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Tuberculosis

Mycobacterium tuberculosis

Noncaseating tubercle (granuloma prototype): a focus of epithelioid cells, rimmed by fibroblasts, lymphocytes,
histiocytes, occasional Langhans giant cell; caseating tubercle: central amorphous granular debris, loss of all cellular
detail; acid-fast bacilli

Leprosy

Mycobacterium leprae

Acid-fast bacilli in macrophages; non-caseating granulomas

Syphilis

Treponema pallidum

Gumma: microscopic to grossly visible lesion, enclosing wall of histiocytes; plasma cell infiltrate; central cells are
necrotic without loss of cellular outline

Cat-scratch disease

Gram-negative bacillus

Rounded or stellate granuloma containing central granular debris and recognizable neutrophils; giant cells
uncommon

fibroblasts and connective tissue. Frequently, epithelioid cells fuse to form giant cells in the periphery or sometimes in the center of granulomas. These giant cells may attain diameters of 40
to 50 µm. They have a large mass of cytoplasm containing 20 or more small nuclei arranged either peripherally (Langhans-type giant cell) or haphazardly (foreign body-type giant cell) ( Fig.
2-33 ). There is no known functional difference between these two types of giant cells, a fact that does not deter students from remembering the morphologic differences!
There are two types of granulomas, which differ in their pathogenesis. Foreign body granulomas are incited by relatively inert foreign bodies. Typically, foreign body granulomas form when
material such as talc (associated with intravenous drug abuse) ( Chapter 9 ), sutures, or other fibers are large enough to preclude phagocytosis by a single macrophage and do not incite any
specific inflammatory or immune response. Epithelioid cells and giant cells form and are apposed to the surface and encompass the foreign body. The foreign material can usually be
identified in the center of the granuloma, particularly if viewed with polarized light, in which it appears refractile.
Immune granulomas are caused by insoluble particles, typically microbes, that are capable of inducing a cell-mediated immune response ( Chapter 6 ). This type of immune response does not
necessarily produce granulomas but it does so when

Figure 2-33 Typical tuberculous granuloma showing an area of central necrosis, epithelioid cells, multiple Langhans-type giant cells, and lymphocytes.
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Chapter 3 - Tissue Renewal and Repair: Regeneration, Healing, and Fibrosis
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The body's ability to replace injured or dead cells and to repair tissues after inflammation is critical to survival. When injurious agents damage cells and tissues, the host responds by setting in
motion a series of events that serve to eliminate these agents, contain the damage, and prepare the surviving cells for replication. The repair of tissue damage caused by surgical resection,
wounds, and diverse types of chronic injury can be broadly separated into two processes, regeneration and healing ( Fig. 3-1 ). Regeneration results in restitution of lost tissues; healing may
restore original structures but involves collagen deposition and scar formation.
Definitions

The mechanisms of regeneration and healing will be discussed later in this chapter, but it is important from the outset to establish some important distinctions between these processes and to
become familiar with terms used to describe them.

Figure 3-1 Tissue response to injury. Repair after injury can occur by regeneration, which restores normal tissue, or by healing, which leads to scar formation and fibrosis.

Figure 3-2 Mechanisms regulating cell populations. Cell numbers can be altered by increased or decreased rates of stem cell input, by cell death due to apoptosis, or by changes in the rates of
proliferation or differentiation. (Modified from McCarthy NJ et al: Apoptosis in the development of the immune system: growth factors, clonal selection and bcl-2. Cancer Metastasis Rev
11:157, 1992.)

Figure 3-3 Cell-cycle landmarks. The figure shows the cell-cycle phases (G0 , G1 , G2 , S, and M), the location of the G1 restriction point, and the G1 /S and G2 /M cell-cycle checkpoints.
Cells from labile tissues such as the epidermis and the gastrointestinal tract may cycle continuously; stable cells such as hepatocytes are quiescent but can enter the cell cycle; permanent cells

such as neurons and cardiac myocytes have lost the capacity to proliferate. (Modified from Pollard TD and Earnshaw WC: Cell Biology. Philadelphia, Saunders, 2002.)

Figure 3-4 Steps involved in therapeutic cloning, using embryonic stem cells (ES cells) for cell therapy. The diploid nucleus of an adult cell from a patient is introduced into an enucleated
oocyte. The oocyte is activated, and the zygote divides to become a blastocyst that contains the donor DNA. The blastocyst is dissociated to obtain ES. These cells are capable of
differentiating into various tissues, either in culture or after transplantation into the donor. The goal of the procedure is to reconstitute or repopulate damaged organs of a patient, using the
cells of the same patient to avoid immunologic rejection. (Modified from Hochedlinger K, Jaenisch R: Nuclear transplantation, embryonic stem cells, and the potential for cell therapy. N
Engl J Med 349:275–286, 2003.)

Figure 3-5 Stem-cell niches in various tissues. A, Epidermal stem cells located in the bulge area of the hair follicle serve as a stem cells for the hair follicle and the epidermis. B, Intestinal
stem cells are located at the base of a colon crypt, above Paneth cells. C, Liver stem cells (commonly known as oval cells) are located in the canals of Hering (thick arrow), structures that
connect bile ductules (thin arrow) with parenchymal hepatocytes (bile duct and Hering canals are stained for cytokeratin 7; courtesy of Tania Roskams, M.D., University of Leuven). D,
Corneal stem cells are located in the limbus region, between the conjunctiva and the cornea. (Courtesy of T-T Sun, New York University, New York, NY.)

Figure 3-6 Differentiation pathways for pluripotent bone marrow stromal cells. Activation of key regulatory proteins by growth factors, cytokines, or matrix components leads to
commitment of stem cells to differentiate into specific cellular lineages. Differentiation of myotubes requires the combined action of several factors (e.g., myoD, myogenin); fat cells require
PPARγ, the osteogenic lineage requires CBFA1 (also known as RUNX2), cartilage formation requires Sox9, and endothelial cells require VEGF and FGF-2. (Adapted and redrawn from
Rodan GA, Harada S: The missing bone. Cell 89:677, 1997.)

Figure 3-7 Differentiation of embryonic cells and generation of tissue cells by bone marrow precursors. During embryonic development the three germ layers—endoderm, mesoderm, and
ectoderm—are formed, generating all tissues of the body. Adult stem cells localized in organs derived from these layers produce cells that are specific for the organs at which they reside.
However, some adult bone marrow stem cells, in addition to producing the blood lineages (mesodermal derived), can also generate cells for tissues that originated from the endoderm and
ectoderm (indicated by the red lines). (Modified from Korbling M, Estrov Z: Adult stem cells for tissue repair—a new theropeutic concept? N Engl J Med 349:570–582, 2003.)

TABLE 3-1 -- Growth Factors and Cytokines Involved in Regeneration and Wound Healing
Cytokine

Symbol

Source

Functions

Epidermal growth factor

EGF

Platelets, macrophages, saliva, urine, milk,
plasma

Mitogenic for keratinocytes and fibroblasts; stimulates keratinocyte migration and
granulation tissue formation

Transforming growth factor
alpha

TGF-α

Macrophages, T lymphocytes, keratinocytes,
and many tissues

Similar to EGF; stimulates replication of hepatocytes and certain epithelial cells

Hepatocyte growth factor/scatter HGF
factor

Mesenchymal cells

Enhances proliferation of epithelial and endothelial cells, and of hepatocytes; increases
cell motility

Vascular endothelial cell growth
factor (isoforms A, B, C, D)

VEGF

Mesenchymal cells

Increases vascular permeability; mitogenic for endothelial cells (see Table 3-3 )

Platelet-derived growth factor
(isoforms A, B, C, D)

PDGF

Platelets, macrophages, endothelial cells,
keratinocytes, smooth muscle cells

Chemotactic for PMNs, marcrophages, fibroblasts, and smooth muscle cells; activates
PMNs, macrophages, and fibroblasts; mitogenic for fibroblasts, endothelial cells, and
smooth muscle cells; stimulates production of MMPs, fibronectin, and HA; stimulates
angiogenesis and wound contraction; remodeling; inhibits platelet aggregation;
regulates integrin expression

Fibroblast growth factor-1
(acidic), -2 (basic) and family

FGF

Macrophages, mast cells, T lymphocytes,
Chemotactic for fibroblasts; mitogenic for fibroblasts and keratinocytes; stimulates
endothelial cells, fibroblasts, and many tissues keratinocyte migration, angiogenesis, fam wound contraction and matrix deposition

Transforming growth factor beta
(isoforms 1, 2, 3); other
members of the family are BMP
and activin

TGF-β

Platelets, T lymphocytes, macrophages,
endothelial cells, keratinocytes, smooth
muscle cells, fibroblasts

Chemotactic for PMNs, macrophages, lymphocytes, fibroblasts, and smooth muscle
cells; stimulates TIMP synthesis, keratinocyte migration, angiogenesis, and fibroplasia;
inhibits production of MMPs and keratinocyte proliferation; regulates integrin
expression and other cytokines; induces TGF-β production

Keratinocyte growth factor (also
called FGF-7)

KGF

Fibroblasts

Stimulates keratinocyte migration, proliferation, and differentiation

Insulin-like growth factor-1

IGF-1

Macrophages, fibroblasts and other cells

Stimulates synthesis of sulfated proteoglycans, collagen, keratinocyte migration, and
fibroblast proliferation; endocrine effects similar to growth hormone

Tumor necrosis factor

TNF

Macrophages, mast cells, T lymphocytes

Activates macrophages; regulates other cytokines; multiple functions

Interleukins

IL-1, etc.

Macrophages, mast cells, keratinocytes,
lymphocytes, and many tissues

Many functions. Some examples: chemotactic for PMNs (IL-1) and fibroblasts (IL-4),
stimulation of MMP-1 synthesis (IL-1), angiogenesis (IL-8), TIMP synthesis (IL-6);
regulation of other cytokines

Interferons

IFN-α, etc.

Lymphocytes and fibroblasts

Activates macrophages; inhibits fibroblast proliferation and synthesis of MMPs;
regulates other cytokines

BMP, bone morphogenetic proteins; PMNs, polymorphonuclear leukocytes; MMPs, matrix metalloproteinases; HA, hyaluronic acid; TIMP, tissue inhibitor of matrix metalloproteinase.
Modified from Schwartz SI: Principles of Surgery, McGraw Hill, New York, 1999.
those that have major roles in these processes. Other growth factors are alluded to in various sections of the book.
Epidermal Growth Factor (EGF) and Transforming Growth Factor-α (TGF-α).

These two factors belong to the EGF family and share a common receptor. EGF was discovered by its ability to cause precocious tooth eruption and eyelid opening in newborn mice. EGF is
mitogenic for a variety of epithelial cells, hepatocytes, and fibroblasts. It is widely distributed in tissue secretions and fluids, such as sweat, saliva, urine, and intestinal contents. In healing
wounds of the skin, EGF is produced by keratinocytes, macrophages, and other inflammatory cells that migrate into the area. EGF binds to a receptor (EGFR) with intrinsic tyrosine kinase
activity, triggering the signal transduction events described later. TGF-α was originally extracted from sarcoma
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virus-transformed cells and is involved in epithelial cell proliferation in embryos and adults and malignant transformation of normal cells to cancer. TGF-α has homology with EGF, binds to
EGFR, and produces most of the biologic activities of EGF. The "EGF receptor" is actually a family of membrane tyrosine kinase receptors that respond to EGF, TGF-α, and other ligands of
44

the EGF family.[ ] The main EGFR is referred to as EGFR1, or ERB B1. The ERB B2 receptor (also known as HER-2/Neu) has received great attention because it is overexpressed in breast
cancers and is a therapeutic target.
Hepatocyte Growth Factor (HGF).

HGF was originally isolated from platelets and serum. Subsequent studies demonstrated that it is identical to a previously identified growth factor known as scatter factor (HGF is also
referred to as HGF/scatter factor). It has mitogenic effects in most epithelial cells, including hepatocytes and cells of the biliary epithelium in the liver, and epithelial cells of the lungs,
45

mammary gland, skin, and other tissues.[ ] Besides its mitogenic effects, HGF acts as a morphogen in embryonic development and promotes cell scattering and migration. This factor is
produced by fibroblasts, endothelial cells, and liver nonparenchymal cells. The receptor for HGF is the product of the proto-oncogene c-MET, which is frequently overexpressed in human
tumors. HGF signaling is required for survival during embryonic development, as demonstrated by the lethality of knockout mice lacking c-MET.
Vascular Endothelial Growth Factor (VEGF).

VEGF is a family of peptides that includes VEGF-A (referred throughout as VEGF), VEGF-B, VEGF-C, VEGF-D, and placental growth factor. VEGF is a potent inducer of blood vessel

46

formation in early development (vasculogenesis) and has a central role in the growth of new blood vessels (angiogenesis) in adults (see Table 3-3 ). [ ] It promotes angiogenesis in tumors,
chronic inflammation, and healing of wounds. Mice that lack a single allele of the gene (heterozygous VEGF knockout mice) die during embryonic development with defective
vasculogenesis and hematopoiesis. VEGF family members signal through three tyrosine kinase receptors: VEGFR-1, VEGFR-2, and VEGFR-3. VEGFR-2 is located in endothelial cells and
is the main receptor for the vasculogenic and angiogenic effects of VEGF. The role of VEGFR-1 is less well understood, but it may facilitate the mobilization of endothelial stem cells and
has a role in inflammation. VEGF-C and VEGF-D bind to VEGFR-3 and act on lymphatic endothelial cells to induce the production of lymphatic vessels (lymphangiogenesis). VEGF-B
binds exclusively to VEGFR-1. It is not required for vasculogenesis or angiogenesis, but may play a role in maintenance of myocardial function.
Platelet-Derived Growth Factor (PDGF).

PDGF is a family of several closely related proteins, each consisting of two chains designated A and B. All three isoforms of PDGF (AA, AB, and BB) are secreted and are biologically
active. Recently, two new isoforms—PDGF-C and PDGF-D—have been identified. PDGF isoforms exert their effects by binding to two cell-surface receptors, designated PDGFR α and β,
47

which have different ligand specificities.[ ] PDGF is stored in platelet α granules and is released on platelet activation. It can also be produced by a variety of other cells, including activated
macrophages, endothelial cells, smooth muscle cells, and many tumor cells. PDGF causes migration and proliferation of fibroblasts, smooth muscle cells, and monocytes, as demonstrated by
defects in these functions in mice deficient in either the A or the B chain of PDGF. It also participates in the activation of hepatic stellate cells in the initial steps of liver fibrosis ( Chapter 18 ).
Fibroblast Growth Factor (FGF).

This is a family of growth factors containing more than 10 members, of which acidic FGF (aFGF, or FGF-1) and basic FGF (bFGF, or FGF-2) are the best characterized. FGF-1 and FGF-2
are made by a variety of cells. Released FGFs associate with heparan sulfate in the ECM, which can serve as a reservoir for storing inactive factors. FGFs are recognized by a family of cellsurface receptors that have intrinsic tyrosine kinase activity. A large number of functions are attributed to FGFs, including the following:
• New blood vessel formation (angiogenesis): FGF-2, in particular, has the ability to induce the steps necessary for new blood vessel formation both in vivo and in vitro (see below).
• Wound repair: FGFs participate in macrophage, fibroblast, and endothelial cell migration in damaged tissues and migration of epithelium to form new epidermis.
• Development: FGFs play a role in skeletal muscle development and in lung maturation. For example, FGF-6 and its receptor induce myoblast proliferation and suppress myocyte
differentiation, providing a supply of proliferating myocytes. FGF-2 is also thought to be involved in the generation of angioblasts during embryogenesis. FGF-1 and FGF-2 are
48

involved in the specification of the liver from endodermal cells.[ ]
• Hematopoiesis: FGFs have been implicated in the differentiation of specific lineages of blood cells and development of bone marrow stroma.
TGF-β and Related Growth Factors.

TGF-β belongs to a family of homologous polypeptides that includes three TGF-β isoforms (TGF-β1, TGF-β2, TGF-β3) and factors with wide-ranging functions, such as bone
49

morphogenetic proteins (BMPs), activins, inhibins, and mullerian inhibiting substance.[ ] TGF-β1 has the most widespread distribution in mammals and will be referred to as TGF-β. It is a
homodimeric protein produced by a variety of different cell types, including platelets, endothelial cells, lymphocytes, and macrophages. Native TGF-βs are synthesized as precursor proteins,
which are secreted and then proteolytically cleaved to yield the biologically active growth factor and a second latent component. Active TGF-β binds to two cell surface receptors (types I and
50

II) with serine/threonine kinase activity and triggers the phosphorylation of cytoplasmic transcription factors called Smads. [ ] TGF-β first binds to a type II receptor, which then forms a
complex with a type I receptor, leading to the phosphorylation of Smad 2 and 3. Phosphorylated Smad2 and 3 form heterodimers with Smad4, which enter the nucleus and associate with
other DNA-binding proteins to activate or inhibit gene transcription. TGF-β has multiple and often opposing effects depending on the tissue and the type of injury. Agents that have multiple
effects are called pleiotropic; because of the large diversity of TGF-β effects, it has been said that TGF-β is pleiotropic with a vengeance.
51]

• TGF-β is a growth inhibitor for most epithelial cell types and for leukocytes.[
ARF families (see Chapter 7 ). Loss of TGF-β receptors

It blocks the cell cycle by increasing the expression of cell-cycle inhibitors of the Cip/Kip and INK4/
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frequently occurs in human tumors, providing a proliferative advantage to tumor cells.
• The effects of TGF-β on mesenchymal cells depend on concentration and culture conditions, it generally stimulates the proliferation of fibroblasts and smooth muscle cells.
• TGF-β is a potent fibrogenic agent that stimulates fibroblast chemotaxis, enhances the production of collagen, fibronectin, and proteoglycans. It inhibits collagen degradation by
decreasing matrix proteases and increasing protease inhibitor activities. TGF-β is involved in the development of fibrosis in a variety of chronic inflammatory conditions particularly
in the lungs, kidney, and liver.
• TGF-β has a strong anti-inflammatory effect. Knockout mice lacking the TGF-β1 gene have widespread inflammation and abundant lymphocyte proliferation, presumably because
of unregulated T-cell proliferation and macrophage activation.
Cytokines.

Cytokines have important functions as mediators of inflammation and immune responses ( Chapter 6 ). Some of these proteins can be placed into the larger functional group of polypeptide
growth factors because they have growth-promoting activities for a variety of cells. These are discussed in the appropriate chapters.
SIGNALING MECHANISMS IN CELL GROWTH

All growth factors function by binding to specific receptors, which deliver signals to the target cells. These signals have two general effects: (1) they stimulate the transcription of many genes
that were silent in the resting cells, and (2) several of these genes regulate the entry of the cells into the cell cycle and their passage through the various stages of the cell cycle. In this section
we review the process of receptor-initiated signal transduction as it applies to growth factors and signaling molecules in general, and their role in regulating the cell cycle.
Cell proliferation is a tightly regulated process that involves a large number of molecules and interrelated pathways. The first event that initiates cell proliferation is, usually, the binding of a
signaling molecule, the ligand, to a specific cell receptor. As we shall see, typical ligands are growth factors and proteins of the ECM. We describe different classes of receptor molecules and
the pathways by which receptor activation initiates a cascade of events leading to expression of specific genes. We end this section with brief comments about transcription factors.
Based on the source of the ligand and the location of its receptors—in the same, adjacent, or distant cells—three general modes of signaling, named autocrine, paracrine, and endocrine, can
be distinguished ( Fig. 3-8 ).
• Autocrine signaling: Cells respond to the signaling molecules that they themselves secrete, thus establishing an autocrine loop. Several polypeptide growth factors and cytokines act
in this manner. Autocrine growth regulation plays a role in liver regeneration, proliferation of antigen-stimulated lymphocytes, and the growth of some tumors. Tumors frequently
overproduce growth factors and their receptors, thus stimulating their own proliferation through an autocrine loop.
• Paracrine signaling: One cell type produces the ligand, which then acts on adjacent target cells that express the appropriate receptors. The responding cells are in close proximity to
the ligand-producing cell and are generally of a different type. Paracrine stimulation is common in connective tissue repair of healing wounds, in which a factor produced by one cell
type (e.g., a macrophage) has its growth effect on adjacent cells (e.g., a fibroblast). Paracrine signaling is also necessary for hepatocyte replication during liver regeneration (see
below). A special type of paracrine signaling, called juxtacrine, occurs when the signaling molecule (e.g., tumor necrosis factor, TGF-α, and heparin-binding epidermal growth
factor) is anchored in the cell membrane and binds a receptor in the plasma membrane of another cell. In this type of signaling, receptor-ligand
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interaction is dependent on and promotes cell-cell adhesion.
• Endocrine signaling: Hormones are synthesized by cells of endocrine organs and act on target cells distant from their site of synthesis, being usually carried by the blood. Growth

factors may also circulate and act at distant sites, as is the case for HGF. Several cytokines, such as those associated with the systemic aspects of inflammation discussed in Chapter
2 , also act as endocrine agents.

Figure 3-8 General patterns of intercellular signaling demonstrating autocrine, paracrine, and endocrine signaling (see text). (Modified from Lodish H, et al. [eds]: Molecular Cell Biology,
3rd ed. New York, WH Freeman, 1995, p. 855. © 1995 by Scientific American Books. Used with permission of WH Freeman and Company.)

Figure 3-9 Examples of signal transduction systems that require cell-surface receptors. Shown are receptors with intrinsic tyrosine kinase activity, seven transmembrane G-protein-coupled
receptors, and receptors without intrinsic tyrosine kinase activity. The figure also shows important signaling pathways transduced by the activation of these receptors through ligand binding.

Figure 3-10 Signaling from tyrosine kinase receptors. Binding of the growth factor (ligand) causes receptor dimerization and autophosphorylation of tyrosine residues. Attachment of adapter
(or bridging) proteins (e.g., GRB2 and SOS) couples the receptor to inactive RAS. Cycling of RAS between its inactive and active forms is regulated by GAP. Activated RAS interacts with
and activates RAF (also known as MAP kinase kinase kinase). This kinase then phosphorylates a component of the MAP kinase signaling pathway, MEK (also known as MAP kinase
kinase), which then phosphorylates ERK (MAP kinase). Activated MAP kinase phosphorylates other cytoplasmic proteins and nuclear transcription factors, generating cellular responses. The
phosphorylated tyrosine kinase receptor can also bind other components, such as PI-3 kinase, which activates distinct signaling systems.

Figure 3-11 Liver regeneration after partial hepatectomy. Upper panel, The lobes of the liver of a rat are shown (M, median; RL and LL, right and left lateral lobes; C, caudate lobe). Partial
hepatectomy removes two thirds of the liver (median and left lateral lobes), and only the right lateral and caudate lobes remain. After 3 weeks, the right lateral and caudate lobes enlarge to
reach a mass equivalent to that of the original liver. Note that there is no regrowth of the median and left lateral lobes removed after partial hepatectomy. (From Goss RJ: Regeneration versus
repair. In Cohen IK, Diegelman RF, Lindblad WJ (eds): Wound Healing. Biochemical and Clinical Aspects. Philadelphia, W. B. Saunders Co., 1992, pp. 20–39.) Lower panel, Timing of
hepatocyte DNA replication, hepatocyte mitosis, and expression of messenger RNAs during liver regeneration. DNA replication is shown as the incorporation of tritiated thymidine × 10-4
(right-side scale). Mitosis presented as the percentage of hepatocytes undergoing mitosis (right-side scale). The expression of some of the many mRNAs in the regenerating rat liver is
presented as fold elevation above normal (left-side scale). Expression of the proto-oncogenes c-fos, c-jun, and c-myc corresponds to the immediate early gene phase of gene expression during
liver regeneration.

Figure 3-12 Regeneration of human liver. Computed tomography (CT) scans of the donor liver in living-donor hepatic transplantation. Upper panel, The liver of the donor before the
operation. The right lobe, which will be used as a transplant, is outlined. Lower panel, A scan of the liver 1 week after performance of partial hepatectomy to remove the right lobe. Note the
great enlargement of the left lobe (outlined in the panel) without regrowth of the right lobe (Courtesy of R. Troisi, M.D. Ghent University city; reproduced in part from Fausto; Liver
Regeneration. In Arias, et al: The Liver: Biology and Pathobiology, 4th ed. Philadelphia, Lippincott Williams & Wilkins, 2001.)

Figure 3-13 Priming and cell-cycle progression in hepatocyte replication during liver regeneration. Quiescent hepatocytes become competent to enter the cell cycle through a priming phase
mostly mediated by the cytokines TNF and IL-6 (upper panel). Growth factors, mainly HGF and TGF-α, act on primed hepatocytes to make them progress through the cell cycle and undergo
DNA replication (lower panel). Norepinephrine, insulin, thyroid hormone, and growth hormone act as adjuvants for liver regeneration. The factors that determine the termination of cell
replication are not known but are likely to involve cell cycle inhibitors, shut-off of growth factor production, and decreased metabolic demand on the liver.

Figure 3-14 Major 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. To simplify the diagram, many ECM components (e.g., elastin, fibrillin, hyaluronan, syndecan) are not included.

TABLE 3-2 -- Main Types of Collagens, Tissue Distribution, and Genetic Disorders
Collagen Type

Tissue Distribution

Genetic Disorders

Fibrillar Collagens
I

Ubiquitous in hard and soft tissues

Osteogenesis Imperfecta
Ehlers-Danlos syndrome—arthrochalasias type

II

Cartilage, intervertebral disk, vitreous

Achondrogenesis type II, spondyloepiphyseal dysplasia syndrome

III

Hollow organs, soft tissues

Vascular Ehlers-Danlos syndrome

V

Soft tissues, blood vessels

Classical Ehlers-Danlos syndrome

IX

Cartilage, vitreous

Stickler syndrome

Basement Membrane Collagens

IV

Basement membranes

Alport syndrome

VI

Ubiquitous in microfibrils

Bethlem myopathy

VII

Anchoring fibrils at dermal-epidermal junctions

Dystrophic epidermolysis bullosa

IX

Cartilage, intervertebral disks

Multiple epiphyseal dysplasias

XVII

Transmembrane collagen in epidermal cells

Benign atrophic generalized epidermolysis bullosa

XV and XVIII

Endostatin-forming collagens, endothelial cells

Knobloch syndrome (type XVIII collagen)

Other Collagens

Courtesy of Dr. Peter H. Byers, Department of Pathology, University of Washington, Seattle, WA
original size after release of the tension. Morphologically, elastic fibers consist of a central core made of elastin, surrounded by a peripheral network of microfibrils. Substantial amounts of
elastin are found in the walls of large blood vessels, such as the aorta, and in the uterus, skin, and ligaments. The peripheral microfibrillar network that surrounds the core consists largely of
fibrillin, a 350-kD secreted glycoprotein, which associates either with itself or with other components of the ECM. The microfibrils serve as scaffolding for deposition of elastin and the
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assembly of elastic fibers. Inherited defects in fibrillin[ ] result in formation of abnormal elastic fibers in a fairly common familial disorder, Marfan syndrome, manifested by changes in the
cardiovascular system (aortic dissection) and the skeleton ( Chapter 5 ).
CELL ADHESION PROTEINS

Most adhesion proteins, also called CAMs (cell adhesion molecules), can be classified into four main families: immunoglobulin family CAMs, cadherins, integrins, and selectins. These
proteins are located in the cell membrane, where they function as receptors, or they are stored in the cytoplasm. As receptors, CAMs can bind to similar or different molecules in other cells,
providing for interaction between the same cells (homotypic interaction) or different cell types (heterotypic interaction). Cadherins are generally involved in calcium-dependent homotypic
interactions, while immunoglobulin family CAMs, because of the types of ligands they can bind, participate in both homotypic and heterotypic cell-to-cell interactions. The integrins have
87] [88]

broader ligand specificity and are responsible for many events involving cell adhesion.[

Integrins bind both to matrix proteins such as fibronectin and laminin, mediating adhesiveness between cells and ECM, as well as to adhesive proteins in other cells, establishing cell-to-cell
contacts (see Box 2-1 , Chapter 2). Fibronectin is a larger protein that binds to many molecules, such as collagen, fibrin, proteoglycans, and cell-surface receptors. It consists of two
glycoprotein chains, held together by disulfide bonds. Fibronectin mRNA has two splice forms, giving rise to tissue fibronectin and plasma fibronectin. The tissue fibronectin forms fibrillar
aggregates at wound healing sites. The plasma form binds to fibrin, forming the provisional blood clot that
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Figure 3-15 Steps in collagen synthesis (see text).

Figure 3-16 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.

Figure 3-17 A, Granulation tissue showing numerous blood vessels, edema, and a loose ECM containing occasional inflammatory cells. This is a trichrome stain that stains collagen blue;
minimal mature collagen can be seen at this point. B, Trichrome stain of mature scar, showing dense collagen, with only scattered vascular channels.

Figure 3-18 Angiogenesis by mobilization of endothelial precursor cells (EPCs) from the bone marrow and from pre-existing vessels (capillary growth). EPCs are mobilized from the bone
marrow and may migrate to a site of injury or tumor growth (upper panel). The homing mechanisms have not yet been defined. At these sites, EPCs differentiate and form a mature network
by linking with existing vessels. In angiogenesis from pre-existing vessels, endothelial cells from these vessels become motile and proliferate to form capillary sprouts (lower panel).
Regardless of the initiating mechanism, vessel maturation (stabilization) involves the recruitment of pericytes and smooth muscle cells to form the periendothelial layer. (Modified from
Conway EM, Collen D, Carmeliet P: Molecular mechanisms of blood vessel growth. Cardiovasc Res 49:507, 2001.)

TABLE 3-3 -- Vascular Endothelial Growth Factor (VEGF)
Proteins

Family members: VEGF (VEGF-A), VEGF-B, VEGF-C, VEGF-D
Dimeric glycoprotein with multiple isoforms
Targeted mutations in VEGF result in defective vasculogenesis and angiogenesis

Production

Expressed at low levels in a variety of adult tissues and at higher levels in a few sites, such as podocytes in the glomerulus and cardiac myocytes

Inducing Agents

Hypoxia
TGF-β

PDGF
TGF-α
Receptors

VEGFR-1
VEGFR-2 (restricted to endothelial cells)
VEGFR-3 (lymphatic endothelial cells)
Targeted mutations in the receptors result in lack of vasculogenesis

Functions

Promotes angiogenesis
Increases vascular permeability
Stimulates endothelial cell migration
Stimulates endothelial cell proliferation
VEGF-C selectively induces hyperplasia of lymphatic vasculature
Up-regulates endothelial expression of plasminogen activator, plasminogen activator inhibitor-1, tissue factor, and interstitial collagenase

in the absence of VEGF, more responsive to inhibitors of angiogenesis. A telling proof of the importance of these molecules is the existence of a genetic disorder caused by mutations in Tie2
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that is characterized by venous malformations.[ ] Both physiologic and pathologic angiogenesis can be influenced by agents or conditions that stimulate VEGF expression, such as certain
cytokines and growth factors (e.g., TGF-β, PDGF, TGF-α) and, notably, tissue hypoxia, which has long been associated with angiogenesis (see Table 3-3 ).
Despite the diversity of factors that may participate at various steps in angiogenesis, VEGF emerges as the most important growth factor in adult tissues undergoing physiologic angiogenesis
(e.g., proliferating endometrium) as well as pathologic angiogenesis seen in chronic inflammation, wound healing, tumors, and diabetic retinopathy.
ECM Proteins as Regulators of Angiogenesis

A key component of angiogenesis is the motility and directed migration of endothelial cells, required for the formation of new blood vessels. These processes are controlled by several classes
104]

of proteins, including (1) integrins, especially αv β3 , which is critical for the formation and maintenance of newly formed blood vessels,[

(2) matricellular proteins, including
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thrombospondin 1, SPARC, and tenascin C, which destabilize cell-matrix interactions and therefore promote angiogenesis,[ ] and (3) proteinases, such as the plasminogen activators and
matrix metalloproteinases, which are important in tissue remodeling during endothelial invasion. Additionally, these proteinases cleave extracellular proteins, releasing matrix-bound growth
factors such as VEGF and FGF-2 that stimulate angiogenesis. Proteinases can also release inhibitors such as endostatin, a small fragment of collagen that inhibits endothelial proliferation and
106]

angiogenesis.[

αv β3 integrin expression in endothelial cells is stimulated by hypoxia. This integrin has multiple effects on angiogenesis: it directly interacts with a metalloproteinase
104]

(MMP-2, discussed below), it binds to and regulates the activity of VEGFR-2, and it mediates adhesion to ECM components such as fibronectin, thrombospondin, and osteopontin. [
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SCAR FORMATION

Growth factors and cytokines released at the site of injury induce fibroblast proliferation and migration into the granulation tissue framework of new blood vessels and loose ECM that
initially forms at the repair site. We discuss three processes that participate in the formation of a scar: (1) emigration and proliferation of fibroblasts in the site of injury, (2) deposition of
ECM, and (3) tissue remodeling.
Fibroblast Migration and Proliferation

Granulation tissue contains numerous newly formed blood vessels. As discussed previously, VEGF promotes angiogenesis but is also responsible for a marked increase in vascular
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permeability (VEGF was first named vascular permeability factor).[ ] The latter activity leads to exudation and deposition of plasma proteins, such as fibrinogen and plasma fibronectin, in
the ECM and provides a provisional stroma for fibroblast and endothelial cell ingrowth. Migration of fibroblasts to the site of injury and their subsequent proliferation are triggered by
multiple growth factors, including TGF-β, PDGF, EGF, FGF, and the cytokines IL-1 and TNF (see Table 3-5 ). The sources of these growth factors and cytokines include platelets, a variety
of inflammatory cells (notably macrophages), and activated endothelium. Macrophages are important cellular constituents of granulation tissue, clearing extracellular debris, fibrin, and other
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foreign material at the site of repair. These cells also elaborate TGF-β, PDGF, and FGF and there-fore promote fibroblast migration and proliferation.[ ] If the appropriate chemotactic
stimuli are present, mast cells, eosinophils, and lymphocytes may also accumulate. Each of these cells can contribute directly or indirectly to fibroblast migration and proliferation. Of the
growth factors involved in inflammatory fibrosis, TGF-β appears to be the most important because of the multitude of effects that favor fibrous tissue deposition. TGF-β is produced by most
of the cells in granulation tissue and causes fibroblast migration and proliferation, increased synthesis of collagen and fibronectin, and decreased degradation of ECM by metalloproteinases
(discussed later). TGF-β is also chemotactic for monocytes and causes angiogenesis in vivo, possibly by inducing macrophage influx. TGF-β expression is increased in tissues in a number of
chronic fibrotic diseases in humans and experimental animals.
ECM Deposition and Scar Formation

As repair continues, the number of proliferating endothelial cells and fibroblasts decreases. Fibroblasts progressively deposit increased amounts of ECM. Fibrillar collagens form a major
portion of the connective tissue in repair sites and are important for the development of strength in healing wounds. As described later in the discussion of cutaneous wound healing, collagen
synthesis by fibroblasts begins within 3 to 5 days after injury and continues for several weeks, depending on the size of wound. Many of the same growth factors that regulate fibroblast
proliferation also stimulate ECM synthesis (see Table 3-4 (Table Not Available) ). For example, collagen synthesis is enhanced by several factors, including growth factors (PDGF, FGF,
TGF-β) and cytokines (IL-1, IL-13), which are secreted by leukocytes and fibroblasts in healing wounds. Net collagen accumulation, however, depends not only on increased collagen
synthesis but also on decreased degradation. Ultimately, the granulation tissue scaffolding is converted into a scar composed of spindle-shaped fibroblasts, dense collagen, fragments of
elastic tissue, and other ECM components. As the scar matures, vascular regression continues, eventually transforming the richly vascularized granulation tissue into a pale, avascular scar.
Tissue Remodeling

The replacement of granulation tissue with a scar involves transitions in the composition of the ECM. Some of the growth factors that stimulate synthesis of collagen and other connective
tissue molecules also modulate the synthesis and activation of metalloproteinases, enzymes that degrade these ECM components. The balance between ECM synthesis and degradation results
in remodeling of the connective tissue framework—an important feature of both chronic inflammation and wound repair.
109] [110]

Degradation of collagen and other ECM proteins is achieved by a family of matrix metalloproteinases (MMPs), which are dependent on zinc ions for their activity[

( Fig. 3-19 ). This

Figure 3-19 Matrix metalloproteinase regulation. Four mechanisms are shown: (1) regulation of synthesis by growth factors or cytokines, (2) inhibition of synthesis by corticosteroids or
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). (Modified from
Matrisian LM: Metalloproteinases and their inhibitors in matrix remodeling. Trends Genet 6:122, 1990, with permission from Elsevier Science.)

Figure 3-20 Phases of wound healing. (Modified from Clark RAF: Wound repair. In Clark RAF (ed): The molecular and cellular biology of wound repair, 2nd ed, New York, Plenum Press,
1996, p. 3.)

TABLE 3-4 -- Growth Factors and Cytokines Affecting Various Steps in Wound Healing
(Not Available)
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Figure 3-21 Steps in wound healing by first intention (left) and second intention (right). Note large amounts of granulation tissue and wound contraction in healing by second intention.

Figure 3-22 Healing of skin ulcers. A, Pressure ulcer of the skin, commonly found in diabetic patients. The histology slides show B, a skin ulcer with a large gap between the edges of the
lesion; C, a thin layer of epidermal reepithelialization and extensive granulation tissue formation in the dermis; and D, continuing reepithelialization of the epidermis and wound contraction.
(Courtesy of Z. Argenyi, M.D., University of Washington.)

TABLE 3-5 -- Factors That Retard Wound Healing
Local Factors
Blood supply

Mechanical stress

Denervation

Necrotic tissue

Local infection

Protection (dressings)

Foreign body

Surgical techniques

Hematoma

Type of tissue

Systemic Factors
Age

Malnutrition

Anemia

Obesity

Drugs (steroids, cytotoxic medications, intensive antibiotic therapy)

Systemic infection
Temperature
Trauma, hypovolemia, and hypoxia

Genetic disorders (osteogenesis imperfecta, Ehlers-Danlos syndromes, Marfan syndrome)
Uremia
Vitamin deficiency (vitamin C)
Hormones

Trace metal deficiency (zinc, copper)

Diabetes
Malignant disease
Adapted from Schwartz SI: Principles of Surgery. New York, McGraw Hill, 1999.
• Infection is the single most important cause of delay in healing because it results in persistent tissue injury and inflammation.
• Mechanical factors, such as early motion of wounds, can delay healing, by compressing blood vessels and separating the edges of the wound.
• Foreign bodies, such as unnecessary sutures or fragments of steel, glass, or even bone, constitute impediments to healing.
• Size, location, and type of wound influence healing. Wounds in richly vascularized areas, such as the face, heal faster than those in poorly vascularized ones, such as the foot. As we
have discussed, small incisional injuries heal faster and with less scar formation than large excisional wounds or wounds caused by blunt trauma.
SUMMARY OF CUTANEOUS WOUND HEALING

Various stages in the healing of an ulcer of the skin are shown in Figure 3-22 . The healing wound, as a prototype of tissue repair, is a dynamic and changing process. The early phase is one
of inflammation, followed by formation of granulation tissue and subsequent tissue remodeling and scarring. Simple cutaneous incisional wounds heal by first intention. Large cutaneous
wounds heal by second intention, generating a significant amount of scar tissue. Different mechanisms occurring at different times trigger the release of chemical signals that modulate the
orderly migration, proliferation, and differentiation of cells and the synthesis and degradation of ECM proteins. These proteins, in turn, directly affect cellular events and modulate cell
responsiveness to soluble growth factors. The magic behind the precise orchestration of these events under normal conditions remains beyond our grasp. It almost certainly lies in the
regulation of specific soluble and membrane-anchored mediators and their receptors on particular cells, cell-matrix interactions, and the effect of physical factors, including ECM remodeling
forces generated by changes in cell shape.
COMPLICATIONS IN CUTANEOUS WOUND HEALING

Complications in wound healing can arise from abnormalities in any of the basic components of the repair process. These aberrations can be grouped into three general categories: (1)

deficient scar formation, (2) excessive formation of the repair components, and (3) formation of contractures.
Inadequate formation of granulation tissue or assembly of a scar can lead to two types of complications: wound dehiscence and ulceration. Dehiscence or rupture of a wound is most
common after abdominal surgery and is due to increased abdominal pressure. This mechanical stress on the abdominal wound can be generated by vomiting, coughing, or ileus. Wounds can
ulcerate because of inadequate vascularization during healing. For example, lower extremity wounds in individuals with atherosclerotic peripheral vascular disease typically ulcerate
( Chapter 11 ). Nonhealing wounds also form in areas devoid of sensation. These neuropathic ulcers are occasionally seen in patients with diabetic peripheral neuropathy ( Chapter 24 and
Chapter 27 ).
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Excessive formation of the components of the repair process can also complicate wound healing. Aberrations of growth may occur even in what may begin initially as normal wound healing.
The accumulation of excessive amounts of collagen may give rise to a raised scar known as a hypertrophic scar; if the scar tissue grows beyond the boundaries of the original wound and does
not regress, it is called a keloid ( Fig. 3-23 ). Keloid formation appears to be an individual predisposition, and for unknown reasons this aberration is somewhat more common in AfricanAmericans. The mechanisms of keloid formation are still unknown. Another deviation in wound healing is the formation of excessive amounts of granulation tissue, which protrudes above
the level of the surrounding skin and blocks re-epithelialization. This has been called exuberant granulation (or, with more literary fervor, proud flesh). Excessive granulation must be
removed by cautery or surgical excision to permit restoration of the continuity of the epithelium. Finally (fortunately rarely), incisional scars or traumatic injuries may be followed by
exuberant proliferation of fibroblasts and other connective tissue elements that may, in fact, recur after excision. Called desmoids, or aggressive fibromatoses, these lie in the interface
between benign proliferations and malignant (though low-grade) tumors. The line between the benign hyperplasias characteristic of repair and neoplasia is frequently finely drawn ( Chapter
7 ).
Contraction in the size of a wound is an important part of the normal healing process. An exaggeration of this process is called a contracture and results in deformities of the wound and the
surrounding tissues. Contractures are particularly prone to develop on the palms, the soles, and the anterior aspect of the thorax. Contractures are commonly seen after serious burns and can
compromise the movement of joints. Impaired wound contraction occurs in stromelysin-1 (MMP3)—deficient mice, suggesting that proteolysis by this metalloproteinase is required for the
120]

assembly of fibroblasts containing actin filaments, needed for the contraction of early wounds. [

Figure 3-23 A, Keloid. Excess collagen deposition in the skin forming a raised scar known as keloid. (From Murphy GF, Herzberg AJ: Atlas of Dermatopathology. Philadelphia, Saunders,
W.B. 1996, p. 219.) B, Note the thick connective tissue deposition in the dermis. (Slide courtesy of Z. Argenyi, M.D., University of Washington, Seattle, WA.)

Figure 3-24 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.

Figure 3-25 Repair responses after injury and inflammation. Repair after acute injury has several outcomes, including normal tissue restitution and healing with scar formation. Healing in
chronic injury involves scar formation and fibrosis (see text).
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Chapter 4 - Hemodynamic Disorders, Thromboembolic Disease, and Shock

Richard N. Mitchell MD, PhD

*

The health of cells and organs critically depends on an unbroken circulation to deliver oxygen and nutrients and to remove wastes. However, the well-being of tissues also requires normal
fluid balance; abnormalities in vascular permeability or hemostasis can result in injury even in the setting of an intact blood supply. This chapter will describe major disturbances involving
hemodynamics and the maintenance of blood flow, including edema, hemorrhage, thrombosis, embolism, infarction, and shock. Normal fluid homeostasis encompasses maintenance of vessel
wall integrity as well as intravascular pressure and osmolarity within certain physiologic ranges. Changes in vascular volume, pressure, or protein content, or alterations in endothelial
function, all affect the net movement of water across the vascular wall. Such water extravasation into the interstitial spaces is called edema and has different manifestations depending on its
location. In the lower extremities, edema mainly causes swelling; in the lungs, edema causes water to fill alveoli, leading to difficulty in breathing. Normal fluid homeostasis also means
maintaining blood as a liquid until such time as injury necessitates clot formation. Clotting at inappropriate sites (thrombosis) or migration of clots (embolism) obstructs blood flow to tissues
and leads to cell death (infarction). Conversely, inability to clot after vascular injury results in hemorrhage; local bleeding can compromise regional tissue perfusion, while more extensive
hemorrhage can result in hypotension (shock) and death.
Some of the failures of fluid homeostasis reflect a primary pathology in a discrete vascular bed (e.g., hemorrhage due to local trauma) or in systemic coagulation (thrombosis due to
hypercoagulability disorders); others may represent a

*The contributions of the late Dr. Ramzi Cotran to this chapter in previous editions are gratefully acknowledged.
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secondary manifestation of some other disease process. Thus, pulmonary edema due to increased hydrostatic pressure may be a terminal complication of ischemic or valvular heart disease.
Similarly, shock may be the fatal sequela of infection. Overall, disturbances in normal blood flow are major sources of human morbidity and mortality; thrombosis, embolism, and infarction
underlie three of the most important causes of pathology in Western society—myocardial infarction, pulmonary embolism, and cerebrovascular accident (stroke). Thus, the hemodynamic
disorders described in this chapter are important in a wide spectrum of human disease.
Edema

Approximately 60% of lean body weight is water; two thirds of this water is intracellular, and the remainder is found in the extracellular space, mostly as interstitial fluid (only about 5% of
total body water is in blood plasma). The term edema signifies increased fluid in the interstitial tissue spaces. In addition, depending on the site, fluid collections in the different body cavities
are variously designated hydrothorax, hydropericardium, and hydroperitoneum (the last is more commonly called ascites). Anasarca is a severe and generalized edema with profound
subcutaneous tissue swelling.
Table 4-1 lists the pathophysiologic categories of edema. The mechanisms of inflammatory edema are largely related to
TABLE 4-1 -- Pathophysiologic Categories of Edema

Increased Hydrostatic Pressure
Impaired venous return
••Congestive heart failure
••Constrictive pericarditis
••Ascites (liver cirrhosis)
••Venous obstruction or compression
••••Thrombosis
••••External pressure (e.g., mass)
••••Lower extremity inactivity with prolonged dependency
Arteriolar dilation
••Heat
••Neurohumoral dysregulation
Reduced Plasma Osmotic Pressure (Hypoproteinemia)
Protein-losing glomerulopathies (nephrotic syndrome)
Liver cirrhosis (ascites)
Malnutrition
Protein-losing gastroenteropathy
Lymphatic Obstruction
Inflammatory
Neoplastic
Postsurgical
Postirradiation
Sodium Retention
Excessive salt intake with renal insufficiency
Increased tubular reabsorption of sodium
Renal hypoperfusion
Increased renin-angiotensin-aldosterone secretion
Inflammation
Acute inflammation
Chronic inflammation

Angiogenesis
Modified from Leaf A, Cotran RS: Renal Pathophysiology, 3rd ed., New York, Oxford University Press, 1985, p 146. Used by permission of Oxford Press, Inc.
local increases in vascular permeability and are discussed in Chapter 2 . The noninflammatory causes of edema are described in further detail below. Because of increased vascular
permeability, inflammatory edema is a protein-rich exudate, with a specific gravity usually over 1.020. Conversely, the edema fluid occurring in hydrodynamic derangements is typically a
protein-poor transudate, with a specific gravity below 1.012.
In general, the opposing effects of vascular hydrostatic pressure and plasma colloid osmotic pressure are the major factors that govern movement of fluid between vascular and interstitial
spaces. Normally the exit of fluid into the interstitium from the arteriolar end of the microcirculation is nearly balanced by inflow at the venular end; a small residuum of excess interstitial
fluid is drained by the lymphatics. Either increased capillary pressure or diminished colloid osmotic pressure can result in increased interstitial fluid ( Fig. 4-1 ). As extravascular fluid
accumulates, the increased tissue hydrostatic pressure and plasma colloid osmotic pressure eventually achieve a new equilibrium, and water reenters the venules. Any excess interstitial edema
fluid is typically removed by lymphatic drainage, ultimately returning to the bloodstream via the thoracic duct (see Fig. 4-1 ); clearly, lymphatic obstruction (e.g., due to scarring or tumor)
will also impair fluid drainage and result in edema. Finally, a primary retention of sodium (and its obligatory associated water) in renal disease also leads to edema.
Increased Hydrostatic Pressure.

Local increases in hydrostatic pressure may result from impaired venous outflow. For example, deep venous thrombosis in the lower extremities leads to edema, which is restricted to the
affected leg. Generalized increases in venous pressure, with resulting systemic edema, occur most commonly in congestive heart failure ( Chapter 12 ) affecting right ventricular cardiac
function.

Figure 4-1 Factors affecting fluid balance across capillary walls. Capillary hydrostatic and osmotic forces are normally balanced so that there is no net loss or gain of fluid across the capillary
bed. However, increased hydrostatic pressure or diminished plasma osmotic pressure leads to a net accumulation of extravascular fluid (edema). As the interstitial fluid pressure increases,
tissue lymphatics remove much of the excess volume, eventually returning it to the circulation via the thoracic duct. If the ability of the lymphatics to drain tissue is exceeded, persistent tissue
edema results.

Figure 4-2 Sequence of events leading to systemic edema due to primary heart failure, primary renal failure, or reduced plasma osmotic pressure (as in malnutrition, diminished hepatic
protein synthesis, or loss of protein owing to the nephrotic syndrome). ADH, antidiuretic hormone; GFR, glomerular filtration rate.

Figure 4-3 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, increased inflow leads to engorgement with oxygenated blood, resulting in erythema. In congestion, diminished outflow leads to a capillary bed swollen with

deoxygenated venous blood and resulting in cyanosis.

Figure 4-4 Liver with chronic passive congestion and hemorrhagic necrosis. A, Central areas are red and slightly depressed compared with the surrounding tan viable parenchyma, forming
the so-called "nutmeg liver" pattern. B, Centrilobular necrosis with degenerating hepatocytes, hemorrhage, and sparse acute inflammation. (Courtesy of Dr. James Crawford, Department of
Pathology, University of Florida, Gainesville, FL.)

Figure 4-5 A, Punctate petechial hemorrhages of the colonic mucosa, seen here as a consequence of thrombocytopenia. B, Fatal intracerebral bleed. Even relatively inconsequential volumes
of hemorrhage in a critical location, or into a closed space (such as the cranium), can have fatal outcomes.

Figure 4-6 Diagrammatic representation of the normal hemostatic process. A, After vascular injury, local neurohumoral factors induce a transient vasoconstriction. B, Platelets adhere to
exposed extracellular matrix (ECM) via von Willebrand 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 type

plasminogen activator (t-PA) (fibrinolytic) and thrombomodulin (interfering with the coagulation cascade), limit the hemostatic process to the site of injury.

Figure 4-7 Schematic illustration of some of the pro- and anticoagulant activities of endothelial cells. Not shown are the pro- and antifibrinolytic properties. vWF, von Willebrand factor;
PGI2 , prostacyclin; NO, nitric oxide; t-PA, tissue plasminogen activator. Thrombin receptor is referred to as protease activated receptor (PAR; see text).

Figure 4-8 Platelet adhesion and aggregation. von Willebrand factor functions as an adhesion bridge between subendothelial collagen and the GpIb platelet receptor complex (the functional
complex is composed of GpIb in association with factors V and IX). Aggregation involves linking platelets via fibrinogen bridges bound to the platelet GpIIb-IIIa receptors.

Figure 4-9 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. PL, phospholipid surface; HMWK, high-molecular-weight kininogen. Not shown are the anticoagulant inhibitory
pathways (see Fig. 4-7 and Fig. 4-12 ).

Figure 4-10 Schematic illustration of the conversion of factor X to factor Xa, which in turn converts factor II (prothrombin) to factor IIa (thrombin). The initial reaction complex consists of
an enzyme (factor IXa), a substrate (factor X), and a reaction accelerator (factor VIIIa), which are assembled on the phospholipid surface of platelets. Calcium ions hold the assembled
components together and are essential for reaction. Activated factor Xa then becomes the enzyme part of the second adjacent complex in the coagulation cascade, converting the prothrombin
substrate (II) to thrombin (IIa), with the cooperation of the reaction accelerator factor Va. (Modified from Mann KG: Clin Lab Med 4:217, 1984.)

Figure 4-11 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., of TxA2 ). Thrombin also activates endothelium to generate leukocyte adhesion molecules
and a variety of fibrinolytic (t-PA), 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 ; t-PA, tissue type plasminogen activator. See Fig. 4-7 for
additional anticoagulant modulators of thrombin activity, such as antithrombin III and thrombomodulin. (Modified with permission from Shaun Coughlin, MD, PhD, Cardiovascular
Research Institute, University of California at San Francisco.)

Figure 4-12 The fibrinolytic system, illustrating the plasminogen activators and inhibitors.

Figure 4-13 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.

TABLE 4-2 -- Hypercoagulable States

Primary (Genetic)
Common
••Mutation in factor V gene (factor V Leiden)
••Mutation in prothrombin gene
••Mutation in methyltetrahydrofolate gene
Rare
••Antithrombin III deficiency
••Protein C deficiency
••Protein S deficiency
Very rare
••Fibrinolysis defects
Secondary (Acquired)
High risk for thrombosis
••Prolonged bed rest or immobilization
••Myocardial infarction
••Atrial fibrillation
••Tissue damage (surgery, fracture, burns)
••Cancer
••Prosthetic cardiac valves
••Disseminated intravascular coagulation
••Heparin-induced thrombocytopenia
••Antiphospholipid antibody syndrome (lupus anticoagulant syndrome)
Lower risk for thrombosis
••Cardiomyopathy
••Nephrotic syndrome
••Hyperestrogenic states (pregnancy)
••Oral contraceptive use
••Sickle cell anemia
••Smoking

to increased susceptibility to platelet aggregation and reduced PGI2 release by endothelium. Smoking and obesity promote hypercoagulability by unknown mechanisms.
Among the acquired causes of thrombotic diatheses, the so-called heparin-induced thrombocytopenia syndrome and antiphospholipid antibody syndrome (previously called the lupus
anticoagulant syndrome) deserve special mention.
33 34

Heparin-induced thrombocytopenia syndrome. [ ] [ ] Seen in upward of 5% of the population, this syndrome occurs when administration of unfractionated heparin (for purposes of
therapeutic anticoagulation) induces formation of antibodies that bind to molecular complexes of heparin and platelet factor 4 membrane protein. This antibody can also bind to similar
complexes present on platelet and endothelial surfaces; the result is platelet activation, endothelial injury, and a prothrombotic state. To reduce this problem, specially manufactured lowmolecular-weight heparin preparations—which retain anticoagulant activity but do not interact with platelets—are used. These have the additional benefit of a prolonged serum half-life.
35 36

Antiphospholipid antibody syndrome. [ ] [ ] This syndrome has protean clinical presentations, including multiple thromboses; the clinical manifestations are associated with high titers of
circulating antibodies directed against anionic phospholipids (e.g., cardiolipin) or, more accurately, against plasma protein epitopes that are unveiled by binding to such phospholipids (e.g.,
prothrombin). Patients with anticardiolipin antibodies also have a false-positive serologic test for syphilis because the antigen in the standard tests is embedded in cardiolipin. In vitro these
antibodies interfere with the assembly of phospholipid complexes and thus inhibit coagulation. However, in vivo, the antibodies induce a hypercoagulable state.
Patients with antiphospholipid antibody syndrome fall into two categories. Many have a well-defined autoimmune disease, such as systemic lupus erythematosus ( Chapter 6 ) and have
secondary antiphospholipid syndrome (such patients previously carried the designation of lupus anticoagulant syndrome). The remainder show no evidence of other autoimmune disorder and
exhibit only the manifestations of a hypercoagulable state (primary antiphospholipid syndrome). Occasionally the syndrome can occur in association with certain drugs or infections. How
antiphospholipid antibodies lead to hypercoagulability is not clear, but possible explanations include direct platelet activation, inhibition of PGI2 production by endothelial cells, or
interference with protein C synthesis or activity. Although antiphospholipid antibodies are associated with thrombotic diatheses, they have also been identified in 5% to 15% of apparently
normal individuals and may therefore be necessary but not sufficient to cause full-blown antiphospholipid antibody syndrome.
Individuals with the antiphospholipid antibody syndrome present with an extreme variety of clinical manifestations; these are typically characterized by recurrent venous or arterial thrombi
37

but also include repeated miscarriages, cardiac valvular vegetations, or thrombocytopenia. [ ] Venous thromboses occur most commonly in deep leg veins, but renal, hepatic, and retinal
veins are also susceptible. Arterial thromboses typically occur in the cerebral circulation, but coronary, mesenteric, and renal arterial occlusions have also been described. Depending on the
vascular bed involved, the clinical presentations can vary from pulmonary embolism (due to a lower extremity venous thrombus), to pulmonary hypertension (from recurrent subclinical
pulmonary emboli), to stroke, bowel infarction, or renovascular hypertension. Fetal loss is attributable to antibody-mediated inhibition of t-PA activity necessary for trophoblastic invasion of
the uterus. Antiphospholipid antibody syndrome is also a cause of renal microangiopathy, resulting in renal failure owing to multiple capillary and arterial thromboses ( Chapter 20 ). Patients
with antiphospholipid antibody syndrome are at increased risk of a fatal event (upward of 7% in one series of patients with lupus erythematosus, particularly with arterial thromboses or
35] [37] [38]

thrombocytopenia). Current treatment includes anticoagulation therapy (aspirin, heparin, and warfarin) and immunosuppression in refractory cases. [
Morphology.

Thrombi may develop anywhere in the cardiovascular system: within the cardiac chambers; on valve cusps; or in arteries, veins, or capillaries. They are of variable size and shape, depending
on the site of origin and the circumstances leading to their development. Arterial or cardiac thrombi usually begin at a site of endothelial injury (e.g., atherosclerotic plaque) or turbulence
(vessel bifurcation); venous thrombi characteristically occur in sites of stasis. An area of attachment to the underlying vessel or heart wall, frequently firmest at the point of origin, is
characteristic of all thromboses. Arterial thrombi tend to grow in a retrograde direction from the point of attachment, whereas venous thrombi extend in the direction of blood flow (i.e.,
toward the heart). The propagating tail may not be well attached and, particularly in veins, is prone to fragmentation, creating an embolus.
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When formed in the heart or aorta, thrombi may have grossly (and microscopically) apparent laminations, called lines of Zahn; these are produced by alternating pale layers of platelets
admixed with some fibrin and darker layers containing more red cells. Lines of Zahn are significant only in that they imply thrombosis at a site of blood flow; in veins or in smaller arteries,
the laminations are typically not as apparent, and, in fact, thrombi formed in the sluggish flow of venous blood usually resemble statically coagulated blood (similar to blood clotted in a test
tube). Nevertheless, careful evaluation generally reveals irregular, somewhat ill-defined laminations.
When arterial thrombi arise in heart chambers or in the aortic lumen, they usually adhere to the wall of the underlying structure and are termed mural thrombi. Abnormal myocardial
contraction (arrhythmias, dilated cardiomyopathy, or myocardial infarction) leads to cardiac mural thrombi ( Fig. 4-14A ), while ulcerated atherosclerotic plaque and aneurysmal dilation are
the precursors of aortic thrombus formation ( Fig. 4-14B ).
Arterial thrombi are usually occlusive; the most common sites, in descending order, are coronary, cerebral, and femoral arteries. The thrombus is usually superimposed on an atherosclerotic
plaque, although other forms of vascular injury (vasculitis, trauma) may be involved. The thrombi are typically firmly adherent to the injured arterial wall and are gray-white and friable,
composed of a tangled mesh of platelets, fibrin, erythrocytes, and degenerating leukocytes.
Venous thrombosis, or phlebothrombosis, is almost invariably occlusive; the thrombus often creates a long cast of the vein lumen. Because these thrombi form in a relatively static
environment, they tend to contain more enmeshed erythrocytes and are therefore known as red, or stasis, thrombi. Phlebothrombosis most commonly affects the veins of the lower
extremities (90% of cases). Less commonly, venous thrombi may develop in the upper extremities, periprostatic plexus, or the ovarian and periuterine veins; under special circumstances, they
may be found in the dural sinuses, the portal vein, or the hepatic vein. At autopsy, postmortem clots may be

Figure 4-14 Mural thrombi. A, Thrombus in the left and right ventricular apices, overlying a white fibrous scar. B, Laminated thrombus in a dilated abdominal aortic aneurysm.

Figure 4-15 Potential outcomes of venous thrombosis.

Figure 4-16 Low-power view of a thrombosed artery. A, H&E-stained section. B, Stain for elastic tissue. The original lumen is delineated by the internal elastic lamina (arrows) and is totally
filled with organized thrombus, now punctuated by a number of small recanalized channels.

Figure 4-17 Large embolus derived from a lower extremity deep venous thrombosis and now impacted in a pulmonary artery branch.

Figure 4-18 Bone marrow embolus in the pulmonary circulation. The cleared vacuoles represent marrow fat that is now impacted in a distal vessel along with the cellular hematopoietic
precursors.

Figure 4-19 Examples of infarcts. A, Hemorrhagic, roughly wedge-shaped pulmonary infarct. B, Sharply demarcated white infarct in the spleen.

Figure 4-20 Remote kidney infarct, now replaced by a large fibrotic cortical scar.

TABLE 4-3 -- Three Major Types of Shock
Type of Shock

Clinical Examples

Principal Mechanisms

Cardiogenic
Myocardial infarction

Failure of myocardial pump owing to intrinsic myocardial damage, extrinsic pressure, or
obstruction to outflow

Ventricular rupture
Arrhythmia
Cardiac tamponade
Pulmonary embolism
Hypovolemic
Hemorrhage

Inadequate blood or plasma volume

Fluid loss, e.g., vomiting, diarrhea, burns, or trauma
Septic
Overwhelming microbial infections

Peripheral vasodilation and pooling of blood; endothelial activation/injury; leukocyteinduced damage; disseminated intravascular coagulation; activation of cytokine cascades

Endotoxic shock
Gram-positive septicemia
Fungal sepsis
Superantigens
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estimated to account for over 200,000 deaths annually in the United States.[ ] Moreover, the reported incidence of sepsis syndromes has increased dramatically in the past two decades,
owing to improved life support for high-risk patients, increasing use of invasive procedures, and growing numbers of immunocompromised hosts (secondary to chemotherapy,
immunosuppression, or human immunodeficiency virus infection). Septic shock results from spread and expansion of an initially localized infection (e.g., abscess, peritonitis, pneumonia)
into the bloodstream.
Most cases of septic shock (approximately 70%) are caused by endotoxin-producing gram-negative bacilli ( Chapter 8 ), hence the term endotoxic shock. Endotoxins are bacterial wall
lipopolysaccharides (LPSs) that are released when the cell walls are degraded (e.g., in an inflammatory response). LPS consists of a toxic fatty acid (lipid A) core and a complex
polysaccharide coat (including O antigens) unique to each bacterial species. Analogous molecules in the walls of gram-positive bacteria and fungi can also elicit septic shock.
All of the cellular and resultant hemodynamic effects of septic shock may be reproduced by injection of LPS alone. Free LPS attaches to a circulating LPS-binding protein, and the complex
then binds to a cell-surface receptor (called CD14), followed by binding of the LPS to a signal-transducing protein called mammalian Toll-like receptor protein 4 (TLR-4). (Toll is a
Drosophila protein involved in fly development; a variety of molecules with homology to Toll [i.e., "Toll-like"] participate in innate immune responses to different microbial components; see
54]

Box 6-1 , Chapter 6.) Signals from TLR-4 can then directly activate vascular wall cells and leukocytes or initiate a cascade of cytokine mediators, which propagates the pathologic state. [
[55]

Engagement of TLR-4 on endothelial cells can lead directly to down-regulation of natural anticoagulation mechanisms, including diminished synthesis of tissue factor pathway inhibitor
(TFPI) and thrombomodulin. Engagement of the receptor on monocytes and macrophages (even at doses of LPS as minute as 10 picograms/ml) causes profound mononuclear cell activation
with the subsequent production of potent effector cytokines such as IL-1 and TNF ( Chapter 6 ). Presumably, this series of responses helps to isolate organisms and to trigger elements of the
innate immune system to efficiently eradicate invading microbes. Unfortunately, depending on the dosage and numbers of macrophages that are activated, the secondary effects of LPS
release can also cause severe pathologic changes, including fatal shock.
• At low doses, LPS predominantly serves to activate monocytes and macrophages, with effects intended to enhance their ability to eliminate invading bacteria. LPS can also directly
activate complement, which likewise contributes to local bacterial eradication. The mononuclear phagocytes respond to LPS by producing cytokines, mainly TNF, IL-1, IL-6, and
chemokines. TNF and IL-1 both act on endothelial cells to stimulate the expression of adhesion molecules ( Chapter 2 ; Fig. 4-21 ) and the production of other cytokines and
chemokines. Thus, the initial release of LPS results in a circumscribed cytokine cascade doubtless intended to enhance the local acute inflammatory response and improve clearance
of the infection.
• With moderately severe infections, and therefore with higher levels of LPS (and a consequent augmentation of the cytokine cascade), cytokine-induced secondary effectors (e.g.,
nitric oxide; Chapter 2 ) become significant. In addition, systemic effects of the cytokines such as TNF and IL-1 may begin to be seen; these include fever and increased synthesis of
acute phase reactants ( Chapter 2 ; Fig. 4-21 ). LPS at higher doses also results in diminished endothelial cell production of thrombomodulin and TFPI, tipping the coagulation
cascade toward thrombosis.
• Finally, at still higher levels of LPS, the syndrome of septic shock supervenes ( Fig. 4-22 ); the same cytokines and secondary mediators, now at high levels, result in:
• Systemic vasodilation (hypotension)
• Diminished myocardial contractility

• Widespread endothelial injury and activation, causing systemic leukocyte adhesion and pulmonary alveolar capillary damage (acute respiratory distress syndrome; Chapter 15 )
• Activation of the coagulation system, culminating in DIC
The hypoperfusion resulting from the combined effects of widespread vasodilation, myocardial pump failure, and DIC induces multiorgan system failure affecting the liver, kidneys,
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Figure 4-21 Cytokine cascade in sepsis. After release of lipopolysaccharide (LPS) from invading gram-negative microorganisms, there are successive waves of tumor necrosis factor (TNF),
interleukin-1 (IL-1), and IL-6 secretion. (Modified from Abbas AK, et al: Cellular and Molecular Immunology, 4th ed. Philadelphia, WB Saunders, 2000.)

A progressive stage characterized by tissue hypoperfusion and onset of worsening circulatory and metabolic imbalances, including acidosis
An irreversible stage that sets in after the body has incurred cellular and tissue injury so severe that even if the hemodynamic defects are corrected, survival is not possible.
In the early nonprogressive phase of shock, a variety of neurohumoral mechanisms help maintain cardiac output and blood pressure. These include baroreceptor reflexes, release of
catecholamines, activation of the renin-angiotensin axis, antidiuretic hormone release, and generalized sympathetic stimulation. The net effect is tachycardia, peripheral vasoconstriction, and
renal conservation of fluid. Cutaneous vasoconstriction, for example, is responsible for the characteristic coolness and pallor of skin in well-developed shock (although septic shock may
initially cause cutaneous vasodilation and thus present with warm, flushed skin). Coronary and cerebral vessels are less sensitive to this compensatory sympathetic response and thus maintain
relatively normal caliber, blood flow, and oxygen delivery to their respective vital organs.

If the underlying causes are not corrected, shock passes imperceptibly to the progressive phase, during which there is widespread tissue hypoxia. In the setting of persistent oxygen deficit,
intracellular aerobic respiration is replaced by anaerobic glycolysis with excessive production of lactic acid. The resultant metabolic lactic acidosis lowers the tissue pH and blunts the
vasomotor response; arterioles dilate, and blood begins to pool in the microcirculation. Peripheral pooling not only worsens the cardiac output, but also puts endothelial cells at risk for
developing anoxic injury with subsequent DIC. With widespread tissue hypoxia, vital organs are affected and begin to fail; clinically the patient may become confused, and the urine output
declines.
Unless there is intervention, the process eventually enters an irreversible stage. Widespread cell injury is reflected in lysosomal enzyme leakage, further aggravating the shock state.
Myocardial contractile function worsens in part because of nitric oxide synthesis. If ischemic bowel allows intestinal flora to enter the circulation, endotoxic shock may be superimposed. At
this point, the patient has complete renal shutdown owing to acute tubular necrosis ( Chapter 20 ), and despite heroic measures, the downward clinical spiral almost inevitably culminates in
death.
Morphology.

The cellular and tissue changes induced by shock are essentially those of hypoxic injury ( Chapter 1 ); since shock is characterized by failure of multiple organ systems, the cellular changes
may appear in any tissue. Nevertheless, they are particularly evident in brain, heart, lungs, kidneys, adrenals, and gastrointestinal tract.
The brain may develop so-called ischemic encephalopathy, discussed in Chapter 28 . The heart may undergo focal or widespread coagulation necrosis or
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Figure 4-22 Effects of lipopolysaccharide (LPS) and secondarily induced effector molecules. LPS initiates the cytokine cascade described in Figure 4-21 ; in addition, LPS and the various
factors can directly stimulate downstream cytokine production, as indicated. Secondary effectors that become important include nitric oxide (NO) and platelet-activating factor (PAF). At low
levels, only local inflammatory effects are seen. With moderate levels, more systemic events occur in addition to the local vascular effects. At high concentrations, the syndrome of septic
shock is seen. DIC, disseminated intravascular coagulation; ARDS, adult respiratory distress syndrome. (Modified from Abbas AK, et al: Cellular and Molecular Immunology, 4th ed.
Philadelphia, WB Saunders, 2000.)
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1

Genetic disorders are far more common than is widely appreciated. The lifetime frequency of genetic diseases is estimated to be 670 per 1000.[ ] Included in this figure are not only the
"classic" genetic disorders but also cancer and cardiovascular diseases, the two most common causes of death in the Western world. Both of these have major genetic components.
Cardiovascular diseases, such as atherosclerosis and hypertension, result from complex interactions of genes and environment, and most cancers are now known to result from an
accumulation of mutations in somatic cells ( Chapter 7 ).
The genetic diseases encountered in medical practice represent only the tip of the iceberg, that is, those with less extreme genotypic errors permitting full embryonic development and live
birth. It is estimated that 50% of spontaneous abortuses during the early months of gestation have a demonstrable chromosomal abnormality; there are, in addition, numerous smaller
detectable errors and many others still beyond our range of identification. About 1% of all newborn infants possess a gross chromosomal abnormality, and approximately 5% of individuals
under age 25 develop a serious disease with a significant genetic component. How many more mutations remain hidden?
2

The draft sequence of the human genome is complete and much has been learned about the "genetic architecture" of humans. Some of what has been revealed was quite unexpected.[ ] For
example, we now know that less than 2% of the human genome codes for proteins, whereas more than one half represents blocks of repetitive nucleotide codes whose functions remain
mysterious. What was totally unexpected was that humans have a mere 30,000 genes rather than the 100,000 predicted only recently. Quite remarkably, this figure is not much greater than
that of the mustard plant, with 26,000 genes! However, it is also known that by alternative splicing, 30,000 genes can give rise to greater than 100,000 proteins. In addition, very recent
2A

studies indicate that fully formed proteins can be sliced and stitched together to give rise to peptides that could not have been predicted from the structure of the gene.[ ] Humans are not so
poor, after all. With the completion of the human genome project, a new term, called genomics, has been added to the medical vocabulary. Whereas genetics is the study of single or a few
genes and their phenotypic effects, genomics is the study of all the genes in the genome and their interactions. DNA microarray analysis of tumors ( Chapter 7 ) is an excellent example of
3

genomics in current clinical use.[ ] However, the most important contribution of genomics to human health will be in the unraveling of complex multifactorial diseases (discussed later) that
4]

arise from the interaction of multiple genes with environmental factors.[

Another surprising revelation from the recent progress in genomics is that, on average, any two individuals share 99.9% of their DNA sequences. Thus, the remarkable diversity of humans is
encoded in about 0.1% of our DNA. The secrets to disease predisposition and response to environmental agents and drugs must therefore reside within these variable regions. Although small
as compared to the total nucleotide sequences, this 0.1% represents about 3 million base pairs. The most common form of DNA variations in the human genome is the single nucleotide
polymorphism (SNP). Typically, the SNPs are biallelic (i.e., only two choices exist at a given site within the population), and they may occur anywhere in the genome—within exons, introns,
or intergenic regions. Less than 1% of SNPs occur in coding regions. These could of course alter the gene product and give rise to a disease. Much more commonly, however, the SNP is just
a marker that is co-inherited with a disease-causing gene, due to physical proximity. Another way of expressing this is to say that the SNP and the genetic factor are in linkage disequilibrium.
5

Much effort is ongoing to make SNP maps of the human genome so that we can decipher genetic determinants of disease.[ ] Just as genomics involves the study of all the DNA sequences,
proteomics concerns itself with the measurement of all proteins expressed in a cell or tissue. Currently, progress in proteomics is lagging behind genomics, because the methodology to
identify hundreds of distinct proteins simultaneously is not fully developed, but much effort continues.
Although genomics and proteomics are revealing a treasure-trove of information, our ability to organize and mine such a vast array of data is not yet fully developed. To simultaneously
analyze patterns of expression involving thousands of genes and proteins has required the parallel development of computer-based techniques that can manage vast collections of data. In
response to this, an exciting new discipline called bioinformatics has sprouted. This has involved biologists, computer scientists, physicists, and mathematicians, a true example of a
6]

multidisciplinary approach in modern medical practice.[

Much of the progress in medical genetics has resulted from the spectacular advances in molecular biology, involving recombinant DNA technology. The details of these techniques are well
known and are not repeated here. Some examples, however, of the impact of recombinant DNA technology on medicine are worthy of attention.
• Molecular basis of human disease: Two general strategies have been used to isolate and characterize involved genes ( Fig. 5-1 ). The functional cloning, or classic, approach has
been successfully used to study a variety of inborn errors of metabolism, such as phenylketonuria and disorders of hemoglobin synthesis. Common to these genetic diseases is
knowledge of the abnormal gene product and the corresponding protein. When the affected protein is known, a variety of methods can be employed to isolate the normal gene, to

clone it, and ultimately to determine the molecular changes that affect the gene in patients with the disorder. Because in many common single-gene disorders, such as cystic fibrosis,
there was no clue to the nature of the defective gene product, an alternative strategy called positional cloning, or the "candidate gene," approach had to be employed. This strategy
initially ignores the biochemical clues from the phenotype and relies instead on mapping the disease phenotype to a particular chromosome location. This mapping is accomplished if
the disease is associated with a distinctive cytogenetic change (e.g., fragile-X syndrome) or by linkage analysis. In the latter, the approximate location of the gene is determined by
linkage to known "marker genes" or SNPs that are in close proximity to the disease locus. Once the region in which the mutant gene lies has been localized within reasonably narrow
limits, the next step is to clone several pieces of DNA from the relevant segment of the genome. Expression of the cloned DNA in vitro, followed by identification of the protein
products, can then be used to identify the aberrant protein encoded by the mutant genes. This approach has been used successfully in several diseases, such as cystic fibrosis,
neurofibromatosis, Duchenne muscular dystrophy (a hereditary disorder characterized by progressive muscle weakness), polycystic
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kidney disease, and Huntington disease. In addition to this step-by-step approach to cloning single genes, cDNA microarray analysis allows simultaneous detection of thousands of genes and
their RNA products. When normal and diseased tissues are analyzed in this fashion, changes in the expression levels of multiple genes can be detected, thus providing a more comprehensive
profile of genetic alterations in diseased tissues.
• Production of human biologically active agents: An array of ultrapure biologically active agents can now be produced in virtually unlimited quantities by inserting the requisite
gene into bacteria or other suitable cells in tissue culture. Some examples of genetically engineered products already in clinical use include soluble TNF receptor for blocking TNF in
treatment of rheumatoid arthritis, tissue plasminogen activator for the treatment of thrombotic states, growth hormone for the treatment of deficiency states, erythropoietin to reverse
several types of anemia, and myeloid growth and differentiation factors (granulocyte-macrophage colony-stimulating factor, granulocyte colony-stimulating factor) to enhance
production of monocytes and neutrophils in states of poor marrow function.
• Gene therapy: The goal of treating genetic diseases by transfer of somatic cells transfected with the normal gene, although simple in concept, has yet to succeed on a large scale.
Problems include designing appropriate vectors to carry the gene and unexpected complications resulting from random insertion of the normal gene in the host genome. In recent wellpublicized cases, gene therapy in patients with x-linked SCID (severe combined immunodeficiency, Chapter 6 ) who lack the common γ chain of cytokine receptors had to be put on
hold because the transduced gene inserted next to a host gene that controls proliferation of cells. The resulting dysregulation gave rise to T-cell leukemia in the patient.
• Disease diagnosis: Molecular probes are proving to be extremely useful in the diagnosis of both genetic and non-genetic (e.g., infectious) diseases. The diagnostic applications of
recombinant DNA technology are detailed at the end of this chapter.

Figure 5-1 Schematic illustration of the strategies employed in functional and positional cloning. Functional cloning begins with relating the clinical phenotype to biochemical-protein
abnormalities, followed by isolation of the mutant gene. Positional cloning, also called candidate gene approach, begins by mapping and cloning the disease gene by linkage analysis, without
any knowledge of the gene product. Identification of the gene product and the mechanism by which it produces the disease follow the isolation of the mutant gene.

Figure 5-2 Schematic illustration of a point mutation resulting from a single base pair change in the DNA. In the example shown, a CTC to CAC change alters the meaning of the genetic
code (GAG to GUG in the opposite strand), leading to replacement of glutamic acid by valine in the polypeptide chain. This change, affecting the sixth amino acid of the normal β-globin
(βA ) chain, converts it to sickle β-globin (βS ).

Figure 5-3 Single-base deletion at the ABO (glycosyltransferase) locus, leading to a frameshift mutation responsible for the O allele. (From Thompson MW, et al: Thompson and Thompson
Genetics in Medicine, 5th ed. Philadelphia, WB Saunders, 1991, p 134.)

Figure 5-4 Four-base insertion in the hexosaminidase A gene in Tay-Sachs disease, leading to a frameshift mutation. This mutation is the major cause of Tay-Sachs disease in Ashkenazi
Jews. (From Nussbaum, RL, et al: Thompson and Thompson Genetics in Medicine, 6th ed. Philadelphia, WB Saunders, 2001, p. 212.)

Figure 5-5 Point mutation leading to premature chain termination. Partial mRNA sequence of the β-globin chain of hemoglobin showing codons for amino acids 38 to 40. A point mutation
(C→U) in codon 39 changes glutamine (Gln) codon to a stop codon, and hence protein synthesis stops at the 38th amino acid.

Figure 5-6 Three-base deletion in the common cystic fibrosis (CF) allele results in synthesis of a protein that is missing amino acid 508 (phenylalanine). Because the deletion is a multiple of
three, this is not a frameshift mutation. (From Thompson MW, et al: Thompson and Thompson Genetics in Medicine, 5th ed. Philadelphia, WB Saunders, 1991, p. 135.)

TABLE 5-1 -- Autosomal Dominant Disorders

System
Nervous

Disorder
Huntington disease
Neurofibromatosis

*

Myotonic dystrophy
Tuberous sclerosis
Urinary

Polycystic kidney disease

Gastrointestinal

Familial polyposis coli

Hematopoietic

Hereditary spherocytosis
von Willebrand disease

Skeletal

Marfan syndrome

*

Ehlers-Danlos syndrome (some variants)

*

Osteogenesis imperfecta
Achondroplasia
Metabolic

Familial hypercholesterolemia

*

Acute intermittent porphyria
*Discussed in this chapter. Other disorders listed are discussed in appropriate chapters of this book.

Autosomal recessive disorders include almost all inborn errors of metabolism. The various consequences of enzyme deficiencies are discussed later. The more common of these conditions
are listed in Table 5-2 . Most are presented elsewhere; a few prototypes are discussed later in this chapter.

TABLE 5-2 -- Autosomal Recessive Disorders
System
Metabolic

Disorder
Cystic fibrosis
Phenylketonuria
Galactosemia
Homocystinuria
Lysosomal storage diseases

α1 -Antitrypsin deficiency

*

Wilson disease
Hemochromatosis
Glycogen storage diseases
Hematopoietic

*

Sickle cell anemia
Thalassemias

Endocrine

Congenital adrenal hyperplasia

Skeletal

Ehlers-Danlos syndrome (some variants)
Alkaptonuria

Nervous

*

*

Neurogenic muscular atrophies
Friedreich ataxia
Spinal muscular atrophy

*Discussed in this chapter. Many others are discussed elsewhere in the text.

152
X-Linked Disorders

9

All sex-linked disorders are X-linked, almost all X-linked recessive. Several genes are encoded in the "male-specific region of Y"; all of these are related to spermatogenesis.[ ] Males with
mutations affecting the Y-linked genes are usually infertile, and hence there is no Y-linked inheritance. As discussed later, a few additional genes with homologues on the X chromosome
have been mapped to the Y chromosome, but no disorders resulting from mutations in such genes have been described.
X-linked recessive inheritance accounts for a small number of well-defined clinical conditions. The Y chromosome, for the most part, is not homologous to the X, and so mutant genes on the
X are not paired with alleles on the Y. Thus, the male is said to be hemizygous for X-linked mutant genes, so these disorders are expressed in the male. Other features that characterize these
disorders are as follows:
• An affected male does not transmit the disorder to his sons, but all daughters are carriers. Sons of heterozygous women have, of course, one chance in two of receiving the mutant
gene.
• The heterozygous female usually does not express the full phenotypic change because of the paired normal allele. Because of the random inactivation of one of the X chromosomes
in the female, however, females have a variable proportion of cells in which the mutant X chromosome is active. Thus, it is remotely possible for the normal allele to be inactivated in
most cells, permitting full expression of heterozygous X-linked conditions in the female. Much more commonly, the normal allele is inactivated in only some of the cells, and thus the
heterozygous female expresses the disorder partially. An illustrative condition is glucose-6-phosphate dehydrogenase (G6PD) deficiency. Transmitted on the X chromosome, this
enzyme deficiency, which predisposes to red cell hemolysis in patients receiving certain types of drugs ( Chapter 13 ), is expressed principally in males. In the female, a proportion of
the red cells may be derived from marrow cells with inactivation of the normal allele. Such red cells are at the same risk for undergoing hemolysis as are the red cells in the

hemizygous male. Thus, the female is not only a carrier of this trait, but also is susceptible to drug-induced hemolytic reactions. Because the proportion of defective red cells in
heterozygous females depends on the random inactivation of one of the X chromosomes, however, the severity of the hemolytic reaction is almost always less in heterozygous
women than in hemizygous men. Most of the X-linked conditions listed in Table 5-3 are covered elsewhere in the text.

TABLE 5-3 -- X-Linked Recessive Disorders
System

Disease

Musculoskeletal

Duchenne muscular dystrophy

Blood

Hemophilia A and B
Chronic granulomatous disease
Glucose-6-phosphate dehydrogenase deficiency

Immune

Agammaglobulinemia
Wiskott-Aldrich syndrome

Metabolic

Diabetes insipidus
Lesch-Nyhan syndrome

Nervous

Fragile-X syndrome

*

*Discussed in this chapter. Others discussed in appropriate chapters in the book.

There are only a few X-linked dominant conditions. They are caused by dominant disease alleles on the X chromosome. These disorders are transmitted by an affected heterozygous female to
half her sons and half her daughters and by an affected male parent to all his daughters but none of his sons, if the female parent is unaffected. Vitamin D-resistant rickets is an example of
this type of inheritance.
BIOCHEMICAL AND MOLECULAR BASIS OF SINGLE-GENE (MENDELIAN) DISORDERS

Mendelian disorders result from alterations involving single genes. The genetic defect may lead to the formation of an abnormal protein or a reduction in the output of the gene product. As
mentioned earlier, mutations may affect protein synthesis by affecting transcription, mRNA processing, or translation. The phenotypic effects of a mutation may result directly, from
abnormalities in the protein encoded by the mutant gene, or indirectly, owing to interactions of the mutant protein with other normal proteins. For example, all forms of Ehlers-Danlos
syndrome (EDS) are associated with abnormalities of collagen. In some forms (e.g., vascular type), there is a mutation in one of the collagen genes, whereas in others (e.g., kyphoscoliosis
type), the collagen genes are normal, but there is a mutation in the gene that encodes lysyl hydroxylase, an enzyme essential for the cross-linking of collagen. In these patients, collagen
weakness is secondary to a deficiency of lysyl hydroxylase.
Virtually any type of protein may be affected in single-gene disorders and by a variety of mechanisms ( Table 5-4 ). To some extent, the pattern of inheritance of the disease is related to the
kind of protein affected by the mutation, as was discussed earlier and is reiterated subsequently. For the purposes of this discussion, the mechanisms involved in single-gene disorders can be
classified into 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; and (4) mutations resulting in unusual reactions to drugs.

Enzyme Defects and Their Consequences

Mutations may result in the synthesis of a defective enzyme with reduced activity or in a reduced amount of a normal enzyme. In either case, the consequence is a metabolic block. Figure 5-7
provides an example of an enzyme reaction in which the substrate is converted by intracellular enzymes, denoted as 1, 2, and 3, into an end product through intermediates 1 and 2. In this
model, the final product exerts feedback control on enzyme 1. A minor pathway producing small quantities of M1 and M2 also exists. The biochemical consequences of an enzyme defect in
such a reaction may lead to three major consequences:
1. Accumulation of the substrate, depending on the site of block, may be accompanied by accumulation of one or both intermediates. Moreover, an increased concentration of
intermediate 2 may stimulate the minor pathway and thus
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lead to an excess of M1and M2. Under these conditions, tissue injury may result if the precursor, the intermediates, or the products of alternative minor pathways are toxic in high
concentrations. For example, in galactosemia, the deficiency of galactose-1-phosphate uridyltransferase ( Chapter 10) leads to the accumulation of galactose and consequent tissue
damage. In phenylketonuria, a deficiency of phenylalanine hydroxylase ( Chapter 10) results in the accumulation of phenylalanine. Excessive accumulation of complex substrates
within the lysosomes as a result of deficiency of degradative enzymes is responsible for a group of diseases generally referred to as lysosomal storage diseases.
2. An enzyme defect can lead to a metabolic block and a decreased amount of end product that may be necessary for normal function. For example, a deficiency of melanin may result
from lack of tyrosinase, which is necessary for the biosynthesis of melanin from its precursor, tyrosine. This results in the clinical condition called albinism. If the end product is a
feedback inhibitor of the enzymes involved in the early reactions (in Fig. 5-7 , it is shown that the product inhibits enzyme 1), the deficiency of the end product may permit
overproduction of intermediates and their catabolic products, some of which may be injurious at high concentrations. A prime example of a disease with such an underlying
mechanism is the Lesch-Nyhan syndrome ( Chapter 26 ).
3. Failure to inactivate a tissue-damaging substrate is best exemplified by α1 -antitrypsin (α1 -AT) deficiency. Patients who have an inherited deficiency of serum α1 -AT 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, leading eventually to pulmonary
emphysema ( Chapter 15 ).

TABLE 5-4 -- Biochemical and Molecular Basis of Some Mendelian Disorders
Protein Type/Function
Enzyme

Example

Molecular Lesion

Disease

Phenylalanine hydroxylase

Splice site mutation: reduced amount

Phenylketonuria

Hexosaminidase

Splice site mutation or frameshift mutation with stop codon:
reduced amount

Tay-Sachs disease

Adenosine deaminase

Point mutations: abnormal protein with reduced activity

Severe combined immunodeficiency

Enzyme Inhibitor

α1 -Antitrypsin

Missense mutations: impaired secretion from liver to serum

Emphysema and liver disease

Receptor

Low-density lipoprotein receptor

Deletions, point mutations: reduction of synthesis, transport to
cell surface, or binding to low-density lipoprotein

Familial hypercholesterolemia

Vitamin D receptor

Point mutations: failure of normal signaling

Vitamin D-resistant rickets

Transport

Deletions: reduced amount

α-Thalassemia

Defective mRNA processing: reduced amount

β-Thalassemia

Point mutations: abnormal structure

Sickle cell anemia

Cystic fibrosis transmembrane conductance
regulator

Deletions and other mutations

Cystic fibrosis

Collagen

Deletions or point mutations cause reduced amount of normal
collagen or normal amounts of mutant collagen

Osteogenesis imperfecta; Ehlers-Danlos
syndromes

Fibrillin

Missense mutations

Marfan syndrome

Dystrophin

Deletion with reduced synthesis

Duchenne/Becker muscular dystrophy

Spectrin, ankyrin, or protein 4.1

Heterogeneous

Hereditary spherocytosis

Hemostasis

Factor VIII

Deletions, insertions, nonsense mutations, and others: reduced
synthesis or abnormal factor VIII

Hemophilia A

Growth Regulation

Rb protein

Deletions

Hereditary retinoblastoma

Neurofibromin

Heterogeneous

Neurofibromatosis type 1

Oxygen

Ions

Hemoglobin

Structural
Extracellular

Cell membrane

Figure 5-7 Scheme of a possible metabolic pathway in which a substrate is converted to an end product by a series of enzyme reactions. M1, M2, products of a minor pathway.

TABLE 5-5 -- Classification of Ehlers-Danlos Syndromes (EDS)
EDS Type

*

Clinical Findings

Inheritance

Gene Defects

Classical (I/II)

Skin and joint hypermobility, atrophic scars, easy bruising

Autosomal dominant

COL5A1, COL5A2

Hypermobility (III)

Joint hypermobility, pain, dislocations

Autosomal dominant

Unknown

Vascular (IV)

Thin skin, arterial or uterine rupture, bruising, small joint
hyperextensibility

Autosomal dominant

COL3A1

Kyphoscoliosis (VI)

Hypotonia, joint laxity, congenital scoliosis, ocular fragility

Autosomal recessive

Lysyl-hydroxylase

Arthrochalasia (VIIa,b)

Severe joint hypermobility, skin changes mild, scoliosis, bruising

Autosomal dominant

COL1A1, COL1A2

Dermatosparaxsis (VIIc)

Severe skin fragility, cutis laxa, bruising

Autosomal recessive

Procollagen N-peptidase

*EDS were previously classified by Roman numerals. Parentheses show previous numerical equivalents.

deficiency of lysyl hydroxylase results in the synthesis of collagen that lacks normal structural stability.

The vascular type of EDS results from abnormalities of type III collagen. This form is genetically heterogeneous because at least three distinct types of mutations affecting the COL3A1 gene
for collagen type III can give rise to this variant. Some affect the rate of synthesis of pro α1 (III) chains, others affect the secretion of type III procollagen, and still others lead to the synthesis
of structurally abnormal type III collagen. Some mutant alleles behave as dominant negatives (see discussion under autosomal dominant disorders) and thus produce severe phenotypic
effects. These molecular studies provide a rational basis for the pattern of transmission and clinical features that are characteristic of this variant. First, because vascular type EDS results from
mutations involving a structural protein (rather than an enzyme protein), an autosomal dominant pattern of inheritance would be expected. Second, because blood vessels and intestines are
known to be rich in collagen type III, an abnormality of this collagen is consistent with severe defects (e.g., spontaneous rupture) in these organs.
In two forms of EDS—arthrochalasia type and dermatosparaxis type—the fundamental defect is in the conversion of type I procollagen to collagen. This step in collagen synthesis involves
cleavage of noncollagen peptides at the N-terminal and C-terminal of the procollagen molecule. This is accomplished by N-terminal-specific and C-terminal-specific peptidases. The defect in
the conversion of procollagen to collagen in the arthrocalasic type has been traced to mutations that affect one of the two type I collagen genes, COL1A1 and COL1A2. As a result,
structurally abnormal pro α1 (I) or pro α2 (I) chains that resist cleavage of N-terminal peptides are formed. In patients with a single mutant allele, only 50% of the type I collagen chains are
abnormal, but because these chains interfere with the formation of normal collagen helices, heterozygotes manifest the disease. By contrast, the related dermatosparaxis type is caused by
mutations in the procollagen-N-peptidase genes, essential for the cleavage of collagens. In this case, the enzyme deficiency leads to an autosomal recessive form of inheritance.
Finally, the classical type of EDS is worthy of brief mention, since molecular analysis of the variant suggests that genes other than collagen genes may be involved in the pathogenesis of
EDS. In 30% to 50% of these cases, mutations in the genes for type V collagen (COL5A1 and COL5A1) have been detected. Surprisingly, despite a phenotype typical of EDS, no other
collagen gene abnormalities have been found in these cases. This has led to the speculation that other proteins in the extracellular matrix, such as tenascin-X, may also be involved in
regulating collagen synthesis.
To summarize, the common thread in EDS is some abnormality of collagen. These disorders, however, are extremely heterogeneous. At the molecular level, a variety of defects, varying from
mutations involving structural genes for collagen to those involving enzymes that are responsible for post-transcriptional modifications of mRNA, have been detected. Such molecular
heterogeneity results in the expression of EDS as a clinically heterogeneous disorder with several patterns of inheritance.
DISORDERS ASSOCIATED WITH DEFECTS IN RECEPTOR PROTEINS
Familial Hypercholesterolemia

Familial hypercholesterolemia is a "receptor disease" that is the consequence of a mutation in the gene encoding the receptor for low density lipoprotein (LDL), which is involved in the
transport and metabolism of cholesterol. As a consequence of receptor abnormalities, there is a loss of feedback control and elevated levels of cholesterol that induce premature
19] [20]

atherosclerosis, leading to a greatly increased risk of myocardial infarction.[

Familial hypercholesterolemia is possibly the most frequent mendelian disorder. Heterozygotes with one mutant gene, representing about 1 in 500 individuals, have from birth a twofold to
threefold elevation of plasma cholesterol level, leading to tendinous xanthomas and premature atherosclerosis in adult life ( Chapter 11 ). Homozygotes, having a double dose of the mutant
gene, are much more severely affected and may have fivefold to sixfold elevations in plasma cholesterol levels. These individuals develop skin xanthomas and coronary, cerebral, and
peripheral vascular atherosclerosis at an early age. Myocardial infarction may develop before age 20. Large-scale studies have found that familial hypercholesterolemia is present in 3% to 6%
of survivors of myocardial infarction.
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An understanding of this disorder requires that we briefly review the normal process of cholesterol metabolism and transport. Approximately 7% of the body's cholesterol circulates in the
plasma, predominantly in the form of LDL. As might be expected, the level of plasma cholesterol is influenced by its synthesis and catabolism and the liver plays a crucial role in both these

processes ( Fig. 5-8 ). The first step in this complex sequence is the secretion of very-low-density lipoproteins (VLDL) by the liver into the bloodstream. VLDL particles are rich in
triglycerides, although they do contain lesser amounts of cholesteryl esters. When a VLDL particle reaches the capillaries of adipose tissue or muscle, it is cleaved by lipoprotein lipase, a
process that extracts most of the triglycerides. The resulting molecule, called intermediate-density lipoprotein (IDL), is reduced in triglyceride content and enriched in cholesteryl esters, but it
retains two of the three apoproteins (B-100 and E) present in the parent VLDL particle (see Fig. 5-8 ). After release from the capillary endothelium, the IDL particles have one of two fates.
Approximately 50% of newly formed IDL is rapidly taken up by the liver through a receptor-mediated transport. The receptor responsible for the binding of IDL to liver cell membrane
recognizes both apoprotein B-100 and apoprotein E. It is called the LDL receptor, however, because it is also involved in the hepatic clearance of LDL, as described later. In the liver cells,

Figure 5-8 Schematic illustration of low-density lipoprotein (LDL) metabolism and the role of the liver in its synthesis and clearance. Lipolysis of very-low-density lipoprotein (VLDL) by
lipoprotein lipase in the capillaries releases triglycerides, which are then stored in fat cells and used as a source of energy in skeletal muscles.

Figure 5-9 The LDL receptor pathway and regulation of cholesterol metabolism.

Figure 5-10 Classification of LDL receptor mutations based on abnormal function of the mutant protein. These mutations disrupt the receptor's synthesis in the endoplasmic reticulum,

transport to the Golgi complex, binding of apoprotein ligands, clustering in coated pits, and recycling in endosomes. Each class is heterogeneous at the DNA level. (Modified with permission
from Hobbs HH, et al: The LDL receptor locus in familial hypercholesterolemia: mutational analysis of a membrane protein. Annu Rev Genet 24:133–170, 1990. © 1990 by Annual Reviews.)

Figure 5-11 Synthesis and intracellular transport of lysosomal enzymes.

Figure 5-12 Schematic diagram illustrating the pathogenesis of lysosomal storage diseases. In the example shown, a complex substrate is normally degraded by a series of lysosomal
enzymes (A, B, and 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.

TABLE 5-6 -- Lysosomal Storage Diseases
Disease

Enzyme Deficiency

Major Accumulating Metabolites

Glycogenosis
Type 2—Pompe disease

α-1,4-Glucosidase (lysosomal glucosidase)

Glycogen

GM1 ganglioside β-galactosidase

GM1 ganglioside, galactose-containing oligosaccharides

Sphingolipidoses
GM1 gangliosidosis
••Type 1—infantile, generalized
••Type 2—juvenile
GM2 gangliosidosis

••Tay-Sachs disease

Hexosaminidase-α subunit

GM2 ganglioside

••Sandhoff disease

Hexosaminidase-β subunit

GM2 ganglioside, globoside

••GM2 gangliosidosis, variant AB

Ganglioside activator protein

GM2 ganglioside

Metachromatic leukodystrophy

Arylsulfatase A

Sulfatide

Multiple sulfatase deficiency

Arylsulfatases A, B, C; steroid sulfatase; iduronate sulfatase;
heparan N-sulfatase

Sulfatide, steroid sulfate, heparan sulfate, dermatan sulfate

Krabbe disease

Galactosylceramidase

Galactocerebroside

Fabry disease

α-Galactosidase A

Ceramide trihexoside

Gaucher disease

Glucocerebrosidase

Glucocerebroside

Niemann-Pick disease: types A and B

Sphingomyelinase

Sphingomyelin

MPS I H (Hurler)

α-L-Iduronidase

Dermatan sulfate, heparan sulfate

MPS II (Hunter)

L-Iduronosulfate sulfatase

Sulfatidoses

Mucopolysaccharidoses (MPS)

Mucolipidoses (ML)
I-cell disease (ML II) and pseudo-Hurler polydystrophy Deficiency of phosphorylating enzymes essential for the formation
Mucopolysaccharide, glycolipid
of mannose-6-phosphate recognition marker; acid hydrolases lacking
the recognition marker cannot be targeted to the lysosomes but are
secreted extracellularly
Other Diseases of Complex Carbohydrates
Fucosidosis

α-Fucosidase

Fucose-containing sphingolipids and glycoprotein
fragments

Mannosidosis

α-Mannosidase

Mannose-containing oligosaccharides

Aspartylglycosaminuria

Aspartylglycosamine amide hydrolase

Aspartyl-2-deoxy-2-acetamido-glycosylamine

Wolman disease

Acid lipase

Cholesterol esters, triglycerides

Acid phosphate deficiency

Lysosomal acid phosphatase

Phosphate esters

Other Lysosomal Storage Diseases

of cytoplasmic inclusions can be visualized, the most prominent being whorled configurations within lysosomes composed of onion-skin layers of membranes ( Fig. 5-14B ). In time, there is
progressive destruction of neurons, proliferation of microglia, and accumulation of complex lipids in phagocytes within the brain substance. A similar process occurs in the cerebellum as well
as in neurons throughout the basal ganglia, brain stem, spinal cord, and dorsal root ganglia and in the neurons of the autonomic nervous system. The ganglion cells in the retina are similarly
swollen with GM2 ganglioside, particularly at the margins of the macula. A cherry-red spot thus appears in the macula, representing accentuation of the normal color of the macular choroid

contrasted with the pallor produced by the swollen ganglion cells in the remainder of the retina ( Chapter 29 ). This finding is characteristic of Tay-Sachs disease and other storage disorders
affecting the neurons.
Many alleles have been identified at the α-subunit locus, each associated with a variable degree of enzyme deficiency and hence with variable clinical manifestations. The affected infants
appear normal at birth but begin to manifest signs and symptoms at about age 6 months. There is relentless motor and mental deterioration, beginning with motor incoordination, mental
obtundation leading to muscular flaccidity, blindness, and increasing dementia. Sometime during the early course of the disease, the characteristic, but not pathognomonic, cherry-red spot
appears in the macula of the eye grounds in almost all patients. Over the span of 1 or 2 years, a complete, pathetic vegetative state is reached, followed by death at age 2 to 3 years.
25]

Antenatal diagnosis and carrier detection are possible by enzyme assays and DNA-based analysis.[

The clinical features of the two other forms of GM2 gangliosidosis (see Fig. 5-13 ),

Sandhoff disease, resulting from β-subunit defect, and GM2 activator deficiency, are similar to those of Tay-Sachs disease.
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Figure 5-13 The three-gene system required for hexosaminidase A activity and the diseases that result from defects in each of the genes. The function of the activator protein is to bind the
ganglioside substrate and present it to the enzyme. (Modified from Sandhoff K, et al: The GM2 gangliosidoses. In Scriver CR, et al [eds]: The Metabolic Basis of Inherited Disease, 6th ed.
New York, McGraw-Hill, 1989, p. 1824.)

Figure 5-14 Ganglion cells in Tay-Sachs disease. A, Under the light microscope, a large neuron has obvious lipid vacuolation. (Courtesy of Dr. Arthur Weinberg, Department of Pathology,
University of Texas Southwestern Medical Center, Dallas.) B, A portion of a neuron under the electron microscope shows prominent lysosomes with whorled configurations. Part of the
nucleus is shown above. (Electron micrograph courtesy of Dr. Joe Rutledge, University of Texas Southwestern Medical Center, Dallas, TX.)

Figure 5-15 Niemann-Pick disease in liver. The hepatocytes and Kupffer cells have a foamy, vacuolated appearance owing to deposition of lipids. (Courtesy of Dr. Arthur Weinberg,
Department of Pathology, University of Texas Southwestern Medical Center, Dallas, TX.)

Figure 5-16 Gaucher disease involving the bone marrow. A, Gaucher cells with abundant lipid-laden granular cytoplasm. B, Electron micrograph of Gaucher cells with elongated distended
lysosomes. (Courtesy of Dr. Matthew Fries, Department of Pathology, University of Texas Southwestern Medical Center, Dallas, TX.)

Figure 5-17 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. (Modified from Hers H, et al: Glycogen
storage diseases. In Scriver CR, et al [eds]: The Metabolic Basis of Inherited Disease, 6th ed. New York, McGraw-Hill, 1989, p. 425.)

Figure 5-18 Top, Simplified schema of normal glycogen metabolism in the liver and skeletal muscles. Middle, Effects of an inherited deficiency of hepatic enzymes involved in glycogen
metabolism. Bottom, Consequences of a genetic deficiency in the enzymes that metabolize glycogen in skeletal muscles.

Figure 5-19 Pompe disease (glycogen storage disease type II). A, Normal myocardium with abundant eosinophilic cytoplasm. B, Patient with Pompe disease (same magnification) showing
the myocardial fibers full of glycogen seen as clear spaces. (Courtesy of Dr. Trace Worrell, Department of Pathology, University of Texas Southwestern Medical Center, Dallas, TX.)

TABLE 5-7 -- Principal Subgroups of Glycogenoses
Clinicopathologic
Category
Hepatic Type

Specific Type
Hepatorenal—von
Gierke disease (type I)

Enzyme Deficiency
Glucose-6-phosphatase

Morphologic Changes
Hepatomegaly—intracytoplasmic
accumulations of glycogen and small
amounts of lipid; intranuclear glycogen
Renomegaly—intracytoplasmic
accumulations of glycogen in cortical
tubular epithelial cells

Myopathic Type

McArdle syndrome (type
V)

Muscle phosphorylase

Miscellaneous Types

Generalized glycogenosis Lysosomal glucosidase
—Pompe disease (type II) (acid maltase)

Clinical Features
In untreated patients: failure to thrive, stunted growth,
hepatomegaly, and renomegaly. Hypoglycemia due to
failure of glucose mobilization, often leading to
convulsions. Hyperlipidemia and hyperuricemia resulting
from deranged glucose metabolism; many patients develop
gout and skin xanthomas. Bleeding tendency due to
platelet dysfunction. With treatment most survive and
develop late complications, e.g., hepatic adenomas

Skeletal muscle only—accumulations of
glycogen predominant in subsarcolemmal
location

Painful cramps associated with strenuous exercise.
Myoglobinuria occurs in 50% of cases. Onset in adulthood
(>20 years). Muscular exercise fails to raise lactate level in
venous blood. Serum creatine kinase always elevated.
Compatible with normal longevity

Mild hepatomegaly—ballooning of
lysosomes with glycogen, creating lacy
cytoplasmic pattern

Massive cardiomegaly, muscle hypotonia, and
cardiorespiratory failure within 2 years. A milder adult
form with only skeletal muscle involvement, presenting

Cardiomegaly—glycogen within
sarcoplasm as well as membrane-bound

with chronic myopathy

Skeletal muscle—similar to changes in
heart
38]

the urine if allowed to stand and undergo oxidation.[
by Garrod.

39]

The gene encoding homogentisic oxidase, mapped to 3q21, was cloned in 1996,[

64 years after the initial description of the disease

Morphology.

The retained homogentisic acid selectively binds to collagen in connective tissues, tendons, and cartilage, imparting to these tissues a blue-black pigmentation (ochronosis) most evident in
the ears, nose, and cheeks. The most serious consequences of ochronosis, however, stem from deposits of the pigment in the articular cartilages of the joints. In some obscure manner,
40

the pigmentation causes the cartilage to lose its normal resiliency and become brittle and fibrillated.[ ] Wear-and-tear erosion of this abnormal cartilage leads to denudation of the
subchondral bone, and often tiny fragments of the fibrillated cartilage are driven into the underlying bone, worsening the damage. The vertebral column, particularly the intervertebral disc, is
the prime site of attack, but later the knees, shoulders, and hips may be affected. The small joints of the hands and feet are usually spared.
The metabolic defect is present from birth, but the degenerative arthropathy develops slowly and usually does not become clinically evident until the thirties. Although it is not lifethreatening, it may be severely crippling. The disability may be as extreme as that encountered in the severe forms of osteoarthritis ( Chapter 26 ) of the elderly, but in alkaptonuria the
arthropathy occurs at a much earlier age.
DISORDERS ASSOCIATED WITH DEFECTS IN PROTEINS THAT REGULATE CELL GROWTH

Normal growth and differentiation of cells is regulated by two classes of genes: proto-oncogenes and tumor-suppressor genes, whose products promote or restrain cell growth ( Chapter 7 ). It
is now well established that mutations in these two classes of genes are important in the pathogenesis of tumors. In the vast majority of cases, cancer-causing mutations affect somatic cells
and hence are not passed in the germ line. In approximately 5% of all cancers, however, mutations transmitted through the germ line contribute to the development of cancer. Most familial
cancers are inherited in an autosomal dominant fashion, but a few recessive disorders have also been described. This subject is discussed in greater detail in Chapter 7 . Here we provide an
example of two common familial neoplasms.
Neurofibromatosis: Types 1 and 2

Neurofibromatoses comprise two autosomal dominant disorders, affecting approximately 100,000 people in the United States. They are referred to as neurofibromatosis type 1 (previously
called von Recklinghausen disease) and neurofibromatosis type 2 (previously called acoustic neurofibromatosis). Although there is some overlap in clinical features, these two entities are
41]

genetically distinct.[

Neurofibromatosis type 1 is a relatively common disorder, with a frequency of almost 1 in 3000. Although approximately 50% of the patients have a definite family history consistent
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with autosomal dominant transmission, the remainder appear to represent new mutations. In familial cases, the expressivity of the disorder is extremely variable, but the penetrance is 100%.

Neurofibromatosis type 1 has three major features: (1) multiple neural tumors (neurofibromas) dispersed anywhere on or in the body; (2) numerous pigmented skin lesions, some of which are
café au lait spots; and (3) pigmented iris hamartomas, also called Lisch nodules. A bewildering assortment of other abnormalities (cited later) may accompany these cardinal manifestations.
Morphology.

The neurofibromas arise within or are attached to nerve trunks anywhere in the skin, including the palms and soles, as well as in every conceivable internal site, including the cranial nerves.
Three types of neurofibromas are found in individuals with neurofibromatosis type 1: cutaneous, subcutaneous, and plexiform. Cutaneous, or dermal, neurofibromas are soft, sessile, or
pedunculated lesions that vary in number from a few to many hundreds. Subcutaneous neurofibromas grow just beneath the skin; they are firm, round masses that are often painful. The
cutaneous and subcutaneous neurofibromas may be less than 1 cm in diameter; moderate-sized pedunculated lesions; or huge, multilobar pendulous masses, 20 cm or more in greatest
diameter. The third variant, referred to as plexiform neurofibroma, diffusely involves subcutaneous tissue and contains numerous tortuous, thickened nerves; the overlying skin is frequently
hyperpigmented. These may grow to massive proportions, causing striking enlargement of a limb or some other body part. Similar tumors may occur internally, and in general the deeply
situated lesions tend to be large. Microscopically, neurofibromas reveal proliferation of all the elements in the peripheral nerve, including neurites, Schwann cells, and fibroblasts. Typically,
these components are dispersed in a loose, disorderly pattern, often in a loose, myxoid stroma. Elongated, serpentine Schwann cells predominate, with their slender, spindle-shaped nuclei.
The loose and disorderly architecture helps differentiate these neural tumors from schwannomas. The latter, composed entirely of Schwann cells, virtually never undergo malignant
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transformation, whereas plexiform neurofibromas become malignant in about 5% of patients with neurofibromatosis type 1.[ ] Malignant transformation is most common in the large
plexiform tumors attached to major nerve trunks of the neck or extremities. The superficial lesions, despite their size, rarely become malignant.
The cutaneous pigmentations, the second major component of this syndrome, are present in more than 90% of patients. Most commonly, they appear as light brown café au lait macules, with
generally smooth borders, often located over nerve trunks. They are usually round to ovoid, with their long axes parallel to the underlying cutaneous nerve. Although normal individuals may
have a few café au lait spots, it is a clinical maxim that when six or more spots greater than 1.5 cm in diameter are present in an adult, the patient is likely to have neurofibromatosis type 1.
Lisch nodules (pigmented hamartomas in the iris) are present in more than 94% of patients age 6 years or older. They do not produce any symptoms but are helpful in establishing the
diagnosis.
A wide range of associated abnormalities has been reported in these patients. Perhaps most common (seen in 30% to 50% of patients) are skeletal lesions, which take a variety of forms,
including (1) erosive defects owing to contiguity of neurofibromas to bone, (2) scoliosis, (3) intraosseous cystic lesions, (4) subperiosteal bone cysts, and (5) pseudoarthrosis of the tibia.
Patients with neurofibromatosis type 1 have a twofold to fourfold greater risk of developing other tumors, especially Wilms tumors, rhabdomyosarcomas, meningiomas, optic gliomas, and
pheochromocytomas. Affected children are at increased risk of developing chronic myeloid leukemia.
Although some patients with this condition have normal intelligence quotients (IQs), there is an unmistakable tendency for reduced intelligence. When neurofibromas arise within the
gastrointestinal tract, intestinal obstruction or gastrointestinal bleeding may occur. Narrowing of a renal artery by a tumor may induce hypertension. Owing to variable expression of the gene,
the range of clinical presentations is almost limitless, but ultimately the diagnosis rests on the concurrence of multiple café au lait spots and multiple skin tumors. The neurofibromatosis type
1 (NF-1) gene has been mapped to chromosome 17q11.2. It encodes a protein called neurofibromin, which down-regulates the function of the p21Ras oncoprotein (see section on oncogenes,
Chapter 7 ). NF-1 therefore belongs to the family of tumor-suppressor genes.
Neurofibromatosis type 2 is an autosomal dominant disorder in which patients develop a range of tumors, most commonly bilateral acoustic schwannomas and multiple meningiomas.
Gliomas, typically ependymomas of the spinal cord, also occur in these patients. Many individuals with neurofibromatosis type 2 also have non-neoplastic lesions, which include nodular
ingrowth of Schwann cells into the spinal cord (schwannosis), meningioangiomatosis (a proliferation of meningeal cells and blood vessels that grows into the brain), and glial hamartia
(microscopic nodular collections of glial cells at abnormal locations, often in the superficial and deep layers of the cerebral cortex). Café au lait spots are present, but Lisch nodules in the iris
are not found. This disorder is much less common than neurofibromatosis type 1, having a frequency of 1 in 40,000 to 50,000.
The NF-2 gene, located on chromosome 22q12, is also a tumor-suppressor gene. As further discussed in Chapter 7 , the product of the NF-2 gene, called merlin, shows structural similarity to
the ezrin, radixin, moesin (ERM) family of proteins. These cytoskeletal proteins interact with actin on the one hand and membrane proteins on the cell surface on the other hand. It is thought

43]

that merlin regulates contact inhibition and proliferation of Schwann cells.[
Disorders with Multifactorial Inheritance

As pointed out earlier, the multifactorial disorders result from the combined actions of environmental influences and two or more mutant genes having additive effects. The genetic
component exerts a dosage effect—the greater the number of inherited deleterious genes, the more severe the expression of the disease. Because environmental factors significantly influence
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the expression of these genetic disorders, the term polygenic inheritance should not be used.
A number of normal phenotypic characteristics are governed by multifactorial inheritance, such as hair color, eye color, skin color, height, and intelligence. These characteristics exhibit a
continuous variation in population groups, producing the standard bell-shaped curve of distribution. Environmental influences, however, significantly modify the phenotypic expression of
multifactorial traits. For example, type II diabetes mellitus has many of the features of a multifactorial disorder. It is well recognized clinically that individuals often first manifest this disease
after weight gain. Thus, obesity as well as other environmental influences unmasks the diabetic genetic trait. Nutritional influences may cause even monozygous twins to achieve different
heights. The culturally deprived child cannot achieve his or her full intellectual capacity.
The following features characterize multifactorial inheritance. These have been established for the multifactorial inheritance of congenital malformations and, in all likelihood, obtain for
44]

other multifactorial diseases.[

• The risk of expressing a multifactorial disorder is conditioned by the number of mutant genes inherited. Thus, the risk is greater in siblings of patients having severe expressions of
the disorder. For example, the risk of cleft lip in the siblings of an index case is 2.5% if the cleft lip is unilateral but 6% if it is bilateral. Similarly, the greater the number of affected
relatives, the higher is the risk for other relatives.
• The rate of recurrence of the disorder (in the range of 2% to 7%) is the same for all first-degree relatives (i.e., parents, siblings, and offspring) of the affected individual. Thus, if
parents have had one affected child, the risk that the next child will be affected is between 2% and 7%. Similarly, there is the same chance that one of the parents will be affected.
• The likelihood that both identical twins will be affected is significantly less than 100% but is much greater than the chance that both nonidentical twins will be affected. Experience
has proven, for example, that the frequency of concordance for identical twins is in the range of 20% to 40%.
• The risk of recurrence of the phenotypic abnormality in subsequent pregnancies depends on the outcome in previous pregnancies. When one child is affected, there is up to a 7%
chance that the next child will be affected, but after two affected siblings, the risk rises to about 9%.
• Expression of a multifactorial trait may be continuous (lack a distinct phenotype, e.g., height) or discontinuous (with a distinct phenotype, e.g., diabetes mellitus). In the latter,
disease is expressed only when the combined influences of the genes and environment cross a certain threshold. In the case of diabetes, for example, the risk of phenotypic expression
increases when the blood glucose levels go above a certain level.
Assigning a disease to this mode of inheritance must be done with caution. It depends on many factors but first on familial clustering and the exclusion of mendelian and chromosomal modes
of transmission. A range of levels of severity of a disease is suggestive of multifactorial inheritance, but, as pointed out earlier, variable expressivity and reduced penetrance of single mutant
genes may also account for this
TABLE 5-8 -- Multifactorial Disorders
Disorder

Chapter

Cleft lip or cleft palate (or both)

Chapter 10

Congenital heart disease

Chapter 12

Coronary heart disease

Chapter 12

Hypertension

Chapter 11

Gout

Chapter 27

Diabetes mellitus

Chapter 24

Pyloric stenosis

Chapter 17

phenomenon. Because of these problems, sometimes it is difficult to distinguish between mendelian and multifactorial inheritance.
In contrast to the mendelian disorders, many of which are uncommon, the multifactorial group includes some of the most common ailments to which humans are heir ( Table 5-8 ). Most of
these disorders are described in appropriate chapters elsewhere in this book.
Normal Karyotype

As is well known, human somatic cells contain 46 chromosomes; these comprise 22 homologous pairs of autosomes and two sex chromosomes, XX in the female and XY in the male. The
study of chromosomes—karyotyping—is the basic tool of the cytogeneticist. The usual procedure of producing a chromosome spread is to arrest mitosis in dividing cells in metaphase by the
use of mitotic spindle inhibitors (e.g., colcemid) and then to stain the chromosomes. In a metaphase spread, the individual chromosomes take the form of two chromatids connected at the
centromere. A karyotype is a standard arrangement of a photographed or imaged stained metaphase spread in which chromosome pairs are arranged in order of decreasing length.
A variety of staining methods that allow identification of each individual chromosome on the basis of a distinctive and reliable pattern of alternating light and dark bands along the length of
the chromosome have been developed. The one most commonly employed uses a Giemsa stain and is hence called G banding. A normal male karyotype with G banding is illustrated in
Figure 5-20 . With G banding, approximately 400 to 800 bands per haploid set can be detected. The resolution obtained by banding techniques can be dramatically improved by obtaining the
cells in prophase. The individual chromosomes appear markedly elongated, and up to 1500 bands per karyotype may be recognized. The use of these banding techniques permits certain
identification of each chromosome as well as delineation of precise breakpoints and other subtle alterations, to be described later.
Before this discussion of the normal karyotype is concluded, reference must be made to commonly used cytogenetic terminology. Karyotypes are usually described using a shorthand system
of notations. The following order is used: Total number of chromosomes is given first, followed by the sex chromosome complement, and finally the description of abnormalities in ascending
numerical order. For example, a
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Figure 5-20 Normal male karyotype with G banding. (Courtesy of Dr. Nancy Schneider, Department of Pathology, University of Texas Southwestern Medical Center, Dallas, TX.)

