, apoptosis, and cell responses to injury, stress, and external pathogens. NF kappa B and p38 then can induce phagocytosis by leukocytes, dendritic cell activation, release of inflammatory cytokines and chemokines, and the activation of the innate (defensin and antimicrobial peptide release) and adaptive (Th1, Th2, Th17, TFH activity) immune systems. Alternatively, TLR4 signaling does not engage MyD88 (MyD88-independent signaling) and results in the formation of IFN-β and IFN-inducible gene products.




TABLE 3-4


Types of Pathogen-Associated Molecular Pattern (PAMP) Exogenous Ligands, Their Pattern Recognition Receptors (PRRs), and the Subsequent Action Related to Acute Inflammation


[image: image]


Endogenous inflammatory stimuli are those produced by host cells.


CRP, C-reactive protein; dsRNA, double-stranded RNA; gp, Glycoprotein; IFN, interferon; IL, interleukin; LBP, LPS-binding protein; LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinase; MARCO, class A scavenger receptor macrophage receptor with collagenous structure; MDA5, melanoma differentiation-associated gene 5; MBL, Mannan-binding lectin; NALP3, ; NF, nuclear factor; NOD1, nucleotide-binding and oligomerization domain; RIG-1, retinoic acid-inducible gene-I; SAP, serum amyloid protein; ssRNA, single-stranded RNA; TGF-βR, transforming growth factor-β receptor; TLR4, Toll-like receptor 4.


Data from Medzhitov R: Nat Rev Immunol 1:135-142, 2001.
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Fig. 3-11 Pathogen-associated molecular patterns (PAMPs), pattern recognition receptors (PRR), and cellular signaling.
PAMPs such as lipopolysaccharide (LPS), teichoic acid, beta-glucans, as well as microbial peptides, proteins, RNA, DNA, and CpG, bind specific receptors and trigger activation of the subjacent signaling cascade leading to transcription of pro-inflammatory genes (cytokines, interferons, chemokines). Receptors are present on the membrane surface (Dectin-1, TLR1, 2, 4, 5, 6, 11, IL-1) in endosomes (TLR3, 7, 8, 9), and in the cytoplasm (NOD, NALP, RIG-1). TLR utilize MyD88 protein for signaling, except for TLR 3 and 4 which can be MyD88-independent. All pictured trigger NF kappa B (NFκB) and some also induce interferon responses. (Redrawn from Dale DC, Boxer L, Liles WC: The phagocytes: neutrophils and monocytes, Blood 112(4):935-945, 2008.)
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Web Fig. 3-9 Pathogen associated molecular patterns (PAMPs).
PAMPs, such as lipopolysaccharide (LPS), teichoic acid, and CpG, as well as other endogenous substances, have affinities to certain Toll-like receptors (TLRs) and result in activation of TLR signaling, as well as inflammatory and other responses. Endogenous molecules can also activate TLRs and include heparan sulfate, hyaluronan, heat shock protein 60 (mitochondria), heat shock protein 70 (cytoplasm), fibronectin, fibrinogen, and surfactant protein A. Ligands for TLR10 are not known; TLR11 ligands include uropathogenic bacteria. CD14, LPS-binding protein receptor; CpG, bacterial cytosine-phosphate-guanine motifs; GPI, glycosylphosphatidylinositol; MD-2, accessory extracellular adaptor protein that binds TLR4; RSV, respiratory syncytial virus. (Modified from Medzhitov R: Nat Rev Immunol 1:135-142, 2001.)








In addition to LBP, other secreted PRRs that can trigger inflammatory reactions through complement activation or receptor binding include collagenous lectins such as mannan-binding lectins A and C, ficolins, surfactant proteins A (SP-A) and D (SP-D), and conglutinin (cattle), which bind glycans of chitin, bacterial capsules, viruses, C-reactive protein, and serum amyloid–binding protein. SP-A, for example, can bind, aggregate, and inhibit respiratory syncytial virus. SP-A can also activate macrophages.


Leukocytes, epithelia, mucosal-lining cells, and other cells can also express PRR on the plasma membrane, including TLR1, TLR2, TLR4, TLR5, TLR6, and TLR11. TLRs are a family of PRRs in mammals that can distinguish between chemically diverse classes of genetically conserved microbial products (see Table 3-4). For example, bacterial lipoprotein binds TLR1 and TLR2/6, flagellin binds TLR5, and LPS binds TLR4. These receptors have a central role in the release of inflammatory cytokines from the innate immune system in response to microbial structures, such as exogenous microbial substances and endogenous products (Web Fig. 3-10). Also, TLRs likely play a role in the adaptive immune response, which develops during the acute inflammatory response.
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Web Fig. 3-10 Toll-like receptor 4 (TLR4).
TLR4, when bound by certain microbial or endogenous products, initiates signaling that leads to release of inflammatory cytokines, such as interleukin (IL-1) and tumor necrosis factor (TNF), antimicrobial peptides, and molecules that initiate adaptive immunity. Ligand: Lipopolysaccharide (LPS). Selected signaling molecules: Toll/IL-1 receptor (TIR) cytoplasmic domain, cytoplasmic protein adaptors to TIR (TIRAP, MyD88, TRAF), IL-1 receptor–associated kinases (IRAK), dsRNA-responsive protein kinase (PKR), TNF receptor–associated factor 6 (TRAF 6), protein kinase (TAK 1), map-kinase kinase (MKK), interferon regulatory factor 3 (IRF 3). Transcription factors: Nuclear factor kappa B (NF kappa B), c-Jun N-terminal kinase (JNK), p38. MD-2, accessory protein; TRAM, TRIF-related adaptor molecule; TRIF, TIR-containing adaptor inducing interferon-β. (Modified from Medzhitov R: Nat Rev Immunol 1:135, 2001.)








C-type lectin receptors are also present on the surface of monocytes, macrophages, neutrophils, and dendritic cells and include dectin 1 that binds beta 1,3 glucan, as well as dectin 2, MBL, and dendritic cell-specific intercellular adhesion molecule-grabbing nonintegrins (DC-SIGNs) that bind high mannose and fructose; both glucans and mannose/fructose residues are produced and released by mycobacterial and fungal organisms. Once bound, both TLR and C-type lectins regulate a wide range of innate and adaptive immune responses through NF kappa B, transcription factor activators protein-1 (TFAP-1), and interferon regulatory factors (IRFs).


Intracellular receptors, such as the NLRs, have a leucine-rich repeat domain that binds PAMPs and xenocompounds to induce and/or regulate inflammation. NOD1 binds to peptidoglycan-derived tripeptide structures, whereas NOD2 binds peptidoglycan-derived muramyl dipeptides. Bound NOD1 and NOD2 activate the receptor-interacting protein (RIP) family of serine/threonine protein kinase (RIPK2), which then induces NF kappa B activity and eventual secretion of antimicrobial peptides and inflammatory cytokines such as IL-1β and IL-18 and IL-33, invoking inflammation. Muramyl dipeptides and a variety of xenocompounds and endogenous stimuli can activate another family of NLRs that contain a pyrin domain NLRP3 (also termed NALP3), which triggers caspase 1 activation and activation of IL-1β, IL-18, and IL-33.


PRRs for certain viral infections include retinoic acid-inducible gene I (RIG-I) (e.g., paramyxoviridae, influenza viruses) and melanoma differentiation-associated gene 5 (MDA-5) (picornaviridae). These molecules sense viral RNA, alter mitochondrial activity through IPS-1, and invoke IRF3 for IFN-α and -β release and NF kappa B for inflammatory cytokine production along with antimicrobial peptides.


Endosomes express PRRs that also have important roles in sensing viral infection and triggering a cellular response that often results in inflammatory and immune activity. TLR3, TLR7, TLR8, and TLR9 are present along the inner endosomal membrane and bind double-stranded RNA (dsRNA) (TLR3) or single-stranded RNA/DNA (ssRNA/DNA) (TLR7, TLR8, TLR9) and activate IRF7 and NF kappa B.


Endogenous molecules (not produced by microbes) are released in response to noninfectious injury (trauma, toxins, neoplasia, necrosis, or irritation). Because endogenous molecules can trigger an inflammatory reaction, they have been termed alarmins. Alarmins include sulfate, hyaluronan, HSP 60 (mitochondria), HSP 70 (cytoplasm), Gp 96 (endoplasmic reticulum), fibronectin, fibrinogen, and SP-A, all of which can bind PRRs or other receptors and initiate cell signaling, inflammation, and activation of the innate immune system (see Table 3-4). These molecules are often overlooked when considering acute inflammation in the context of microbial infections because microbial products, such as teichoic acid and LPS, are very potent activators of acute inflammation. However, endogenous molecules likely have a significant role in inflammation generated against neoplastic cells, toxins, and mechanical injury. For example, a wide variety of xenocompounds, including apoptotic cells, toxins (maitotoxin, valinomycin, nigericin, aerolysin), stress molecules (ultraviolet [UV] radiation, monosodium urate, calcium pyrophosphate, beta amyloid fibrils), xenogeneic compounds (silicates, asbestos, aluminum hydroxide), as well as microbial products (lipoteichoic acid, LPS), can affect lysosomal function which in turn induces NLRP3 (NALP3) activation (Fig. 3-12). Furthermore, adenosine, a by-product of cell injury CD39 hydroxylation of ATP, can bind adenosine receptors present on the surface membrane of leukocytes and modulate inflammatory and immune responses. Endogenous molecules mitigate the intensity of the inflammatory response by regulating signaling intensity.
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Fig. 3-12 Inflammasome activation by exogenous and endogenous stimuli.
Numerous stimuli can result in activation of the NALP3 inflammasome. Exogenous stimuli include lipopolysaccharide (LPS), lipoteichoic acid (LTA), toxins, monosodium urate crystals (MSU), calcium pyrophosphate dehydrate (CPPD) crystals, ultraviolet (UV)-B waves, aluminum, asbestos, and silica. Endogenous stimuli include ATP, potassium, NADPH and reactive oxygen species (ROS). Once engaged, NALP3 activates caspase 1 which cleaves pro-IL-beta into IL-1 beta and also activates IL-18 (not shown). (Redrawn from Benko S, Philpott DJ, Girardin SE: The microbial and danger signals that activate Nod-like receptors, Cytokine 43(3):368-373, 2008. Epub 2008 Aug 19.)












Antimicrobial Peptides and Collectins


Antimicrobial peptides, such as the α- and β-defensins, cathelicidins, and others—such as anionic peptides, histatin, and dermacidins—are small peptides with microbicidal activity against Gram-negative and -positive bacteria, fungi, mycobacteria, and some enveloped viruses such as human immunodeficiency virus (HIV) (Web Table 3-9). They are encoded by genes of the cells involved in the inflammatory response, especially neutrophils, and by epithelial cells forming the skin and the mucosal barriers of the respiratory and alimentary systems. The microbicidal activity likely occurs through the formation of pores within bacterial membranes and viral envelopes. In addition to the microbicidal activity, antimicrobial peptides are increasingly appreciated for their role in other nonmicrobial activities related to inflammation and wound repair. These activities include chemotaxis of leukocytes and dendritic cells, cell proliferation, wound repair, cytokine release, and the protease-antiprotease balance. There is also much evidence that antimicrobial peptides link the innate and adaptive immune responses.






WEB TABLE 3-9


Inflammatory and Other Activities of Antimicrobial Peptides and Surfactant Proteins






	Antimicrobial Peptide/Protein

	Major Cell of Production

	Activity






	α-Defensins

	Enterocytes, leukocytes

	Microbicidal activity, induce interleukin-8 (IL-8) production (cryptdins), inhibit angiogenesis (neutrophil α-defensins)






	β-Defensins

	Epithelia, leukocytes

	Microbicidal activity, chemotactic for neutrophils, dendritic cells, other leukocytes, induce cell proliferation






	Cathelicidins

	Leukocytes, epithelia

	Microbicidal activity, induce cytokine and histamine release, regulate cell proliferation, angiogenesis, wound healing, prevent apoptosis (PR-39)






	Surfactant proteins A and D

	Epithelia

	Opsonization of pathogens, macrophage activation







Cryptdins are a type of α-defensin produced by Paneth cells; neutrophil α-defensins are α-defensins produced by human neutrophils; PR-39 is a cathelicidin molecule produced by porcine neutrophils.








There are a wide variety of antimicrobial peptides; however, the defensins have received the most attention for activities other than microbial killing. There are three types of defensins: the α-, β- and θ-defensins. α-Defensins are produced by neutrophils and Paneth cells. β-Defensins are produced by neutrophils and epithelial cells. θ-Defensins are produced in neutrophils of primates. The defensins are cationic proteins with three pairs of intramolecular disulfide bonds. α-Defensins and β-defensins can stimulate mast cell degranulation, induce IL-8 synthesis, induce T-lymphocyte chemotaxis, and activate T lymphocytes, macrophages, and dendritic cells, thus interconnecting innate and adaptive immunity. The importance of defensins in immunity is underscored by the fact that HIV-1 infected individuals that are healthy and in “remission” have high concentrations of α-defensins, which are thought to enhance T-lymphocyte activity and may also have direct anti–HIV-1 activity.









Acute Phase Proteins


Acute phase proteins are plasma proteins synthesized in the liver whose concentrations increase (or decrease) by 25% or more during inflammation. These proteins serve as inhibitors or mediators of the inflammatory processes and include C-reactive protein, α1-acid glycoprotein, haptoglobin, mannose-binding protein, fibrinogen, α1-antitrypsin, and complement components C3 and C4. The concentration of these acute phase proteins usually increases during inflammation, whereas the concentration of prealbumin and albumin (also acute phase proteins) decreases in inflammation. Acute inflammatory conditions that are severe enough to raise blood plasma concentrations of cytokines, such as IL-1 and TNF, increase the blood concentrations of acute phase proteins and elevation of fibrinogen in the blood of cattle is used clinically as an indicator of systemic inflammation. C-reactive protein has recently received attention as a marker of inflammatory conditions, especially atherosclerosis in humans. In addition to its role diagnostically, C-reactive protein binds to bacteria and fungi and also activates complement. Once acute phase proteins and systemic levels of inflammatory cytokines are elevated, they affect the heart rate, blood pressure, and the hypothalamic regulation of temperature by directly or indirectly stimulating neurons within specific hypothalamic nuclei. The previously described changes also affect respiratory rates and gaseous exchange.









Summary of the Chemical Mediators of Acute Inflammation


Various exogenous and endogenous stimuli can activate soluble, surface, or cytoplasmic and endosomal receptors or simply cause mechanical or other damage to invoke an acute inflammatory response. This response can occur very rapidly as the result of the release of preformed or rapidly activated inflammatory mediators such as histamine, kinins, complement factors like C3a and C5a, and tachykinins (substance P). These molecules generally affect vascular caliber and permeability and activate leukocytes and endothelial cells. Concurrently, lipid-based products, such as prostaglandins, leukotrienes, and PAF, contribute to chemotaxis, vascular tone, and leukocyte activity, all of which work in concert with chemokines and cytokines to activate endothelial cells and leukocytes and enhance neutrophil infiltration. NO released by macrophages and endothelia induce vasodilation and also can contribute to tissue damage caused by other reactive oxygen species. Inflammatory mediators bind receptors that subsequently induce cytoplasmic signaling and cellular activation, resulting in the production of additional cytokines, chemokines, adhesion molecules, antimicrobial peptides, and other inflammatory mediators that may either exacerbate or inhibit the inflammatory process. Activated neutrophils expressing leukocyte adhesion molecules, such as the integrins, enter inflamed tissue and can release hydrolytic enzymes and other granule contents that further damage tissue. Systemically, increases in acute phase proteins, cytokines, chemokines, complement, and inflammatory proteins can affect body temperature, cardiovascular function, locomotion, sleep, appetite, and other activities (Table 3-5).




TABLE 3-5


Examples of Differing Types of Inflammatory and Clinical Responses to Substances


[image: image]


CD14 = receptor for LPS-binding protein.


Hageman factor = clotting factor.


IL-1, Interleukin-1; IL-18, interleukin 18; LPS, lipopolysaccharide (endotoxin); PAF, platelet-activating factor; NOD1, nucleotide-binding and oligomerization domain; TLR4, Toll-like receptor 4; TNF, tumor necrosis factor.















Reparative Phase of the Acute Inflammatory Response





Outcomes of the Acute Inflammatory Response


The four main outcomes of acute inflammation are as follows:




• Resolution (the return to normal structure and function)


• Healing by fibrosis


• Abscess formation


• Progression to chronic inflammation





The severity of tissue damage, the ability of cells to regenerate, and the physical or biologic characteristics of the cause of the injury determine these outcomes. In the acute inflammatory response (Fig. 3-13), the desired outcome is resolution, that is, the complete return of normal structure and function. Resolution occurs if the following occur:
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Fig. 3-13 Repair, regeneration, and fibrosis after injury and inflammation. (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)







• The acute inflammatory response is completed in the correct sequence.


• Macrophages and lymphatic vessels remove the exudate.


• The inciting agent or substance is eliminated.


• The stroma (connective tissue) of the affected tissue is intact and can provide support for regeneration of epithelial cells.


• Ulcerated or necrotic epithelial cells are replaced by regeneration of adjacent epithelial cells on an intact basement membrane.





Mechanistically, the critical first stage of resolution involves the killing and/or removal of the inciting cause, removal of chemical mediators by neutralization or decay, return to normal vascular flow and capillary permeability, cessation of leukocyte emigration, apoptotic cell death of remaining neutrophils in the exudate, the removal of the exudate by monocyte-macrophage phagocytosis, and drainage to regional lymph nodes (Fig. 3-14). Inflammatory responses of neutrophils, monocytes, and macrophages are further inhibited by chemokine inactivation and release of products such as lipoxin A4, resolvins, annexin A, lactoferrin, and lysophosphatidylcholine.
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Fig. 3-14 Events in the resolution of inflammation.
1, Return to normal vascular permeability; 2, drainage of edema fluid and proteins into lymphatics or 3, by pinocytosis into macrophages; 4, phagocytosis of apoptotic neutrophils and 5, phagocytosis of necrotic debris; and 6, disposal of macrophages. Macrophages also produce growth factors that initiate the subsequent process of repair. Note the central role of macrophages in resolution. (Modified from Haslett C, Henson PM: Resolution of inflammation. In Clark R, Henson PM, editors: The molecular and cellular biology of wound repair, New York, 1996, Plenum Press.)





Regeneration is the second stage of resolution and depends on the availability of progenitor epithelial cells and the presence of a supportive stroma and intact basement membrane for orderly cellular migration. As an example, acute renal tubular necrosis can be caused by aminoglycoside antibiotics and results in detachment and necrosis of tubular epithelial cells from the tubular basement membrane. If the supporting stroma and basement membrane remain intact, progenitor epithelial cells can divide and migrate to replace lost cells and thus return the tubule to normal function. If the basement membrane is not intact to guide the proliferating cells, functional tubules will not form. Instead, regenerative tubular epithelial cells will atrophy or form into small aggregates with syncytial giant cells. Simultaneously, the microvascular supply to the region must be restored, which occurs mechanistically by the proliferation of endothelial cells in response to molecules such as VEGF.












Nomenclature of The Inflammatory Response (Morphologic Diagnoses)


Nomenclature, a system of names assigned to structures and processes in a scientific discipline, used in veterinary pathology provides clinicians with a morphologic diagnosis, a precise description of the process, type of inflammation, and disease. A morphologic diagnosis has six components listed in the following sequence: degree of severity, duration, distribution, exudate, modifier, and tissue (Table 3-6). Based on the results of a postmortem examination and/or histologic evaluation of tissue specimens, a pathologist will construct a morphologic diagnosis by including in sequential order the components of the nomenclature that best describe the specimens. For example, using the kidney as the injured tissue, the central component of a morphologic diagnosis is the name of the tissue derived from its Latin term, “nephro-.” If the kidney is inflamed, the prefix “nephro-” is combined with the suffix “itis” (inflammation or disease of) to form the word “nephritis,” meaning inflammation of the kidney. The other components of the morphologic diagnosis, such as degree, duration, distribution, exudate, and modifier, precede nephritis and are used to describe the characteristics of the inflammatory process. The pattern of distribution of the inflammatory lesion not only provides location but also in many instances implies a mechanism of injury. These patterns of distribution as shown in Fig. 3-15 include focal, multifocal, locally extensive, and diffuse. They are covered in greater detail in each organ system. The subtleties of this process are learned through advanced training in the discipline of pathology, and terms describing the degree and duration evolve from years of professional experience and are not likely to be mastered by veterinary students during their professional training.




TABLE 3-6


The Nomenclature of a Morphologic Diagnosis
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This table provides an example of how nomenclature can be used to construct a morphologic diagnosis. It is not intended to be all-inclusive and may vary from schemes used in other veterinary colleges.


*In the lung, it is customary to use the term pneumonia to indicate inflammation of the lung.


†Used only for diseases of the lungs.
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Fig. 3-15 Patterns of lesion distribution used to construct morphologic diagnoses, as an example, in the kidney. (From Slauson DO, Cooper BJ: Mechanisms of disease: a textbook of comparative general pathology, ed 3, St Louis, 2002, Mosby.)





Morphologic diagnoses can also use the suffixes “osis” (diseased or abnormal condition) or “opathy” (disease). In this context, such diseases or conditions refer to those caused by degenerative or aging processes without inflammation. Therefore the same nomenclature can be used to diagnose a degenerative condition in the kidney by using the term nephrosis or the term nephropathy. The other components are then added to nephrosis or nephropathy to describe the characteristics of the degenerative process. Finally, some metabolic and neoplastic diseases do not fit into this nomenclature, but equally valid morphologic diagnoses can be constructed. An enlarged, soft and friable, yellow, and greasy liver can be morphologically diagnosed as “fatty liver” (hepatic lipidosis), whereas a solid, firm, white expansile mass in the liver could be morphologically diagnosed as “hepatic malignant lymphoma.”









Morphologic Classification of Exudates in Acute Inflammatory Lesions


The gross and microscopic appearance of different types of acute inflammatory reactions in tissue can often be classified according to the vascular and cellular components of the response, thus providing a mechanistic basis for understanding the pathogenesis. Histopathologic lesions of acute inflammation are most commonly grouped into five categories: serous, catarrhal, fibrinous, suppurative or purulent, and hemorrhagic, or a combination of these lesions such as fibrinosuppurative. Similar histopathologic patterns of lesions also occur in chronic inflammation (lymphohistiocytic or granulomatous [macrophages, multinucleate giant cells, lymphocytes, plasma cells, fibrosis]).


It should be recognized that the histopathologic lesions of acute inflammation often represent (1) a continuum of progressive changes of the same type of inflammation occurring over time or (2) different types of inflammatory responses occurring concurrently in the same or different areas of an affected tissue. Therefore rhinitis, for example, could progress in a sequence from serous to catarrhal to mucopurulent to purulent. If the inciting stimulus is severe, changes could progress rapidly from serous to fibrinous to hemorrhagic.






Serous Inflammation


Serous inflammation is the term used to describe a pattern of acute inflammation in which the tissue response consists of the leakage or accumulation of fluid with a low concentration of plasma protein and no to low numbers of leukocytes. This watery material is released from small gaps between endothelial cells and from hypersecretion of inflamed serous glands. This response is essentially a transudate (specific gravity <1.012) and is seen with (1) thermal injury to skin, such as burns and photosensitization, in which the lesion can appear as a fluid-filled blisters, or (2) acute allergic responses characterized by watery eyes and a runny nose with a clear, colorless transudate.


Grossly, lesions, for example, with serous inflammation consist of tissue that (1) contains excessive clear to slightly yellow, watery fluid that leaks from the tissue on cut section or (2) forms raised fluid-filled vesicles protruding above the surface of the mucous membrane of the nasal cavity (serous rhinitis) or of the skin (Fig. 3-16). Microscopically, connective tissue fibers are separated, often widely, and capillaries and postcapillary venules are dilated with erythrocytes (active hyperemia). Endothelial cells lining these vessels can vary from flattened to hypertrophied.
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Fig. 3-16 Serous exudate/subcutaneous edema, photosensitization, skin of the nose and ears, ewe.
A, The nonhaired skin of the nose is covered by a crust resulting from dehydration of the serous exudate released from injured blood vessels following a short exposure to the sun. The ears are edematous and droopy. B, Microscopically, there is moderate expansion of the superficial dermis with edema secondary to vascular leakage (serous inflammation). The postcapillary venules are dilated (active hyperemia), and leukocytes have marginated on endothelial cells. H&E stain. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)












Catarrhal Inflammation


Catarrhal inflammation, or mucoid inflammation, is the term used to describe a pattern of acute inflammation in which the tissue response consists of the secretion or accumulation of a thick gelatinous fluid containing abundant mucus and mucins from a mucous membrane. This response occurs most commonly in tissue with abundant goblet cells and mucus glands, such as in certain types of chronic allergic and autoimmune gastrointestinal diseases and with chronic inflammation of the airways of the respiratory system (chronic asthma). Grossly, the surface or cut surface of affected tissue may be covered with or contain a clear to slightly opaque, thick fluid (Fig. 3-17). Microscopically the lesion can include hyperplastic epithelial cells of mucus glands and goblet cells, as well as connective tissue fibers separated by mucins.
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Fig. 3-17 Catarrhal inflammation.
A, Abomasum, cow. The mucosal epithelium is moderately thickened, covered by a glistening layer of clear mucus, and has a subtle nodular appearance caused by accumulation of mucinous secretory products (catarrhal exudate) in the gastric pits. B, Colon, cow. Microscopically, there is a catarrhal colitis with hyperplasia of mucosal epithelial cells and increased accumulation of mucus on the mucosal surface. H&E stain. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)












Fibrinous Inflammation


Fibrinous inflammation is the term used to describe a pattern of acute inflammation in which the tissue response consists of the accumulation of fluid with a high concentration of plasma protein (specific gravity >1.02) and no to low numbers of leukocytes. This response is an exudate. Fibrinous inflammation occurs with more severe endothelial cell injury that allows leakage of large molecular weight proteins such as fibrinogen. Fibrinogen leaks from capillaries and postcapillary venules during the fluidic phase of the acute inflammatory response and polymerizes outside of the vessels to fibrin, a homogeneous and vividly pink (eosinophilic) protein when stained with hematoxylin and eosin (H&E). This lesion is most commonly caused by infectious microbes and is seen in the serous membranes of the body cavities, such as those lined by pleura (fibrinous pleuritis), pericardium (fibrinous pericarditis), peritoneum (fibrinous peritonitis), and in the synovial membranes of joints (fibrinous synovitis) and the meninges (fibrinous leptomeningitis). Common examples include the lesions in pulmonary alveoli in fibrinous pneumonia (Mannheimia haemolytica), atypical interstitial pneumonia (3-methyl indol), and respiratory viral infections (bovine herpesvirus-1 in cattle). When fibrin forms a distinct layer covering an ulcer, it is referred to as a fibrinous pseudomembrane, whereas when it lines the pneumonocyte surface of lung alveoli in a curvilinear fashion and is mixed with necrotic cell debris, such as occurs with bovine respiratory syncytial virus (BRSV) infection, it is called a hyaline membrane.


Grossly, the surfaces of affected tissue are red (active hyperemia) and covered with a thick, stringy, elastic, white-gray to yellow exudate that can be removed from the surface of the tissue (in contrast to a fibrous response) (Fig. 3-18; see Fig. 3-4). A classic example of fibrinous inflammation occurs in fibrinous pneumonia caused by acute Mannheimia haemolytica infection, in which both alveoli and stromal connective tissue (interlobular septa and pleura) contain notable fibrinous exudate that rapidly becomes infiltrated by neutrophils, resulting in a fibrinosuppurative exudate. Another example of fibrinous inflammation occurs in bovine herpesvirus-1 infection. This virus injures epithelial cells of the respiratory tract, resulting in an acute fibrinous inflammatory response. Noninfectious causes, such as heat and smoke inhalation, can cause fibrinous exudate in the trachea. Microscopically, capillaries and postcapillary venules are dilated with erythrocytes (active hyperemia), and endothelial cells are reactive (hypertrophied). The stromal connective tissue or the mesothelial surfaces of the affected organ contains or is covered by red to vividly red layers of coagulated and/or polymerized fibrin, albumin, and other plasma proteins. The fibrinous exudate is often rapidly infiltrated by neutrophils, resulting in fibrinosuppurative inflammation.
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Fig. 3-18 Fibrinous inflammation, pleural cavity, visceral and parietal pleurae, horse.
A, The pleural surfaces are covered by a yellow-gray, thick, friable exudate consisting of fibrin mixed with other plasma proteins. This exudate can be easily pulled apart and should not be confused with fibrous adhesions. The latter response occurs over time and consists of a similar appearing material that contains collagen fibers, which provide tensile strength to the material and form adhesions between opposing surfaces that can only be broken with some difficulty. B, Microscopically, there are layers of homogeneous red material (fibrin-fibrinous exudate) that contain occasional neutrophils and a focus of bacteria (arrows). H&E stain. (Courtesy Dr. J.F. Zachary, College of Veterinary Medicine, University of Illinois.)












Suppurative Inflammation


Suppurative inflammation is the term used to describe a pattern of acute inflammation in which the tissue response consists of the accumulation of fluid with a high concentration of plasma protein (specific gravity >1.02) and high numbers of leukocytes, predominately neutrophils. This material is an exudate commonly known as pus. Pus can be a creamy liquid, but if dehydrated, it can be more caseous and firm in consistency and occasionally laminated in diseases such as ovine caseous lymphadenitis. A collection of pus circumscribed by a fibrous capsule that is visible grossly is called an abscess, whereas, if visible only microscopically, it is called a microabscess.


Dense neutrophil accumulation (pus) can also be distributed in tissue layers such as fascial planes and subcutaneous connective tissue and is referred to as cellulitis or phlegmonous inflammation. Instead of producing a focal abscess, the neutrophils evoke a watery suppurative exudate distributed along fascial planes and tissue spaces, as in some cases of blackleg or extensive Gram-positive (staphylococcal) infection. Suppurative inflammation, microabscesses, abscesses, and exudates are most commonly caused by bacteria, including Staphylococcus spp., Streptococcus spp., and Escherichia coli, and can occur in many organs. These genera can also cause suppurative bacterial meningitis in the central nervous system (CNS). Abscesses in the brains of horses caused by Streptococcus equi and microabscesses in the brains of cows caused by Listeria monocytogenes are good examples of suppurative inflammation. Bacteria-induced suppurative inflammation also occurs commonly in (1) the pelvis and tubules (pyelonephritis) of the kidney, (2) the bronchi of the lungs (bronchopneumonia), (3) the nasal and sinus cavities (rhinitis and sinusitis), (4) the glandular epithelium of the prostate (prostatitis), (5) the lumina of the gall bladder (cholecystis) and urinary bladder (urocystitis), and (6) the acini and ducts of the mammary gland (mastitis). Unresolved suppurative inflammation can progress to chronic inflammation.


Grossly the surfaces and/or connective tissues of affected organs are hyperemic and covered by or contain, respectively, a thick white-gray to yellow pus (Fig. 3-19). In some cases, pus will be mixed with fibrin, forming a fibrinosuppurative exudate. Microscopically, affected tissues have large numbers of neutrophils; many degenerate and often are mixed with necrotic cellular debris, bacteria, plasma proteins, and fibrin.
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Fig. 3-19 Suppurative (purulent) inflammation, secondary bacterial bronchopneumonia, infectious canine distemper, puppy.
A, The cranioventral areas of the lung are firm and beige to brown. This lesion is caused by neutrophils transmigrating into alveoli in an acute inflammatory response secondary to bacterial infection of the lung. B, Microscopically, alveoli contain numerous neutrophils (suppurative exudate) and sloughed pneumocytes. H&E stain. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)















Chronic Inflammation


Chronic inflammation is inflammation of prolonged duration (weeks to months to years) that occurs (1) when the acute inflammatory response fails to eliminate the inciting stimulus, (2) after repeated episodes of acute inflammation, or (3) in response to unique biochemical characteristics and/or virulence factors in the inciting stimulus or microbe. Table 3-7 lists some of the most common causes of chronic inflammation in domestic animals. The underlying biologic mechanisms that result in chronic inflammation include persistence/resistance, isolation in tissue, unresponsiveness, autoimmunity, and unidentified mechanisms.




TABLE 3-7


Selected Examples of Conditions That Can Cause or Lead to Chronic Inflammation in Domestic Animals
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• Persistence/resistance: Persistent infections, such as those caused by Mycobacterium spp.; Nocardia spp.; deep-seated mycoses, such as Blastomyces dermatitidis (Web Fig. 3-11) and Histoplasma capsulatum; and parasites, such as Toxocara canis larvae, can avoid and/or resist phagocytosis by neutrophils and macrophages—or once internalized by these cells, can prevent fusion of primary and secondary lysosomes or killing by lysosomes. Such microbes also usually do not produce biologic molecules that cause severe tissue injury, but their presence continually incites chronic inflammatory and immune responses. Some microbial agents can induce macrophages to undergo apoptosis and subsequent internalization by adjacent macrophages. Tissue destruction, granulomatous inflammation, and fibrosis are common sequelae of persistent/resistant infectious agents.


• Isolation: Some microbes, such as Streptococcus and Staphylococcus spp., are not naturally resistant to phagocytosis and/or destruction but are able to isolate themselves from effective innate and adaptive immune responses and from antimicrobial drugs by “hiding” themselves in pus.


• Unresponsiveness: Certain foreign materials are virtually indestructible and therefore are unresponsive to phagocytosis and/or enzymic breakdown. These include plant material, grass awns, silica dust, asbestos fibers, some suture materials, and surgical prostheses.


• Autoimmunity and leukocyte defects: Alterations in the regulation of adaptive immune responses to self-antigens result in autoimmune diseases, such as polyarteritis nodosa, with a chronic inflammatory response. Defects in leukocyte function can also result in chronic inflammation. For example, loss of NADPH oxidative function in human patients with chronic granulomatous disease, impair leukocyte free radical formation and oxidative killing, thus allowing persistence of microbial agents or internalized material.


• Unidentified mechanisms: In some diseases, such as canine granulomatous meningoencephalitis, the cause of chronic inflammation remains unknown.









WEB TABLE 3-11


Composition and Tissue Specificity of Selected Glycosaminoglycans (GAGs)






	GAG

	Carbohydrate Components

	Localization






	Hyaluronate

	Hyaluronic acid

	Synovial fluid, vitreous humor, extracellular matrix of connective tissue






	Chondroitin sulfate

	
d-glucuronate + N-acetylgalactosamine

	Cartilage, bone, heart valves






	Heparan sulfate

	Glucuronate + glucosamine

	Basement membranes, cell surfaces, intracellular granules of mast cells






	Heparin

	Glucuronate + glucosamine

	Lines arteries of lungs, liver, skin






	Dermatan sulfate

	
l-idurante + N-acetylgalactosamine

	Skin, blood vessels, heart valves






	Keratan sulfate

	Galactose + N-acetylglucosamine

	Cartilage, aggregated with chondroitin sulfate
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Web Fig. 3-11 Granulomas and pyogranulomas, blastomycosis, lung, dog.
A, Numerous multifocal discrete and coalescing variably sized gray-white nodules are scattered at random (embolic pattern) in the lung parenchyma. They are composed of granulomatous inflammatory cells. Note that the lung lobes fail to collapse. B, The granulomatous inflammatory exudate contains activated and multinucleate giant cells with intracellular Blastomyces dermatitidis organisms (arrows). Lymphocytes and plasma cells are also present in the exudate. H&E stain. (A courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee. B courtesy Dr. J.F. Zachary, College of Veterinary Medicine, University of Illinois.)





The chronic inflammatory response is maintained by cytokines, chemokines, and other inflammatory mediators that are released and incite (1) ongoing inflammation mediated by infiltration and activation of lymphocytes, macrophages, plasma cells, and multinucleated giant cells (MGCs); (2) tissue destruction (necrosis); (3) proliferation of fibroblasts and deposition of collagen (desmoplasia and/or fibroplasia); (4) angiogenesis and neovascularization (granulation tissue formation); and (5) initiation of wound healing (reepithelialization and tissue repair).









Beneficial and Harmful Aspects of Chronic Inflammation


The body initially responds to injury through acute inflammation. Once the acute inflammatory response fails to overcome the inciting agent or persistent substance, chronic inflammation ensues as the body attempts to overcome the inciting agent/substance via a variety of cells such as NK cells, lymphocytes, macrophages and the adaptive immune response. If these responses fail, the inciting agent/substance is then “walled-off” with collagen produced by fibroblasts, encapsulating the agent/substance and functionally placing it “outside” of the body. Some types of responses, such as lepromatous (diffuse) granulomatous reactions, do not form defined fibrous capsules or walls and instead separate the agent/substance by dense accumulations of macrophages and fibroblasts that are arranged irregularly. Often, this response can be beneficial and in time can lead to a return to normal activity. Small granulomas or abscesses in the lung, liver, or even in some areas of the skin, with time, eventually go unnoticed by the innate and adaptive immune systems and do not stimulate pain or mechanical interference to movement or function.


On the other hand, chronic inflammation can be detrimental. The mononuclear leukocyte infiltrates (macrophages, lymphocytes, and NK cells) within areas of chronic inflammation take up space and often displace, replace, and sometimes obliterate the original tissue. At the same time, new blood vessels form, fibroblasts proliferate and deposit collagen, and if the lesion expands, the inflammatory response can affect function of adjacent tissues and/or cells and ultimately the function of the entire organ. For example, chronic inflammatory lesions in the intestine of dogs and cats with inflammatory bowel disease (IBD) can induce progressive weight loss and debilitation. Also, chronic inflammation in the brains of dogs with granulomatous meningoencephalitis, can destroy neurons and glia, impinge and obstruct flow of cerebrospinal fluid (CSF) in the ventricular system, and elevate the intracranial pressure, all of which can impair cognition and movement.


The extent of debilitation in animals with chronic inflammatory lesions depends on the location of the lesion and extent of tissue involvement. Even very small chronic lesions in the brain can rapidly incite clinical signs through either the destruction of neuroparenchyma or, perhaps, by impairing flow or resorption of CSF. In contrast, some widespread chronic inflammatory lesions, such as those in inflammatory bowel disease of dogs and cats and Johne’s disease of cattle, can involve extensive areas of the intestine and often precede clinical signs (diarrhea) by months or even years. Yet other diseases, such as embolic hepatic or lung abscesses or disseminated tuberculoid granulomas, can be debilitating over time through the loss of parenchymal function and the continual release of inflammatory mediators, such as TNF and IL-1, both of which affect temperature and appetite.


In chronic inflammation, the first clinical intervention is to remove the inciting factor, if possible. Thus antibiotics and antifungal drugs are used against bacterial and mycotic infections. Some foreign bodies can be removed surgically, and it may be possible to identify, opsonize, chelate, or sequester immunologic allergens, antigens, and nondegradable substances. Unfortunately, few medical therapies completely resolve certain types of chronic inflammation, especially if granulomas and/or extensive scar tissue have developed. In the future, perhaps surgical debulking of large lesions may be followed by gene or stem cell therapy to effectively eliminate specific types of granulomas, such as those caused by mycobacterial infection or inducing apoptosis of fibroblasts, myofibroblasts, and macrophages.












Progression of the Acute Inflammatory Response to Chronic Inflammation, Fibrosis, and Abscess Formation


Acute inflammatory responses can either fully resolve with return of the tissue to normal structure and function or repair by healing (Fig. 3-20). If conditions do not allow for complete resolution of the acute inflammatory response, four outcomes can result: (1) progression to chronic/granulomatous inflammation, (2) healing by fibrosis, (3) healing with increased cellularity (cerebral gliosis, Kupffer cell hyperplasia, or glomerular mesangial cell hyperplasia), or (4) abscess formation. These outcomes are determined by the severity of tissue damage, the ability of cells to regenerate, and the biologic characteristics of the agent/substance (e.g., mycobacterial waxes, poorly degradable plant fibers) that caused the injury.
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Fig. 3-20 The outcomes of tissue injury and unresolved acute inflammation. (Modified from Young B, O’Dowd G, Stewart W: Wheater’s basic pathology: a text, atlas and review of histopathology, ed 5, New York, 2010, Churchill Livingstone.)









Progression to Chronic/Granulomatous Inflammation


Progression to chronic/granulomatous inflammation occurs when the acute inflammatory response fails. Failure is characterized by the following:




• The inciting stimulus persisting for a long period of time (weeks to months)


• Extensive tissue injury and necrosis (third-degree burn)


• A shift of the cellular elements of the inflammatory response from neutrophils to lymphocytes, macrophages, and sometimes multinucleate giant cells


• Extensive connective tissue reorganization followed by fibrosis (fibroplasia)





Examples of agents and substances that often result in chronic inflammatory responses include systemic mycoses, such as Blastomyces dermatitidis and Histoplasma capsulatum; intracellular bacterial pathogens, such as Nocardia, Brucella, Mycobacterium, or Salmonella spp.; protozoa, such as Leishmania or Trypanosoma spp.; parasites, such as Toxocara larva or Habronema; autoantigens, such as those occurring in sperm granulomas or in autoimmune diseases like lupus erythematosus; and foreign bodies (plant awns, sticks, metals, asbestos, or suture material). Such agents continually induce the release of inflammatory mediators from indigenous parenchymal cells and leukocytes, leading to macrophage infiltration and activation; T-lymphocyte, NK cell, and perhaps mast cell or eosinophil infiltration; and fibroblast and endothelial cell proliferation. Some of the inflammatory cytokines, such as TGF-β, may interfere with regeneration of epithelial and parenchymal cells (see section on Wound Healing and Angiogenesis).









Healing by Fibrosis


Healing by fibrosis occurs after tissue injury in which there is necrosis of the tissue framework provided by stromal elements (connective tissue) and of the epithelial cells required to regenerate and successfully reconstitute the parenchymatous elements of the tissue. After necrosis, dead tissue and the acute inflammatory exudate are removed by macrophages (phagocytosis by cells of the monocyte-macrophage system), and the space is filled with fibrovascular tissue (granulation tissue) commonly seen in the healing process. Granulation tissue is eventually replaced by immature fibrous connective tissue that is poorly collagenized and then by mature connective tissue that is well collagenized, healing the wound and forming a scar (cicatrix). Structural integrity may be reestablished, but functional integrity depends on the extent of the loss of parenchymal cells. For example, with severe skin burns or extensive lacerations, dermal scarring eventually replaces lost dermal structures and to a limited extent restores structural integrity; however, the skin’s functional integrity is extremely limited because of the loss of adnexal glands, hair follicles, and scar tissue that reduces the range of motion in joints of the limbs and digits. The degree and extent of fibroblast and myofibroblast proliferation in such wounds largely depends on mediators such as TGF-β and IL-13 (see the section on Wound Healing and Angiogenesis).









Abscess Formation


Abscess formation (Fig. 3-21) occurs when the acute inflammatory response fails to rapidly eliminate the inciting stimulus and the enzymes and inflammatory mediators from neutrophils in the exudate liquefy the affected tissue and neutrophils to form pus. Myeloperoxidase enzyme in neutrophils contributes to neutrophil necrosis and liquefaction. The presence of myeloperoxidase is an evolutionary phenomena and reptiles and birds lack this enzyme and are therefore unable to liquefy neutrophils into pus. Abscesses can have a septic or sterile origin. Septic abscesses most commonly originate from bacterial infection, whereas sterile abscesses arise from incompletely degraded foreign bodies or from the failure of injected medications to be completely absorbed. Pyogenic bacteria, such as Staphylococcus and Streptococcus spp., commonly cause septic abscesses. They enter tissue hematogenously or by direct extension from the skin following trauma. The pus within an abscess can range in consistency from serous to purulent to caseous and in color from white, to yellow, to green, depending on the inciting agent/substance. The color of the exudate often depends on the pigment produced by the inciting bacterium and the species; for example, yellow exudates are caused by abscesses formed by Staphylococcus, Streptococcus spp., and Corynebacterium ovis; green exudate is caused by abscesses formed by Pseudomonas aeruginosa; and red exudate is caused by abscesses formed by Serratia marcescens.
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Fig. 3-21 Abscess formation.
A, Abscess, lung, cow. A cut section of lung has numerous abscesses. Note the white-to-gray exudate and how it bulges from the cut surface. B, The exudate in A consists of cell debris and a large number of neutrophils admixed with lesser numbers of degenerating macrophages and lymphocytes, and bacteria (the latter not visible with H&E stain). H&E stain. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)





After an acute inflammatory response has been established, the development of an abscess in this site consists of a collection of neutrophils admixed with cell debris, macrophages, and fibroblasts with variable infiltrates of lymphocytes. Experimentally, such a site can form in 2 to 3 days, depending on the agent/substance. Fibroblasts in this site begin to produce collagen and ECM proteins that can form into a “thin” vascularized connective tissue area. At this point, antibiotics can penetrate this area and enter the exudate. If the septic abscess persists, the initial “thin” connective tissue area surrounding the exudates can mature into a fibrous capsule, which is thick and largely impermeable, in an attempt to “wall-off” the exudates from normal tissue. A capsular wall takes weeks to form. Abscesses with this response can present serious problems in systemic (hematogenous) or local (topical diffusion) antibiotic treatments. In large abscesses with abundant pus, the pus itself may dilute the antibiotic and further prevent the drug from reaching the optimal concentration required to kill the bacteria. It is for these reasons that larger abscesses are often lanced to drain the pus. Sterile abscesses do not require antibiotics or other drugs to kill an inciting agent/substance, but they do require breakdown of the capsule by lancing or some other means.









Granulomatous Inflammation and Granuloma Formation


Granulomatous inflammation is a distinct type of chronic inflammation in which cells of the monocyte-macrophage system are predominant and take the form of macrophages, epithelioid macrophages (activated macrophages), and MGC. In granulomatous inflammation, the cells are dispersed as sheets of cells distributed at random (diffuse or lepromatous) within parenchymal and connective tissue planes (Fig. 3-22, A), whereas in a granuloma (tuberculoid granuloma), they are arranged in distinct masses or nodules (Fig. 3-22, B).
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Fig. 3-22 Granulomatous inflammation and granulomas.
A, Granulomatous inflammation in Johne’s disease, ileum. The lamina propria contains a solid sheet of granulomatous inflammatory cells, which is characteristic of lepromatous (diffuse) granulomatous inflammation, H&E stain. B, Nodular (tuberculoid) granuloma in coccidioidomycosis. Granulomas are round to oval with a central core of granulomatous inflammatory cells and a peripheral zone of fibroblasts, which may produce a fibrous capsule. The granuloma on the left contains a single central fungal element. H&E stain. (A courtesy Dr. J.F. Zachary, College of Veterinary Medicine, University of Illinois. B courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)





Granulomatous inflammation occurs secondarily in response to endogenous or exogenous antigens or idiopathically as in granulomatous meningoencephalitis of dogs. Development and regulation of granulomatous inflammation requires multiple factors: (1) the inciting agent, usually with indigestible, poorly degradable, and persistent antigens (e.g., Mycobacteria spp.); (2) the host immune response (e.g., TH and macrophage response); and (3) the interplay of various cytokines, chemokines, and other proinflammatory and antiinflammatory mediators produced by cells within the chronic inflammatory lesion.


Classification of granulomatous inflammation by pathologists has evolved over the years because of the increased understanding of disease pathogenesis and advances in molecular biology. For simplicity, this chapter discusses two morphologic forms of granulomatous inflammation: diffuse (lepromatous) granulomas, which are currently thought to be consistent with a TH2-biased immunologic response, and nodular (tuberculoid) granulomas, which are currently thought to be consistent with a TH1-biased immunologic response. Both of these terms are derived from granulomatous lesions in humans and are increasingly becoming defined and seen as distinct, both immunologically and molecularly.






Nodular (Tuberculoid) Granulomas (TH1-Biased Granulomas)


Examples of nodular (tuberculoid) granulomas are those that have been classically caused by Mycobacterium bovis or Mycobacterium tuberculosis (Fig. 3-23) and by some deep fungal infections, such as coccidioidomycosis (Web Fig. 3-12). Grossly, nodular granulomas are often gray to white, round to oval, and firm to hard, whereas diffuse granulomatous inflammation is often gray to white; expansile but poorly demarcated from adjacent tissue; and firm. Tuberculoid (nodular) granulomas develop with a TH1-type lymphocytic response and occur in many species but have been described extensively from lesions of infected humans, cattle, and rhesus monkeys. Because the portal of entry is often the respiratory tract, these lesions involve the lung with secondary involvement of other parenchymal organs and induce the formation of granuloma. Microscopically, nodular (tuberculoid) granulomas may or may not have a central core of necrotic cell debris (caseating and noncaseating granulomas) (see Fig. 3-23). Granulomas of either type are often oval to round and can be irregular as well as multinodular, vary in size from microscopic to macroscopic, and very large.
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Fig. 3-23 Nodular (tuberculoid, TH1) type of granulomatous inflammation.
A series of micrographs from lymph nodes of cattle experimentally infected with Mycobacterium bovis illustrate stages of TH1 granuloma formation. A, Stage I granuloma. Initial lesions have a central region of cell debris with occasional neutrophils and macrophages that are surrounded by a zone of macrophages that are irregularly arranged and further surrounded by densely associated lymphocytes. B, Stage II granuloma. Days later, granulomas are composed of numerous macrophages aggregated in an oval region with occasional epithelioid macrophages and small multinucleate giant cells. This core is surrounded by dense infiltrates of lymphocytes. C, Stage III granuloma. The mature granuloma has a central area of mineralization along with numerous macrophages, multinucleate giant cells and epithelioid macrophages. D, Stage IV granuloma. With long-term persistence of antigen, the granulomatous reactions with areas of mineralization coalesce and overtake additional surrounding tissue and are bordered by dense infiltrates of lymphocytes. H&E stain. (Courtesy Dr. M. Palmer, USDA/ARS-National Animal Disease Center, Ames, Iowa.)
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Web Fig. 3-12 Nodular (tuberculoid) type of granulomatous inflammation, coccidioidomycosis.
Granulomas are round to oval with a central core of numerous macrophages surrounded by lymphocytes, plasma cells, macrophages, and a peripheral zone of fibroblasts, which produce a fibrous capsule. The granuloma on the left contains a single central fungal element (inset). H&E stain. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)








Noncaseating granulomas are often round to oval and microscopically composed of numerous macrophages with variable numbers of epithelioid macrophages, perhaps multinucleate giant cells, with a peripheral zone of fibroblasts, lymphocytes, and plasma cells. Caseating granulomas have the same morphologic features as noncaseating granulomas; however, the center is formed by a core of gray-white-yellow pasty (thick-dehydrated) necrotic debris resembling cheese (Latin caseus = cheese). Caseating granulomas most commonly occur in tuberculosis. Microscopically, caseating granulomas have a central core of cell debris, surrounded by a dense zone of macrophages that may contain epithelioid macrophages that are admixed increasingly in the outer layers of granuloma with lymphocytes, plasma cells, and fibroblasts.


The outermost zones of either a noncaseating or caseating granuloma are frequently similar and composed of fibroblasts that deposit collagen and ECM proteins that create a dense fibrous region that can form into a capsule. Thus a well-formed granuloma has three distinctive morphologic areas. The innermost area is often but not always a centrally located region of macrophages and multinucleate giant cells in a noncaseating granuloma and cellular necrosis in a caseating granuloma, which is surrounded by a middle area containing macrophages, epithelioid macrophages, and multinucleate giant cells. The outermost area surrounding the entire lesion consists of T and B lymphocytes, plasma cells, macrophages, and a fibrous capsule (Fig. 3-24).
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Fig. 3-24 Schematic illustration of the formation of a granuloma. (Modified from Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)





Mycobacterial organisms and their antigens are very sparse in these granulomas and not commonly detected with acid-fast stains and immunohistochemical stains for mycobacterial antigens. Mineralization can occur in tuberculoid granulomas, but this outcome depends on the species of animal affected. It is common in cattle, present to a lesser degree in pigs, and uncommon in sheep. “Atypical” mycobacteria, such as Mycobacterium marinum, can also cause nodular (tuberculoid) granulomas in the subcutaneous tissues of dogs, cats, and other species, and very few organisms are detected with stains. Certain persistent, poorly degradable antigens, such as those in foreign bodies and in microbes, such as Nocardia spp., can have eosinophilic proteinaceous aggregates of immunoglobulin on their outer surfaces, which can be seen histologically and are termed Splendore-Hoeppli proteins.


Steps in formation of a tuberculoid (nodular) granuloma (see Fig. 3-23) are as follows:




1. Stage I granuloma. Days after infection, the lesion site is infiltrated by neutrophils, monocytes, macrophages, γ/δ T lymphocytes, and NK cells. Epithelioid macrophages also form.


2. Stage II granuloma. From roughly 48 hours to multiple days and weeks, lesions contain macrophages, epithelioid macrophages, thin rims of fibrous connective tissue, variable numbers of NK cells, and γ/δ T lymphocytes, as well as α/β T lymphocytes and B lymphocytes. MGCs can also form.


3. Stage III granuloma. From weeks to 1 month, the central area can caseate or become dense with macrophages and mineralize. Lymphocytes, plasma cells, a zone of fibroblasts, and a fibrous connective tissue capsule surround this core.


4. Stage IV granuloma. From several weeks to months, the lesion can be walled off by a dense capsule and regions within the lesion can become mineralized and overtake the surrounding tissue. The capsule wall can sometimes become degraded when microorganisms are released from the inner regions of the lesion.












Diffuse (Lepromatous) Granulomas (TH2-Biased Granulomas)


Mycobacterium leprae, the cause of human leprosy, produces noncaseating aggregates of macrophages and chronic inflammatory cells often around nerve fibres in the distal extremities and upper respiratory tract mucosa (sites in the body with temperatures lower than core body temperature) of infected humans. This type of granulomatous inflammation appears to form with a predominantly TH2-type of adaptive immune response that is seen in veterinary medicine during the clinical stages of Johne’s disease in cattle and sheep.


These lesions can be poorly delineated (e.g., poorly defined borders) and have a widespread distribution, a heavy intracellular bacterial burden, relatively few lymphocytes, numerous macrophages that extend into surrounding tissue often without a distinct capsule, variable degrees of fibrosis, and lack caseation. Similar granulomatous lesions are seen in animals. Feline leprosy and canine lepromatous-like granulomas are somewhat similar to human leprosy in lesion formation. Mycobacterium avium-intracellulare paratuberculosis—the cause of Johne’s disease in cattle, sheep, and goats—also induces a diffuse (lepromatous) type of granulomatous inflammation consisting of diffuse sheets of macrophages with few lymphocytes and plasma cells. This lesion most commonly occurs in the lamina propria of the ileum and colon (Fig. 3-25) and in mesenteric lymph nodes. Special stains, such as acid-fast and immunohistochemical stains specific to bacterial antigens, can be used to identify these bacteria within the cytoplasm of macrophages and those that are extracellular (Web Fig. 3-13). Because bacteria are present in large numbers in these diseases, they are commonly identified by these techniques. Nodular (tuberculoid) granulomas, defined later, are not seen in Johne’s disease lesions. Finally, Mycobacterium avium ssp. paratuberculosis infection also occurs in the lung and other organs of birds often induces lesions with similar sheets of macrophages containing abundant bacteria detectable with special stains.
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Fig. 3-25 Diffuse (lepromatous) type of granulomatous inflammation, Johne’s disease (Mycobacterium avium ssp. paratuberculosis), ileum, cow.
A, The mucosa is thickened because of a dense infiltrate of granulomatous inflammatory cells in the lamina propria. The lumen of the intestine is to the left. B, The lamina propria contains numerous macrophages arranged in sheets. The ileal lumen is to the left; scattered crypts still remain in the central area of the specimen. H&E stain. Inset, Higher magnification of macrophages present in the granulomatous inflammatory exudate. H&E stain. (A courtesy Dr. M.D. McCracken, College of Veterinary Medicine, University of Tennessee; and Noah’s Arkive, College of Veterinary Medicine, The University of Georgia. B courtesy Dr. J. Hostetter, College of Veterinary Medicine, Iowa State University. Inset courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)
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Web Fig. 3-13 Mycobacterium avium ssp. paratuberculosis bacilli.
Diffuse (lepromatous) type of granulomatous inflammation with numerous macrophages and multinucleate giant cells that contain abundant bacilli stained red. Acid-fast stain. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)


















Sarcoids of Horses


Sarcoids of human patients are granulomatous-like lesions. In contrast, sarcoids of horses are not a correlate to sarcoids in humans. Sarcoids that occur in the skin of horses are not granulomas as occur in humans but are locally aggressive skin tumors, and the most common dermatologic neoplasm reported in horses. They are composed of proliferating fibroblasts and do not contain the numerous macrophages, lymphocytes, and plasma cells seen in human sarcoids. Bovine papillomavirus (BPV) types 1 and 2 and the major transforming protein, E5, are associated with equine sarcoids but appear not to produce infectious virions. E5 may contribute to the persistence of the virus and development of the lesion by downregulating major histocompatibility complex (MHC) class I expression and thereby reducing immunosurveillance. The mode of transmission of BPV infection has not been determined.









Eosinophilic Granulomas


Certain types of chronic inflammation have dense infiltrates of eosinophils with macrophages, and varying numbers of lymphocytes and plasma cells (Web Fig. 3-14). Because of the presence of eosinophils, they are termed eosinophilic granulomas (Table 3-8). Some granulomas with numerous eosinophils develop in response to migrating parasites, such as Toxocara canis (larval migrans). In eosinophilic granuloma of cats, eosinophilic stomatitis of dogs, and equine eosinophilic dermatitis of horses, it is suspected these conditions form in response to antigen in a TH2-directed manner; however, no specific antigen has been identified.




TABLE 3-8


Eosinophilic Granulomas of Domestic Animals






	Species

	Type of Eosinophilic Granuloma






	Feline

	Eosinophilic plaque, granuloma, and dermatitis






	Canine

	Eosinophilic granuloma of the oral cavity of huskies and other dogs






	Equine

	Equine collagenolytic granuloma, axillary nodular necrosis, and unilateral papular dermatosis






	All species

	Eosinophilic (TH2) granulomas secondary to parasitic infections







TH2, T helper lymphocyte type 2.
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Web Fig. 3-14 Eosinophilic granuloma, oral mucosa, cat.
Note the mixture of eosinophils, macrophages, and lymphocytes in the superficial dermis accompanied by collagenolysis (bottom half of illustration). H&E stain. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)








Grossly, eosinophilic granulomas in cats appear as papules, nodules, plaques (sometimes linear), and ulcers in the skin. They also occur as nodular or ulcerated lesions in the oral mucosae and footpads. Microscopically, the inflammatory response consists of eosinophils, macrophages, and areas of dense eosinophilia around collagen (Fig. 3-26). For many years, the densely eosinophilic, collagen-rich areas were considered regions of collagen degradation; however, the eosinophilic material is composed largely of major basic protein (MBP), a protein present in large amounts in the granules of eosinophils. Apparently eosinophils degranulate in these regions, releasing MBP, which accumulates over time. Some eosinophilic granulomas do not form distinct nodular granulomas and the cellular content of the lesions (e.g., the numbers of macrophages and eosinophils) can vary widely. But the lesions are chronic in nature and contain enough macrophages and other chronic inflammatory cells to be classified as granulomas by most pathologists.
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Fig. 3-26 Granuloma with eosinophils.
A region of skin from a horse in which there is a parasitic organism (Habronema sp) that has invoked a marked granulomatous reaction of closely associated macrophages admixed with eosinophils. H&E stain. (Courtesy Dr. M.R. Ackermann, College of Veterinary Medicine, Iowa State University.)
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Web Fig. 3-15 Granulomatous inflammation causing organ enlargement.
A dog with leishmaniasis has hepatomegaly (A) and splenomegaly (B). C, Microscopically, these organs have dense infiltrates of macrophages, lymphocytes, and plasma cells. Macrophages contain numerous amastigotes within the cytoplasm. (Courtesy Dr. K. Gibson-Corley and Dr. C. Petersen, College of Veterinary Medicine, Iowa State University.)
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Web Fig. 3-16 Chronic inflammation resulting in severe weight loss and clinical disease, dog.
The dog is severely thin due to inflammatory bowel disease, a condition characterized by chronic inflammation in the intestinal mucosa. A, The dog is thin with accentuation of the ribs and musculature due to loss of subcutaneous adipose tissue. The ventral abdominal wall spans directly upward toward the ventral pelvis and is not pendulous due to loss of omental and enteric adipose tissue. B, Endoscopy of the intestinal mucosa reveals granulation. Endoscopic image of a normal dog lacks such alterations. C, Duodenal mucosa also contains lymphocytes, plasma cells, and macrophages, which widen the intestinal villi. Enterocytes lining the villi are cuboidal and have few intervening goblet cells. D, Some regions of the small intestine have dilated crypts that contain neutrophils and cell debris. E, The colon contains diffuse infiltrates of lymphocytes and plasma cells in the lamina propria that slightly separate colonic glands. The enteric lumen contains mucin and cell debris. F, Immunohistochemical stains detect T lymphocytes (CD3). G, IgA-secreting cells. (Courtesy Dr. A. Jergens, College of Veterinary Medicine, Iowa State University.)













Other Chronic Inflammatory/Granulomatous Conditions


With chronic inflammation, organs can become enlarged by the granulomatous inflammation which, once formed, persists. For example, intense macrophage infiltration in the liver and spleen of Foxhounds with visceral leishmaniasis result in hepatomegaly and splenomegaly that can be detected clinically and at postmortem (Web Fig. 3-15). In other conditions, chronic inflammation results in chronic weight loss and debilitation. Dogs with inflammatory bowel disease often lack granulomatous inflammation within the intestinal mucosa, but instead the mucosa is characterized by chronic inflammation composed of lymphocytes, plasma cells, and macrophages within the lamina propria of the intestinal mucosa (Web Fig. 3-16). This lesion alters intestinal function that can result in severe weight loss and vomiting. Several conditions of humans and animals are characterized by chronic inflammatory lesions, but the cause of these lesions is poorly understood. One such condition, polyarteritis nodosa, is seen in humans and rats and only rarely in other species. It is characterized by perivascular infiltrates of lymphocytes, plasma cells, and macrophages. Dogs can develop idiopathic canine polyarteritis, a condition in which arterial lesions not only involve coronary arteries but also medium-to-small arteries of other organs. As indicated, the cause of eosinophilic granulomas has not been determined but is thought to occur secondary to parasitic larval migration, microbial infections, or foreign material. Finally, a variety of other human diseases are characterized by varying degrees of perivascular granulomatous inflammation but to date have no or very rarely seen veterinary correlates. These diseases occur around blood vessels, may be secondary to immunologic mechanisms, and include large-vessel vasculitis (giant cell [temporal] arteritis, Takayasu arteritis), medium-sized vessel arteritis (Kawasaki disease, [and polyarteritis nodosa]), and small-vessel vasculitis (e.g., Wegener’s granulomatosis, Churg-Strauss syndrome).












Gross and Microscopic Lesions and Nomenclature of the Chronic Inflammatory Response


The term chronic inflammation implies two underlying and often concurrently occurring processes: fibroplasia and cellular infiltration. Often, one of these types of responses predominates. Fibroplasia, the formation of fibrous connective tissue, includes any stage of the process from the formation of fibrous connective tissue that includes newly formed “immature” connective tissue with newly formed blood vessels to “mature” connective tissue that contains well-collagenized and remodeled granulation tissue. Cellular infiltrates are composed of predominantly macrophages, lymphocytes, and plasma cells, depending on the inciting agent/substance and the duration of the inflammatory process. It is important to understand the mechanism of these processes to apply gross and histopathologic diagnoses. To clinicians, these terms imply duration of illness, whereas to pathologists, they imply the characteristics of the tissue’s response to injury.


Grossly, chronic inflammatory lesions are often gray-to-white and firm and have either a nodular surface in the case of granulomas or an indented or pitted surface in the case of fibrosis. The gray-to-white color is largely a result of the infiltrates of macrophages and lymphocytes, proliferation of fibroblasts, and deposition of fibrous connective tissue. The firm texture is attributable to fibrous connective tissue (fibroblasts and endothelial cells) and the consolidation (i.e., solidification) of the leukocytes in the exudate. The irregular shape occurs because of the haphazard accumulation of leukocytes and the fibrosis/scarring and contraction of the lesion by myofibroblasts within the fibrous connective tissue (see section on Wound Healing and Angiogenesis).


The lungs of dogs with Blastomyces dermatitidis infection often have a nodular appearance because of the formation of numerous granulomas and/or pyogranulomas. The use of and distinction between terms such as granuloma and pyogranuloma depend on the number of neutrophils in the overall inflammatory exudate or in the center of the granuloma and often reflect the interpretation of the examining pathologist.


The pitted surface of kidneys of dogs, cats, or other species can be seen, for example, with chronic interstitial nephritis or chronic pyelonephritis. Frequently, the pitted surfaces correspond to areas where fibrous tissue formed within renal parenchyma during the chronic inflammatory response that pulls the renal capsule into the parenchyma as part of the healing process. In chronic pyelonephritis, the inflammatory bands often radiate from the renal medulla into the cortex and to the renal capsule and obliterate or surround and separate cortical tubules and glomeruli. Fibrous adhesions between the renal cortex and the capsule can occur. This fibrous connective tissue may also contain lymphocytes, plasma cells, and macrophages.


Grossly, abscesses, granulomas, and areas of fibrosis that occur with the persistence of chronic inflammation are often easily seen. Severe fibrosis results in an area that is generally gray to white with extensive contraction, whereas abscesses are often round with a fibrous capsule and a central area of pus. Grossly, the three main differential diagnoses for a white, firm, oval-to-irregular nodular mass are abscess, granuloma, and neoplasm. Most commonly, histopathology is required to differentiate the three because they can appear very similar grossly.


Microscopically, chronic inflammatory responses are classified into categories based on the types and distribution of the inflammatory cells in the exudate. These categories include (1) chronic lymphocytic/lymphohistiocytic inflammation, (2) fibrosing chronic inflammation, (3) chronic-active (purulent) inflammation, (4) granulomatous (noncaseating) inflammation, (5) pyogranulomatous inflammation, (6) granulomas, and (7) pyogranulomas.




• Chronic inflammation composed of lymphocytes and plasma cells admixed with macrophages occurs commonly in the body (Fig. 3-27). Sometimes, lymphocytes and macrophages predominate over plasma cells, and such lesions can be called lymphohistiocytic. Histiocytic is a term used for macrophage infiltration; however, some pathologists use the term macrophagic. This type of inflammatory response is characteristically seen in the early stages of the chronic inflammatory response and in response to specific microbes, such as viruses, and in mucosal surfaces in response to antigenic stimulation.
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Fig. 3-27 Chronic inflammation, distemper, brain, raccoon.
In its simplest form, chronic inflammation, as seen with some viral infections, consists of an exudate of lymphocytes with occasional macrophages and plasma cells. In many tissues, especially in the central nervous system, these cells can have a perivascular pattern of distribution. In certain animal species (exotic wildlife species, horses) and specific disease categories (parasitic, protozoal, viral), perivascular chronic inflammatory exudates may also contain variable numbers of eosinophils. H&E stain. (Courtesy Dr. J.F. Zachary, College of Veterinary Medicine, University of Illinois.)





• Fibrosing chronic inflammation is a region of chronic inflammation that is predominantly composed of fibrous connective tissue. This can occur in chronic traumatic pericarditis (hardware disease) of cattle where there are areas of pericardial fibrosis covered by fibrin and in the chronic fibrosis that surround necrotic regions of lung and form along the pleura of cattle with contagious bovine pleuropneumonia and chronic Mannheimia haemolytica pneumonia.


• Chronic-active inflammation has the same cellular components as chronic inflammation but also contains neutrophils, fibrin, and plasma proteins that are constituents of the acute inflammatory response. Chronic-active inflammation occurs when the inciting stimulus has not been removed from the exudate in the chronic inflammatory response, and it continues to elicit an acute inflammatory response. One should be careful not to confuse the morphologic diagnosis of chronic-active inflammation with the hepatic disease entity of dogs termed chronic-active hepatitis.


• Granulomatous inflammation has a basic cellular exudate consisting predominantly of activated macrophages and in some cases also epithelioid macrophages, multinucleate giant cells, and lesser numbers of lymphocytes and plasma cells. Granulomatous inflammation can be arranged in a diffuse or haphazard manner as seen in the thickened intestinal mucosa (i.e., lamina propria) of cattle with Johne’s disease (see Fig. 3-25). While the presence of a few macrophages in a lesion is indicative of chronic inflammation, these are considered to be granulomatous inflammation when the macrophages aggregate and begin to replace portions of the normal stroma.


• Pyogranulomatous inflammation has the same cellular exudate as granulomatous inflammation but also contains multifocal/random infiltrates of neutrophils, fibrin, and plasma proteins, which are constituents of the acute inflammatory response. Pyogranulomatous inflammation occurs when the inciting stimulus has not been removed from the exudate in the granulomatous inflammatory response, and it continues to elicit an acute inflammatory response. A nodular-like granulomatous area with neutrophils is termed a pyogranuloma (see later). Pyogranulomatous inflammation is often seen with infections caused by Blastomyces dermatitidis and is frequently multinodular. Pyogranulomatous is sometimes used loosely, with little discretion. For example, it can be used in lesions that are in transition from acute inflammation to chronic inflammation or during the “clean-up” phase of healing.


• Granulomas are a distinct type of granulomatous inflammatory response that occurs when macrophage infiltration is present in a well-defined area and thus form a distinct mass on gross observation. Granulomas can occur as noncaseating and caseating types, as described.


• A pyogranuloma is a nodular granuloma with a central area of neutrophils.












Cellular Mechanisms of Chronic Inflammatory Responses





Lymphocytes


Lymphocytes play a key role in most chronic inflammatory lesions, especially in autoimmune diseases and in diseases with persistent antigen. As with macrophages, lymphocytes enter unresolved areas of acute inflammation within 24 to 48 hours, being attracted by chemokines, cytokines, and other stimuli. Histologically, they are often aggregated around blood vessels and surround granulomas or are distributed haphazardly within injured tissue (see Fig. 3-27). In viral encephalitides, lymphocytes are commonly distributed in a perivascular pattern, primarily in the gray matter. In other types of conditions, such as lymphoplasmacytic stomatitis and pododermatitis of cats, lymphocytes and plasma cells are the predominant cell types in the lesions.









γ/δ–T Lymphocytes


γ/δ–T lymphocytes are often the first type of T lymphocyte to arrive in the lesion of chronic inflammation and can contribute to the development of granulomas. This mechanism is supported by the fact that mice lacking γ/δ–T lymphocytes have defects in granuloma formation. However, the role of γ/δ–T lymphocytes in the establishment and persistence of granulomas has not been fully determined. Cattle have high numbers of circulating γ/δ–T lymphocytes, relative to other T lymphocytes, and are a useful model for assessing the role of γ/δ–T lymphocytes, in the formation of classic granulomas in Mycobacterium tuberculosis and Mycobacterium bovis infections and in the formation of diffuse granulomatous lesions in Mycobacterium avium-paratuberculosis infections.









α/β–T Lymphocytes (CD4/CD8)


α/β–T lymphocytes (CD4 and CD8 lymphocytes) enter areas of chronic inflammation and are key to the regulation of the type of adaptive immune response that ensues, albeit a TH1, TH2, or TH0 response of chronic inflammation and/or granuloma formation. Under the influence of cytokines, these lymphocytes can further differentiate into (1) effector memory lymphocytes, which enter extralymphoid sites of inflammation; and (2) central memory lymphocytes, which settle into the blood and lymphoid organs. Memory lymphocytes contribute to the persistence of the chronic inflammatory response and granuloma formation.












TH1, TH2, TH17, and T Reg Immunologic Responses


The mechanistic basis for chronic inflammation to develop and persist is slightly to profoundly different, depending on the inciting agent or condition. While the cell types (e.g., monocytes, macrophages, T and B lymphocytes, and NK cells) are consistent features of chronic inflammation, their relative numbers and function can vary widely. T lymphocytes expressing CD4+ (T helper lymphocytes) and CD8+ T lymphocytes (cytotoxic cells) play important roles in the adaptive immune response that shapes chronic inflammation. When CD4+ T lymphocytes bind foreign antigens presented by macrophages, dendritic cells, or B lymphocytes, they release lymphokines that attract leukocytes into the lesion site; some of these cells are directed toward TH1 (cell mediated), TH2 (humoral), TH17, TFH, and T reg responses (Web Fig. 3-17). Dendritic cells generally present antigen to naïve CD4 T lymphocytes, whereas macrophages present antigen to committed T lymphocytes. Thus antigen presentation by macrophages is especially active in long-standing regions of chronic inflammation. In the presence of poorly degradable exogenous or endogenous antigens, the biologic characteristics of antigens, including the amount and structure of protein, polysaccharide, and lipid, contribute to the extent to which the T lymphocyte response will be between a TH1, TH2, TH17, TFH, or T reg. However, in most chronic inflammatory conditions, there is a mixed TH1, TH2, and TH17 type cellular response. T reg lymphocytes, regulatory dendritic cells, and other cells (NK type 1 cells, mast cells, eosinophils, or basophils) can affect the strength and the balance of TH1, TH2, and TH17 responses through inhibition of the responses. TH1 immunologic responses often occur in response to (1) foreign bodies; (2) endogenous antigens, such as those in MBP (which can occur in murine experimental allergic encephalomyelitis [EAE] and is an experimental model of multiple sclerosis); and (3) endogenous antigens, such as those in intracellular microbes like Mycobacteria spp., Listeria monocytogenes, Histoplasma capsulatum, and Leishmania spp. TH1 chronic inflammatory responses are composed, histologically, of macrophages with variable numbers of T and B lymphocytes, dendritic cells, and occasionally fibroblasts. The TH1 response is induced by IL-12, IFN-γ, IL-18, IL-23, and IL-27. Briefly, antigen-presenting cells release IL-12 (also IL-18, IL-23, and IL-27) that induces pre-TH/CD4+ cells to commit to the TH1 pathway. The TH1-committed CD4+ cells then release IL-2 for proliferation of T lymphocytes that produce IFN-γ and TNF-β, which activates macrophages. In addition, IFN-γ can inhibit the commitment of pre-ThH/CD4+ cells to the TH2 pathway.
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Web Fig. 3-17 Schematic illustration of the TH1- and TH2-mediated chronic inflammation.
TH1-mediated (below the blood vessel) and TH2-mediated (above the blood vessel) types of chronic inflammation and some of the key inflammatory mediators, chemokines, and adhesion molecules that mediate the process. CCL, CXCL, Chemokine ligand; ICAM-1, intercellular adhesion molecule-1; ICAM-2, intercellular adhesion molecule-2; IL, interleukin; INF-γ, interferon-γ; JAM, junctional adhesion molecule; LFA-1, lymphocyte function antigen-1; Mac-1, macrophage-1 antigen; NK, natural killer; PECAM-1, platelet endothelial cell adhesion mlecule-1; TNF, tumor necrosis factor; VCAM-1, vascular cell adhesion molecule-1; VLA-4, very late antigen-4. (Redrawn with permission from Dr. M.R. Ackermann, College of Veterinary Medicine, Iowa State University.)








In contrast, theTH2-predominant responses are often seen in chronic inflammatory conditions with an allergic basis, such as asthma, chronic allergic inhalant, or food allergic dermatitis, or inflammatory bowel disease. The mucosa and skin dermis of these conditions contain T and B lymphocytes, macrophages, dendritic cells, and fibroblasts in the TH2 inflammatory milieu that leads to increased numbers of mast cells, basophils, and eosinophils associated with IgE and other humoral responses. TH2 responses are induced by high concentrations of IL-4 and IL-10, as well as IL-5, IL-9, IL-13, IL-17, and to some degree, perhaps IL-19, IL-20, IL-22, IL-24, IL-26, IL-28, and IL-29. Briefly, TH2 dendritic cells present antigen to pre-T helper/CD4+ lymphocytes committing them to the TH2 pathway. TH2-committed CD4+ lymphocytes release IL-4 and IL-5, IL-10, IL-13, IL-17, and IL-19 (also IL-19, IL-20, IL-22, IL-24, IL-26, IL-28, and IL-29) to act on B lymphocytes, thus resulting in antibody production and in some cases, increased activity of eosinophils, mast cells, and basophils that release mediators of acute inflammation and TH2 cytokines such as IL-4. In addition, IL-4, IL-5, IL-10, and IL-13 can also inhibit pre-T helper/CD4+ lymphocytes from committing to the TH1 pathway.


TH17 immunologic responses form in the presence of IL-23 and induce secretion of IL-17A, IL-17F, IL-21, IL-22, IL-26, and CCL20, which are associated with development of autoimmune responses in conditions such as allergic airway inflammation, psoriasis, inflammatory bowel disease, arthritis, and multiple sclerosis (humans). TH17 lymphocytes function predominantly at mucosal surfaces and trigger neutrophil activation and release of antimicrobial factors to bridge innate and adaptive immune responses. Other cell types, such as γδ T lymphocytes, NK cells, NK-T lymphocytes, and lymphoid tissue inducer (LTi) cells, produce a range of cytokines similar to TH17 lymphocytes.









Monocytes/Macrophages


Monocytes/macrophages are the signature cell types of chronic inflammation. They produce a wide variety of inflammatory mediators, including chemokines, cytokines, and NO, and are often situated at strategic locations within tissues of the body to (1) quickly sense the initial activity of acute inflammation, (2) migrate in response to chemotaxins, (3) remove and kill microbial agents by phagocytosis, (4) remove and degrade particulate matter by phagocytosis, (5) process antigens for presentation to effector cells of the adaptive immune response, and (6) facilitate angiogenesis and remodel the ECM (Fig. 3-28).
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Fig. 3-28 The roles of activated macrophages in chronic inflammation.
Macrophages are activated by nonimmunologic stimuli such as endotoxin or by cytokines from immune-activated T lymphocytes (particularly interferon-γ [IFN-γ]). The products made by activated macrophages that cause tissue injury and fibrosis are indicated. AA, Arachidonic acid; PDGF, platelet-derived growth factor; FGF, fibroblast growth factor; TGF-β, transforming growth factor-β. (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)









Epithelium


Epithelial cells can contribute to chronic inflammatory responses in a variety of manners. For example, experimental models of granuloma formation have shown that Mycobacteria release an early secretory antigen-6 (ESAT-6), which induces release of MMP-9 from epithelia that is vital for recruitment of macrophage infiltration. Epithelia can also release type I interferons, cytokines, antimicrobial peptides, and chemokines and express adhesion molecules.









Mononuclear Cell Maturation and Trafficking in the Chronic Inflammatory Response


The macrophage is key to the development and persistence of chronic inflammation. Monocytes, derived from the bone marrow, form the monocyte/macrophage system by entering tissues and differentiating into macrophages (e.g., Kupffer cells, alveolar macrophages, and microglial cells) and are central to innate and adaptive immune systems. Recent work also shows that the spleen is a significant reservoir of monocytes, which can exit en masse on tissue injury. Monocytes are then recruited from the bloodstream to enter tissue and differentiate into macrophages that can also respond to tissue injury. Under noninflammatory conditions, the replenishment of tissue macrophages occurs through local proliferation and not via monocyte influx. However, with inflammatory stimuli, monocytes are recruited from the blood into tissue in response to inciting agents/substances.


In noninflamed tissue, monocytes expressing CX3CR1 and CCR5 chemokine receptors are attracted to tissues expressing their respective ligands (i.e., fractalkine (CX3CL) and MIP-1-a [CCL3]). In areas of inflammation, monocytes expressing CCR2 chemokine receptors are attracted by MCP-1 (CCL2). Attracted monocytes enter these areas in a manner similar to that described for the leukocyte adhesion cascade outlined for neutrophils. Slow rolling is mediated by E and P selectins and firm adherence by monocytes to endothelial cells is largely mediated by LFA-1 (CD11a/CD18), VLA-4 (α4β1-integrin), and also Mac-1 (CD11b/CD18) molecules that adhere to the respective endothelial cell ligands: ICAM-1/2, VCAM-1, and ICAM-1/2. Transmigration of monocytes between endothelial cells is mediated by leukocyte adhesion molecules expressed on the monocyte such as LFA-1, VLA-4, Mac-1, PECAM-1, and JAM A, JAM B, and JAM C. These molecules bind to adhesion molecules, such as PECAM-1, and the JAM molecules expressed by endothelial cells at the intracellular junction. As monocytes and other leukocytes pass between endothelial cells, they separate the tight junctions and vascular-endothelial (VE)-cadherins to allow the passage of the leukocyte.


TH1, TH2, TH17, and T reg lymphocytes, along with inflammatory mediators released by somatic cells and macrophages during injury and/or infection, affect the differentiation of monocytes and noncommitted macrophages to macrophages with specific function (see Web Fig. 3-21). In conditions favorable to TH1 influence, macrophages respond to IFN-γ released by TH1, NK lymphocytes, and TNF from antigen-presenting cells to form classically-activated macrophages (Table 3-9). Under TH2 conditions, macrophages respond to IL-4 released by TH2 lymphocytes and granulocytes (e.g., mast cells, basophils) by forming wound-healing (tissue repair) type macrophages. Under T-reg secretion of IL-10 and other substances, such as immune complexes, prostaglandins, glucocorticoids, and apoptotic cells, macrophages differentiate into regulatory macrophages (antiinflammatory cells), which secrete IL-10 to suppress inflammation. Macrophages committed to the classical-activation, wound-healing/tissue repair, or regulatory pathways greatly influence the anatomic (histopathologic) structure and function of the chronic inflammatory response and granuloma formation (Fig. 3-29; Web Fig. 3-18).




TABLE 3-9


Stimuli That Affect the Activation Status of Macrophages
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GM-CSF, Granulocyte-macrophage colony-stimulating factor; DTH, delayed type hypersensitivity; IFN, interferon; Ig, immunoglobulin; IL, interleukin; MHC, major histocompatibility complex; NF, nuclear factor, NO, nitric oxide; ox LDL, oxidized low-density lipoprotein; PGE2, prostaglandin type E2; PPAR, peroxisome proliferator-activated receptor; ROS, reactive oxygen species; TGF, transforming growth factor; TH1, T helper cell type 1 lymphocyte response; TH2, T helper cell type 2 lymphocyte response; TREM, triggering receptor expressed on myeloid cells.
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Fig. 3-29 Subsets of activated macrophages.
Different stimuli activate monocytes/macrophages to develop into functionally distinct populations. Classically activated macrophages are induced by microbial products and cytokines, particularly interferon-γ [IFN-γ], and are microbicidal and involved in potentially harmful inflammation. Alternatively activated macrophages are induced by other cytokines and in response to helminths (not shown), and are important in tissue repair and the resolution of inflammation (and may play a role in defense against helminthic parasites, also not shown). (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)
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Web Fig. 3-18 The roles of activated macrophages in chronic inflammation.
Macrophages are activated by cytokines from immune-activated T lymphocytes (particularly interferon-γ [IFN-γ]) or by nonimmunologic stimuli such as endotoxin. The products made by activated macrophages that cause tissue injury and fibrosis are indicated. AA, Arachidonic acid; FGF, fibroblast growth factor; PDGF, platelet-derived growth factor; TGF-β, transforming growth factor-β. Also see Table 3-8. (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)








Macrophages activated within lesions enter lymphatic vessels that drain into nearby lymph nodes via the afferent lymphatic vessels. In addition, some macrophages from lesions within the caudal body can enter the thoracic duct, which drains into the cranial vena cava or one of its branches. Macrophages within the head and neck can enter right or left tracheal lymphatic ducts. The right tracheal lymphatic duct empties into the cranial vena cava, whereas the left tracheal duct empties into the thoracic duct. Once in the blood, the macrophages are disseminated throughout the body.


The outcome of these different types of macrophage activation leads to the following specific responses (see Fig. 3-29):




• Innate activation can lead to release of reactive oxygen species (ROS), NO, and IFN-α and IFN-β.


• Classic activation with IFN-γ leads to expression of MHC II antigen, respiratory burst, release of IL-1 and TNF for microbial killing, cellular immunity, and delayed type hypersensitivity.


• Alternative activation enhances MHC class II expression and mannose receptor expression for humoral immunity and allergic responses.


• Innate deactivation and reduced inflammatory responses can occur with the uptake of apoptotic cells or storage of oxidized LDLs in lysosomes and release of IL-10.





In addition to T reg lymphocytes and regulatory macrophages, recent work has shown that sialylated IgG molecules can regulate macrophage function. This stems from the observation that certain types of chronic inflammation, particularly autoimmune conditions of humans, have responded favorably to polyclonal IgG given intravenously. The mechanism by which this therapy works is poorly understood. Recently, evidence suggests that the polyclonal IgG activity may be due to a subset of IgG molecules that are sialylated on the Fc chain of the IgG. The sialylated IgGs are thought to interact with sialic acid–specific receptors on regulatory macrophages and upregulate expression of Fc receptor IIB, which is inhibitory, on effector macrophages.









Formation of Epithelioid Macrophages and Multinucleate Giant Cells


Activated macrophages within tissues are relatively large cells histologically (20 to 25 mm in diameter) with abundant, often clear cytoplasm and a single, oval-to-polygonal, often slightly eccentric, reniform nucleus (Fig. 3-30). With time, activated macrophages can sometimes further differentiate into epithelioid macrophages and MGC (Fig. 3-31).
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Fig. 3-30 Macrophages, lung, dog.
Macrophages have abundant cytoplasm and slightly eccentric, often reniform nuclei (arrows). Note the small vacuoles in the cytoplasm, probably phagocytosed material. H&E stain. (Courtesy Dr. N. Cheville, College of Veterinary Medicine, Iowa State University.)
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Fig. 3-31 Multinucleate giant cells, chronic granulomatous inflammation, central nervous system, rabbit.
This focus contains both foreign body-type (arrows) and Langhans’-type (arrowhead) multinucleate giant cells. H&E stain. (Courtesy Dr. A. Loretti, Ontario Veterinary College, University of Guelph.)





Both epithelioid macrophages and multinucleate giant cells often form in response to foreign bodies or persistent intracellular pathogens. The molecular mechanisms by which epithelioid macrophages and multinucleate giant cells form are poorly understood. It is a fascinating biologic phenomenon that requires membrane fusion and integration of the cytoplasm and nuclei of multiple cells. Studies in human patients with sarcoidosis, a special type of granulomatous inflammation in humans (see section on Sarcoidosis) have elucidated some of the important factors and conditions that contribute to MGC formation. Epithelioid macrophages are larger than activated macrophages. They have abundant cytoplasm, and the cell membrane occasionally assumes a polygonal to elongated shape, forming sheets, and thus can resemble to a limited degree squamous epithelium. These cells have diminished phagocytic capacity, but they contain large amounts of rough endoplasmic reticulum (RER), Golgi, vesicles, and vacuoles. These latter structures suggest that the main function of epithelioid macrophages involves extracellular secretion; however, the physiologic activity of epithelioid macrophages is poorly understood and requires additional investigation.


MGC are seen frequently in granulomatous inflammation. MGC are syncytial cells formed by the fusion of two or more activated macrophages into one large cell with two or more nuclei (see Fig. 3-31). These nuclei can be distributed in the cell in a haphazard manner or aggregated in the center of the cytoplasm. This form is called a foreign body type of MGC. The nuclei can also be arranged in a horseshoe-like semicircle at the periphery of the cell. This form is called a Langhans’-type cell. The Langhans’-type giant cell should not be confused with Langerhans’ cells, which are dendritic cells (see next discussion) of the skin. Although epithelioid macrophages, foreign body MGC, and Langhans’ MGC have distinct cellular morphology, their physiologic activity is poorly understood.


The process of MGC formation (macrophage fusion) is not fully understood. It requires that macrophages be present within a chronic inflammatory milieu and thus likely bathed in cytokines, such as IFN-γ, IL-3, IL-4, IL-13, and GM-CSF; pathogen factors, such as muramyl dipeptide, a peptidoglycan portion of bacterial cells walls; and other inflammatory mediators. In this close proximity, the membranes of adjacent macrophages express fusionogenic molecules such as DC-STAMP (a seven transmembrane receptor), β1 and β2 integrins, CD44 (hyaluronic acid receptor), CD47 (integrin-associated protein), macrophage fusion receptor (MFR), fusion regulatory protein (FRP-1; CD98), and P2X7 (a ligand-gated ion channel activated by ATP that forms a pore). The fusion process has similarities to osteoclast formation.






Dendritic Cells


Dendritic cells are central to antigen processing, presentation, and the stimulation of adaptive immunity (Fig. 3-32). Functionally, they serve as sentinel cells of the adaptive immune response. Nearly all tissues and organs contain dendritic cells; however, they are most plentiful in tissues that cover the body, such as the skin and the mucous membranes that line the respiratory and alimentary tracts. Although dendritic cells have some resemblance to macrophages, they have numerous distinct filopodia, which extend from their surface (Web Fig. 3-19). Increasingly, several subtypes of dendritic cells are being identified (Table 3-10). In general, immature dendritic cells (CD34+) migrate to sites of antigen exposure, take up antigen, and migrate to and mature in a lymphoid organ in which they present antigen to T and B lymphocytes (Web Fig. 3-20). This migration process is mediated by chemokines and adhesion molecules, and most dendritic cells enter lymph nodes via the afferent lymphatic vessels in lymph fluid under the influence of chemokines, particularly CCL21. Once in the lymph node, dendritic cells often localize in the parafollicular (T lymphocytes) area in the vicinity of HEVs, a site in which naïve T lymphocytes enter the node. In this location, dendritic cells activate naïve T lymphocytes. Follicular dendritic cells, localized in lymph node follicles, take up antigen from the lymphatic fluid for presentation to follicular B lymphocytes. In addition to their activity as antigen-presenting cells, dendritic cells also contribute to adaptive immune responses through release of chemokines and cytokines. Outside of lymph nodes, dendritic cells, cytokines, and chemokines also contribute to inflammatory and immune responses; however, their contribution to these responses are dwarfed by macrophages, since there are many more macrophages within inflammatory lesions than dendritic cells.




TABLE 3-10


Subpopulations of Dendritic Cells (DCs) and Activities
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IFN, Interferon; IL-12, interleukin-12; L, liver; LN, lymph node; PP, Peyer’s patch; S, spleen; T, thymus; TH1, T helper cell type 1 lymphocyte response; TH2, T helper cell type 2 lymphocyte response.
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Fig. 3-32 Dendritic cells (DCs).
They capture microbial antigens from epithelia and tissues and transport the antigens to lymph nodes. During this process, the DCs mature, and express high levels of MHC molecules and costimulators. Naïve T lymphocytes recognize MHC-associated peptide antigens displayed on DCs. The T lymphocytes are activated to proliferate and to differentiate into effector and memory cells, which migrate to sites of infection and serve various functions in cell-mediated immunity. CD4+ effector T lymphocytes of the TH1 subset recognize the antigens of microbes ingested by phagocytes, and activate the phagocytes to kill the microbes. CD4+ T lymphocytes also induce inflammation. CD8+ cytotoxic T lymphocytes (CTLs) kill infected cells harboring microbes in the cytoplasm. Not shown are TH2 lymphocytes, which are especially important in defense against helminthic infections. Some activated T lymphocytes differentiate into long-lived memory cells. APC, Antigen-presenting cell. (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)
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Web Fig. 3-19 Dendritic cell.
Note the numerous filopodia that extend from the cell surface (arrows). TEM. Uranyl acetate and lead citrate stain. (Courtesy Dr. S. Sacco and S. Fach, USDA/ARS-National Animal Disease Center.)
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Web Fig. 3-20 Dendritic cell (DC) precursor migration.
In this example, migration to the skin is mediated by chemokine receptors located on the dendritic cell and by chemokine ligands (CCL) in the skin. Eventually, the dendritic cell takes up antigen and migrates to the lymph node under chemokine influence to present the antigen. In the lymph node, the dendritic cell localizes to the parafollicular area and presents antigen to lymphocytes. CCR, Chemokine receptor; GM-CSF, granulocyte-macrophage colony-stimulating factor; HEV, high endothelial venule; IL-4, interleukin-4; MHC, major histocompatibility complex. (Redrawn with permission from Dr. M.R. Ackermann, College of Veterinary Medicine, Iowa State University.)





Although macrophages also present antigen to naïve T lymphocytes, macrophage antigen presentation is more efficient for memory T lymphocytes than for naïve T lymphocytes, the forte of dendritic cells. Through recruitment of naïve T lymphocytes within and outside of the lymph node and presentation of antigen, dendritic cells contribute to the ongoing persistence of a stimulus in chronic inflammatory lesions. In contrast, tolerogenic dendritic cells can suppress immune responses. They accomplish this activity through the sampling of small amounts of self-antigens, harmless environmental antigens, and inciting the deletion of self-reactive T lymphocytes.





Dendritic Cell Trafficking: Trafficking immature monocytic dendritic cells released from the bone marrow express chemokine receptors CCR1 and CCR5 and are recruited by chemokine ligands CCL3 and CCL4 released from lymphocytes and macrophages in tissue (see Fig. 3-32). There are several subtypes of dendritic cells, and those dendritic cells that express CD11c antigen express CCR2, which responds to CCL2, CCL7, CCL8, CCL12, and CCL13. After dendritic cells take up antigen and become exposed to an endogenous (e.g., TNF-α) or exogenous (a ligand for a TLR) mediator, the dendritic cell matures and expresses CCR7 (see Web Fig. 3-20). Mature dendritic cells expressing CCR7 migrate from the site of the inflammatory lesion into the vasculature and then spread hematogenously throughout the body until they are recruited by HEVs in the paracortical areas of lymph nodes in which lymphocytes express CCL19 and CCL20. In this location, dendritic cells present antigen and thus contribute to the amplification of the adaptive immune response. Mature dendritic cells from lesion sites that enter the lymphatic vessels travel to the subtrabecular sinus of the lymph node, draining the lesion site and presenting antigen within paracortical regions. Some dendritic cells also drain via the lymphatic vessels to the thoracic duct and enter the blood. Follicular dendritic cells reside in the lymph node follicle and take up antigen present in the lymphatic fluid for presentation to B lymphocytes.















B Lymphocytes


B lymphocytes contribute to chronic inflammation in at least two major ways. B lymphocytes can (1) take up and present antigen and (2) differentiate into immunoglobulin-producing cells (plasma cells or immunocytes), which secrete immunoglobulins that bind to and opsonize antigens facilitating phagocytosis. B lymphocytes are present within chronic inflammatory lesions and granulomas. They also populate the medullary sinus of lymph nodes in which they produce immunoglobulin locally or leave the medullary sinus through efferent lymphatic flow.









Plasma Cells


Under appropriate stimuli, such as intense antigenic stimulation and B lymphocyte presentation of antigens, B lymphocytes differentiate into plasma cells, which can secrete immunoglobulins that bind to and opsonize antigens and facilitate phagocytosis. Plasma cells form within lymph nodes, mucosal surfaces, and wound sites. The bone marrow also contains a resident population of plasma cells, which can increase in certain disease conditions. Clusters of these cells must be differentiated from neoplastic accumulations as can occur with multiple myelomas. Bone marrow plasma cells can easily migrate into venular walls in the bone marrow to enter the vasculature. Similarly, plasma cells within the medullary sinus of lymph nodes can enter efferent lymphatic vessels and eventually drain into the blood; however, peripheral blood often contains few plasma cells. In the chronic inflammatory exudate, plasma cells are usually found mixed with lymphocytes and macrophages, although in lesser numbers. Plasma cells predominate in certain chronic inflammatory conditions such as inflammatory bowel disease of dogs and cats, lymphoplasmacytic stomatitis and pododermatitis of cats, chronic dermatitis of any domestic animal species, and interstitial nephritis of dogs and cats.









Eosinophils


Different types of chronic inflammatory conditions and granulomas contain a low to high number of eosinophils. Eosinophils are recruited into and stimulated to proliferate within chronic inflammatory exudates by several mediators, most notably IL-5 and eotaxin. In some chronic inflammatory conditions that contain eosinophils, such as asthma in humans, there is a TH2 shift, resulting in increased concentrations of chemokines, such as eotaxin, in the tissue that contribute to the recruitment of additional eosinophils and exacerbates the TH2 response. The same result is likely true for other as yet poorly characterized conditions such as the eosinophilic complex of cats, eosinophilic infiltrates in the base of the tongue of Siberian huskies and other dogs, eosinophilic enteritis in boxer dogs, and eosinophilic inflammatory lesions in the skin of horses. For these conditions, it may be that some type of persistent yet unidentified TH2-inducing antigen is present locally.









Mast Cells


Mast cells have a central role in triggering acute inflammatory reactions. In chronic inflammation, mast cells tend to look similar to macrophages in H&E-stained tissue sections and therefore are often not considered to be a part of the chronic inflammatory lesion. However, special stains, such as a Giemsa stain, of chronic or granulomatous inflammation frequently reveal a surprisingly large number of mast cells identified by their characteristic metachromatic granules. For example, chronic lung lesions (e.g., fibrosis and alveolar epithelial hyperplasia) that develop following severe Mannheimia haemolytica pneumonia often contain increased numbers of mast cells and reduced levels of substance P fibers resulting in persistently altered immune responses.


The reason for the presence of mast cells in chronic inflammatory conditions likely relates to their production of proteolytic enzymes such as chymase and tryptase. Such enzymes likely help physiologically in remodeling and fine tuning components of the ECM. With persistent inflammation and fibrosis, there can be increased proliferation of mast cells. Increased mast cell numbers in such lesions occur by increased infiltration and also by increased proliferation of mast cells in situ. With severe inflammation, there can be loss of substance P fibers, and mast cells can respond to this loss by increasing their expression of c-kit, an important regulator of mast cell proliferation.









Natural Killer Cells


NK cells are present in chronic inflammatory lesions, but their role varies based on the characteristics of the inflammatory stimulus. NK cells can kill cells recognized as foreign without prior exposure to antigen and thereby lacking antigen specificity as required by T lymphocytes. NK cells are activated by type I interferons and IL-12 and can activate macrophages and dendritic cells, thus contributing to chronic inflammation. NK-T lymphocyte activation can be triggered by lipid antigens in the presence of CD1d and can contribute to autoimmune responses.






Fibroblasts


Fibroblasts are multipurpose cells whose function is often overlooked in tissue responses to injury. Fibroblasts are elongated cells that contribute to the structural integrity of tissue and have abundant RER, which is used for the synthesis of collagen and ECM proteins. In addition, they also produce cytokines, MMPs, and chemokines that regulate the composition of the extracellular microenvironment in physiologic and pathologic conditions.


With tissue injury or certain hypoxic conditions, fibroblasts undergo proliferation in response to the release of fibroblast growth factors (FGFs), TGF-β, IL-13, PDGF, VEGF, and other mediators/molecules. Continued release of these substances in response to chronic inflammatory stimuli leads to the extensive fibrosis characteristic of chronic inflammation (Fig. 3-33; Web Fig. 3-21).
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Fig. 3-33 Development of fibrosis in chronic inflammation.
The persistent stimulus of chronic inflammation activates macrophages and lymphocytes, leading to the production of growth factors and cytokines, which increase the synthesis of collagen. Deposition of collagen is enhanced by decreased activity of metalloproteinases. (Modified from Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)
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Web Fig. 3-21 Mechanistic basis for fibrosis in experimentally induced TH1- and TH2-mediated responses by macrophages.
In TH1-mediated responses, nitric oxide synthase 2 (NOS2) enzyme is activated by interferon-γ (IFN-γ), tumor necrosis factor-α (TNF-α), and interleukin-1 (IL-1) produced by T lymphocytes. The NOS2 enzyme converts l-hydroxy-arginine to citrulline, which is antifibrotic. With the TH2 pathway, NOS2 is not activated in the presence of the TH2 cytokines (ILs 4, 10, and 13) and granulocyte-macrophage colony-stimulating factor (GM-CSF), and ornithine is converted to polyamines and praline, which induce cell proliferation of fibroblasts and collagen production, respectively, thereby contributing to fibrosis. TGF-β, Transforming growth factor-β. (Redrawn with permission from Dr. M.R. Ackermann, College of Veterinary Medicine, Iowa State University.)


















Endothelial Cells


Endothelial cells are essential for neovascularization of chronic inflammatory lesions. The process of angiogenesis (neovascularization) in chronic lesions is similar to that which occurs during wound healing (see section on Wound Healing and Angiogenesis) and is induced by hypoxia and release of endothelial cell growth factors, such as FGF, VEGF, and PDGF.


Endothelial cells are interconnected by tight junctions composed of occludins, claudin, and JAMs, as well as adherens junctions composed of VE-cadherins. As leukocytes migrate between endothelial cells, leukocyte adhesion molecules bind some of these intercellular molecules. For example, LFA-1 molecule (CD11-α/CD18) binds JAM A, VLA-4 molecule (α-4/β-1) binds VCAM-1 and JAM B, and Mac-1 (CD11b/CD18) binds JAM C to mediate leukocyte passage between endothelial cells. These molecules are especially important for the transmigration of monocytes and lymphocytes through endothelial cell junctions into sites of chronic inflammation, by providing a stable yet temporary site of attachment of leukocyte filopodia and lamellipodia.






Trafficking of Naïve and Activated T and B Lymphocytes





Homing of Naïve Lymphocytes Via High Endothelial Venules: After naïve T lymphocytes are formed in the thymus and B lymphocytes are formed in the bone marrow, they traffic (home) to various secondary lymphoid organs, including lymph nodes, lymphoid nodules in the mucosal surfaces of the colon and cecum, Peyer’s patches in the mucosal surfaces of the small intestine, and organs such as the spleen. These cells express L-selectin and migrate in the blood and often enter these areas through specialized vessels termed high endothelial venules (HEVs), which are postcapillary venules that have a thick basal lamina, and plump endothelial cells with abundant cytoplasm. HEVs produce certain chemokines constitutively (CCL19, CCL21, CXCL12, and CXCL13) to attract naïve T and B lymphocytes expressing the corresponding chemokine receptors CCR7 (receptor for CCL19, CCL21) and/or CXCR4 (receptor for CXCL12) and/or CXCR5 (receptor for CXCL12) (Web Table 3-10). HEVs are located principally in T-lymphocyte zones (paracortical areas of lymph nodes, interfollicular areas of Peyer’s patches), but some are located in the B-lymphocyte zones, especially the periphery of B-lymphocyte follicles. Both peripheral lymph nodes and Peyer’s patch HEVs express the adhesion molecules that mediate T and B lymphocyte adherence, including peripheral node addressin ligand for L-selectin, ICAM 1, ICAM-2, VE-cadherins; however, only Peyer’s patch HEVs express MAdCAM-1, a receptor for the α-4/β-7 adhesion molecule expressed by T and B lymphocytes destined for Peyer’s patches and mesenteric lymph nodes.






WEB TABLE 3-10


Key Adhesion Molecules and Chemokines Involved with Homing of Naïve Lymphocytes, Adherence/Transmigration of Monocytes, and Activated T Lymphocytes in Sites of Chronic Inflammation




Slow rolling is the process of decreased vascular transit of leukocytes within the blood by selectin-mediated adherence/tethering; Firm adhesion is the stable binding of leukocytes to endothelial cells (see Chapter 3). L-selectin–PNAD denotes the leukocyte adherence molecule (L-selectin) and the endothelial cell molecule (PNAD) as does LFA-1 (leukocyte adherence molecule) and ICAM-1 (endothelial cell molecule). E-selectin and P-selectin R are expressed on monocytes at low levels and increase with activation; E- and P-selectin are expressed at increased levels on endothelial cells in areas of chronic inflammation.


α4β7, α4 β7-Integrin; CCL, CC-type chemokine ligand; CCR, CC-type chemokine receptor; HEV, high endothelial venule; ICAM, intercellular adhesion molecule; JAM, junctional adhesion molecule; LFA, lymphocyte function antigen; MAdCAM, mucosal addressin cellular adhesion molecule; PECAM, platelet endothelial cell adhesion molecule; PNAD, peripheral lymph node addressin; R, receptor; VCAM, vascular cell adhesion molecule.


*Activated T lymphocyte in this case is a generic term for TH1, TH0, TH2 effector memory and central memory cells, and T-lymphocyte clones. Note that effector memory cells have only minimal to no CCR7 expression. Activated B lymphocytes likely migrate similarly.








In addition to chemokines, sphingosine-1-phosphate (S1P) is produced by endothelial cells and by local mast cells and platelets and accumulates in the fluid of lymphatic vessels at high levels. S1P receptors are present on T and B lymphocytes, NK-T lymphocytes, and dendritic cells, as well as eosinophils, mast cells, NK cells, and macrophages. S1P mediates homing and also egress of naïve T and B lymphocytes and dendritic cells from the lymph node into the lymphatic fluid.












Adherence and Transendothelial Migration of Activated T Lymphocytes


Lesions developing into sites of chronic inflammation release chemokines, S1P, and other chemoattractant substances that attract and activate T lymphocytes. Although naïve T lymphocytes express high concentrations of L-selectin and the antigen CD45RB, in recently activated T lymphocytes, in effector/memory T lymphocytes, and T-lymphocyte clones, L-selectin expression decreases along with expression of the CD45RB antigen. Instead of L-selectin, acutely activated TH1 and TH2 cells, effector and central memory lymphocytes, and T-lymphocyte clones begin to express high to low levels of E- and P-selectin ligands, which bind to E- and P-selectin receptors, which are expressed by endothelial cells, activated in sites of chronic inflammation. Lymphocytes adhere to these areas of endothelium by eventually binding firmly to the vascular wall via adhesions between the LFA-1 adhesion molecule expressed on lymphocytes, which binds to ICAM-1 and ICAM-2 expressed on endothelial cells. Lymphocytes transmigrate across the vascular wall by adherence between LFA-1 integrins and the ICAM-1 molecules, JAM molecules, and also contributions from PECAM-1.
















Inflammation and the Sensation of Pain


Several features of inflammatory response activate sensory nerve fibers that mediate the sensations of swelling, thermal change, and pain. Mechanoreceptors can sense changes in tissue swelling secondary to the accumulation of edema fluid and/or exudates. Thermoreceptors can sense changes in localized or systemic temperatures. Pain receptors can also become activated. Concerning pain, release of PGE2 is a crucial mediator of the inflammatory pain sensation. PGE2 mediates this activity through a specific glycine receptor subtype (GlyR α-3) of the dorsal gray horn of the spinal cord. Inhibition of PGE2 expression through inhibition of COX enzymes reduces pain and future therapies may target GlyR α-3 receptors.












The Effect of Inflammation on the Febrile Response and Other Activities


Cytokines such as IL-1, TNF, and IL-6, as well as high mobility group protein box-1 (HMGB-1) molecules are often produced during acute inflammatory responses. These inflammatory mediators, along with LPS (microbial factor) and other potentially toxic microbial or chemical molecules are important regulators of body temperature (fever), malaise, headache, confusion, anorexia, locomotion, and unconsciousness. Many of these actions occur through (1) the effects of these cytokines on sensory fibers in the vagus nerve, which extends to the brainstem, and (2) their effects on cerebral endothelial cells, perivascular microglia, and meningeal macrophages and the ability of the cells to induce COX-1, COX-2, and COX-3 activity for the formation and release of prostaglandins such as PGE2. PGE2 then activates various hypothalamic nuclei, including the ventromedial preoptic nucleus, paraventricular nucleus, solitary tract nucleus, ventrolateral medulla, and parabrachial nucleus, which regulate fever and the other clinical responses listed previously.









Unique Types of Inflammation





Septicemia and Endotoxic Shock





Septicemia: Septicemia is a clinically significant form of bacteremia complicated by toxemia, fever, malaise, and often shock (see Table 3-5). Septicemia is characterized by the multiplication of microorganisms within the bloodstream and “seeding” into blood from fixed microcolonies present in one or more tissues. In septicemia, inflammation is not a localized reaction to injury, but instead mediators of inflammation are generated systemically leading to diffuse “leakage” of plasma into the interstitium and sequestration of leukocytes in the microvasculature. Generation of cytokines, kinins, vasoactive amines, and lipid mediators of inflammation, combined with widespread endothelial damage, leads to profound circulatory disturbances. Because of the systemic nature of this host-microbial interaction, quantities of phagocytic cells, antibody, complement components, coagulation proteins, and platelets may become depleted unless septicemia is controlled in the early stages. Septic shock and disseminated intravascular coagulation (DIC) are the usual sequelae of advanced bacterial septicemia.


Septicemia should be differentiated from a bacterial embolism. For example, some strains of Streptococcus spp. may break free from vegetative lesions (valvular endocarditis), as large colonies are protected by cell debris and fibrin. The bacterial emboli may then mechanically lodge in the lung, liver, kidney, or brain to produce a secondary focus of infection (abscess), but the whole process remains subclinical. In such a case, the blood sample taken for culture often lacks viable bacteria.








Septic (Endotoxic) Shock: The systemic interaction of microorganisms and their products (toxins) with a spectrum of host cells and chemical mediators results in a clinical syndrome recognized as sepsis or septic shock (see Table 3-5). The host mediators and amplification systems initiating the syndrome vary with the type of organism and the nature of the infectious process (local or systemic). Regardless of the specific cause, the major elements of septic shock form a continuum, including (1) hemodynamic derangements (reduced blood pressure and increased heart rate), (2) abnormal body temperature, (3) progressive hypoperfusion of the microvasculature, (4) hypoxic injury to susceptible cells, (5) quantitative adjustments in blood leukocytes and platelets, (6) DIC, (7) multiple organ failure, and (8) death.


Bacterial endotoxin, the LPS from the outer membrane of Gram-negative bacteria, has been studied extensively as an initiator of septic shock. The peptidoglycan layer of Gram-positive bacteria and bacterial exotoxins can initiate many of the same host responses. Other important initiators are products of the interaction of neutrophils, macrophages, and platelets with microorganisms in the tissue. Endotoxin is bound in the serum by LBP that binds CD14. Endotoxin has numerous ways to induce systemic activation of inflammatory mediators. Three direct effects of endotoxin are the activation of Hageman factor (a clotting factor), the complement cascade, and induction of the TLR4 pathway. These pathways can ultimately activate bradykinin, PAF, arachidonic acid metabolites, and cytokines (IL-1 and TNF), all of which have a role in many of the coagulation, hemodynamic, thermoregulatory, and leukocyte derangements observed in septic shock. TNF is capable of producing most clinical and pathologic features of septic shock, including hypotension, metabolic acidosis, hemoconcentration, intestinal hemorrhage, fever, neutrophil and endothelial activation, and predisposition to thrombosis. IL-1 shares many of the biologic activities of TNF in the mediation of septic shock. Secretion of TNF by activated macrophages can be partially inhibited by pretreatment with glucocorticoids, such as dexamethasone, which have been used therapeutically, often with limited success. In addition, lethal shock is prevented with anti-TNF antibody or TNF-receptor inhibitors. Chelators of endotoxin and other bacterial products are also under development for use in therapeutic intervention.


In severe septicemia, a systemic inflammatory response syndrome (SIRS) can develop in which there is extensive accumulation of cytokines, activated neutrophils, and platelets in the circulatory system. This result leads to multiple organ failure (MOF) and shock. Most patients survive initial SIRS insults, but these individuals are at increased risk of secondary or opportunistic infections termed compensatory antiinflammatory response syndrome (CARS). The initial activation of innate immunity can lead to decreased macrophage activity, T lymphocyte anergy, and apoptosis of lymphocytes contributing to CARS.


Multiple organ dysfunction syndrome (MODS) represents a late stage in septic shock and accounts for much of the irreversibility of organ failure. Systemic tissue ischemia and hypoxia, associated with progressive cardiovascular derangements, increased vascular leakage, and DIC, lead to generalized organ failure. Organs that are particularly sensitive to these effects include heart, brain, kidney, lung, liver, and intestinal mucosa. Cells injured by ischemia revert to anaerobic energy production (glycolysis), resulting in rapid depletion of substrates (glycogen, glucose), accumulation of lactate, and a deficiency of ATP. Without sufficient ATP, cell membrane ion pumps fail to maintain electrolyte balances, membrane integrity, and protein synthesis. The influx of sodium into cells with water causes cells to swell with further loss of function. Influx of calcium ions activates many intracellular enzymes, including phospholipase, which breaks down cellular membranes and generates arachidonic acid products. Loss of the proton gradient of the inner mitochondrial membrane makes oxidative phosphorylation impossible. Irreversible cell injury is believed to be closely related to generalized failure of mitochondria and loss of selective permeability of cell membranes. In dogs, sepsis of abdominal origin can induce MODS, and dysfunction of any organ system is associated with increased risk of death and mortality rates increase as the number of affected organs increase.


Animals dying of septic shock typically have evidence of fluid in the body cavities, pulmonary edema, petechial hemorrhages, congestion of the liver and intestines, and dehydration. Common microscopic lesions include acute necrosis of renal tubules, centrolobular hepatocytes, cardiac myocytes, adrenals, and tips of intestinal villi.


















Wound Healing and Angiogenesis


Almost immediately after a wound develops, the process of healing begins. Injured tissue goes through four temporal phases to repair the wound: hemostasis, acute inflammation, proliferation (granulation), and remodeling (maturation, contraction) (Fig. 3-34). These phases occur in this sequence but may progress at different rates. Even in one lesion site, different areas may be in different phases of repair.
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Fig. 3-34 Phases of cutaneous wound healing.
Inflammation, proliferation, and maturation (see text for details). (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)





Hemostasis occurs immediately after injury unless there is a clotting disorder. Initially after injury, hemostasis is controlled via vasospasm, a process in which blood vessels constrict in response to injury. But this spasm subsides rapidly, and the injured (transected) blood vessels will subsequently relax, allowing additional bleeding if platelets do not become involved. During the initial period of vasoconstriction, platelets aggregate and adhere to exposed collagen, especially collagen in the basement membrane underlying injured endothelial cells. Once adhered, platelets secrete vasoconstrictive substances to (1) maintain constriction of the transected vessels, (2) initiate the process of thrombogenesis to “plug” the leak in the vessel and prevent additional bleeding, and (3) initiate blood vessel healing (angiogenesis). This process also occurs with large blood vessels, but additional physiologic factors, such as blood shunting and decreased blood pressure. are involved.


By 24 hours after vascular injury, the inflammation phase (acute inflammation) of wound healing is fully established and can last up to 96 hours or longer if the healing process is disrupted by infection, trauma, or some other perturbation. It is in this phase that the “cardinal signs” of inflammation—redness, swelling, heart pain, and loss of function are observed. Neutrophils and macrophages, through phagocytosis and their degradative enzymes, breakdown and remove (“clean-up”) the cell debris resulting from tissue injury. Macrophages secrete a variety of chemotactic and growth factors that establish the microenvironment for the proliferation (granulation) phase. The “clean-up” activity of neutrophils and macrophages within wounds is necessary, although excessive inflammatory cell infiltration reduces healing.


Some ECM molecules, such as some proteoglycans, have a negative charge thus attracting and binding to more positive-charged growth factors, chemokines, cytokines, MMPs, and other molecules. In addition, fragments of collagen, fibrin, and other molecules in wounds can induce chemotaxis, cell proliferation, and angiogenesis. Thus, with degradation of the ECM in wounds, there is release of these molecules, which contribute to matrix degradation, chemotaxis, and cell proliferation.


In tissues lined by epithelium, migration of basal cells from the overlying epithelium begins early in the healing process and does not require an underlying collagenous matrix. These cells arise from the transected edges of epithelium that border the wound, which rapidly undergo hyperplasia. The migrating basal cells proliferate, spreading in attempt to bridge the wound, and some of these cells differentiate; however, once the cells differentiate, they cease to proliferate and migrate. The proliferation phase can last up to 3 to 4 weeks or longer depending on the size of the wound. This phase is characterized by the generation of new endothelium (angiogenesis), epithelium (epithelialization), and connective tissue stroma (fibroplasia/desmoplasia) to restore normal structure and function to the injured tissue. The healing of skin after third-degree burns or severe ulcerations is an excellent example of this process. The return to normal structure and function depends on (1) the retention of normal stromal elements of the ECM to provide the structural framework for repair, and (2) normally functioning fibroblasts, myofibroblasts (contractile fibroblasts), endothelial cells, pericytes (nonendothelial components of blood vessels), and epithelial cells. Initial deposition of collagen and other key ECM molecules begins after fibroblasts have proliferated and fortified regions of the wound. Collagen fiber deposition alone is not sufficient for complete matrix repair without proliferative and functional fibroblasts.


The role of stem cells of epithelia and mesenchymal stroma in wound healing is increasingly understood. For epithelia, stem cells reside along the basal layer and are more clustered in specific regions. In the cornea of the eye, stem cells are located in the limbus. In skin, clusters are present in the bulge region of the hair follicle (roughly half-way down the follicular wall in the dermis). In lung, stem cells are present along the bronchiole-alveolar junction. In intestine, stem cells are present within the crypts. The stem cells are often in a quiescent (senescent) stage by the influence of bone morphogenic protein (BMP), which inhibits proliferation. Beta catenin (wnt) released from active stem cells in the dermal papilla of hair follicles, for example, induces proliferation of the quiescent cells that form new structures. Mesenchymal stromal cells subjacent to epithelia also undergo proliferation and communicate between epithelial cells and the subjacent inflammatory cells and stroma. The mesenchymal stromal cells function similarly to those of embryonic blastema cells.


The remodeling (maturation, contraction) phase begins approximately 3 to 4 weeks after injury, but only after the inflammation and proliferation phases have been successfully completed. This phase includes remodeling of granulation tissue by immature connective tissue and the conversion of immature connective tissue to mature connective tissue through extracellular collagen formation. Remodeling can last for 2 or more years. It essentially provides the time some tissues and organs, such as bone, need to return to the near-normal tensile strength required for normal axial and appendicular skeletal function.


A key component of wound repair is the ECM and stromal stem cells (fibroblasts, myofibroblasts). In mild or moderate injury, partially degraded collagen, proteoglycans, and elastin are completely degraded by MMPs and other enzymes removed by macrophages and then resynthesized by surviving fibroblasts. Simultaneously, fibroblasts and endothelial cells proliferate to fill tissue defects (granulation tissue) and epithelial cells, endothelial cells, and some parenchymal cells proliferate along basement membranes to restore the normal structure of the tissue. If basement membranes are degraded in the injury and the healing process disrupted, then complete healing is delayed because of a requirement for a new basement membrane to be deposited by endothelial cells that attach to and line the contiguous remaining basement membrane. Should healing be continually delayed (infection) or prevented (large tissue defect with loss of stroma and basement membrane), then dysregulated healing can occur in the form of extensive fibrosis (scars and hypertrophic scars) with haphazard arrangement and/or metaplasia of the overlying epithelial cells.


The four phases of wound healing described are applicable to all tissues and organ systems, but each system has its unique mesenchymal and parenchymal cell types that influence the process of healing. Bone healing with callus formation and skin healing with reepithelialization are good examples of healing and the specialization of cell types involved (see Chapters 16 and 17). Overall, the success of wound healing, especially in the skin, is often determined by whether the process occurs via first or second intention healing. Healing in other tissue is similar. In bone, for example, optimal healing occurs in bone fragments that are stabilized and in direct apposition.






First and Second Intention Healing


First intention healing in skin occurs when the edges of a wound site are directly apposed and reattach and heal to each other rapidly (Fig. 3-35). Wounds lacking such close, intimate apposition are termed second intention healing. In the simplest type of wound, such as a cut or incision in the skin by a surgeon, there is initial hemorrhage from the damaged vasculature and retraction and constriction of blood vessels. In the wound area, there is deposition of fibrin, leakage of plasma proteins, clot formation, platelet aggregation, and neutrophil infiltration. The nature of repair depends on several factors, including the proximity of the cut edges to each other, the presence or absence of foreign bodies or infectious microbes, and the general health capacity of the animal to repair wounds. Under ideal conditions, such as in surgery, first intention healing is desired (see Fig. 3-35). First intention healing occurs in nonseptic wounds, whereas second intention healing occurs in septic wounds, with foreign bodies, or gaping wounds with nonopposed edges. If the wound healing process is disrupted or delayed, the process is shifted to second intention healing. First and second intention healing are also discussed in Chapter 17.
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Fig. 3-35 Wound healing.
Steps in wound healing by primary intention (left) and secondary intention (right). Note large amounts of granulation tissue and wound contraction in the healing by second intention. (From Young B, O’Dowd G, Stewart W: Wheater’s basic pathology: a text, atlas and review of histopathology, ed 5, New York, 2010, Churchill Livingstone.)












First Intention Healing


First intention healing occurs in 2 to 3 days in the skin, if the cut edges of a nonseptic wound are positioned in close proximity to each other by sutures or bandages. During this time, the hemorrhage, plasma proteins, and cell debris within the wound are phagocytosed and removed by macrophages, new blood vessels sprout and grow into the lesion, and the ECM is synthesized to fill the gap between the apposed tissue edges. With time (weeks), this stable interconnection in the dermis is replaced by collagen fibers that undergo continual maturation, thus providing the skin with near-normal tensile strength after wound healing. Concurrently, basal cells of the squamous epithelium will undergo hyperplasia and cover the defect in 3 to 5 days. This type of repair leaves little trace of the wound, except for perhaps mild fibrosis in the superficial dermis and loss of adnexa (e.g., hair follicles, sebaceous glands, and sweat glands) at the site of the wound. The tensile strength is nearly the same as that of adjacent tissue. First intention healing is the goal of the surgeon for repair of incision sites made during surgery.









Second Intention Healing


Second intention healing occurs when the cut edges of the skin, for example, are not brought into appropriate apposition for healing (see Fig. 3-35). In such wounds, connective tissue is haphazardly synthesized and arranged and there is little or no organization in the healing process; however, fibrous connective tissue fills the defect in the superficial and deep dermis. This disorganization can also delay or prevent the migration of epithelial cells that attempt to cover the surface of the wound and disrupt the orderly deposition of ECM in the wound. In addition, new fibrous connective tissue lacks adnexa (hair follicles, sebaceous and sweat glands). In some cases, fibrous connective tissue can form into granulation tissue (see later section) in which histologically, proliferating fibroblasts are arranged perpendicular to new capillaries, and the long axes of the new capillaries are arranged perpendicular to the surface of the skin (Fig. 3-36). Tensile strength of granulation tissue is diminished and the lesions can tear or split. Thus with second intention healing, the site can remain ulcerated, lack hair, and in some cases, the fibrous connective tissue can undergo continuous proliferation and protrude from the skin surface as a hyperplastic scar.
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Fig. 3-36 Granulation tissue, nonhealing ulcer, skin, distal limb, horse.
A, In the bed of the ulcer, there is extensive fibrosis and granulation tissue. B, Gross photograph of the surface of the granulation tissue. Note the fine nodules or “granulations” on the surface that gave rise to the term granulation tissue. These are a mixture of newly formed blood vessels, extracellular matrix (ECM), and fibroblasts, with minimal or no collagen deposition. It provides the support for wound repair and remodeling via fibroplasia and reepithelialization. C, Photomicrograph of granulation tissue. Note how the new fibroblasts are arranged perpendicularly to the newly formed blood vessels in a rich bed of ECM (clear spaces). (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)












Impaired Wound Healing


In addition to spontaneously occurring impairments of wound healing, such as foreign bodies, infection, and neoplasms, certain other conditions can prevent or impair wound healing, even first intention healing. For example, altered deposition of collagen and ECM proteins can occur with osteogenesis imperfecta because of impaired production of type I collagen. Similarly, impaired synthesis, cross-linking, hydroxylation, or posttranslational processing of collagen can delay wound healing in individuals with Ehlers-Danlos syndrome. Hyperglycosylation of proteins, which can occur with prolonged diabetes mellitus, can alter the vasculature, lead to diabetic ulcers, and inhibit wound healing.


Chemotherapeutic drugs can also prevent cellular proliferation and may reduce healing. Several new chemotherapeutic drugs specifically target endothelial cell proliferation, which may greatly influence the process of neovascularization so vital to efficient wound repair. In humans, guinea pigs, and other species that require dietary vitamin C, deficiencies in intake can lead to scurvy, a disease in which there is decreased collagen hydroxyproline synthesis and poor wound healing. Extreme starvation, malnutrition, and cachexia from cancer or severe weight loss from chemotherapy can impair the synthesis and deposition of ECM proteins as a result of negative energy balance and a lack of amino acid substrates, normally synthesized in the liver. Additionally, such individuals and severe burn victims often lack adequate levels of serum proteins such as albumin, which results in lowered osmotic plasma pressure, impaired fluid resorption from the wound site, and enhanced edema fluid accumulation.









Expression of Genes Responsible for Wound Repair


Wound repair requires activation of genes of the viable cells such as macrophages, fibroblasts, and endothelial cells adjacent to the sites of tissue injury. As indicated, macrophages internalize through phagocytosis cell debris to “clean-up” an area and degrade the ECM. In concert with fibroblasts, macrophages release growth factors that enhance the proliferation of (1) endothelial cells for neovascularization, (2) fibroblasts for deposition of a new ECM, (3) myofibroblasts for wound contraction, and (4) parenchymal cells for return to normal structure and function of the affected tissue.


Gene expression by cells in a wound is regulated to a large degree by oxygen levels (Fig. 3-37; Web Fig. 3-22). In the milieu of a wound, there is generally a reduced oxygen tension caused by vascular damage. Normal tissues have oxygen levels >90% oxygen saturation, and there is increased activity of non-heme iron-containing 2-oxglutarate (2-OG)-dependent oxygenases that sense oxygen levels and use dioxygen as a cosubstrate. These include prolyl hydroxylase domain-containing protein-1 (PHD-1), PHD-2, PHD-3, and factor-inhibiting HIF (FIH). These enzymes place a hydroxyl group on proline and asparagine amino acids in HIF-1α protein. Hydroxylated HIF-1α is degraded by the ubiquitin pathway when oxygen levels are high. In hypoxic tissue, however, as occurs in wounds, within neoplastic masses, and areas of inflammation, there is reduced activity of PHDs and FIH and thereby less hydroxylation of HIF-1α. Nonhydroxylated HIF-1α aggregates with HIF-1β and induces transcription of hypoxia-responsive elements (HREs) in the genome.
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Fig. 3-37 Regulation of hypoxia-inducible factor (HIF) transcriptional activity by prolyl hydroxylase protein domain-containing proteins (PHDs) and factor-inhibiting HIF (FIH).
With sufficient oxygen (left), HIF-1α protein is hydroxylated by PHDs and FIH resulting in degradation. With insufficient oxygen (right) HIF-1α protein is not hydroxylated and forms an active complex with HIF-1β resulting in transcriptions of genes that contribute to wound healing an angiogenesis, including the transcription of vascular endothelial growth factor (VEGF). (Modified from Fraisl P, Aragones J, Carmeliet P: Nat Rev Drug Discovery 8(2):139-151, 2009.)
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Web Fig. 3-22 Hypoxia-inducible factor (HIF).
Initiation of wound healing and regulation of gene expression by HIF. When oxygen levels are normal, HIF is not active, and hypoxia-responsive genes are not activated. With hypoxia, however, HIF activates transcription of genes of the hypoxia-response elements (HREs). UB, Ubiq, Ubiquitin; VHL, von Hippel-Lindau disease. These genes increase blood vessel formation, iron sequestration, and hypoxia metabolism. (Redrawn with permission from Dr. M.R. Ackermann, College of Veterinary Medicine, Iowa State University.)








The HREs include genes for growth factors, including VEGF, iron-binding proteins, regulators of apoptosis, erythropoiesis, angiogenesis, pH regulation, and glucose and energy metabolism. Early growth response gene-1 (EGR-1) is another transcription factor activated in wounds that leads to expression of growth factors and cytokines. Therefore both HIF-1α and EGR-1 activity in hypoxic conditions lead to increased cellular transcription that upregulates genes for energy (glucose transporters, hexokinase 1 and 2, lactate dehydrogenase, phosphofructokinase), endothelial and fibroblast proliferation (TGF-β, VEGF), and iron sequestration (ceruloplasmin, transferring receptor). These genes promote cell survival in hypoxic conditions, enhance cell proliferation, especially of cells vital to repair (endothelial cells, fibroblasts), and delay or alter differentiation of other cells (epithelia or parenchymal cells) until endothelial and fibroblast proliferation is well established.









Degradation of Cells and Tissue Components in Wounds


Wounds generally have a central core composed of (1) degenerate and/or necrotic cells, such as parenchymal cells, fibroblasts, and endothelial cells, as well as infiltrating leukocytes, such as neutrophils, platelets, lymphocytes, mast cells, and macrophages; (2) inflammatory products (cytokines, eicosanoids, chemokines, and their respective receptors); (3) serum proteins (albumin, acute phase proteins, complement); (4) clotting proteins (fibrin); and (5) ECM proteins and substances. Many of these cells and mediators need to be removed before optimal healing takes place. Phagocytic cells, such as neutrophils and macrophages, are very important in the clean-up process through phagocytosis of particulate matter and subsequent lysosomal degradation and the release of digestive enzymes into the tissue. In addition, macrophages have a major role in the uptake of apoptotic cells that form in response to TNF-α or other proapoptotic inflammatory stimuli. The ECM can be especially difficult to degrade. However, macrophages and fibroblasts are key to this process through the release of matrix metalloproteinases that degrade the ECM.






Degradation of the Extracellular Matrix In Wounds


The ECM is composed of (1) proteins and (2) the hydrated gel of proteoglycans in which they lie. It surrounds and interconnects cells in connective tissue such as fibroblasts, blood vessels, lymphatic vessels, resident mast cells, macrophages, dendritic cells, and nearby parenchymal cells and/or epithelia (Web Fig. 3-23). The ECM influences cellular development, polarity (organization), and function of epithelial cells (Web Fig. 3-24). Soluble proteoglycans and fragments of glycosaminoglycans can activate Toll-like receptors and proteoglycans and hyaluronan can facilitate leukocyte adhesion. Also, ECM binds and sequesters cytokines, chemokines, and growth factors that are released during ECM degradation.
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Web Fig. 3-23 Extracellular matrix (ECM).
Main components of the extracellular matrix (ECM), including collagens, proteoglycans, and adhesive glycoproteins. Both epithelial and mesenchymal cells (e.g., fibroblasts) interact with ECM via integrins. Basement membranes and interstitial ECM have different architecture and general composition, although there is some overlap in their constituents. For the sake of simplification, many ECM components (e.g., elastin, fibrillin, hyaluronan, and syndecan) are not included. (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)
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Web Fig. 3-24 Extracellular matrix (ECM) regulation of cell functions.
Mechanisms by which ECM (e.g., fibronectin and laminin) and growth factors can influence cell growth, motility, differentiation, and protein synthesis. Integrins bind ECM components and interact with the cytoskeleton at focal adhesion complexes (protein aggregates that include vinculin, α-actin, and talin). This can initiate the production of intracellular messengers or can directly mediate nuclear signals. Cell-surface receptors for growth factors may activate signal transduction pathways that overlap with those activated by integrins. Collectively, these are integrated by the cell to yield various responses, including changes in cell growth, locomotion, and differentiation. (From Kumar V, Abbas A, Fausto N: Robbins & Cotran pathologic basis of disease, ed 7, Philadelphia, 2005, Saunders.)





With tissue injury, there is often destruction and degradation of the ECM. This process occurs through physical separation or tearing, dilution from plasma proteins, infiltration by inflammatory cells, and degradation by enzymes, largely the MMPs (Web Fig. 3-25). Macrophages, fibroblasts, mast cells, and most leukocytes produce MMPs (Table 3-11). Many MMPs were initially named after the type of ECM protein that they were found to degrade (e.g., collagenase), but because the MMPs are now known not to be uniquely specific for a particular ECM substrate, they have been reclassified in a numeric manner, MMP-1 through MMP-20.




TABLE 3-11


Matrix Metalloproteinase (MMP) Activity, Regulation, and Cellular Production






	



Function: Degrade basement membrane and extracellular matrix proteins


Co-factors necessary: Zinc (Zn2+)


Regulation: Cellular synthesis, lysosomal degradation and release, and tissue inhibitors of metalloproteinases
















	Type of MMP

	Cell Type






	MMP 1, 2, 3, 11, 14

	Fibroblasts






	MMP 9, 12

	Macrophages






	MMP 9

	Neutrophils






	MMP 2, 3, 9

	Endothelial cells






	MMP 9

	Pericytes






	MMP 1, 3, 7, 9, 13

	Some cancer cells














[image: image]


Web Fig. 3-25 Matrix metalloproteinase (MMP) activities.
Four mechanisms are shown: 1, regulation of synthesis by growth factors or cytokines; 2, inhibition of synthesis by corticosteroids or transforming growth factor-β (TGF-β); 3, regulation of the activation of the secreted but inactive precursors; and 4, blockage of the enzymes by specific tissue inhibitors of metalloproteinase (TIMPs). ECM, Extracellular matrix; EGF, epidermal growth factor; IL-1, interleukin-1; PDGF, platelet-derived growth factor. (Modified from Matrisian LM: Trends Genet 6:122, 1990.)








For example, collagenase is MMP-1, gelatinase is MMP-2, stromelysin is MMP-3, and matrilysin is MMP-7. MMPs degrade collagen, gelatin, elastin, aggrecan, versican, proteoglycan, tenascin, laminin, fibronectin, and other ECM components. The MMP enzymatic domain contains three histidine residues that form a complex with zinc. A regulatory domain is responsible for latency and allows activation in the presence of zinc. MMP activity is also regulated by tissue inhibitors of MMP (TIMP). ADAM (a disintegrin and metalloproteinase) are zinc proteinases capable of degrading matrix molecules as can cathepsin G, tissue plasminogen-activator (tPA), and urokinase plasminogen activator (uPA) (Web Box 3-2). Fragments of proteins degraded by MMP, tPA, uPA, and other degradative processes are removed from wounds by lymphatic drainage and phagocytosis by macrophages and neutrophils. Proteoglycans are largely degraded by lysosomal enzymes of macrophages and neutrophils that include hyaluronidases, heparinases, and galactosidases. As indicated, ECM degradative enzymes also (1) release latent growth factors and other latent molecules bound to ECM molecules, (2) inactivate some molecules present within the region, (3) break down basement membranes, and (4) cleave intercellular adhesion molecules between epithelial cells.







WEB BOX 3-2   Enzymes Responsible for Degradation of the Extracellular Matrix (ECM) Proteins and Proteoglycans





 Proteinases that Degrade ECM Proteins:


Matrix metalloproteinases


Cathepsin G


Cysteine protease


Urokinase plasminogen activator (uPA)


Serine protease








 Proteoglycans Are Degraded by:


Lysosomal uptake


Heparinases—an endoglucuronidase that degrades hyaluronates, chondroitins, heparans, and heparins


Galactosidases—degrades dermatans and keratans





















Resynthesis of the Extracellular Matrix with Wound Healing





Synthesis of Collagen and Matrix Proteins


As wounds repair, the body attempts to reestablish the ECM. The structural proteins of the ECM include several types of collagens, elastin, and adhesive type proteins including fibronectin, laminin, versican, tenascin, and vitronectin. The fibrillar collagens (types I, II, III, V, and XI) are triple-stranded helical structures aggregated into fibrils in the extracellular space and surrounded by collagens IX and XII, which interconnect the collagen fibrils with one another and the ECM. Most tissues have a predominance of one collagen type. For example, collagen type I is present in bone, skin, and tendon; collagen type II is present in cartilage and vitreous humor; collagen type III is present in skin, around vessels, and in newly formed wounds; collagens type V and VI are present in interstitial tissues; collagen type VI is present near epithelia; collagen type VIII is present near endothelial cells; and collagens type X and XI are present in cartilage.


Collagen type IV is largely present in basal lamina along with laminin, entactin, a heparin sulfate proteoglycan, and perlecan. Throughout the ECM are molecules of elastin, which stretch, recoil, and allow flexibility in the tissue. Collagen fibers, laminin, fibronectin, tenascin, and other ECM proteins bind to cells in the connective tissue via extracellular domain of integrin molecules of cells by means of a specific amino acid sequence, the RGDS sequence. For example, laminin binds α2β1-integrins of endothelial cells, some collagens bind α6β1-integrins of epithelial cells, and fibronectin and vitronectin bind α5β3-integrins. The intracellular portion of integrin molecules interact with the cellular cytoskeleton (i.e., actin assembly) and thereby link the extracellular milieu with cellular activities such as cell growth, differentiation, proliferation, and senescence.









Collagen Production by Fibroblasts


Collagen deposition within a site of wound repair provides a scaffold for reestablishment of the ECM and stroma (Web Fig. 3-26). Fibroblasts are induced by TGF-β and other cytokines to synthesize collagen. Ribosomes in fibroblasts produce approximately 30 types of collagen α-chains that are composed of repetitive glycine-x-y segments. Although within the RER, praline and lysine residues in these chains are hydroxylated, and this hydroxylation process requires vitamin C. The chains are then glycosylated, arranged in a triple helix, and eventually released into the extracellular space as procollagen. The ends of procollagen are cleaved enzymatically resulting in the formation of fibrils termed tropocollagen. Cross-linkages between collagen fibrils occur at lysine and hydroxylysine residues through the activities of the enzyme lysyl oxidase, and this cross-linking process provides the tensile strength of collagen.
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Web Fig. 3-26 Steps in collagen synthesis. (From Kumar V, Abbas A, Fausto N: Robbins & Cotran pathologic basis of disease, ed 7, Philadelphia, 2005, Saunders.)















Synthesis of Proteoglycans


Proteoglycans are produced by fibroblasts. They retain water and are vital to the hydration of the ECM. Proteoglycans have a protein backbone surrounded by a network of glycosaminoglycan (GAG) chains (Web Fig. 3-27). The GAGs are negatively charged, often highly sulfated, polysaccharide chains covalently linked to the serine residues on a protein backbone. Most GAGs contain high concentrations of N-acetylglucosamine (Web Table 3-11). Hyaluronic acid lacks sulfation and is not connected to the protein backbone. GAGs are key to the water retention properties of proteoglycans and thus, hydration of the extracellular milieu. Proteoglycan hydration of the ECM allows tissues to be pliable and have elasticity.
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Web Fig. 3-27 Proteoglycan molecule.
Proteoglycans have a central protein backbone that supports glycosaminoglycan (GAG) side chains. The GAGs retain water and contribute to the hydration of tissue. (Redrawn with permission from Dr. M.R. Ackermann, College of Veterinary Medicine, Iowa State University.)








Heparin sulfate proteoglycans, such as syndecan, decorin, and perlecan, encircle and surround cells and basal laminae. Syndecan is an integral transmembrane protein that can bind chemokines. With inflammation, syndecan can release the chemokine, which then induces leukocyte infiltration.












Fibroblasts and the Mechanistic Basis of Fibrosis


Fibroblasts align along planes of tissue stress during development (Langer’s lines or tension lines). In quadrupeds, these lines are generally dorsoventral over the thorax and abdomen (axial body plane) and parallel to the long axis of the limbs (appendicular body plane). Surgical incisions along Langer’s lines extend between, rather than transect, bands of fibrous connective tissue and tend to pull the margins of surgical skin incisions together. Such incisions reduce the degree of postsurgical scar formation.


Fibroblasts of cats appear to be especially responsive to injury and inflammation. In fact, injury of fibroblasts has been associated with their neoplastic transformation in cats. For example, traumatic lens rupture can lead to intraocular inflammation and fibroblast proliferation, and in some cases, fibrosarcomas. In addition, fibroblast proliferation and fibrosarcomas are common in cats at vaccination sites.


Initially during the hemostasis and inflammation phases of wound repair, fibrin and serum proteins form a loose gel-like framework for the migration of fibroblasts and endothelial cells into the wound to form granulation tissue. Simultaneously, leukocytes and other cells, such as fibroblasts and endothelial cells, are stimulated by HIF-α and epidermal growth factor (EGF) to synthesize and release a variety of growth factors that result in fibroblast proliferation and migration. These factors include FGF-1 and FGF-2, PDGF, EGF, and TGF-β1, 2, and 3. FGF, PDGF, IL-13, and TGF-β induce fibroblasts to produce collagen, whereas FGF, VEGF, TGF-β, angiopoietin, and mast cell tryptase induce endothelial cells to proliferate and migrate and produce basement membrane for formation of new capillaries (Web Fig. 3-28).
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Web Fig. 3-28 Development of fibrosis in chronic inflammation.
In most chronic inflammatory lesions, activated macrophages, lymphocytes, and other cells secrete cytokines, growth factors, and tissue inhibitors of matrix metalloproteinases (TIMPs) that lead to fibroblast proliferation and collagen synthesis. FGF, Fibroblast growth factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; IL, interleukin; NK, natural killer; PDGF, platelet-derived growth factor. (Redrawn with permission from Dr. M.R. Ackermann, College of Veterinary Medicine, Iowa State University.)








With time, the newly formed, provisional connective tissue is remodeled into a more mature matrix. In the entire process, TGF-β has a central role in fibroblast activity and collagen deposition, because it is produced by platelets and macrophages and induces macrophage chemotaxis, fibroblast migration and proliferation, and synthesis of collagen and ECM proteins. TGF-β binds TGF-β receptor II (TGF-βRII), which dimerizes with TGF-βRI. The TGF receptor then phosphorylates R-SMAD and Co-SMAD to overcome inhibition of SMAD 7. This signaling process induces fibroblast activity, and regulation of the signaling may be useful in therapeutic strategies to control scarring and/or fibrosis (Web Fig. 3-29).
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Web Fig. 3-29 Transforming growth factor-β (TGF-β) signaling.
This process results in fibroblast and myofibroblast activation and collagen deposition. R, Receptor. (Redrawn with permission from Dr. M.R. Ackermann, College of Veterinary Medicine, Iowa State University.)








In addition to producing collagen, fibroblasts can migrate to a certain degree, and this process is mediated by adhesion molecules that bind to the ECM. This binding is a complicated event in which the adherence process is essential for migration of the cell and its anchoring to extracellular proteins. During wound repair, proliferating fibroblasts often align themselves parallel with lines of tension stress.









Morphology of Granulation Tissue and Fibrous Connective Tissue





Granulation Tissue


Some lesions develop a distinctive type of arrangement of connective tissue fibers, fibroblasts, and blood vessels termed granulation tissue. Granulation tissue is the exposed connective tissue that forms within a healing wound. It is often red and hemorrhagic and bleeds easily when bumped or traumatized because of the fragility of the newly formed capillaries (see Fig. 3-36). It is especially common in horses. When viewed with a magnifying glass, the surface of granulation tissue has a granular appearance and thus the term granulation tissue arose. In granulation tissue, fibroblasts and connective tissue fibers grow parallel to the wound surface and are arranged perpendicularly to the proliferating capillaries. Often, the penetrating blood vessels are evenly spaced. Excessive granulation can lead to a type of hypertrophic scar called proud flesh. In cats, fasciotomy and fascial excision induce formation of early granulation tissue in cutaneous wounds and may be effective in enhancing closure of secondary wounds.





Hypertrophic Scars: Hypertrophic scars occur as a result of exuberant proliferation of fibroblasts and collagen in wounds that fail to heal properly. The best example of this condition occurs in skin wounds of the distal limbs of horses and is known as “proud flesh,” as indicated proliferating connective tissue forms a large cauliflower-like mass that cannot be covered by epithelium (Fig. 3-38). Why this lesion most commonly occurs in horses is unclear; however, the epidermis of horses is often very “tight” with limited elasticity.
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Fig. 3-38 Exuberant granulation tissue (proud flesh), chronic ulcer, skin, distal hindlimb, horse.
Note the large proliferating mass of fibrous tissue on the lower portion of the left hindlimb. It often lacks superficial epithelium. (Courtesy Dr. M.D. McGavin, College of Veterinary Medicine, University of Tennessee.)





Keloid is a special type of excessive connective tissue deposit that occurs in humans. It has an incidence of 5% to 16% after skin trauma in high-risk populations, such as blacks, Hispanics, and Asians. Clinical management of hypertrophic scars, proud flesh, and keloids can be difficult but includes intralesional corticosteroids, compression, occlusive dressings, pulsed-dye laser therapy, cryosurgery, surgical excision, radiation, fluorouracil chemotherapy, topical silicone, interferons, and drugs, such as imiquimod, that induce IFN-γ.












Fibrous Connective Tissue


Fibrous connective tissue is the dense accumulation of fibroblasts and collagen formed within a wound site. Histologic characteristics depend on wound severity and duration. Fibrous connective tissue contains variable numbers of fibroblasts and collagen along with inflammatory cells (Fig. 3-39). In recently formed wounds, the collagen can be very immature and edematous with a variety of inflammatory cells, perhaps neutrophils. With time, the fibrous connective tissue progresses into mature, densely packed collagen with few inflammatory cells. Once formed and matured, fibrous connective tissue often persists for years, perhaps life.
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Fig. 3-39 Fibrous connective tissue.
A, Hemomelasma ilei, ileum, antimesenteric serosal surface, horse. This lesion is approximately 1 to 2 weeks old. Strongylus edentatus-induced injury to the serosal vasculature results in hemorrhage followed by wound healing. Note the raised areas of fibrosis (raised gray-white areas), hemosiderosis (yellow-brown areas), and hemorrhage (red-brown areas). B, Healing response in hemomelasma ilei. Note the abundant newly formed capillaries (arrowheads) and intervening fibrous connective tissue (bands of red fibers). This healing response is the next step following the granulation tissue phase demonstrated in Fig. 3-35. Hemosiderin (arrows) is present in the connective tissue and is indicative of hemorrhage having occurred in the injury at an earlier time (weeks). H&E stain. C, Fibrous connective tissue in the healing response. Collagen is readily demonstrated in fibrous connective tissue by a Trichrome stain (blue-stained fibers). Masson trichrome stain. (Courtesy Dr. J.F. Zachary, College of Veterinary Medicine, University of Illinois.)















Wound Contraction





The Scirrhous Reaction


With severe thermal/chemical burns or extensive abrasions of a large surface area of the skin, the healing process and the formation of connective tissue becomes extensive. In time, these areas of connective tissue contract and place tension on the surrounding normal skin, resulting in a scirrhous reaction that can cause immobility of the surrounding skin and perhaps limbs along with pain and deformation. Contraction of such wounds is mediated largely by myofibroblasts.


Similarly, within areas of necrosis and/or inflammation in the liver, lung, spleen, and kidney, excessive fibrosis in parenchymal areas can result in the formation of connective tissue tracts between the healing area and capsular and interstitial connective tissue. When this new connective tissue contracts during the healing process, it grossly results in local indentation or pitting on the organ surface, such as occurs with chronic renal cortical infarcts. If there are multiple such areas, the organ surface develops an undulating and/or nodular appearance such as occurs in a cirrhotic liver. Contraction of such wounds is again mediated largely by myofibroblasts.





Myofibroblasts: Myofibroblasts are specialized fibroblasts with contractile activity. They form within wounds in response to tissue plane stress and the secretion of TGF-β by platelets and macrophages as wounds develop, and they increase in number with time and severity. Their function is to contract the wound and thus bring together injured tissue separated by edema and inflammation. Physiologically, myofibroblasts also occur in tissues with contractility such as uterine submucosa, intestinal villi, testicular stroma, the ovary, periodontal ligament, bone stroma, capillaries, and pericytes.


Myofibroblasts have stress fibers, actin and myosin fibers, gap junctions, and a fibronexus. The fibronexus is a mechanotransduction region of the plasma membrane, which is rich in integrin molecules. The fibronexus interconnects intracellular actin fibers with extracellular proteins such as fibronectin. This connection provides an anchor point during myofibroblast contraction. In contrast, fibroblasts lack contractile myofilaments and a fibronexus. Actin polymerization and contractility in myofibroblasts is stimulated by Rho GTPases. The Rho signaling that induces contractility in myofibroblasts results in continual contraction of filaments in myofibroblasts. Continual contraction by myofibroblasts differs from the periodic contractility that occurs in smooth muscle cells. Such contractions condense wound sites and are frequently beneficial to repair. But excess, as in severe burns, induces excessive contraction and sometimes loss of mobility of nearby joints requiring patients to undergo physical therapy to maintain the range of motion for limbs extending from affected joints.















Angiogenesis in Wound Repair


Angiogenesis is the formation of new blood vessels from preexisting vessels. It is a process essential for all living organisms with a cardiovascular system and involves a series of steps, as illustrated in Fig. 3-40, for the formation of new capillaries, including the following:
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Fig. 3-40 Steps in the process of angiogenesis.
Extracellular matrix (ECM). (Modified from Motamed K, Sage EH: Kidney Int 51:1383, 1997.)







• Proteolysis of the ECM and basement membrane of parental vessels at the margins of the wound so a new capillary “bud” can form and initiate cellular migration


• Migration of immature endothelial cells into the wound


• Proliferation of endothelial cells to form solid “endothelial tubes”


• Maturation of endothelial tubes into new capillaries with the formation of lumina


• Formation of stalk cells (proliferative endothelial cells lining developing vessels) and tip cells at the end of vascular buds


• Establishment of endothelial cell adhesion to adjacent cells and basal lamina and expression of the receptors/ligands responsible for the leukocyte adhesion cascade along the luminal surface of the endothelial cells


• Recruitment of pericytes and smooth muscle cells to support the final differentiation stage of the newly formed vessel





This process occurs because as wounds heal, new vessels are necessary to supply the injured site with oxygen, remove carbon dioxide and other waste products, drain excess fluid, and provide a vascular pathway for cells and stem cells into the wound. This same beneficial process has also been adapted by primary and metastatic neoplastic cells to grow and spread throughout tissues of the body.






Initiation of Endothelial Cell Proliferation





Endothelial Cell Growth Factors: The formation of new blood vessels in wounds begins from the proliferation of endothelial cell buds from blood vessels in viable tissue adjacent to the wound or can be derived from bone marrow endothelial precursor cells (EPCs) (Fig. 3-41). These buds grow into the “healing” wound, form elongated vascular tubular structures within the wound, interconnect and revascularize the wound, and then eventually differentiate into mature vessels. Initially, endothelial cell buds form, and cells migrate into wounds under the autocrine influence of HIF-α and EGF (see section on Expression of Genes Responsible for Wound Repair), which enhance expression of genes that improve cell survival in hypoxic conditions.
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Fig. 3-41 Angiogenesis by mobilization of endothelial cell precursors (EPCs).
A, Bone marrow. EPCs are mobilized from the bone marrow and may migrate to a site of injury. The homing mechanisms have not yet been defined. At these sites, EPCs differentiate and form a mature network by linking with existing vessels. B, Preexisting vessels (capillary growth). In angiogenesis from preexisting vessels, endothelial cells from these vessels become motile and proliferate to form capillary sprouts. Regardless of the initiating mechanism, vessel maturation (stabilization) involves the recruitment of pericytes and smooth muscle cells to from the periendothelial layer. (From Kumar V, Abbas A, Fausto N, et al: Robbins & Cotran pathologic basis of disease, ed 8, Philadelphia, 2009, Saunders.)





Concurrently, growth factors such as PDGF, FGF, VEGF-A, angiogenins, and ephrins released from macrophages, endothelial cells, and fibroblasts bind receptors on endothelial cells and induce vascular formation (Fig. 3-42). VEGF A and its various isoforms stimulate the initial stages of endothelial cell proliferation through binding the VEGF-R2 receptor on endothelial cells. Proliferative effects of VEGF are regulated by Notch ligands and receptors. VEGF enhances expression of DII4, a ligand in vascular tip cells produced by tip cells that bind to Notch receptors expressed by stalk cells. DII4 binding of Notch receptor leads to expression of genes by the stalk cells that reduce VEGF-R expression and cellular proliferation. The secondary stages of endothelial cell proliferation involve angiopoietin 1 and its receptor, Tie2, both of which establish vascular stabilization through the recruitment of pericytes and smooth muscle cells and deposition of ECM proteins. Vascular stabilization is further advanced by PDGF and TGF-β. Recent work has shown that specific microRNA molecules, such as microRNA-92a (MiR-92a), control angiogenesis in mice. MiR-92a targets mRNAs with pro-angiogenic activity, binds these, and reduces their activity.
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Fig. 3-42 Molecular mechanisms of angiogenesis.
Growth factors, such as vascular endothelial growth factor (VEGF-A) and angiopoietin (ANG-1), bind receptors on endothelial cells that induce proliferation and migration. The migration is mediated by α5β3-integrins expressed by endothelial cells that bind molecules such as fibrin and fibronectin. Factors such as Ephrin B2 bind endothelial cell receptors Ephrin B4 and mediate vascular remodeling. (Redrawn from Dr. M.R. Ackermann, College of Veterinary Medicine, Iowa State University.)











Endothelial Cell Migration Is Mediated by Integrins: Newly formed endothelial cells and fibroblasts migrate into wound sites and bind to fibrinogen and plasma proteins, as well as newly deposited ECM substances, such as heparin sulfate, chondroitin sulfate, type III collagen, laminin, vitronectin, and fibronectin. This adherence is mediated by adhesion molecules expressed by new endothelial cells and fibroblasts. These adhesion molecules include α5- and β3-integrins, which bind fibrin and fibronectin. It is interesting that for wound repair, enhancement of angiogenesis is beneficial and vital; however, in neoplasia, inhibition of angiogenesis and thus the growth of the tumor have potential therapeutic benefits.








Vascular Remodeling: Once blood vessels are initially formed, they are loosely arranged and require remodeling to become mature. With remodeling, endothelial cells produce a mature basement membrane. In addition, smooth muscle cells and pericytes can form within the wall, and fibroblasts can form adventitial fibers, depending on whether the vessel is a capillary, artery, vein, or lymphatic vessel. Other endothelial cell growth factors and receptors involved with vascular remodeling include angiopoietin 2, which also binds Tie2 and ephrin B2 (EphB2) and its receptor, EphB4. Proliferation of lymphatic endothelial cells is mediated largely by VEGF-C and its receptor, VEGF-R3, as well as prox 1 gene expression.








Regulators/Inhibitors of Endothelial Cell Growth: Inhibitors of angiogenesis are produced by endothelial cells, macrophages, and fibroblasts. These inhibitors balance the proliferative healing responses of angiogenesis and prevent overexuberant proliferation of endothelial cells. These inhibitors include angiostatin, endostatin, thrombospondin, and specialized CXC chemokines (lacking ELR motif). In addition, certain isoforms of VEGF can bind VEGF receptors and reduce VEGF signaling and activity. Such inhibitors of angiogenesis are being studied intensely for their potential chemotherapeutic role against certain types of cancer and for exuberant vascularization that can occur in the retina, for example. Avastin (bevacizumab, Genetech, Inc., San Francisco) is an inhibitor of VEGF and can reduce vascularization in cancer and in the retina.















Epithelialization in Wound Repair


Epithelialization (reepithelialization) is the process by which the skin and mucous membranes replace superficial epithelial cells damaged or lost in a wound. Epithelial cells at the edge of a wound proliferate almost immediately after injury to cover the denuded area. Under normal conditions, this process is rapid, and first intention healing occurs in 3 to 5 days to repair the wound. During wound repair, keratinocytes and mucosal epithelial cells must move laterally across the wound surface to fill the void. Before this lateral movement can occur, epithelial cells must disassemble their connections to the underlying basement membrane and their junctional complexes with neighboring cells. They must also express surface receptors that permit movement over the ECM of the wound surface.






Intact Basement Membranes Enhance Reepithelialization


The presence or rapid deposition of basement membrane into the wound greatly facilitates proliferation of viable epithelial cells at the margins of the wound. For example, with initial loss of enterocytes that cover the surface of intestinal villi or renal tubular cells that line proximal convoluted tubules, the immediate response is for the adjacent normal epithelial cells to extend over the denuded basement membrane and to cover the area, if it is larger, by becoming thin, elongated cells. At the same time, there is proliferation (mitosis) of viable adjacent epithelial cells, and these cells migrate along the basement membrane to cover the denuded surface and replace lost cells. Without a basement membrane, proliferative cells lack a clear path of migration. The immature cells may loiter at the site of proliferation and fuse, thus forming syncytial cells, as can be seen with renal tubular injury and the failure of the tubular epithelium to migrate.


Similarly, regenerating skeletal muscle cells and transected axons will regenerate inside a tube surrounded by basal lamina and endoneurium. Components of the basement membrane, including laminin, type III collagen, and the associated proteoglycans, provide a substratum for epithelial and other cells to bind the basement membrane via integrins, proliferate, and migrate along the basement membrane surface.









Initiation of Cell Proliferation in Epithelia


Growth factors are vital for the proliferation of keratinocytes, mucosal epithelia, renal tubular cells, and other parenchymal epithelial cells. In skin and other surface epithelia, for example, keratinocyte growth factor (KGF) and EGF bind receptors on epithelial cells and induce signal transduction, which activates MAPK that induces cells in the nonproliferating Go phase of the cell cycle to enter the cycle and proliferate (see Chapter 6). Hepatocyte growth factor (HGF) induces proliferation of hepatocytes, and nerve growth factor (NGF) enhances growth of nerve fibers. Cell proliferation is regulated by (1) the amount of growth factor produced; (2) the level of expression of the growth factor receptor; (3) inhibitory signals from other growth factors; (4) the microenvironment, including the availability of oxygen and nutrients; and (5) integrin attachment to an established basement membrane. Although TGF-β induces fibroblast proliferation and collagen deposition, TGF-β inhibits proliferation of epithelial cells in many parenchymal organs.









Differentiation of Epithelia


Once epithelial cells have filled in a gap in the epithelium of a tissue or an organ, cellular differentiation is required for return of the tissue or organ to normal function. FGF-10 is a key initiator of wound repair in skin and lung epithelia. FGF-10 binds FGF-RIII, which through BMP4 and sonic hedgehog (a signaling protein for developmental patterning) enhances expression of several transcription factors, including GATA-6, thyroid transcription factor-1 (TTF-1), hepatocyte nuclear factor-β (HNF-β), and hepatocyte factor homolog-4 (HFH-4). Each of these transcription factors enhances expression of genes, which regulate a specific function for a particular cell (Web Fig. 3-30). In the lung, for example, TTF-1 induces production of surfactant proteins A, B, and C, and HFH-4 stimulates cilia formation. Activity of these transcription factors is reduced in the presence of NF kappa B, an important mediator of inflammation. Therefore concurrent inflammation can impair differentiation of epithelial and parenchymal cells and thus inhibit or delay reepithelialization.






[image: image]


Web Fig. 3-30 Epithelial cell differentiation, growth, and transcription factors.
Fibroblast growth factor-10 (FGF-10) binds epithelial receptor fibroblast growth factor receptor IIIB (FGF-RIIIB), which activates bone morphogenic protein and sonic hedgehog that induce activity of transcription factors for epithelial cell differentiation. This process is inhibited with inflammatory conditions that have increased levels of nuclear factor (NF) kappa B. HFH-4, Hepatocyte factor homolog-4; HNF-β, hepatocyte nuclear factor-β; TTF-1, thyroid transcription factor-1. (Redrawn with permission from Dr. M.R. Ackermann, College of Veterinary Medicine, Iowa State University.)















Metaplasia in Wound Repair


Some wounds do not heal properly and can turn into hypertrophic scars that impair epithelial and parenchymal cell growth. Such wounds may remain ulcerated or in parenchymal organs; the injured site may be replaced by fibroblasts and inflammatory cells rather than parenchymal cells. In either case, epithelial and parenchymal stem cells may continually attempt to cover or fill wound defects. With time, these cells may convert to another cell or tissue type. For example, regions of the lung constantly exposed to smoke can change from pseudostratified epithelium to stratified squamous epithelium, or regions of lower esophagus continually exposed to gastric acidity can undergo metaplasia into squamous cells. Osseous and chondroid metaplasia can occur in persistent wounds. In general, cells that undergo metaplasia have either (1) enhanced expression of an altered set of transcription factors and/or (2) decreased expression of transcription factors generally active for the affected tissue. The result is conversion of the cell’s phenotype into a new phenotype. Often, if the initiating stimulus is removed, cells can revert to the original phenotype.
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WEB APPENDIX 3-1









	Acronym

	Term

	Function






	Ach

	Acetylcholine

	Parasympathetic and antiinflammatory responses






	ADAM9

	A disintegrin and metalloproteinase

	Cell fusion






	Arg-1

	Argininase-1

	TH2 fibrotic response






	BPV

	Bovine papillomavirus

	Papilloma in cattle, sarcoid in horses






	CD4

	Cluster determinant 4 lymphocyte

	Lymphocyte responses






	CD8

	Cluster determinant 8 lymphocyte

	Lymphocyte killing






	CD36

	Cluster determinant 36

	Monocyte scavenger receptor






	CCL, CX3CL

	Chemokine ligand

	Chemotaxis






	CCR, CX3CR

	Chemokine receptor

	Chemotaxis






	CSF

	Cerebrospinal fluid

	Central nervous system function






	ECM

	Extracellular matrix

	Proteinaceous matrix between cells






	EPC

	Endothelial precursor cell

	Endothelial precursor cell






	FGF

	Fibroblast growth factor

	Promotes proliferation of many cell types






	GAG

	Glycosaminoglycan

	Extracellular glycoconjugates






	GATA-6

	Transcription factor

	Transcription factor for differentiation






	GM-CSF (see Web Table 3-6)

	Granulocyte-macrophage colony-stimulating factor

	Cell proliferation






	HEV

	High endothelial venule

	Lymphocyte trafficking






	HFH-4

	Hepatocyte factor homolog-4

	Growth factor






	HGF

	Hepatocyte growth factor

	Transcription factor for cell differentiation






	HIF

	Hypoxia-inducing factor

	Regulator of cell activity in hypoxic conditions






	HNF

	Hepatocyte nuclear factor

	Transcription factor for cell differentiation






	HRE

	Hypoxia response elements

	Response elements to HIF






	ICAM-1

	Intercellular adhesion molecule-1

	Leukocyte adhesion






	IFN (see Web Table 3-6)

	Interferon

	Antiviral and TH1 responses






	IL (see Web Table 3-6)

	Interleukin

	Cytokine






	JAM

	Junctional adhesion molecule

	Cell/leukocyte adhesion






	LDL

	Low-density lipoprotein

	Vascular lipid transport






	LFA-1

	Lymphocyte function antigen-1

	Leukocyte adhesion






	Mac-1

	Macrophage-1 antigen

	Leukocyte adhesion






	MAPK

	Mitogen-activated protein kinase

	Cell signaling






	MBP

	Major basic protein

	Eosinophil granule product






	MCP (see Web Table 3-6)

	Macrophage chemotactic protein

	Macrophage chemotaxis






	MFPR

	Macrophage fusion protein receptor

	Receptor for CD47 ligand






	MGC

	Multinucleate giant cell

	Sequester persistent antigen






	MHC

	Major histocompatibility complex

	Immunity






	MIP (see Web Table 3-6)

	Macrophage inflammatory protein

	Macrophage chemotaxis






	MMP

	Matrix metalloproteinase

	Degradation of ECM






	NF kappa B

	Nuclear factor kappa B

	Inflammation transcription factor






	NGF

	Nerve growth factor

	Growth factor






	NK

	Natural killer

	Specialized lymphocyte-like cell






	NOS

	Nitric oxide synthase

	Nitric oxide and TH1 response






	PDGF

	Platelet-derived growth factor

	Growth factor






	PECAM-1

	Platelet endothelial cell adhesion molecule-1

	Leukocyte adhesion






	PPAR

	Peroxisome proliferator activated receptor

	Transcription factor that reduces inflammatory response by cells






	STAT

	STAT kinase receptor

	Cytokine receptor signaling






	T reg

	Regulatory T lymphocyte

	Regulated dendritic cell activity






	TGF-α

	Transforming growth factor-α

	Stimulates the growth of parenchymal cells






	TGF-β

	Transforming growth factor-β

	Stimulates the growth of fibroblasts






	TH1

	T helper lymphocyte type 1

	Cell-mediated lymphocyte responses






	TH2

	T helper lymphocyte type 2

	Humoral lymphocyte responses






	TIMP

	Tissue inhibitor of matrix metalloproteinase

	Reduction of ECM degradation






	TNF (see Web Table 3-6)

	Tumor necrosis factor

	Inflammation






	TTF

	Thyroid transcription factor

	Transcription factor for cell differentiation






	VCAM-1

	Vascular cell adhesion molecule-1

	Adhesion molecule for monocytes






	VEGF

	Vascular endothelial cell growth factor

	Angiogenesis






	VLA-4

	Very late antigen-4

	Leukocyte adhesion















WEB APPENDIX 3-2


Mediators of Inflammation




COX, Cyclooxygenase; CRF 2, cytokine receptor family 2; CSF, colony-stimulating factor; DD, death domain; FADD, Fas-associated death domain; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; GPCR, G protein–coupled receptors; HMGB-1, high-mobility group box protein-1; HMWK, high molecular weight kininogen; IFN, interferon; IgE, immunoglobulin E; IL-1 through IL-29, interleukin 1 through interleukin-29; JAK/STAT, Janus kinase/signal transducer and activator of transcription; LTB4, leukotriene B4; LTC4, leukotriene C4; LTD4, leukotriene D4; LTE4, leukotriene E4; LOX, lipoxygenase; M-CSF, macrophage colony-stimulating factor; MHC, major histocompatibility complex; MORT, mediator of receptor-induced toxicity; N/A, not applicable; NK, natural killer; NO, nitric oxide; NOD, nucleotide-binding oligomerization domain; NOS, nitric oxide synthetase; PAF, platelet-activating factor; PGE2, prostaglandin E2; PGF2, prostaglandins F2, PGI2, prostaglandins I2; PLA2, phospholipase A2; RAGE, receptor for advanced glycosylation end-products; RNA, ribonucleic acid; S1P, sphingosine-1-phosphate; TGF-β, transforming growth factor-β; T reg, T regulatory; TNF, tumor necrosis factor; TXA2, thromboxane A2.


*A = vasodilation/vasoconstriction, B = vascular permeability, C = chemotaxis.
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